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METHOD AND APPARATUS FOR ING DATA SETS

F 0 NVENTION
This invention relates to a method and
apparatus for comparing sets of data. It is
especially useful for estimating inter-frame motion of
video data in a video signal and will be described in

that context.

10
ACKGROUND OF THE ENTI

There are numerous instances in which it is
desirable to compare sets of data. Many of these
jnvolve recognition of a data set by comparing the set
whose identity is unknown with a multitude of known
data sets to locate a best match. Illustrative such

15

applications are the extraction of meaningful
jnformation from bad communication channels and the
recognition of characters and other objects presented
on f£ilm, video or other display.

In other applications, identification per se

may not be the focus but the object of the comparison
is still to find the best match. Examples include the
comparison of a fragment of a gene sequence with an

25 entire gene seguence or the comparison of sequences of
computer software. One specific application is in
determining the relative movement of video data
between the frames of a video signal. In this case,
the data set of interest is a block of pixels in the

30 Video frame. The motion of such a block of pixels is

. quantified by a displacement vector, which#indicates

- the best match for a block of a current frame with one
of a plurality'of blocks found within a search window
defined in a previous frame. ~%?'

35 In general, the error betweén a first set of

data having X elements and a second set of data alsojf
S—
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especi @¢ly useful for estimating inter-frame notion of video data in a
video fignal and will be described in t hat cont ext.

BACKGROUND O 34d2 | NVENTI ON There are nunerous l|’Cr1']s‘/tuasng(:?/eﬂsﬂ(l)sn
which it w0 desirable to conpare sets »f-data. Many of these i nvol ve
recognition of a data set by conparing the set whose identity i s unknown
with a multitude of known data sets to locate a best match. Illustrative
such applications are the extraction of meani ngful i nformati on from

bad connunicatbggiﬁaagnenemeﬂﬂsthn a searcgnwindewotanfleacters and ot her
obj ects presen 0 [ | ther display. I n ot her
appl i cations, rBQéﬁ?F??ﬁét#g%h%égegggilgngi not be the focus but the object
of the conparison X-1
Error(ax) = L |C(x) - P (x+Ax)|
5 x=0

where x is a position in the set of data, Ax is the
relative displacement between the position of the
first set of data and the position of the second set
of data, C(x) is a measure of a parameter (or
parameters) of interest at position x in the first set
of data and P(x+Ax) is a measure of the parameter (or
parameters) of interest at position x+Ax in the second
set of data. Thus, the error is calculated by
determining for each element in the first set of data,
the absolute value of the difference between the
parameter of interest at that element and the
parameter of interest at the corresponding element of
the second set of data and summing these absolute
values for all the elements in the first set of data.

10

15

20
In like fashion, the error can be calculated

between data sets organized in more than one
dimension. For the case of motion estimation in a
video display which involves two-dimensional arrays of
data representative of signal intensity, the error
between a current block having X x Y pixels and a
previous block in the search window can be represented
mathematically by '

25

: X-1 ¥Y¥-1
Error (Ax,Ay) = r X |c(x,y) - P (x+Ax,y+Ay) |
x=0 y=0 #
- where (x,y) is a position in rectangular coordinates
in the current block, (Ax,Ay) is the displacement
between the position of the current #lock and the

30

position of the previous block in the video frame,
C(x,y) is the intensity of a pixel at coordinates_,é
(x,yY) in the current block, and P(x+Ax, y+Ay) iqfﬁg;

35
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fragngnt of a gene sequence with an entire gene sequencepor/t$y3/05708
conpa |sg@, uences of conput er software. One specific application
is in etern1n|ng the rel ative novemeht=of video data bet ween t he
franmes of a video signal. In this case, the data set of interest is a

bl ock of pixels in the

to find the best match. Exanpl es include the conparison of a

S quantified by a displacenent vector whi ch i ndi cates t he best

match for a bigeknsity ofiracpixelabn ﬁhGhPGGQIOUSobIQCbIGFaI|ty of bl ocks

found within a
general, the &

second set ofcd&?ﬁlﬁFgﬁ by determlnlng

5

10

15

;Péiﬁ%%ggﬁﬁh%cl ry'%wed THu, PERY| &of I 84E.
gor eaghapfggingn elenents and a
current block the absoclute value of the difference.
petween the intensity at that pixel and the intensity
at the corresponding pixel in the previous block in
the search window and summing these absolute values
for all the pixels in the current block.

Toc determine the best match, the intensities
of the pixels of the current block are compared to the
intensities of the corresponding pixels of the search
blocks defined within the search window of the
previous frame. The accumulated difference in pixel
intensities between two blocks is referred to as an
error value. The block in the search window which

. most closely matches the current block is the one

25

30

3s

having the minimal error value. This block is
identified by the displacement vector.

Motion estimation by block matching is a
very computation-intensive process. For example,
typical values for block size are 16 pixels x 16
pixels with approximately 357 blocks per frame. To
compare such a block with any other block requires 256
comparisons, one for each pixel. A reasonable size
search window for each block is an array of 16 x 16
blocks. Accordingly, for a frame rate of 30 frames
per second, the number of comparisons to be made each
second is 30 frames/second x 357 blocks/frame x 256
search blocks/block X 256 comparisons/search block =
701,890,560 comparisons/second. If each ébmparison
takes 6 ﬁIsc-type instructions per pixel, the amount
of processing required is 4,211 MIPS. This is roughly
100 times the processing power of hlqgiperformance DSP
or RISC chips.

-
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- 2- F~ having X el ements in a search window can be represent ed
mat hefati cal ly by X-1 Error([err]x)

x=0 ere i&
dlsplaceMEh
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err]
125972 position in the set of data, [err]x is tﬁE37F§P§@§Ub

between the position of the _

Numerous other applications likewise need
enormous amounts of processing power to perform
similar types of comparisons. For example, to compare
a fragment of a gene sequence of 100 nucleotides
against the entire human genome which is approximately
3,000,000,000 nucleotides in length would require
300,000,000,000 comparisons.

To achieve the processing power required for

- matching large guantities of data, it is desirable to

use a multiprocessing architecture. For example,
several such systems have been described for matching
the blocks of video signals.

For example, A. Arteri, et al., "A Versatile
and Powerful Chip for Real Time Motion Estimation"
ICASSP - 89, vol. 4, pp. 2453-2456, describes a
systolic architecture wherein the processors are
organized as a two-dimensional array and each
processor is associated with one possible match of a
current block and a block within a search window. At
each clock cycle, each processor receives the same
current-block data and the search-window data for a
different search block. All the processors complete
the corresponding computations simultaneously, and
transfer the results into a storage array.' Then,'the
minimal error is determined. This architecture is not
completely parallel, and it is not pipelined.
Significant post-processing and pre-processing stages
are necessary in order to provide all the processors
with the appropriate data simultaneously and to
determine the minimal error. There is a ;;bstantial
memory requirement at the input and output stages, and
each processor of the proposed system }gontaxns various
input and output storage registers. "Accordingly, this
system fails to satisfy the requirements of a e

24

practical motion-estimation system. ﬁi
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£t of data and the position of the second set of data, C(x) is a
of a paranmeter (or paraneters) of interest at posipCDUS93105708 e
firstfset gﬂﬁﬁgfa and P(x+[err]x) is a measure of the paraneter (or

ter of interest at position x#[é?ﬂ]x in the second set of data.
Thus,; the error is calculated by determning for each elenment in the first
set of data, the absolute value of the difference between the paraneter
of interest at that el enent and_t he garaneter of interest at, the

correspondi ng el ement of - $9RSiALRSg Leiabi/ SR WA R ¥REIPRse absol ute
val ues for al|_{{\ga€denEtt SVided \CODEC AppFicotisins & Third In like

o e et omns el SCEHLALES, ol "Rl LR ShL s AL Saph 2 et | o e
whi ch i nvol vegphypeatioms) ppl 2857389 o(July 2 129 eserlatésctof signal
'”tens'tyfsthghgiﬁé¥ dedicated VLSI multiprocessing architecture

for motion estimation. This architecture also employs

a two-dimensional array of identical processing units.

The inputs to the array are connected to a search-

window memory. The current-block pixels are loaded

10 into the memory provided within the array and the
search-window pixels are transferred to the array from
the search-window memory. The processing units
determine the diffgrences between the current block

45 and the search~-window pixels. The differences are

then summed by a summing tree provided at the outputs
of the array. The chip illustrated in this reference
contains two structures which include the search-

window memory, the array, and the summing tree. This

20 architecture does not provide for a truly pipelined
processing. The processing begins only after the data
representing the current block and the search-window
pixels is stored in the array and in the search-window
storage. :

285 R. Dianysian, "Bit-Serial Architecture for
Real Time Motion Compensation,” Proceedings of the
SPIE - The International Society for Optical
Engineering, vol. 1001, pt. 2, pp. 900-907 (November,
1988) relates to an attempt to provide a bit-serial

3p architecture, which is parallel and pipelined. This
architecture is based on a two-dimensiona® grid of
processors and distributed storage registers. The
current-block data is loaded into the storage
registers prior to the computational?ﬁ?ocess. Then,

35 the search-window data is shifted through the '
interconnections of the two-dimensional grid of @f’

Y
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I'a current block having X x Y pixels and a previous block in the

sea ,“ﬁmﬁndom/can be represented mathematically by \ X-1
Y-1 % hs972  where (Xx,y) is a position in rectangul arP o/é’rS Pfloas'ggss in
t hefcurw@ bl ock, ([err]x,[err]y) is &he displacenent between the position

he current stock and the position of the previous block in'the video
e, C(x,y) is the intensity of a pixel at coordinates (x,y) in the
current block, and P(x+[err]x, y+[err]y) is the

processors. Since this system requires loading the

current-block pixels into the processor array prior to
the error computation, the processing is not parallel
_and pipelined at the transitions from one current
plock of the video signal to the next.

These prior-art systems fail to take full
advantage of parallel and pipelined processing. To
achieve the throughputs desired, it is necessary to
minimize the pre-processing, post-processing, and
storage of data. Ideally, the system should generate
a continuous stream of error values in response to a
continuous input of data. In addition, the desired
multiprocessing architecture has to be flexibie, so
that various parameters of the system, for example,

. the block sizes, can be varied without additional
design effort. Advantageously, the implementation of
the system should also be based on a standard cell
technology, rather than on custom VLSI.

10
15

20 .
s OF ' N

Accordingly, an object of the present
invention is to provide a parallel and pipelined
processor architecture for comparing sets of data. A

25 further object of the present invention is to
implement a processor using a multiprocessing
architecture such that the processor continuously
receives the data of the sets to be compared and
outputs a continuous stream of error values. Still

3gp another object is to use the present invention for

motion estimation. 7

To determine the best fit between a first
data set and the data sets of the search .window, the
same calculation is performed for each .o6f the data
as sets of the search window. The best fit is that data -

set in the search window for which the error is iéff
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a pixel in the previous block at coordinates (x+[err]Xx,

J2697k t he absol ute value of the difference. between the
that pixel and the intensTty &t the correspondi ng pixel

Jowest- Accordingly, the calculation provides as its
ginal output the lowest error value and the location
in the search window of the data set for which the
error value is lowest. Illustratively, this location
is gpecified in terms of the displacement (Ax).

To calculate the error values, it has been
found advantageous to use separate circuitry to
calculate and accumulate in parallel the error values
for each of the different data sets in the search
window. Further, since much the same data is present
jn successive data sets in the search window, it has
also been found advantageous to pipeline the circuitry
in a highly efficient fashion.

In accordance with the invention, a linear
array of identical processing units receives
continuous bit~serial streams of data representing the
elements of the first data set and the data sets of
the search window and outputs a continuous sequence of
error values for each data set of the search window.
Each processing unit contains an absolute-difference
module for determining the absolute value of the
difference between the parameter (or parameters) of
interest of one element of a first data set and one
element of a search data set and an accumulator which
adds the values generated by the absolute difference
module. Each processing unit also delays the bit
stream of the first data set by one element relative
to the bit stream from the search window. This delay
of one element per processing unit causes each
processing unit to compare the bit streamsf the first
data set with the bit stream of a different one of the
search data sets. As a result, the number of
processing units is the same as the ﬁﬁaber cf search
data sets.

Y. Thus, the error is calculated by determ ning forpeaasSysessosi n

in the
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for af e pixels in the current bl ock. To determ ne the best
mat ch, e intensities of the pixels of the current block are o]
the i nfEnsities,@s the corresponding pixels of the search bﬁﬁ%@@gﬁgéﬁﬂ%%
wi t hi nft hgye®af'ch wi ndow of the previous grane. The accunul ated difference
in pixpl intensities between two blocks is referred to as an error val ue.

The bl pck in the search wi ndow whi ch npst cl osely matches the current bl ock
is thetone having the mininmal error value. This block is identified by the

di spl atenent vector. ‘1f, for I\&Eém@,stﬁmt%m@)agﬂé)lcé%mg?kﬁ?g i sI a )
PLL PP seaeencaced 3t RN PTG Bk R Y ane o
conpare such a ggoagtaviséltsinwmkmaﬂmokindn}uiafassmf‘emms sausiEng one for
each pixel. A aeffgggplﬁkéﬁfebf 256 processing units. Information
. 5 about the data sets is supplied to the processing

array on an element-by-element basis in the order in
which it appears in each data set. Thus, the first
processing unit compares the first element of the

first data set with the first element of the data set

from the search window and adds the result to the
accumulator. It then dces the same for the second

elements of the two data sets, the third elements, and

so on for the 256 elements of the first data set.

Because of the delay of one element in the

bit stream of the first data set, the first element of
the first data set arrives at the second processing
unit at the same time as the second element of the
data set from the search window. Thus, the second
processing unit compares the first element of the

first data set with the second element of the data set

from the search window, and adds the result to its
accumulator; it then does the same for the second

element of the first data set and third element of the

25 search data set; and so on for the 256 elements of the

first data set.

In like fashion, each of the other
processing units compares the elements of the first
data set with a set of elements from the search window

30 that is offset by one element from the set that is
- compared by the previous processing unit ¥
After the last element of the first data set
is supplied to the first processing unjit and compared
with the 256th element of the search ‘data set and
as after the result of such comparison is added to the .
accumulator, the final error value stored in thejégg

20
15
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search w for each block is an array of 16 x 16 bl ocks. Accordi ngly,
for a fme rate of 30 franes per second, the nunber of conparisons to be
made eaffh secopgh7es 30 franmes/second x 357 bl ocks/frame x 25BCEAININ0S708

bl ocks/ Pl oglo 9% “256 conpari sons/search blLogk_= 701, 890, 560 _
conparipons/ second. |f each conparison takes 6 RI SC-type instructions per

pi xel , the amount of processing required is 4,211 MPS. This is roughly 100
times the processi ng power of high-perfornmance DSP or RI SC chi ps.

accumulator is read out and provided to comparison
circuitry to determine the minimum error value.
Likewise, the accumulator of each processor unit is
read out in turn after the final error value is
computed.

The comparison circuitry includes a
comparator, comparator registers for storing the bytes
of the lowest final error value, a counter and a
register for storing a counter value. The counter
counts the error values. The comparator registers are
initially loaded with all 1's corresponding to the
maximum error value. As the final error values are
received at the comparator, they are compared with the
value stored in the comparator registers. If a final
error value is lower than the stored value, the stored
value is replaced with the lower value and the counter
register is locaded with the counter value which
identifies the block of the search window associated
‘with the new lowest error value. At the end of the
read out of all the final error values, the EOB signal
indicates that the calculation is complete and the
comparator registers and counter registers are read to
determine the minimum error value and the block of the
25 search window which produced such minimum value.

To estimate motion in a video display in
accordance with a preferred embodiment of the
invention, the element information from the current
block is supplied to the array starting with the pixel

30 in the upper lefthand corner of the blocﬁp proceeding
downwards through the lefthand most column of pixels
in the block, continuing with the pixel that is
uppermost in the next column, proceegghg downwards
through that column and so forth until reaching the

3s last pixel in the bottom righthand corner of the 3

-

block. | %’J
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ssing power required for matching large quantities of data,
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ifrable to use a nultiprocessing architecture. For exanple, several
ens have been deggfiormdtiien abbalti the blocks of the search

windov is provided in a plurality of data streams.

Illustratlvely' the size of the search window is
le than four ti the size of the current

plock. In such case, two bit-serial data streams are
supplied in parallel to the array. One stream is
gerived from the upper half of the search window and
js called the upper band (UB), the other stream is
derived from the lower half and is called the lower
pand (LB). In each stream, the order in which the
pixel information is supplied is the same as the order
in which the pixel information was supplied from the
current block. Thus, the pixel information is
supplied starting with the pixel in the upper lefthand
corner and proceeding down the columns from the
leftmost column to the rightmost column and ending .
with the pixel in the lower righthand corner of that
half of the search window. Since each half of the
search window is approximately twice as large as the
current block, this process takes twice as long as it
does to supply the pixel information of the current
block.

In addition to these three data streams, the
array also receives control infermation which ’
identifies the start of a block (SOB), and the end of
a block (EOB) as well as signals SUB and SLB which
select the upper band and the lower band.

Each processing unit of the array has inputs
to receive these three data streams and four control
signals and outputs to pass these signals oﬂ?fo the
next unit of the array. In addition, each processing
unit also has two inputs and two outputiﬁ;or reading
out under control of the EOB signal the high and low
order bytes of the error value (ELOB and EHOB) B
calculated at the processing unit. The error value ﬁi&
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t he PP vi deo signals. For exanple, A Arteri, et al., "A
Ver sa sand Powerful Chip for Real Tinme Mtion Estimati orpct/089548570859,
vol [

j 24%&22456, describes a systolic architecture wherein the

¥ S E5organized as a two-di nenditoral array and each processor is

e® Wi th one possible match of a current block and a block within a

i ndow. At each clock cycle, each processor receives the sane .

-bl ock data and the search-w ndow data for a different search bl ock.

processorﬁtgoapleaehtPmocsﬁstﬁﬁohmiﬁgatﬁwmxm%aﬁ%msteinultaneously,
es

nsfer to&PFésults i : t Y6 SR Béd Y bove for (dEtéFRiABhgerror is
ned. Tgbapaféﬁ??e%%ﬁégl?gfnot coﬁpletel? par&flel, and itgis not

pi peliped. Si %fh@ﬁﬂnupo%{r%Fdﬁ%%%?ng and pre-processing stages are
necessary In er to ppeviéeerhiné heh@rbestsseatsch between a

5 current plock and the blocks of a search window, bit-
serial data streams representing the pixels of the
current block as well as the upper and lower halves of
the search window are provided to the inputs of the
first processing unit of the array. An SOB signal is

10 also provided which resets the accumulator of each
cessing unit as it propagates through the array.

. The first processing unit calculates the
absolute value of the_difference between the upper
ljefthand pixel in the current block and the upper
jefthand pixel in the upper half of the search window
and stores this value in the accumulator. It then
calculates the absolute value of the difference
petween the next pixel in the current block and the
corresponding pixel in the search window and adds this
value to the value previously stored in the
accumulator. And it repeats this process for all the
other pixels of the current block. As a result, the
final value in the accumulator is the sum of the
absolute value of the differences between the pixels
of the current block and the pixels of the block in
the upper lefthand corner of the search window.

Meanwhile, the data streams and the band
select signals SUB, SLB received at the first
30 Processing unit are also passed on the second
processing unit. If there were no changejin the
temporal relationships among the data streams, the
second processing unit would perform the same
calculations on the same data as the first processing
3s unit and would simply duplicate its result. However,
in accordance with the invention, a one pixel del: Fis
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and ch processor of the proposed system conta
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enents of a practical notion-estimation system

¥ appropriate data sinultaneously and to determ ne the m nimal
#There is a substantial nenory requirement at the |n u E?@ﬂ@u

t put
i nput

orage registers. Accordisgly, this systenlfalls to satisfy

introduced into the SUB signal and into the data
gtream from the current block. This has the effect of
displacing by one pixel row the location of the block
jn the search window that is to be matched against the
current block. The matching process proceeds exactly
as in the case of the first processing unit starting
with the pixels in the upper lefthand corner of the
current block and the block of the search window.

In like fashion, the data stream from the
current block is delayed by one pixel at each
processing unit, each time displacing the block in the
search window of the next comparison by one pixel row.
fach time the bottom of the search window is reached,
the search window block for the next comparison is
shifted one column to the right and the comparison is
resumed at the top of the search window. As a result,
the last processing unit compares the current block
with the block in the lower rlghthand corner of the
search window. _

Preferably, the number of pixels in a block
is the same as the number of search blocks and the
number of processing units. In such preferred
embodiment, the SUB signal and the intensity data for
the first pixel of the current block reach the last
processing unit at the same time as the last pixels of
the current block and the upper and lower séarch
windows enter the first processing unit.

After the last pixels are provided to the
first processing unit and the results of the}x

. comparison are stored in the accumulator, the EOB

signal is also provided to the first processing unit.
This signal reads out the low byte (ELOB)rof the final
error value stored in the accumulator of the first
processing unit and then reads out the high byte

(EHOB) of the final error value. Each byte is read £#
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al., "Single Chip Mdtion Estimtor for Video CODEC

Third International Conference on |nage PrpIyeSo3yos7os its
pp. 285-289 (July, 1989) relates to another dedicated VLSI
architecture for notfrod3eStimation. This architecture also
-di mensi onal array of identical processing units. The inputs

to thegarray are connected to a search- w ndow nenory. The current-Dbl ock
pi xel sgare | oaded into the nmenory provided within the array and the

i wi ndow pi xel ge fate ahinervhicrh Pasres thgoughhmlhetB@ar ch- wi ndow
nmenorygy The pireoeds ﬁgﬁ

un'{g Setene erdyecdli tner emser Dedneen the current

bl ock pnd the %%agshﬂﬁﬁ W pl xe|]s. The differences are

30

15
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rry for detecting the best match. The read out
cirdﬂl

EHOB signal is delayed one pixel relative to
of the 4 out of the ELOB signal by delaying the EOB
the ¥ The delayed EOB signal is then provided to
5ignal't processing unit. As a result of this
£he nexment, the EOB advances through the array of
a,ranqe. units at the same speed as the last pixel
rocessing .
of the current block. And as a consequence of this,
the upper and lower bytes of the final error values
appear in order at the outputs of the last processing
unit of the array at the same rate as the last pixel
advances through the array.

Advantageously, a new motion-estimation
calculation for a new current block can begin as soon
as the EOB signal begins to read out the final error
values. In particular, an SOB signal and bit-serial
data representative of the pixels of the next current
block and the upper and lower halves of the next
search window can be provided to the first processing
unit as soon as the EOB signal reads the final error
value out of the accumulator of the first processing
unit.

The foregoing process can be implemented in
many ways. Since speed is of paramount consideration,
special-purpose circuitry is preferred. Especially
advantageous are field-programmable gate arrays such
as the CLi 6000 supplied by the assignee of the

present application. 7

BRIEF DESCRIPTION OF E_DRAWINGS
These and other objects, features; and advantages
of the present invention are described in the

&
A7

This Sheet Has Been Replaced

Mk




t hen pred by a summing tree-provided at the outputs of the array. The
chip ustrated in this reference contains two structures which include
the squrch- wegdow menory, the array, and the summing treepfh1§93/05708

ar chi ecuﬂﬂé does not provide for a truly pipelined processing. The
procegsi ng begins only after the data=rdgresenting the current bl ock and
the s¢arch-w ndow pixels is stored in the array and in the search-w ndow
st or age. R Dianysian, "Bit-Serial Architecture for Real Tine
Motioh Conpensation,"” Proceedings of the SPIE - The International Society
for Optical ERgHhEEINAgdeseriptbon opithe ppeferne smbddinentbein 1988)
rel atgs to anypiérept to provide a bit-serial architecture, which is

paral el and pipelined., This architectu I s, based on a two-dipepsi onal
grid bf processors and ﬁiéfr?ﬁu?ﬁﬁmgf%rééhp§ifﬂgﬁﬁﬂsﬁ 3garch window

5 of a previous frame and a corresponding current block
of a current frame;
i Fig. 2 is a schematic illustration of a linear
| array of processing units employed for motion .
estimation;
Figs. 3(a)=(b) are schematic illustrations
depicting the ordering of pixels transmitted to the

0

array;
Figs. 4(a)-(b) are schematic illustrations
depicting the search window comprising upper-band and
lower-band input pixels, and the current block
comprising current-band input pixels;
) Fig. 5 is a schematic illustration of the current
blocks that abut each other;
Fig. 6 is a schematic illustration of the current
20 block, the corresponding search window, and the
selected search blocks of the search window;

Fig. 7 is a schematic illustration of the motion-
estimation apparatus of the present invention
comprising the array of processing units, electronic

25 components provided at the array inputs, and a minimal
error module provided at the array outputs;

Fig. 8 is a timing diagram illustrating the
relative timing of the signals entering the array;

Fig. 9 is a block diagram of a typical processing

39 unit of the array; #*

Fig. ‘10 is an example provided for explaining the -
synchronization mechanism of the array;

Fig. 11 is a timing diagram illuggfhting the
relative timing of the selected signals entering the

15

35 Selected array elements; Fg-
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oaded into the storage registers prior to the

process. Then, the search-wi ndow data is shifted through the
tions of the two-dinensional grid of -
PCT/US93/05708
25972 - 15 -
Figs. 12-17 are tables illustrating the seguences

ixels transmitted to the upper band, the lower
the hybrid band, and the current band inputs of

band ’
e gelected array elements; and

e Fig. 18 is a block diagram of the minimal error

TAT DES PTI OF THE EFERRE BODIMENT

The preferred embodiment of the invention is
a method and apparatus for the estimation of motion
petween successive frames of video data and the
jnvention will be described in detail in such context.
The application of the invention in other contexts
will be apparent from the description.

Fig. 1 illustrates a search window 1 of the
previous frame and a corresponding current block 2 of
the current frame. Illustratively, one of the search
blocks of the search window is depicted as 3. The
search block 3 is offset from the current block 2 by
Ax horizontally and Ay vertically. Thus, a
displacement vector 9 of the search block 3 with
respect to the current block 2 is (Ax,Ay).

In the following discussion, each block is
referred to by the coordinates of a pixel at the upper
left-hand corner, and the coordinate system is
selected as illustrated by arrows 8. Accordingly,
current block 2 is described as located at pixel 6 and
search block 3 is described at located at pixel 5. 1If
(x,Y) is the location of block 2 in the coogainate
system, then (x+Ax, y+Ay) is the location of block 3.

The error between a current block 2 located
at (x,y) and a search block that is displaced by
(Ax,Ay) relative to the current block is determined &

35 using the following formula: ﬁég?
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proce‘ rs. Since this systemrequires |oading the current-block pixels
into t processor array prior to the error conputation, the processing is
not pajgal 93/2%93 pi pelined at the transitions from one cur?gﬁfb%?%wnﬁf t he
vi deo idnal to the next. Thege prior-art systens fail to take
vant age of parallel and pipelined processing. To achieve the

t hrougpputs desired, it is necessary to mnimze the pre-processing,

post - pf ocessi ng, and storage of data. ldeally, the system should generate a
conti npous stream of error values in response to a continuous input of

n addition, the desired nulti% essing architecture has to be
flexibye, so that various paranﬁEfrszg the system for exanple, the bl ock
si zes,} can be var Ergtomi(Axody)asdiet i okal | Tlesiyn €fH r4Ax Attt agetls| y, the
i npl erfent ati on of the system shgsbd gkeo be based on a standard cel

5.

roc
ot

where C(x,y) designates an intensity value of a

current block pixel at (x,y) and P(x+Ax, y+Ay)

designates an intensity value of the corresponding

pixel of the search blcock; and X and Y are,

respectively, the horizontal and vertical dimensions

in pixels of the blocks being compared. As will be

apparent, eqguation (1) sums the absolute value of the |
difference in intensity at each pixel (x,y) in the two ‘
blocks.

10

The motion estimation method of this
invention determines both the displacement vector
‘ (Ax,Ay) and Error(Ax,Ay) of the best match. More
specifically, Errcr (Ax,Ay) is computed for each
search block of a given search window; and the search
block for which the error is smallest is selected as
the best match. This computation is repeated for each

15

current block in the current frame, which is assumed
to be tiled with current blocks (except for an
indentation around the edges of the frame as explained

i 25 below).

In the preferred embodiment, the current
blocks are 16xl16-pixel sguares and the search windows
are 31x31-pixel squares. Accordingly, there are 256
different 16x16-pixel search blocks within each search
window. Thus, to determine the error between the
pixels of a current block and those of one;search
block, 256 computations must be made of the absolute
value of the difference in intensity between each
corresponding pair of pixels in the twbt blocks; and to
determine the best match for a given current block
within the corresponding search window the

30

i
|
i
}
i
{
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refisi ng a nmul ti processing arch
usly receives the data of the sets to be conpared and outputs a

us stream of error val ues. Still another object is to use'the
i nvention f

oL To determ ne the best
en gdnppée &8P§ §8F°§§&“Fh£°d§bﬁ foroulp (ke ha¥eckOwPRdow, the
IcuIathggatedpeﬁsotmmdstor each of the data

at her than on custom VLSI . SUMVARY OF THE
Accordingly, an object of the present invention is to

’par aI el and pipelined processor architecture fopCT/ams93r0sngs set s
p5 er object of the preseqt invention is to inplement a
e

Cture such that the processor
on_e

The motion estimation apparatus described
pelow can be generally characterized as a bit-serial
syncnronous system. The term bit-serial refers to the
gact that digital s;gnals representing bits of data
enter the inputs of the system sequentially rather
ghan in parallel. Alternatively, the invention may be
practiced using a bit-parallel organization of the
data. The system is synchronous because all the
communications and computations are performed in
response to a global clock rate. The global clock
rate is adjusted such that one bit of input data is
supplied per clock period (or clock cycle). Since
each pixel is represented by a byte of data, it takes
eight clock periods to transmit serial data
corresponding to a single pixel.

The present invention is implemented using a
linear array of two hundred and fifty six (256)
substantially identical processing units illustrated
in Fig. 2. The processing units are labeled PUO to
PU255 in sequence. Each processing unit of the array
is dedicated to determining the error between the
pixels of the current block and the pixels of a
different one of the 256 search blocks of the search
window. ' '

The array receives continuous bit-serial
streams of data representing the pixels of the current
and previous frames and the output of the apray is a
continuous stream of error values. The computations
are performed by the processing units in parallel and
pipelined fashion, such that a given pr#cessing unit
outputs the computed error values essehtially
immediately (or separated by a short delay) after theﬁ‘

[}

1



sets % cearch wi ndow. The best fit is that data set in the search
W ndowA ) which the error is | owest. Accordingly, the
cal cul Pn provides as its final output the |owest error parussares7ide

| ocatio
- 18 -

cput of computed error values from the preceding
ou
P Each processing unit has nine inputs,

urrent frame (CF) 11, select upper band (SUB) 12,
gelect jower band (SLB) 13, upper band (UB) 14, lower
pand (LB) 15, start of block (SOB) 16, end of block

(EOB) 17, error low order byte (ELOB) 18, and error
nigh order byte (EHOB) 19. For each of those inputs
there is a corresponding .output similarly labelled and
30 numbered from 21 to 29. The processing units are
connected such that the outputs of any given unit are
ordinarily connected to the matching inputs of the
next unit in the array.

The pixels of the current frame and of the
upper and lower bands of the previous frame are
provided to the array inputs CF 11, UB 14 and LB 15 in
the patterns shown in Figs. 3(a) and 3(b). Fig. 3(a)
jliustrates a 32-pixel-high band 30 of the previous
20 frame pixels comprising two 16-pixel-high half bands,
: an upper half band 31 and a lower half band 32, that
are provided in bit-serial fashion to the upper band
and lower band inputs UB 14 and LB 15 respectively of
the first processing unit. During the computational
process, these signals propagate through the array
over the connected UB and LB inputs and outputs. Fig.
3(b) illustrates a 16-pixel-high band 33 of the
current frame pixels which enter the array in bit-
serial fashion at current band input CF 11. As
3p illustrated, the upper band is offset vertigsally from
the current band by -8 pixels and the lower band is
offset from the current band by +8 pixels. 1In other
words, the current band "overlaps" the;gpper and. lower
bands by eight pixels.

35 The order in which signals representing the;’
pixels of each of these three bands enter their :
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advant
par al |

ar ch mﬁndOM/of the data set for which the error value is | owest.
tively,

cot?’

the error values for each of the different data sets in the

this location is specified in ternms of th ng nt
072 To calculate the error values, it has% éﬁ%?@gﬁ
to use separate circuiteyido- cal cul ate and accunulate in

search g wi ndow. Further, since nuch the sane data is present 1in successive

accord

nce

s in the search window, it has also been found advant ageous to
e the c#gépéﬁqu rh.ri’pli‘tt'.ﬂhis/ wid Iganeéltasf aéﬁum .in Figs. I n

t he_ i nt i i ne r enti cal roce sing units
recei vds constﬁmcﬁ&d bﬁ/b ?{;\'? te’a"rh‘?f o%%/% C&E’S | ement s of

st da{,ggﬁmlwmdat Hamjettcpsmsthé et earad Gibmmmmdand outputs a
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SeqEnGEI A RO Al el S thd Ukt dfa the search window
continuing at the top of the next column to the right.
The scanning of these three bands starts at the same
time.

As indicated above, motion estimation is
performed by comparing a block in the current frame
with a set of blocks in a search window in the
previous frame. Fig. 4(a) illustrates a 16x16 pixel
current block 40 defined within the current band 33,
and Fig. 4(b) illustrates the corresponding search
window 41 of the previous frame. The search window 41
is a 31x31 sguare of pixels and, thus, it does not
include the bottom row of pixels of the lower band.

As indicated previously, the 31x31-pixel search window
41 accommodates exactly 256 different 16x16-pixel
search blocks.

Fig. 5 illustrates a sequence of current
blocks (51, 52, 53) defined within the current band
33. In this illustration, the current blocks abut
each other so that the sixteenth column of pixels of a
given current block is followed by the first column of
the next current block. Generally, the current blocks
need not abut and they do not overlap.

The search windows of the preceding frame
are defined such that each window extends eight pixels
in the horizontal and vertical directions from the top
left-hand corner of the associated current*block.
Accordingly, as illustrated in Fig. 5, the first
current block 51 is located at least eight columns
from the left-hand boundary of the current frame to
have a proper offset with respect to the corresponding
search window of the previous frame. For the sanggﬁ
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ata set by one el enent

o

nand poundary of the current frame.

Additional signals provided to the linear
array of Fig. 2 include a start of block (SOB) signal,
an end of block (EOB) signal, error high order byte
‘EHOB) and error low order byte (ELOB) signals, select
upper band (SUB) and select lower band (SLB). The
gtart of block signal, provided at SOB inputs 16,
jndicates the beginning of each new current block of
gata entering the array. More specifically, this
signal has an active high value that coincides in time
with the first 8-bit pixel transmitted for each new
current block. This signal is used to reset an
accumulator (see Fig. 9) in each processing unit.
since, in the preferred embodiment, the current blocks
abut each other, the start of block signal is
preferably provided every 2048 clock cycles, which is
the minimum time required for serial entry of 256
pixels (2048 bits) and read out of the final error
values. In an embodiment in which the current blocks
do not abut, the period between the start of block
signals is longer to skip the pixels between the last
and first columns of adjacent current blocks. '

The end of block signal, provided at EOB
inputs 17, is the start of block signal delayed by the
time required for serial entry of 256 pixels and
computation of the associated error value. The active
value of each EOB signal immediately follows the last

.input pixel of each current block and in the preferred

embodiment of the invention immediately precedes the
next SOB signal. The EOB signal is used};p read out
the error values stored in the accumulator of each

processing unit. .
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essing unit contains an absol ute-difference nodule for determ ning
Hute value of the difference between the parane

:ést one el enent éf a first data set and one %ﬁiﬁéﬁ%ygﬁhg

t gﬁﬁ an accumnul ator which adgg the val ues generated by the absolute
Each processing unit also delays the bit stream of the
relative to the bit streamfromthe search

. This delay of one el ement per processing unit causes each
si ng umé nl OtRODREE Eherént Sis@aBHitidedvreit dﬁxﬁl sgg with the

net ers)
sear ch

t he

reamrePSs Ui ffer one of the search data sets. resul t
of pneoeiBART %‘ﬁr&?% fRE% %gg ???é“wnbft%ee %%’éldata sets.



-8-- _ If, for exanple, the first data set is a sequence of 256
s, this can be conpared with 256 data sets in a seajch g&ﬂ&fm/of
nqu97nsing a linear array of 256 processing uni RGT/YS$B i on
ﬁﬁﬁ ata sets is supplied todhg processing array on an

-by-el ement basis in the order in

Error low order byte (ELOB) and error high
order byte (EHOB) inputs 18 and 19 and outputs 28 and
29 form busses that propagate through the array the
final error values computed by and read out from each
5 processing unit. The ELOB inputs 18 and outputs 28
are provided for the less significant byte of the
error value and EHOB inputs 19 and outputs 29 are
provided for the more significant byte.
The select upper band and select lower band
signals provided at inputs 12 and 13 are used to
control latches in the processing units which select
upper band data or lower band data for use in
computing error values.
As discussed previously, each processing
unit computes the error between the pixels of the
16x16-pixel current block and one of the 256 different
search blocks of the same size located within the
31x31-pixel search window. Fig. 6 illustrates the
current block 60, the corresponding search window 61,
and search blocks 62, 63, 64 and 65. As discussed
previously, each block is uniquely identified by the
coordinates of the upper left corner. For a current
block 60 with the upper left corner at {(m,n), the 256
25 search blocks are contained in the region bounded by
the search blocks (m-8, n-8), (m+7, n=8), {(m+7, n+7),
(m=-8, n+7) which are shown as 62, 63, 64 and 65,
respectively. For simplicity, in further discussion
the search blocks within a search window are

30 ‘designated by the offset of the upper left-ﬁspd corner

><pixel with respect to the upper left-hand corner of

the corresponding current block. For example, the
search blecks 62, 63, 64 and 65 of Fig.dggare _
designated as (~8,-8), (+7,-8), (+7,+7) and (-8,+7),

35 respectively. In other words, the upper left corner - _-
of the search block that coincides with the current§g§?

10
15
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whi c P appears in each data set. Thus, the first processing unit

conpal the first element of the first data set with theai/ ﬁgglogy(ﬁ;rrent of
the diga (sggisﬂ?romthe search wi ndow and adds the result 'to the
00T .

It then does the sane f-0r22t e second elenments of the two data

sets, fhe third elenents, and so on for the 256 elenents of the first-data
set. Because of the delay of one elenent in the bit streamof the
first Pata set, the first elenent of the first data set arrives at the
secon procgﬁikﬂgiungblabtbheasatnetKoeoasot&ginetondthéehﬁnpkaf t he data
set frjomthe“search_w_ndaow._ JTh e s esskRgiHpi t epaenpares the
first fel emeraf GPetﬁngiggfr atgigg%?ﬁﬁtﬁg?ﬁg géggngagggﬁenf of the data set
from the segyearchi blonk ddensdfderhdsr &bel 6apg ABsthecunul ator; it then
dloes tfe Satfg}e;Pé,fr LpbhaifecalepeheRehtobetterirst data set and third
el enmel 0; Table I below illustrates the assignment of
the processing units to the search blocks. The
columns designated as P£ list the numbers of the
processinq units as they appear in the array, i.e., 0
designates the first unit PUOC in the array, 255
30 designates the last unit. The columns designated as
earch Blo indicate the search blocks, using the 4
notation described above, for which the error value is '
determined by the corresponding processing units.
15
TABLE I
Processing Units & Associated Displacements
p# search Block P#£ Search Block pP£_Se Bloc P# Search Block
0 - (-8,-8) 64 - (-4,-8) 128 - (+0,-8) 192 - (+4,-8)
1.= (=8,=7) 65 - (-4,-7) 129 - (+0,-7) 193 - (+4,-7)
522 (-g8,-6) 66 - (-4,-6) 130 - (+0,-6) 194 = (+4,-6)
3 - (=8,-5) 67 - (-4,-5) 131 - (+0,=5) 195 - (+4,-5)
4 - (-8,-4) 68 - (-4,-4) 132 - (+0,-4) 196 = (+4,-4)
5 - (-8,-3) 69 - (-4,-3) 133 - (+0,-3) 197 - (+4,-3)
6 -~ (-8,=2) 70 - (=-4,-=2) 134 - (+0,-2) 198 - (+4,-2)
7 - (-8,-1) 71 - (-4,-1) 135 - (+0,-1) 199 - (+4,-1)
g - (-8,+0) 72 - (=-4,40) 136 -~ (+0,+0) .200 - (+4,+0)
92% (-8,+1) 73 = (=-4,+1) 137 - (+0,+1) 201 - (+4,+1)
10 - (-8,+2) 74 - (-4,+2) 138 - (+0,+2) 202 - (+4,+2)
11 - (-8,+43) 75 - (-4,+3) 139 - (+0,+3) 203 = (+4,+3)
12 - (-8,+4) 76 - (=4,+4) 140 - (+0,+4) 204 - (+4,+4)
13 - (-8,4+5) 77 = (=4,+5) 141 - (+0,+5) 205 = (+4,+5)
14 - (-8,+6) 78 - (-4,+6) 142 = (+0,+6) 206 - (+4,+6)
15 - (=-8,+7) 79 - (=4,+7) 143 - (+0,+7) 207 - (+4,+7)
13% (-7,-8) 80 - (-3,-8) 144 - (+1,-8) 208 - (+5,-8)
17 = (=7,=7) 81 - (-3,-7) 145 = (+1,-7) 209 - (+5,-7)
18 - (=-7,-6) 82 - (-3,-6) 146 - (+1,-6) 210 - (+5,=6)
19 = (=~7,-5) 83 - (-3,-5) 147 - (+1,-5) 211 - (+5,-5)
20 - (=7,=-4) 84 - (-3,-4) 148 - (+1,;é9. 212 - (+5,-4)
21 - (~7,-3) 85 - (~3,-3) 149 - (+1,4%) 213 - (+5,-3)
22 = (=7,-2) 86 - (-3,-2) 150 = (+1,-2) 214 - (+5,-2)
235- (-7,-1) 87 - (-3,-1) 151 - (+1,-1) 215 = (+5,-1)
24 - (-7,+0) 88 - (-3,+0) 152 - (+1,4+0) 216 - (+53+0)
25 - {(=7,+1) 89 ~ (=-3,+1) 153 = (+1,+1) 217 - @8 ,+1)
WG ' "
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earch data set and
mul at , e finab
26 ~ gf; +3) 91
27 _ (=7,+4) 92
28 _ (~7,+5) 93
gg - (=7,+6) 94
3s- (=7,47) 95
e N
33 = 720"

- (=6,-6) 98
gg ~ (=6,-5) 99
36 = (=6,-4) 100
370 (=6,-3) 101
28 - (-6.,-2) 102
39 = (=6,=1) 103
20 = (=6,%0) 104
41 - (=6,%1) 105
42 - (=6,+2) 106
43 - (=6,+3) 107
44 - (=6,+4) 108
485~ (~6,+5) 109
6 - (=6,+6) 110
27 - (-6,+7) 111
48 - (=5,-8) 112
A L S
50 = (=2,~
530~ (=5,-5) 115
52 - (=5,-4) 116
53 - (-5,-3) 117
54 - (=5,-2) 118
55 - (=5,-1) 119
56 - (=5,+0) 120
57 = (=5,+1) 121
58 = (=5,+2) 122
585~ (-5,+3) 123
60 - (=5S,+4) 124
61 - (=5,+5) 125
62 = (=5,+6) 126
63 - (=-5,+7) 127

ashlog each of the other

b %a set with a set of elenents fromthe sear

f one element fromthe set that2ds=-conpared by the previous

After the last elenent of the first data set

to the first processing unit and conpared with the 256th el enent
p g nmp

and so on for the 256 elenents of the first data set.
processi ng units conpar

FRrlaTor e

nts

is

i's

after the result of such conparison is added to
er(eB,¥ajue sibaed

(=3,+3)
(=3,+4)
(=3,+5)
(-3,+6)
(=3,47)

155
156
157
158
159

160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

176
177
178
179

-180

181
182
183
184
185
186
187
188
189

191

(P1]4E)
(+1,+3)
(+1,+4)
(+1,+5)
(+1,+6)
(+1,47)

(+2,-8)
(+2,-7)
(+2,-6)
(+2,-5)
(+2,-4)
(+2,-3)
(+2,-2)
(+2,-1)
(+2,+0)
(+2,+1)
(+2,+2)
(+2,+3)
{+2,+4)
{+2,45)
(+2,+6)
(+2,+7)

(+3,-8)
(+3,=7)
(+3,-6)
(+3,-5)
(+3,-4)
(+3,-3)
(+3,-2)
(+3,-1)
(+3,+0)
(+3,+1)
(+3,+2)
(+3,+3)
(+3,+4)
(+3,+5)
(+3,+6)
(+3,+7)

218
219
220
221
222
223

224
225
226
227
228
229
230
231
232
233
234
235

236

237
238
239

240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

It is apparent from the above table that

Hllllll T

The next

(+5,+2)
(+5,+3)
(+5,+4)
(+5,+5)
(+5,+6)
(+5,+7)

(+6,-8)
(+6,-7)
(+6,=6)
(+6,-5)
(+6,-4)
(+6,-3)
(+6,-2)
(+6,-1)
(+6,+0)
{(+6,+1)
(+6,+2)
(+6,+3)
(+6,+4)
(+6,+5)
(+6,+6)
(+6,+7)

(+7,~8)
(+7,-7)
(+7,-6)
(+7,~5)
(+7,~-4)
(+7,-3)
(+7,~2)
(+7,~-1)
(+7,+0)
(+7,+1)
(+7,+2)
(+7,+3)
(+7,+4)
{+7,+5)
{+7,+6)
(+7,+7)

the

30 first sixteen processing units of the array,compute the
. errors for the sixteen search blocks located at the

leftmost boundary of the search window.

sixteen search blocks is one row of piyels lower in the

window than the preceding search block.

35 sixteen processing units compute the errors for the

sixteen search blocks that are removed by one colqg??zf
-

Each of these

&
X3



 xel5 from the leftmost boundary of the search window,
g0 forth. In general, processing units nx16 to
ande+15 (n=20,1,...,15) compute a vertical seguence of
nXlrch plocks that are removed from the leftmost
5 :::ndary of the search window by n columns of pixels.
As indicated, the array is designed to
achieve both parallel and pipelined computation of the
error values. This parallel and pipelined operation is
pade possible by stepping the received data streams
through the array of processing units, by selecting
appropriate data from the upper and lower band data
gtreams for use in computing error values at each
processing unit, by delaying the current frame data
stream relative to the upper and lower band data
streams, and by reading out the computed error values
as thé final computation is made. The means for
providing this parallel and pipelined operation are
referred to collectively as the synchronization means.
Fig. 7 depicts a block diagram of the motion
estimation apparatus. The array of processing units is
symbolically shown as array 70. The outputs 26, 27, 28
and 29 of the last processing unit serve as inputs to a
minimum error module 71 which determines, for each
25 current block, both the minimum error value among the
error value outputs of the processing units and the
displacement vector associated with the minimum error

10

15

value.
As illustrated, various delays are introduced

30 at the inputs to array 70. 1In addition to thege
delays, it should be noted that the streams of the
‘preceding frame pixels arrive at inputs 72 and 73
synchronously with the current block inpu%?stream that
arrives at input 74. This synchronization is achieved

3s in part by delaying the previous frame signals by onejﬁgga

frame. The means for introducing such a delay is
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unit is read out in turn after the final err@ECIVEE03/05208
. ﬁﬁn The conparison circuitry includes a conparator
93/ . . - - . .
g8 registers for storing the Bﬁtes of the lowest final error

counter and a register for storing a counter value. The counter

paccunmul ator is read out and provided to conparison circuitry to
¥t he minimum error val ue. Li kewi se, the accunul ator of each



count Mt he error values. The conparator registers are initially |oaded

wth afl éy mrrespondl ng-to the nmaxi num error val ue. mﬁsﬁ{g@merror

val ues reCei ved at the conparator, they are conpare val ue
stored |n the conparator registers. #f2& #inal error value is |ower than
the stpred value, the stored value is replaced with the | ower value and
the counter register is |loaded with the counter value which identifies

t he bl pck of the search wi ndow associated w th the new | owest error val ue.
At the{ end waithire theaskill of tHe drte dndhaloterghwwnyalruehid he EOB signal

I ndi caf es t{fﬁuééﬁ%éfﬂ ulation is conplete and the conparator registers
and cgpnter Fegisters are read to determine the mininmumerror val ue and

the bljock of the sedfinreaisamiy sHrrant Radkeds dadentadniy aint
To estli mgé %dm%m&n of i Wl T OF s LY 1d¥t uHEaRe evidde a preferred

embod correé;ondlng search window, the preceding frame upper
and lower band inputs must also be delayed with respect
to the current block input bit stream. 1In particular,
delay means 75 delays the upper band input by 1,024
clock cycles corresponding to eight 16-pixel columns
(128 pixels). Delay means 76 delays the preceding
frame lower band input by 1152 clock cycles
corresponding to nine 16-pixel columns. Thus, the
lower input trails the upper input by one column of
35 pixels. As explained subseguently, this delay permits
synthesis of the inputs from the upper and lower band

10

bit-streams to represent a proper search block for a
given processing unit.
The end of block (EOB) signal is generated by
20 delaying the start of block (SOB) signal by just under
2048 clock cycles using delay means 77. Clock
generator 78 generates the select upper band (SUB) and
select lower band (SLB) signals having eight-clock-
cycle high values which coincide with the 1ast'pixe1

25 (i.e., the sixteenth pixel) of each column of the
current block transmitted to the array. Clock
generator 78 is synchronized by the start of block
(SOB) signal.

The relative timing of the selected signals
3p at the inputs to the array (i.e., to PUO) is
illustrated, not to scale, in Fig. 8, in which the
columns of pixels are designated by squares, such as
80. The columns are all numbered from the lefthand
edge of the search window. Thus, for fﬁé current
3s block, column 8 is the lefthandmost column of the

current block. The input values at ELOB and EHOB
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I on,
ray starting with the pixel- in the upper |efthan t he
! ngn g’&ﬁﬂﬁﬁﬁ’%’ 9{30?

dedi ng downwards through that colum and so forth until reaching the
pi xel in the bottomrighthand corner of the bl ock.

the elenment information fromthe current block is supplied to

8¥2di ng downwards through the |efthand nost xels in

continuing with the pixel 2hat is uppernost in the next colum,

jnputs are immaterial at this point; these inputs are
arbitrarily set to zero. '

It should be noted that only four signals
(UB, LB, CF and SOB) have to be provided to the motion
estimation system illustrated in Fig. 7. It is within
the ordinary skill in the art to generate in real time
the appropriate UB, LB, and CF bit-streams from the
video signal and to provide the start of block signals.

Fig. 9 is a schematic diagram which
illustrates the operation of each processing unit. As
shown, each processing unit comprises an absolute
difference module 90, an accumulator 92 and delay means (
93, 94, 95 and 96. In addition, all of -the processing
units except the first one of every set of sixteen

(i.e., the first, seventeenth, thirty-third, etc. of

the array) also includes a latch 91. In place of latch
91, the remaining processing units have a delay means
(not shown) whose sole input is connected to the UB
input. Latch 91 is operated essentially as a
multiplexer so that it is set to pass signals from the
UB input when set by the SUB signal and to pass signals
from the LB input when reset by the SLB signal.
Absolute difference module 90 receives two
bit serial streams of data as inputs. One input to
module 90 is connected to the CF input 11, which
receives the bit-stream that represents the pixels of
the current block. Another input to module 90 is
connected to the output of latch 91, or to the
alternative delay means which receives the data that
represents the pixels of the appropriate seagéh block.
Module 90 computes the absoclute value of the difference
between the bytes of input data that ariﬁﬁupplled from
the CB input and from the latch or delay means. As a
result, it computes the difference between the
intensity values of the corresponding pixéls of two ;;*f
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. I nformati on about the bl ocks of the search S

provided in a plurality of data streams. illustratively, the size of the
74s  slightly less than four tinmes the siz@avusdsrosiggr ent

such case, two bit-serial- ggta streans are supplied in parallel

to thegarray. One streamis derived fromthe upper half of the search

wi ndowgand is called the upper band (UB), the other streamis derived from

r half and is called the |lower band (LB). In each stream the order

ph thﬁ BFée' hQEHrUEEhQ”cbﬁp§E38|b?dthé hB&us@ngoagst he order in
| nfor mati on was sug fromthe

transmltted to accumulato 92 whxch adds the difference

values. After all the signals representing the

jntensity of the pixels of the current block and the

gearch block have been synchronously supplied to the

corresponding inputs of a given processing unit and

processed by the module 90, the accumulator 92 holds

the total error value between the pixels of the current

block and the pixels of the search block.

Delay means 93 adjusts the relative timing
and content of the current frame and upper and lower
pand bit streams such that, at the outputs, the bit
streams are aligned for the next processing unit to
compare the.current block to the next search block.
This synchronization is accoﬁplished by delaying the
current frame (CF) and select upper band (SUB) signals
relative to the upper and lower band bit streams. This
synchronzzatzon mechanism is explained in further
20 detail below.

Delay means 94 delays the select upper band
signal relative to the select lower band signal. Since
these signals affect the operation of latch 91, this
has the effect of varying the output of latch 91 as

25 described below.

The alignment of the bit streams so that each
processing unit computes the errors according to Table
I above will be better understood. from Fig. 10 and the
timing diagram of Fig. 11.

30 The first processing unit PUO computes the

. error between the current block 129 and theEEearch
block (-8,-8) 121 in the search window 120 of Fig. 10.
Note that the block 121 contains the pixels of the
upper band only. Since the upper band.is delayed by

35 eight columns of pixels with respect to the current
band input, the pixels of the search block (-8,-8)£%§£

10

15
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Thus,

the pixel information is supplied starting with the
| eft hand corner and proceedi ng down the colums fromthe

5l um to the rightnost colum and ending. with t hepgrNedos/os7oe

ner of that half of the search wi ndow Since each half

r@@’ ndow i s approxi mately tWi¢® as large as the current bl ock,

this profgess takes twice as long as it does to supply the pixel informtion
of the cgrrent bl ock. : In addition to these three data streans,

the arr
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whi ch s
uni t of
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2§ upper

frame

upper

also recei ves control infornmation which identifies the start of a

s Yl Yome Wi e KheeagrrasRRdings drgeats bd9skand SLB

eét haqy Aiphtddad @y, babs, when the Ba@rtpragressing

ssz.glnn utgc‘;[uorsr'ecp% ve thecsse ctokllarpe%l%%t% streans and four

gference between the corresponding pixels of the
5 current block and the search block (-8,-8).

The next processing unit, PUl, computes the
between the current block 129 and the search
(-8,-7), illustrated as 122. The search block

(~8,-7) consists of upper and lower band pixels. Thus,
the input to PUl must include pixels of both bands.
More specifically, as can be seen in Fig. 10, to
generate the proper input for the search blocks
(-8,-7), the top row of pixels of the upper band
columns have to be removed and the top row of pixels of
the lower band columns have to be inserted after the
pottom pixels of the corresponding upper band columns.
In other words, in the search block bit stream, the top

pixel of a given lower band column n has to replace the
20 top pixel of the upper band column n+l (n is an
integer).

Due to the eight-clock-cycle (1 pixel)

relative delay introduced by the delay means 93 in the
current frame bit stream at the output of PUO, the

and lower band pixels are shifted forward in time

by one pixel relative to the corresponding current

pixels, so as to align the top pixels of the

current block columns with the second pixels of the

band columns. In addition, at latch 91, the SUB

i . 30 Signal is delayed by eight clock periodsépy the delay

means

94, relative to the SLB signal. As a result,

with every sixteenth pixel, SLB resets the latch so as

to select the lower band signals aségts ocutput. This.

causes every sixteenth upper band pixel beginning with
ag the seventeenth pixel, to be replaced by the lower band

pixel

available on the LB input. Since the low;gj%and
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is "behind®" the upper band by 16 pixels (one column),
the seventeenth pixel of the upper band (the top pixel
of the second upper band column) coincides in time with
the top pixel of the lower band first column. Thus, in
the output of latch 91, the bottom pixels of the upper
pand columns are followed by the top pixels of the
corresponding lower band columns, which have replaced
the top upper band pixels. In other words, the search
block has "dropped down" one row relative to the block
(-8, -8).

Timing diagram of Fig. 11 provides a further
illustration of the signal synchronization discussed
above. The diagram represents thé signal processing
that occurs during the comparison of the first three
columns of the current block with the first three
coluﬁns of the search window. Each of columns 160,
161, 162 represents 128 clock cycles, 128 clock cycles
being the time required to compare 16 sets of pixels.
The initial columns of the upper and lower band input
pixels are identified on lines 130 and 131 and the
initial columns of the current block on line 136.

Since the relative timing of the upper and lower bands
does not change, these signals are shown only once for
the processing units discussed in conjunction with Fig.
11. Due to the 16~pixel delay of the lower band with
respect to the upper band, the first column 134 of the
lower band coincides in time with the second column 133
of the upper band and, in general, a column n of the
lower band coincides with a column n+l1 of the upper
band (n is an integer). 7

The other inputs to PUO, which are material
to this discussion are illustrated at 135. Note that
the timing for the upper band and latch outputs is
identical and the current block bit stream 136 is

X
B
A

P

nd outputs to pass these signals on to the next unit of the array.
each.processing unit also has two inputs and t t r
¥ 2 control of the EOB signal the high and |03P8?§é§53@?@§ of
The
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out put f each processing unit are provided to conparison circuitry

descri bjgd above for determ ning the m ni mum error val ue.

determ ew/zégyt mat ch between a current block and the bl (%I@U§P3/§5warch
i serial data streans represegping the pixels of the current

wel |l as the upper and | ower halves of the search w ndow are

providell to the inputs of the first processing unit of the array. An SOB

signal |s also provided which resets the accunul ator of each processing

unit asfit proPpsedEoy g ¢dBurd With respect HF thd HUpgdroQRetd Ng unit
cal cul a esiﬂuaéggolute value of the difference between the upper
si .

The input bit streams to PU1l, illustrated at
137, are generated by PUO as described previously. The
current block bit stream 138, the start of block signal
139, and the select upper band SUB signals 140, 141 and
142 are delayed by eight clock cycles with respect to
the corresponding inputs to PUO. This delay is shown
as distance 143. Also, in response to the delayed SUB
signal, the top pixels 144, 145, 146 of the succeeding
columns (starting with the second column) are replaced
by the top lower band pixels (starting with the first
lower band column).
For the third processing unit PU2, the latch
output to module 90 has to represent the search block
that is “"moved" another row down, i.e., the search
block (-8,-6) illustrated as 123 in Fig. 10. The latch
output to module 90 is synthesized by PUl in a similar
20 manner. The current frame input is delayed by another
pixel so that the first pixel of each of the current
band columns is now aligned with each third pixel of
the upper band columns in the upper band bit stream.
In addition, each fifteenth and sixteenth pixel of the

25 upper band bit stream, starting with the seventeenth
pixel, is replaced by the first and second pixels of
the lower band columns. The timing diagram of Fig. 11
illustrates the inputs provided to PE2 at 148. As
shown, the current block bit stream is delayed by a

30 two-pixel distance 147, and the pixels of the latch
output, which are aligned with the curreﬁgrblock
columns, comprise pixels 3 through 16 of the upper band
columns, illustrated at 149, and pixe 1 and 2 of the
lower band columns, illustrated at 150. '

35 By the time the input signals have propagated
to the sixteenth processing unit PU15, the curregggff

10

15
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| ef t han I xel in the current block and the upper |efthand pixel in the

f of t search wi ndow and stores this value in thep@qy )
It'then akgayagﬁg the absol ute value of the difference between %ﬁgyggg?
t he

e current block and the correspdnding pixel in the search w ndow
and addq this value to the value previously stored in the accunulator. And
it repegs this process for all the other pixels of the current block. As .a
resul t he final value in the accunulator is the sumof the absol ute val ue
of the df ffergppsck histpwerhdd coeen adalayed Hey cl20 exlodk ceyckerl (he pixel s

R)/La;\r/]mei I l ,Oc't(hlepn"(fé%]‘gs)ggﬁééggéﬁgl%ag%{r}gé%g%%&s%%% ;YS!L%QQE‘SY?_% ecei ved
at the flirst priftesn RFeFRISIAE WRLES hARRd 3h e Mh&‘ﬁ?ﬁ%ﬁs@? ng unit.
I'f there “Brggﬁﬂhﬂhﬁnﬂ@,'Ehéfﬁybrid input pixels consist of columns
of pixels that begin with the last (16th) pixel of the
upper band columns followed by fifteen top pixels of
the corresponding lower band columns. Accordingly, the
jatch output to module 90 represents the search block
(-8, +7), which is illustrated in Fig. 10 as 128. The
timing diagram for the inputs to PU15 is illustrated at
151 in Fig. 11. The latch output to module 90 is
synthesized by inserting the fifteenth pixel of the
jower band columns into the bit stream in response to
the delayed select upper band signal. The inserted
pixels are illustrated as 153 and 154.
4 The pattern described above for the first
sixteen processing units is repeated for every
succeeding group of sixteen processing units. At the
output of PU15, the current band bit stream has been
delayed by 16 pixels, relative to the upper band bit
stream. Accordingly, at the inputs to PU16, the pixels
of the first column of the current block are aligned
with the second upper band column. Accordingly, the
25 seventeenth processing unit PU16 computes the error for
the search block (-7,-8) illustrated as 125 in Fig. 10.
This block consists of pixels of the upper band only
and it is shifted to the right by one column in
relation to the search block (~8,-8), which was
3p processed by PUO. To supply pixels (-7,-8) to module
90 synchronously with the current block fﬁxels, the
upper band output of the sixteenth processing unit
(PU15) is directly connected to the module of PUlé via
a delay means which introduces a delay that is the same
35 as that of latch 91.
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rel ati onshi ps anong the data streans,

erformthe sane cal cul ations on the sane data as the first

3@9&12597and woul d sinply duplicate its result.
with the invention, a one pLxg& delay is

Figs. 12 to 16 provide further illustration
of pixel alignment for PUO, PU1l, PU2, PU15 and PU16
respectively. The current frame pixels are identified
as C(i,j) and the previous band pixels are identified
as P(i, j), where (i,j) designates the affset of a
pixel with respect.to the upper left-hand corner of the
current block. The columns of the tables provided in
Figs. 12-16 illustrate the sequences of pixels provided
to the corresponding inputs. The rows indicate the
pixels aligned in time. Each pixel of the current
frame is compared with the pixel on the same row in the
hybrid signal. Otherwise, Figs. 12-16 are self-
explanatory.

Fig. 17 illustrates the pixel alignment for
the last processing unit PU255, which determines the
error for the search block (+7,+7), illustrated at 128
in Fig. 10. At the input to PU255, the current frame
bit stream has been delayed by 2040 clock cycles (255
pixels) relative to the upper band delays.

Accordingly, the pixel C(0,0) of the current frame is
aligned in time with the pixel P(7,7) transmitted from
the output of latch 91. Also, note that, since PU255
is the sixteenth unit of the last sixteen-unit group,
the pixels of the synthesized bit stream columns
comprise the bottom pixels of the upper band columns
followed by fifteen top pixels of the corresponding
lower band column.

The right side of the processing unit circuit
illustrated in Fig. 9 comprises two delay peans 95 and
96 and two drivers 97 and 98. These components are
responsible for the output of the computed errors and
for resetting the accumulator 91 at thg?beginning of
each new block.

As discussed previously, the end of block }-
(EOB) signal is supplied to the first processing ugi
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shi ft ed

|s h the effect of displacing by one pixel row
%2% search window that is to be matched agarngg?ﬁk

ng unit starting with the pixels in the upper |efthand corner

€ searc ext conparison is
oneaquVMn9t'7o triaastieyis téquqwué:@dpm@wdreg byte of the
error value from the accumulator 92 to the ELOB output

28 (ELOB bus). The start of block (SOB) signal for the
next current block then resets the low order byte
register of the accumulator $2. Since the start of
block signal for the next current block arrives
subsequent to the rising edge of the end of block
signal, the low-order byte register is reset after the
low order byte has been read out to the ERL output.
Delay means 95 and 96 delay the start of block and the
end of block signals by eight clock cycles each. The
delayed end of block signal causes the driver 98 to
_transfer the high order byte of the error value to the
EHOB output 29 (EHOB bus)'one pixel after the low order
byte is read out. The delayed start of block signal
resets the high order byte register of the accumulator
92. Since the start of block signals trails the end of
block signal, the reset signal occurs after the high
order error byte has been read.
Since delay means 95 delays the end of block
signal by one pixel, the EOB signal propagates through
25 the array at the same rate as the last pixel of the
current block. At each processing unit the low order
and high order bytes are read out of the accumulator
and provided in order to the ocutputs of the processor
array.
30 A parallel pipelined system has to output the
results essentially at the input rate, excé%t for a
certain initial delay. This principle is carried out
in the system of the present inventioni/.Few, if any,
clock cycles are lost in the changeover from one block
3s in the current band to the next. 1In all the processing

3

units, the absolute difference modules 90 and the ggg

4 i3
R
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 the top of the search window. As a result, the Iast processing
ares the current block with the block in the | ower hth
’tvé‘ya/@g%?r ch wi ndow. Preferably, the nunb 5&?’9@7‘3 in
s¥the sane as the nunber of seanrghJbl ocks and the nunber of

g units. In such preferred enbodi nent, the SUB signal and the

I ntensitly data for the first pixel of the current bl ock reach the | ast
processifng unit at the sane tinme as the |ast pixels of the current bl ock

and the upper edmhwebrsgér sbeWamﬁlas@ emtzsystbﬁoéuééiveipceﬁga@edumt
After t rocessing, unit and the

e | asf pi X are
resul t s fof théFFeegngﬁFlgoﬁeg Pﬁrgﬂ PﬁetﬁﬁaﬁﬁgﬁﬁﬁPﬁtﬁf thée EOB signal
is al so prOV|éeﬂrbntth&obksshtptheekefhgandlrlgﬁhledgegnaf theds out the

Iom1bytﬂ (E;C¥}38E.thﬁlgbvakt should be noted that the error, placed
on the ELOB and EHOB output busses by an element PUn,
immediately follows the error placed on the output
busses by the element PU(n-1), where n=1,...,255. As a
result, the errors appear at the output of the array in
the order in which they are created, i.e., according to
Table I, and 256 error values exactly £ill the 256 time
slots available between the start of block and the end
of block signals for a particular current block.
; Fig. 18 illustrates the circuitry of the
15 minimum error module 71, which receives the error
values generated by the processors, and determines the
minimum error and the corresponding displacement vector
for a given current block. Registers 170 and 171 hold
the current nminimum value, which is the minimum error

10

20 determined at a given stage of processing. Comparator
172 compares the current minimum stored in 170 and 171
to the bytes of the incoming error value, and, if the
error is less than the error stored in 170 and 171, the
incoming error value is loaded into the registers 170

25 and 171. Clock generator 172 generates a pulse every 9
clock cycles and an eight-bit counter 173 counts the

generated pulses. Every time the comparator 172 loads

a new minimum value into the registers 170 and 171 the

value stored in the counter 173 is loaded into register
30 174.

The inputs to the minimal errorihodule
include start of block input 180, end of block input
181, error low order byte 182, and error high order
byte 183. The inputs are connected to the

3s corresponding outputs of the last processing unit )
PU255. PU255 outputs the errors continuously wiggggﬁe
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ored in the accunulator of the first processing unit and then

hi gh _byte (EHOB) of the final error value. Each |
nt ()3/359§ parate |ine which passes through all the p&%é&/li%g
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clock cycle delay between the bytes due to the delays
jntroduced by the delay means 106 and 107 of each of
¢he processing units. The low order error bytes
precede in time the high order error bytes by eight
clock cycles. Delay means 178 delays the low order
error output by eight clock cycles such that at points
184 and 185-the high and low error bytes enter in
parallel.
10 The start of block signal resets the counter
173 and the register 174. It also sets both registers
170 and 171 to the value 11111111, which is the highest
value that can be held by these eight-bit registers.
Accordingly, when the first error value arrives from
block (-8,-8), it is loaded into 170 and 171, since any
input error value is equal or less than
11111111111111111 held by 170 and 171 in combination.
The start of block signal also synchronizes the clock
generator 172 to issue a pulse every time a new error
20 output,'éenerated for another search block, arrives at
the points 184, 185. Thus, the counter 173, which
counts the pulses generated by the clock generator,
always holds the seguential number of the processor
which generated the error provided to the minimum error
25 module.

15

As indicated, if the input error value is
less than the value stored in the registers 170 and
171, the 'comparator issues a signal which loads the
input error value into the registers 170 and 171.

39 Thus, the registers always hold the minimum value

) supplied to the minimum error module £8r a given search
window. The signal that loads the error value to 170
and 171 also loads the contents of the counter 173 into
the register 174. Accordingly, régister 174 holds the

as sequential number of the processor which computed‘the

lowest error value. . F
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units of the array to the conparison circuitry for detecting the
h. The read out of the EHOB signal is del ayed one pi tive
aqﬁpﬁﬂzof the ELOB signal by delaying the EOB si gﬁ’ I fé%bgiggayed
Wis then provided to the nextsgracessing unit. As a result of
ngenent, the EOB advances through the array of processing units at
speed as the |last pixel of the current block. And as a consequence
t he upper and | ower bytes of the final error val ues appear in

d the outputs ofribe LRetePrOFo9sings Wi tali (i€ p¥éc¥seinghe same
the | ast pi xel- advances {

: hrough th .
roushy%t—% hRvye nB??BnS'éEPHﬁ‘ﬁJg‘PI E%?ec‘g{éﬁx‘% §1FoL, PRAPIRt rent bl ock
|

n as,ggbsteésst heo Ekd siznahobdotine hinimam exrror healueal andror
In p?&éi&&éérl7@nhé§§§Séﬂ@?ﬁoé%@&&%téfeiﬂé“processing unit
5 ghat generated the minimum error value and, thus, the
displacement vector. Delay means 175 and multiplexer

176 output the two bytes of the minimum error value
serially to the output 177.
50 The end of block signal for the current block
reaches the minimum error module immediately after the
error value calculated by the last processing unit
PU255 and terminates the minimum error computation.
After the output of the last processing unit has been
compared to the current minimum stored in the registers
/170 and 171, the end of block signal causes the current
minimum to be read serially through the multiplexer
177. The eight-bit delay, introduced by delay means
175, allows for merging two error bytes into a single
20 signal. At this point, registef 174 contains the
position of the processor which generated the minimunm
error. This value can be translated into the
displacement vector according to Table I. The énd of
block signal is shown as start of word output signal

25 190 that designates the beginning of the minimum error
output.

15

The embodiment of the invention described
above is presented for purposes of illustration and
should not be construed as limiting the invention in

39 any way. As emphasized above, other embodiments will
>
be evident which do not depart from the spirit of the
present invention, which scope is defined by the
following claims. .
? il
35

This Sheet Has Been

i .. ’



data r sentative of the pixels of the next current block and the upper

and |l o haI g8 of the next search w ndow can be provi dedpcy/UEe3/64708!
pr ocessi t as soon as the EOB signal reads the final error val ue out
of the unulator of the first proceSsPAg=unit: ‘The-f-ef-egoi ng
process fan be inplenented in many ways. Since s i unt
consi derption, special-purpose circuitry is pref gmgﬂi@ﬂm @lﬂ’ﬁt
advant ageous are fiel d-programmbl e gate arrays casS | 00

suppl i e} by the assignee of the presé&dBIMS|ication. BRI EF
DESCRI PJ ON OF THE DRAW NG&n apﬁmﬁnﬂb@té&ﬁpm@té £ieet uf feme and

advantages of the, PreSPlidfVElipele A8 §988LLE8 % tdnd "Eomprising:
a linear array of processing units, wherein

5 each of the units determines an error, which is a

peasure of a difference between a current block of

elements of the first frame and one of a plurality of
search blocks of elements of the second frame, each of

10 the plurality of the search blocks being located within

a search window,

each of the processing units comprising a
plurality of inputs, a plurality'of outputs, and
synchronization means for synchronizing input data
representing the elements of the first frame with input
data representing the elements of the second frame,
such that each unit of the array determines the error
between the current block and a different search block
of the corresponding search window.

20 - 2. The apparatus of claim 1 wherein the
array receives continuous streams of data representing
the elements of the first and second frames, and the
array outputs a continuous seguence of error values,
each of which error values corresponds to the error

25 between the current block and one of the search blocks.

3. The apparatus of claim 1 wherein the
plurality of inputs of each of the processing units
comprises a first input for data representing the
elements of a first portion of the search window, a

30 second input for data representing the elements of a

second portion of the search window, and a*Zurrent

input for data representing the elements of the current
block.

15

4. The apparatus of claimffgwherein the
3s plurality of inputs of each of the processing units
further comprises a synthesized input for data

~
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representing the elements of a search block, the
gynthesized input elements being aligned in time with
the current block elements, so that each processing
unit determines the error between the search block and
the current block.

' 5. The apparatus of claim 4 wherein the
synchronization means of each of the processing units
comprises means for combining the data transmitted to
the first and second inputs in order to generate a
synthesized bit stream for the synthesized input to the
next processing unit of the array.

6. The apparatus of claim 1 wherein the
synchronization means further comprises means for
delaying the data transmitted to the current input, so
as to align the elements of the current block with the
elements of a different search block, for input to the
next processing unit.

7. The apparatus of claim 1 wherein each of
the processiﬁg units further comprises means for
determining the absolute value of the difference
between two digital signals representing one element of
the current block and one element of one of the search
blocks. '

8. The apparatus of claim 7 wherein each of
the processing units further comprises means for adding
the absolute values of the differences between the
elements, such that, after all the bits representing
the elements of the current block and a search block
have been supplied to a particular processing unit, the
accumulated diffgrence between the elemenég of the
current block and the appropriate search block is
stored in the means for adding. )

9. The apparatus of claim’'1 wherein the

plurality of outputs of each of the processing units
7

&

e )
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dan exanple illustrating a search wi ndow of a previous frane and a
I ng current bl ock of a current frane; Fig ' ﬂi@?ﬁﬁptic
|odj/zﬂ a | inear array of processing units enpl mmmpg on

_ Figs. 3(a)-(b) are schegmatdc i1 lustrations depicting the

order i ng of pixels transnitted to the array; Flgﬂ ’mﬂ n”

schematifc illustrations depicting the search wi ndow c ﬁm)and

_ g - band input pixels, and the current block conpr|5|ﬁg &ur fent - band

i nput pipxel s; ﬁmgnsE!sga 2okveraocttpatnt hf upbest ba Tpﬁﬂ ohngha current bl ocks

ea@ t her Fig. 6 is a schematic illustration of the

current fbl ocleurERBE.BPERYSoNdi ng search wi ndow, and t he
10. The apparatus of claim 9 wherein the

outputs of each of the processing units, except for the
jast processing unit in the array, are connected to the
corresponding inputs of the next unit.

11. The apparatus of claim 1 wherein the
data transmitted to the upper, the lower and the
10 current inputs represents the elements arranged by
columns, and the elements of each column enter from top
¢o bottom.

-12. 'The apparatus of claim 1 wherein the
plurality of inputs of each of the processing units
further comprises a start of block input and an end of
block input for providing signals that indicate
respectively the first and the last elements of the
current block.

13. The apparatus of claim 1 wherein the
plurality of inputs of each of the processing units
further comprises an end of column input for providing
signals that indicate the end of each column of
elements transmitted to the current input.

14. The apparatus of claim 1 wherein the
25 Plurality of inputs of each of the processing units

further comprises a low order byte error input and a
high order byte error input for transmitting the error
value generated by the previous processing unit in the

15

20

array.

30 15. The apparatus of claim 1 wherein the
plurality of outputs further comprises a éiart of block
output, an end of block output, a low order byte error
output, and a high order byte error output.

16. The apparatus of claim 8 wherein the
a5 means for adding the absolute values of the differences

.
R
-l

between the pixels is an accumulator. %ﬁf
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selected

n 8? . °Cﬂﬂlﬂﬂuﬂlmﬁ|ﬂlml n Bpparatus of he press chgg;;,gg;ogn
t at

I 1l ustrat

conprisin ray of ‘ordcelsifhig units, el ectronic components’ provide

the array ﬁputs and a mninmal error nedube-provided at the array outputs;
Fig. 8is timng diagramillustrating the relative timng of the signals

entering the array; Fig. 9 is a block diagramof a typical processing.
unit of t array, Fig. 10 is an exanpl e provided for explaining the

synchroni Zat i on nechani spvof The appayatus of FeDaind 11é witedeéim ngackh agr am
LLjustratiing (0F £RkbtSebbThy%uRlel FuSEAEF ! EonSt A0 SablhET 108 1N
utputtlng the error value stored in the accumulator.

18. The apparatus of claim 17 wherein the
outputting means transfers a first byte of the error
from the accumulator to a low order byte error output
in response to a signal applied to an end of block
input and transfers a second byte of the error from the
accumulator to a high order error output in response to
the end of block input signal, which is delayed such
that the accumulator transfers the second byte after
transferring the first byte.

19. The apparatus of claim 1 wherein the
array comprises 256 processing units and the search
window comprises 256 search blocks.

20. The apparatus of claim 6 wherein the
means for delaying delays the bit stream applied to the
current input by the number of bits corresponding to
20 one element of the frame.

21. The apparatus of claim 1 further
comprises a minimum error module having start of block,
end of block, high order byte error, and low order byte
error inputs that are. connected to the corresponding

25 outputs of the last processing unit of the array, the
minimum error module determining the minimum value
among the error values generated by each of the

10

15

processing units.
22. The apparatus of claim 21 wherein the
30 minimum error module comprises a first register means
and a comparator; the comparator comparég input error
data transmitted to the minimum error module at the
high and the low order byte error inputs to a value
stored in the first register means;7£hd, if the value
3s of the input error is less than the value stored in the

This Sheet H.
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- 15 - Y Fi gs. MHMLI‘I li Tﬂ Ilustratl ng the sequences of pixels
transmtt the hybrid ba@gn
current b§n 9?%%”?5 of* tIte se ay el enents; and /83 Gb |s a
bl ock di agr'am of the m ninmal error - 41 -

first register means, the input error data is stored in
the first register means.

23. The apparatus of claim 22 wherein the
pinimum error module further comprises a second
register means for data representing a position in the
array of the processing unit that generated the error
value stored in the first register means.

24. A method for generating a segquence of
displacement vectors and associated minimal error
values, each of which vectors and values represent the
best match of a current block of elements of a first
frame of a signal with one of a plurality of search
blocks of elements located within a corresponding
search window of a second frame, comprising:

transmitting a first stream of data,
representing the elements of the first frame, to a
linear array of processing units;

transmitting a second stream of data,
representing the elements of the second frame, to the
array; o

10
15

20

synthesizing a hybrid stream of data from the
elements of the second stream, such that the elements
of the hybrid stream are aligned in time with the
25 elements of the first stream so as to enable each
processing unit of the array to compute an error
between a particular current block and a different
search block of the corresponding search window, which
error is a measure of the difference between two blocks
3°_of elements; and
computing the errors between eéich current
block and each search block of the ‘corresponding search
windows such that each processing unit of the array
outputs the computed error essentlaigz immediately
35 after the previous unit outputs the error.

.
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estimati gnyd t'ion betveeh slicckssive frames of video dat

inventiof will be described in detail im g@ch context. The application of
the invegtion in other contexts will be apparent fromthe description.
Fig. 1 iQlustrates a search window 1 of the previous franme and a

correspofpdi ng current block 2 of the current frame. Illustratively, one of

the seargh bl ocks of the2sgarthe wetlivd i 6f deDa i €24 aghereilced®@r ch bl ock 3
o o fsel T OmilEeSkIAG inPLOBK EnbYalfly] Bedbhd SRSl ind ¥hd L1

for a new current block essentially immediately after
5 outputting the error for the previous current block.

26. The method of claim 24 wherein the
second stream of data repfesents the pixels of the
‘upper and lower portions of the search windows of the
second frame.

27. The method of claim 26 wherein the step
of synthesizing comprises combining data representing
the upper and the lower portions.of the search window
into the hybrid stream of data.

28. The method of claim 27 wherein the step
of combining comprises periodically inserting the data

10

15
representing the lower portion of the search window

into the hybrid stream of data.

29. The method of claim 24 further
comprising the step of delaying the first stream of

20 data relative to the second stream at each processing
unit of the array.

30. The method of claim 24 further
comprising the step of transmitting an end of block
signal to the array.

25 31. The method of claim 30 further
comprising the step of outputting the errors generated
by each array element in response to the end of block
signals.

30

35 X
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di spl ment vector 9 of the search block 3 with respect to the current.

bl ock i §3,§zg§f2r] X,[err]y). In the foll ow ng di peygesergs™ech
bl ock fs¥referred to by the coordi nateflloflgl pi xel at the upper |eft-hand
corner § and the coordinate systemis selected as illustrated by arrows 8.

Accordifngly, current block 2 is described as |ocated at pixel 6 and search
bl ock I s described at located at pixel 5. If (x,y) is the |location of

bl ock in the coordinate system then (x+[err]x, y+err]y) is the.location
of bl odqk 3. The error between a current block 2 |ocated at (x,vYy)
and a dearch bl oc tgat I's displaced by ([err]x,[err]y) relative to the
currentf blo I's determ ned using the foll ow ng fornulaj

FIG. |
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currert

|| ock pixel at (x,y) and P(x+[err]x, y+[err]y) designates an
I nt ensi

i of the correspéndi ng pi xel of the search ; -9g and Y
are, regp @?ﬁﬁ?y t he horizontal and vertical dinensi onsbirgp}g'lsgrﬁsg gsf t he

bl ocks I ng conpared. As will be apSa/e'hB, equation (1) suns the absolute

value off the difference in intensity at each pixel (x,y) in the two bl ocks.
The notijon estimation nethod of this invention determ nes both the

di spl acgment vector ([err]x,[efr]y) and Error([err]x,[err]y) of the best

mat ch. Nbre specifically, ErrorM[err]x,[err]y) is conputed for each search
bl ock off a given search w ndo t he search block for which the error is
smal | est} is selected as the Hest-majch. This conputation is repeated for

each cufqrent block in_the cur (-ae—wieh—ts—assuned to be tiled with
current {bl ocks (excg¢pt for an <™
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i ndent¥ on around the edges of the franme as expl ai ned bel ow). In
odinent the current bl ocks are 16x16- ply%h- nd

t he sea ndoms are 31x31- pi xel %&3ﬁﬁ%§ Accordi ngly, the#2g§§égg%?
differe 16x16- pi xel search bl ocks each search wi ndow. Thus, to
determ e the error between the pixels of a current block and those of one
search -Jl ock, 256 conputations nust be nmade of the absolute value of the
differerqce in intensity between each corresponding pair of pixels in the
two bl ogks; and to determ ne the best match for a given current bl ock

wi thin tthe correspondi ng search w ndow t he

m-8 m+22
n-8 Upper Band 31
indow
Lower Band 32
nt22 ,l :
Lg)

FIG. 4b

m m+ld

Nlcurrent
block 33
n+5 s

Lo

~

FIG. 4a &
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conput ati ons according to the formula (1) have to be repeated
The notion estimation apparatus descrigegiRos¢7ggan be

. 72
general | ‘Iya:q:f"azrsgcteri zed as a bit-seri §f r&hronous system The term
. : 3 Lo

refers to the fact that di
r the inputs of the system sequentially rather

This Sheet Has Been RTlaced

ignals representing bits of
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t han

al |

gl obal
I nput
IS rep
seri al

parallel. Aternatively, the invention may be practiced using a

bit- ?bbgdzsmgani zation of the data. The systemis synclprqnuses/ostsuse
th C

omruni cati ons and conput atlg?gi\ e perforned in response to a
clock rate. The gl obal clock e adJ usted such that one bit of
lata is supplied per clock period (or clock cycle). Since each pixel
esented by a byte of data, it .takes eight clock periods to transmt
data corresponding to a single pixel. The present

invent§on is inplenented using a |inear array of two hundred and fifty six
(256) $ubstantially identical processing units illustrated in Fig. 2. The
procesying units are |abeled PUO to PU255 it sequence. Each processing unit
of thejarray is dedicated to determ ning tthbror bet ween the pixels of
the cufrent block and the pixels of a 5 S 3
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differ
array r
pi xels o

conti nuo

processi
pr ocessi
(or sepat

ei ves continuous bit-

g units in parallel

ated by a short delay) after the

Linear Array of
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FIG. 7
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one of the 256 search bl ocks of the search w ndow.
serial streans of data representlngéthe
937185%drrent and previous frames and the output ofPCIAESEI/PRINS s 4
stream of error values. TRe/ cbBputations are performed by the
and pi pel i ned fashion,

g unit outputs the conputed error values essentially imediately.
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- 18 - @ output of conmputed error values fromthe preceding processi ng

unit. w0 93/25%2ch processing unit has nine inputs, currentpdmg g‘?

11, sel edqt” upper band (SUB) 12, select % éiand (SLB) 13, upper band

14, |owerd band (LB) 15, start of block i end of block (EOB) 17,
error |oy order byte (ELOB) 18, and error high order byte (EHOB) 19. For
each of ffhose inputs there is a corresponding output simlarly |abelled and
nunberedjfrom 21 to 29. The processing units are

15 COL+ IS5 PIX |
. B
f ! 1
SOB = L
K !
L L
EOB f i [—1 1
' ! :
, EOC tnnn..
cF 0]l 2|3(4{516]|7|8]|9 0|
i v b 80 =
uB t of1|2]--
Lo .’
LB (o]

FIG. 8
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connects
to the

of the ¢
are provi
shown in
of the pr
upper hal

bit-seri% fasion to the upper band and | o
respectiviely oflthe first processing unit.

process, hhese signal s propagate through th
d out puts.

and LB irputs
the current fr

H

SOB EOB

LB

CF SuB SLB uB

r ™

I gs. 3(a) and 3(b).
frame pixels conprising two 16-pi xe
31 and a |ower

B 24

Fig. 3(a)

hal f band 32,

t hat are provi ded

the array.

PCT/US9%/@5108X €l S

ower bands of the previous frane
ed to the array inputs CF 11, UB 14 and LB 15 in the patterns
Il lustrates a 32-pi xel
-hi gh hal f bagds,

Fig. 3(b)
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whi ch signals representing
Ir
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-19-
I n par
col um 1

corresponding inputs is the sanme as shown in Figs. 3(a) and 3(b).
/28972t he pi xel s are scanned begi nning at the topcpfUsS9Bszes t hand
proceedi ng down t hat colurﬁ Zolgge bottom and continuing at the

top of §he next colum to the right h nni ng of these three bands

starts pt the sane tine. at ed above nDt|g¥,est|nat|on IS
performed by conpai-ag 2 o~k ocks in

a search wi nd

current® bl ock 6%
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and 1
previ
it do

sequence of current bl ocks (51, 52,.5
t he current bl ocks abut each other

9. 4(b)

0y

In this illustration,
si xteenth columm of pixels of a given current block is followed by the

first colum of the next current block. Generally,

nd t hey gy Not  over |l appes.g
f rane arc@.glef i ned suchrishat

not abut a
pr ecedi ng
the horizo

fime

search bl ocks

Il lustrates the correspondi ng search wi ndow 41 of the -
343, The search window 41 is a 31x31 square of PETAES3/05788 t hus,
3 I'nCl ude the bottomrow of pixels of the |ower band. As
i ndi cated previously, the 31x31-pi xel search w ndow 41 accommodat es exactly

256 different 16x16- pi xel Fig. 5illustrates a

§)2d(eﬂi8ed within the current band "33.

: : . " o
ht al an%(g'o's’é)art i cal di regggt_gns fromt hgf_st 8p

Cl0.4)
C(0.5)
C(0.5)
clo.7
C(0,8)
c(0.9)
C(0.10)
C[0,11)

§
,
!

C(0,12)
C{0,13)

C(0.14)

€{0.15)

c(1.0)
c(1.1)
C(1.2)

C(14,13)
C(14,14)
C(14.15)

C{15,0)
Cl15,1)
C(15.2)
C(15.3)
C(15.4)
C(15.5)
C(15,86)
Cl15.7)
C(15.8)
C(15.9)
C(15,10)
C{15.11)
C(15,12)
C(15.13)
C(15,14)
C(15,15)

(a) Current Frame
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P(-8.-4)
P{-8.-3)
P(-8.-2)
P{-8.-1)
P{-8,0)
P(-8.1)
P(-8.2)
P{-8.3)
P(-8.4)
P(-8,5)
P(-8,8)
P(-8.7)

P(-7,-8)
P¢7.-7)
P(-7.-6)

P(6.5)
P(5.6)
P(8.7)

P{7.-8)
PW-J)
Pn.'S)
P@.-5)
P{7.4)
Pa.'S)
P{7.-2)
P(7.-1)
P{7.0)
P@.1)
P(7,2)
P(7.3)
P{7.4)
P(7.5}
P{7.8)
PI.7)

so that the

the current bl ocks need

Thepsepar ch wi ndowgs 8f t he

each w neew) ext ends ¢i gha.-’fpi xels in
(-8.-6)
9,11) P(-8,-5)
P(-9,12) P(-8,-4)
P(-9.13) P(-8.-3)
P(-9,14) P(-8.-2)
. P{-5,15) < P(-8,-1)
P(-8,16) P(-8,0)
P(-9.17) P(-8.1)
P(-9,18), P(-8.2)
P(-9.19) P{-8.3)
P(-9.20) P(-8,4)
P(-9,21) P(-8.5)
P(-9.22) P(-8.6)
/ P(-8.23) \ P(8.7)
3 P(-8,8) r P{7,-8)
P(-8.9) P(-7.-7)
P(-8,10) P(-7,-6)
P(s.21) P(6.5)
P(5.22) P(6.6)
J . P(5.23) . PE.7)
) P(6.8) (" P(7.-8)
' P(6.9) P@.-7)
P(6.10) P(7,-6)
P(6.11) P(7.-5)
P{6.12) P(7.-4)
P(6.13) P(7,-3)
P(6,14) P(7.-2)
4 PG6.S) < P@.-1)
= P(6.15) P(7.0)
P(6.17) P(.1)
P(e.18) P(7.2)
P(6.19) P(7.3)
P(€.20) P(7,4)
P{6.21) P(7.5)
P{6.22) P{7.5)
J P62y ¥\ POT)

(b) Preceding Frame . (¢} Preceding Frame  (d) Preceding Frame
Upper Band Lower B;}g,

FIG. 12

Synthesized Band
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| ef t - han®g corner of the associated current block. Accordingly, as

i |l ustrat$yl9d3/@S972g. 5, the first curr nérjol ock 51 is |ocatepcgyusenasrogi oht
colums ffomthe | eft-hand boundary of 1Brrent frame to have a pr oper
offset wwth respect to the correspondi ng search wi ndow of the previous

frame. For the sane - 20- -
C(0,0) P(8-7) P99 (" P(8.-
C(0.1) P(-8.-8) P:-Q.iz)) Pg-s.-g
C{0.2) P(-8,-5) P(-8,11) P{-8.-5)
C{0.3) P(-8,-4) P{-9,12) P{-8,4)
. C(0.4) P(-8,-3) P(-8,13) P(-8,-3)
® C(0.5) P(-8.-2) P(-9,14) P{-8.-2)
E C{0.5) P(-8,-1) P(-9,15) P(-8.-1)
= c(0.7) P(-80) > P(-9,16)——= < P{(-8,0)
C(0,8) P{-8,1) P(-3,17) P(-8,1)
C{0.9) P(-8.2) P(-9,18) P(-8,2)
C(0,10) P(-8.3) P(-9,19) P(-8.3)
c(o.11) P(-8.4) P(-5.20) P(-8.4)
1 C(0,12) P(-8,5) P(-9,21) P(-8.5)
€(0.13) P(-8.6) P(-9.22) P(-8,6)
C(0,14) P(-8,7} J P(-8,23) \. P(8,7)
C(0,15) P(-7.-8) P(-8,8) =mmmmem P(-8,8)
c(1,0) Pe7.7) ) P(-8.9) (" P77
c{1.1) P(-7.-6) P(-8,10) P{-7.-6)
C(1.2) P(-7.-5) P(-8,11) P(-7.-5)
C(14,13) P(8.6) P(5.22) P(6.6
C(14,14) P(6.7) J P(5.23) L PESJ;
C(14,15) P(7,-8) P(68) —————n P(5.8)
C{15,0) P7.-n P(6.9) ~ P77
C(15,1) P(7.-6) P(6.10) P(7.-6)
C{15.2) P(7.-5) P(6,11) P(7,-5)
C(15,3) P(7,-4) P(6.12) P(7,-4)
C(15,4) P(.-3) P{6,13) P({7.-3)
C(15,5) P{.-2) P(6,14) P{7.-2)
C(15,6) P@7.-1) P(6,15) P{7.-1)
b Cy15,7) PO > P(6.16) < P@E0)
! C(15.8) P(7.1) P(6,17) _ P{7.1)
; C(15.9) P(7.2) P{6,18) P(7.2)
C(15,10) P(7.3) P(6,19) P(7.3)
C(15,11) P(7.4) P{6.20) P(7.4)
C(15,12) P(7.5) P(6.21) P(7.5)
C(15.13) P(7.5) P(6.22) P(7.6)
C(15.14) A, P(6.23) . P{7.7)
C(15,15) P(8,-8) P@.8) P(7.8)
33
{(a) Current Frame (b) Preceding Frame  (c) Preceding Frame  (d) Preceding Frame
Upper Band Lower Band Synthesized Band

FIG. I3

This Sheet 1,

[T :




reason;

of bl ock (SOB) signal,
(EHOB) and error
band (SLB).

sel ect | ower

array. More specifically,
coincides in time with the first 8-bit pixel

| ow order byte (ELOB) signals,
The start of bl ock signal,
16, indicates the beginning of each new current block of data entering the
has an active high val ue that

current bl ock. This adanal

time

This Sheet Has B

Cl0.1)
C(0.2)
C(0.3)
C(0.4)
c(0.5)
Cl(0.6)
(0.7
C(0.8)
C{0.9)
C(0,10)
C(0.11)
C(0,12)
C(0,13)
C(0,14)
C(0,15)

C{1.0)
C(1.1)
C{1.2)

C(14.13)
C(14,14)
C(14,15)

C(15.0)
C{15,1)
C(15.2)
C(15.3)
C(15.4)
C(15.5)
C(15.6)
C(15.7)
C(15.8)
C(15.9)
C(15,10)
C{15,11)
C(15.12)
C(15.13)
C(15,14)
C(15,15)

(a) Current Frame

II"IIII Iﬂlll IIII T

this signal

he | ast current block of the current band is
93¢28902ms from the right hand boundary of the curg
signals provided to the |ithepy 48
an end of block (EOB) signal,

ay of Fig. 2
error

al so indented by at

nc|ueas art

hi gh order byte
sel ect upper band (SUB) and
provi ded at SOB i nputs

FIG.14

transmtted for each new
I S usedrPgaosy eﬁet an ps,10) r P(8.-6)
P(-8.-5) P{-9,11) P(-8.-5)
P(-8,-4) P(-9,12) P(-8.-4)
P(-8.-3) P(-9,13) P(-8.-3)
P(-8,-2) P(-9,14) P(-8.-2)
P(-8,-1) P{-9,15) P(-8.-1)
P(-8.0) P(-8.16) P(-8.0)
PI81) P(-0.17) 4 P{8.1)
P(-8,2) P(-9,18) P(-8,2)
P(-8,3) P{-9,19) P(-8.3)
P(-8.4) P(-9.20) P(-8.4)
P{-8,5) P-9.21) P(-8,5)
P(-8.6) P{-8,22) P{-8,6)
P87 P(-8.23) . P(-8,7)
P{-7.-8) P(-8.8) P(-8,8)
P{-7,-7) P{-8,9) P{-8,9)
P(-7.-6) P(-8,10) P{-7,-6)
P(-7.:5) P{-8,11) P{-7.-5)
P(-7.,-4) P(-8,12) P(-7.-4)
;gﬂe) :(5.23) P(6,7)
~8) (6.8) P{6.8)
P{7.-7) P(6.9) } ' { P(6.9)
P(7.-6) " P{6,10) ~ P(7.-6)
P(7.-5) P(6,11) P(7,-5)
P(7,-4) P(6,12) P(7,-4)
P(7,-3) P(6.13) P(7.-3)
P(7.-2) P{5.14) P(7.-2)
;gt‘1 ) :{6-15) * PU-'1 )
0) (6,16) . P(7.0)
PEY) PEA T~ ) PO
P(7.2) P(6,18) P(7.2)
P@7.3) P(6,19) P7.3)
P(7.4) P{6.20) P{7.4)
P(7.5) P{g.21) P(7.5)
P(7.6) P(s.22) P(7.6)
P J- P{6.23) P{7.7)
P(8.-8) P(7.8) } — { P(7.8)
P{8.-7) P(7.9) P@7.9)
(b) Preceding Frame  (c) Preceding Frame  (d) Preceding Frame
Upper Band Lower Band

Synthesized Band

Pl



accurrul! or (see Fig. 9) in each processing unit. since, in the preferred
enbodi meft g7current blocks abut each other, the start gclRiRos/estggnal
i's prefer’.\@tgpy provi ded every 2048 cl ock cycles, which is the mninumtine
required for serial entry of 256 pi xei§g\h2f§ﬁ bItS) and read out of the
final error values. In an enbodi nent the current bl ocks do not
abut, the period between the start of block signals is |onger to skip the
pi xel s between the last and first columms of adjacent current bl ocks.

The end of block signal, provided at EOB inputs 17, is the start of block
signal delayed by the tinme required for serial entry of 256 pixels and
conput ation of the associated error value. The active value of each EOB

signal imediately ®@ohl ows the | agt8.qnput—pxet-Pod2pach—ew r erels) ock and
in the preferred er@i‘byl ment of t hgi? Bvention i rrﬁéﬁjﬁ)at'bl y pr ecéiﬂés) t he
C0,9) P{-7. -5) P(-s 10) P(-s 10)
C{0.4) P{-7.-5) P(-8,11) P(-8.11)
o C(0.5) P(-7.-4) P(-8,12) P(-8,12)
£ C(0,6) P(-7.-3) P(-8,13) P(-8.13)
= cw.7) P(-7.-2) P(-8,14) P(-8.14)
ci0,8) P(-7.-1) P(8,15) > —= < P(8,15)
C(0.9) P(-7.0) P{-8,16) P({-8,16)
C(0.10) P(-7.1) P(-8,17) P{-8.17)
C(0.11) P(-7.2) P(-8,18) P(-8,18)
4 C(0,12) P(-7.3) P(-8,19) P{(-8,18)
C{0,13) - P(-7,4) P(-8,20) P(-8,20)
C(0,14) P(-7.5) P{-8,21) P(-8.21)
C(0,18) P(-7.6) P(-8.22) J \ P(-8,22)
C(1,0), P(-7.7) P(-8.23) - P(-7.7)
ci.n P(-6.-8) P{-7.8) ] ( P(-7.8)
Ci1.2) P(-8,-7} P{-7.9) P(-7.9)
C(14,13) P(7.4) P(6.20) P(6.,20)
C(14,14) P(7,5) P(s.21) P(8,21)
C(14,15) P{7.6) P6.22) L P(6.22)
C(15.0) PR7} ——————P(623) ——— P@.7)
C(15.1) P(8,-8) P78 r P(7.8)
C(15.2) P{8.-7) P(7.9) P(7.9)
C{15,3) P(8.-6) P(7.10) P(7.10)
C(15.4) P(8,-5) P(7.11) ALY
C{15,5) P(8.-4) P(7.12) P(7.12)
C(15,5) P(8,-3) P(7.13) P(7,13)
C(15.7) P(8.-2) P(7.14) P(7,14)
C(15.8) P{8.-1) P@.15) Y —— < P(7.15)
C{15.9) P(8,0)" P(7,16) P(7.18)
C(15,10) P(8.%) PE.I7) P(7.17)
C{15,11) P{8.2) P(7.18) P(7.18)
C{15,12) P(8.3) P(7,19) P(7.19)
C(15,13) P(8.4) PF20) |, P(7.20)
. C(15,14) P(8.5) PZ21) P(7.21)
. C(15.15) P(8.6) PE22) . P(7.22)
{a) Current Frame (b) Preceding Frame  (c) Preceding Frame (d) Preceding Frame
Upper Band Lower®Band Synthesized Band
This Sheet Has Been R
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next SO
in the a
21-

I gnal .

time

The EOB si gnal

is used to read out the error values stored

u ey of each processing unit.
%}3 Error | ow order byte (ELOB) and error hi gPhCl‘/US93l05708
16/18
(0.0 P(-7.-8) ) P(-8.,8 C PL7-
co.1) PL7.7) Pias) Pf-i-g;
C(0.,2) P(-7,-6) P(-8,10) P(-7,-6)
C(0.3) P(-7,-5) P{-8,11) P{-7.-5)
C(0.4) P(-7,4) P(-8,12) P(-7.-4)
C(0.5) P(7.:3) P(-8.13) P(-7.-3)
C(0.8) P(-7,-2) P(-8,14) P(7.-2)
C{0.7) PL7.1) 4 P(-8,15) P(-7.-1)
C(0.8) P(-7.0) P(-8,16) ) P(-7.0)
€(0.9) P(-7.1) P(-8,17) P(-7,1)
cio.n) P{-7.3) P(-2.19) P(-7.3)
C0.12) P(-7.4) P(-8.20) P(-7.4)
C(0.13) P(-2,5) P(-8.21) P(-7.5)
C(0.14) P(-7.6) P(-8.22) P(-7.6)
C(0.15) P77y J P(-8.23) . P{7.7)
C(1.0) P(-6,-8) =" P(-7.8) P(-
el P(6.7) P(-7.9). ( Pee.7)
Cn.2) P(-6.-6) P{-7.10) P(-6,-6)
C(14,13) P(7.5) P(6.21) P
C(14,14) P(7.6) P(6.22) Pg::;
C(15.2) P(8,-8) P(7,10) P(8.-6)
C{15,3) P(8,-5) P(7.11) P(8,-5)
Sts4) P(8.4) P(7.12) P(8.4)
C(15.7) PE-1) P{,15) P8.-1)
C(15.8) P(8.0) , PEAS) "9 PE@.0)
ci1s.9) P@.1) PE.17) PE.1)
C{15,10) P(8.2) P(7,18) P(8.2)
cs.1) P(e.3) P@.19) P(8.3)
C(15,12) P(8.4) P(7.20) P(a.4)
C(15,13) P@.5) P(7.21) e P(8.5)
Ch1s.15) PE7 P(7.23) . P@.7)
(a) Current Frame  (b) Preceding Frame  (c) Precedmgégame (d) Preceding Frame
Upper Band Lower Band Synthesized Band

is Sheet Has Been Replaced

i

I

1l

[

FIG. 16

Y-

3

Py
;.
;
P ¥
E 2



or der !e (EHOB) inputs 18 and 19 and outputs 28 and 29 form busses that
and read out

pr opagat o3l the array the final error val ues conputed
from eacht"‘i)éry(’)cesm ng unit. The ELOB inputs 18 and outputs 25&/#95 {057081ed

for the less significant byte of the error_value and EHOB inputs 19 and
outputs 29 are provided for the nore si gﬂlTl/carg byt e. The sel ect
upper band and sel ect | ower band signals provided at inputs 12 and 13 are
used to control latches in the processing units which sel ect upper band
data or |ower band data for use in conputing error val ues. As

di scussed previously, each processing unit conputes the error between the
pi xel s of the 16x16-pixel current block and one of the 256 different search
bl ocks of the sane %}%f | ocated within the 31x31-pi xel search w ndow. Fig.

6 illustratds the PI.7) P(6.23
cio.1) P(E.-8) Pba)) D - ;g;;
C(0.2) P{8.-7) P(7,9) P(7 9}
e s
. - P(7.11
° €(0.5) P(8.-4) pgné §g§3
E C(0.6) P(8.-3) P[7.13) P(7.13)
cio.n P{8,-2) P@.14) P(7.14)
C(0.8) P(8.-1) PEIS) o = < PQ.15)
C{0,9) P(8.0) P{7.16) P(7,16)
C(0,10) P(8.1) PF.17) P(7.17)
C(0.11) P(8.2) P(7.18) P(7.18)
| c(0.12)" P(8.3) P(Z.19) P(Z.19)
e i s el
(] B t7.21
c(0.15) P(8.6) P(7.22; J . 53223
c(1,0) PRy P(7.23 '
2(1.1) P(9,-8) '.P(B,B)) ) :f(‘gjg
(1.2) PE.7) . P8.9) ( P(8.9)
C(14,13) P22.4) .. P(21.20) P
Cl14.14) P(22.5) P(21.21) p@ﬁ?}
C(14.15) P(22.6) P@1.22) | _ P21.22)
C(15.0) P(22.7) P(21.23) P2
C(15.1) P{23.-8) P2.8) - pfzﬁig
C(15,2) P(23..7) P(22.9) P(22,9)
C(15.3) P(23.-6) P{22,10) P(22.10)
gqgﬂ) P(23.-5) P22.11) P(2.11)
c(§? P(23,-4) P(22,12) P(22.12)
cqs' ) P(23,-3) P(22.13) P(22.13)
(15.7) P(23.-2) . P22.14) P(22,14)
C(15.8) P(23.-1) P2215) > ——ur J P(22.15)
C(15.9) P(23.0) P[22,18) P(22.16)
C{15.10) P(23.1) P{22.17) P(22.17)
C{15,11) P(23.2) P(22.18) P(22.18)
C(15.,12) P(23.3) P(22,18) P(22.19)
A C(15,13) P(23,4) P{2220) ¥ P(22,20)
: C{15.14) P(23.5) P(22.21) P(22.21)
C(15,15) P(23,6) P22:22) \ P{2222)

(a) Current Frame - (b) Preceding Frame (c) Preceging Frame  (d) Preceding Frame
Upper Band Lower Band Synthesized Band
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current'! ock 60, the correspondi ng search w ndow 61, and search bl ocks 62,
63, 64 an / di scussed previously, each block is uniqu ' Lfied
by the coﬂYP nzgtg?s of the upper |eft co éeé or a current 3%'%’&%2%4%

t he upper Ieft corner at (mn), the 256 rt8 bl ocks are contained in the
regi on bounded by the search blocks (m8, n-8), (m7, n-8), (m7, n+7),
(m8, n+7) which are shown as 62, 63,- 64 and 65, respectively. For
sinplicity, in further di SSB@ on the search bl ocks withi arch w ndow
are designated by the offs Egém upper |eft-hand cornae1 "S? | with

respect to the upper |eft-hapd ner of the corres glcurrent bl ock.
For exanple, the search XS 3, 64 and 6 f 6]ar esi gnat ed
as (-8,-8), (+7,-98), (+79$gf anlglsg +7), respeigr%vel n/cﬁlﬁef wor ds, the
upper left corner of the seafjch|block that coincides fhe current
178~
.\184
185
_ N Pt
172\ l I YITO
_ sync set
Clock »Register}—ae > —
Gen Id
‘ i )
ha? 171 v
Counter g‘_‘_fu\_f\_L
° 4
set
174+ —M—Register }—t—e—» «—
L id
Register s I
‘ ¢ i 4 Py Vg AW 4 Y
d
v jws
H=8
. # 76
¢
F 4 I77
Y \4 :
Vector SOow Error.
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2 ONOV 1996

F OF THE NTION
This invention relates to a method and

apparatus for comparing sets of data. It is
especially useful for estimating inter-frame motion of
video data in a video signal and will be described in

that context.

BACKGROUND OF THE INVENTION

There are numerous instances in which it is
desirable to compare sets of data. Many of these
involve recognition of a data set by comparing the set
whose identity is unknown with a multitude of known
data sets to locate a best match. Illustrative such

v applications are the extraction of meaningful
information from bad communication channels and the
recognition of characters and other objects presented
on film, video or other display.

In other applications, identification per se
may not be the focus but the object of the comparison
is still to find the best match. Examples include the
comparison of a fragment of a gene sequence with an
entire gene sequence or the comparison of sequences of
computer software. One specific application is in
determining the relative movement of video data
between the frames of a video signal. 1In this case,
the data set of interest is a block of pixels in the
video frame. The motion of such a block of pixels is
quantified by a displacement vector, which indicates
the best match for a block of a current frame with one
of a plurality of blocks found within a search window
defined in a previous frame. .

In general, the error between a first set of
data having X elements and a second set of data alse

A



correspondi ng di spl acenent

I N hehieem) he sane as the _

322’[ SP ° 'FPLREEME FgH%SEEI e | belowillustrates the assignment of g
the procegsifng units to the|search bl ocks. The col ums desi gnated as
P# |ist the nuﬂﬁh&@Vd@96r1 processing units as they appear in the
arra [ . es the first unit PUOin the array, 255
deS|yhate i T-anrt-- The col ums déglgnated as search Bl ock
indigate he search bl ocks, tusing the notation described above, fgr

~ which the &Ffor varue T§"‘“ determ ned by the correspondlggoggggeﬁzlugits
uni ts. g elements in a searc% w1ndow can be
& Associ at ed Diaspigc

rgpresented mathematlcally_by
X-1
Error(Ax) = L |c(x) - P (x+Ax) |
x=0
where ¥ is a position in the set of data, Ax is the
relative displacement between the position of the
first set of data and the position of the second set
of data, C(x) is a measure of a parameter (or
parameters) of interest at position x in the first set
of data and P(x+Ax) is a measure of the parameter (or
parameters) of interest at position x+Ax in the second
set of data. Thus, the error is calculated by
determining for each.element in the first set of data,
' the absolute value of the difference between the
parameter of interest at that element and the
parameter of interest at the corresponding element of
the second set of data and summing these absolute
values for all the elements in the first set of data.
In like fashion, the error can be calculated

between data sets organized in more than one
dimension. For the case of motion estimation in a
video display which involves two-dimensional arrays of
data representative of signal intensity, the error
between a current block having X x Y pixels and a
previous block in the search window can be represented
mathematically by

: X-1 Y¥=-1
Error (Ax,Ay) = Y I lc(x,y) - P (x+Ax, y+Ay) |
x=0 y=0

where (x,y) is a position in rectangular coordinates
in the current block, (Ax,Ay) is the displacement
between the position of the current #lock and the
Position of the previous block in the video frame,
C(x,y) is the intensity of a pixel at coordinates
(X,¥) in the éurrent block, and P(x+Ax, y+Ay) is ¥ne



h Bl ock P# Search Bl ock P# Search Block 0 -
128 - (+0,-8) 192 - (+4,-8) 1lf[err] (-8,-7)

i

(-o,<5)  [KRACONEAT ST

65 - (-4, 7@ G (+oh-7) 193 - (+4,-7) 2 - (-8,-6) 66 - (-4,-6)
130 - (+0 4,16) 3 - (-8,-5 67 - (-4,-5 131 -
(+01-5§ | EBSZ;QW’W% - %-8,-4§ - 3238 - (-4,-4§ 1%2 - (40, -4)

196 - (+4}-ByBmcfoge=a)t | 69 - (-4,-3) 133 - (+0, - 3) 197 -
(+4,-3) 6{- (-8 -2) 701 (-4,-2) 134 - (+0, -2) 198 - (+4,-2) 7 -
(-8,-1) FUTTTTTEEETE= 135 - (+0,-1) 199 - (+4,-1) 8 - (-8, +0)

137 - 0 1 138 -
(+0, +2§+ +2%Eooré$ﬂa§?% i¥+ (- §+$§§ gs, Fz& $§¥°r 1f39 - (+0, +3)
203 - (+4, +3)c;2culét8d+by detéfmining, £ér each4Pixel+@nt+tdthe 204 - (+4 +4)

120218 carkdye badiohpe abifauck a1tk or B8 ajerriiedt - (010
143 - (+o +7) peti2@@n- tpe41ntpn51ty at that pixel and the intensity

at the corresponding pixel in the previous block in

the search window and summing these absolute values

for all the pixels in the current block.

To determine the best match, the intensities
of the pixels of the current block are compared to the
intensities of the corresponding pixels of the search
blocks defined within the search window of the
previous frame. The accumulated difference in pixel
intensities between two blocks is referred to as an
error value. The block in the search window which

. most closely matches the current block is the one
having the minimal error value. This block is
identified by the displacement vector.

Motion estimation by block matching is a

2 - (54, +0) mtéggmy( 5. toiixelzgﬂ thé+§ré0hoﬁg5b(lb§k+$k 73 - (-4, +1)

very computation-intensive process. For example,
typical values for block size are 16 pixels x 16
pixels with approximately 357 blocks per frame. To
compare such a block with any other block reguires 256
conparisons, one for each pixel. A reasonable size
search window for each block is an array of 16 x 16
blocks. Accordingly, for a frame rate of 30 frames
per second, the number of comparisons to be made each
second is 30 frames/second X 357 blocks/frame x 256
search blocks/block x 256 comparisons/search block =
701,890,560 comparisons/second. If each ébmparison
takes 6 ﬁIsc-typé instructions per pixel, the amount
of processing required is 4}211 MIPS. This is roughly
100 times the processing power of high-performance DSP
or RISC chips.
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enormous amounts of processing power to perform
gimilar types of comparisoné. For example, to compare
a fragment of a gene sequence of 100 nucleotides
against the entire human genome which is approximately
3,000,000,000 nucleotides in length would require
300,000,000,000 comparisons.

To achievé the processing power reguired for

- matching large quantities of data, it is desirable to

use a multiprocessing architecture. For example,
several such systems have been described for matching
the blocks of video signals.,

For example, A. Arteri, et al., "A Versatile
and Powerful Chip for Real Time Motion Estimation®
JCASSP - 89, vol. 4, pp. 2453-~2456, describes a
systolic architecture wherein the processors are
organized as a two-dimensional array and each
processor is associated with one possible match of a

‘current block and a block within a search window. At

each clock cycle, each processor receives the same
current-block data and the search-window data for a
different search block. All the processors complete
the corresponding computations simultaneously, and
transfer the results into a storage array. Then, the
minimal error is determined. This architecture is not
completely parallel, and it is not pipelined.
Significant post-processing and pre-processing stages
are necessary in order to provide all the processors
with the appropriate data simultaneously and to
determine the minimal error. There is a substantial
memory requirement at the input and output stages, and
each processor of the proposed system gcontains various
input and output storage registers. 'Accordingiy, this
system fails to satisfy the requirements of a
practical motion-estimation system.
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V. Considine, et al., "Single Chip Motion
gEstimator for Videp CODEC Applications," Third
International COnfgrence on Image Processing and its
Applications, pp. 285-289 (July, 1989) relates to
another dedicated VLSI multiprocessing architecture
for motion estimation. This architecture also employs
a two-dimensional array of identical processing units.
The inputs to the array are connected to a search-
window memory. Thé current-block pixels are loaded
into the memory provided within the array and the
search-window pixeis are transferred to the array from
the search-window memory. The processing units
determine the diffgrences between the current block
and the search-window pixels. The differences are
then summed by a spmming tree provided'at the outputs
of the array. The chip illustrated in this reference
contains two structures which include the search-
window memory, the array, and the summing tree. This
architecture does not prdvide for a truly pipelined
processing. The processing begins only after the data
representing the current block and the search-window

- pixels is stored in the array and in the search-window
storage. ' _

R. Dianysian, “Bit-Serial Architecture for.

Real Time Motion Compensation," Proceedings of the
SPIE - The International Society for Optical
Engineering, vol. 1001, pt. 2, pp. 900-907 (November,
1988) relates to an attempt to provide a bit-serial
architecture, which is parallel and pipelined. This
architecture is based on a two-dimensional} grid of
processors and distributed storage registers. The
current-block data is loaded into the storage
registers prior to the computational process. Then,
the search-window data is shifted through the
interconnections of the two-dimensional grid of
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plock of the video signal to the next.

These prior-art systems fail to take full
advantage of parallel and pipelined processing. To
achieve the throughputs desired, it is necessary to
minimize the pre-processing, post-processing, and
storage of data. Ideally, the system should generate
a continuous stream of error values in response to a
continuous input of data. In addition, the desired
multiprocessing architecture has to be flexible, so
that various parameters of the system, for ekample,

. the block sizes, can be varied without additional
design effort. Advantageously, the implementation of
the system should also be based on a gstandard cell
technology, rather than on custom VLSIY. .

SUMMARY OF Tﬁg INVENTION
Accordingly, an object of the present

invention is to provide a parallel and pipelined
processor architecture for comparing sets of data. A
further object of the present invention is to
implement a processor using a multiprocessing
architecture such that the processor continuously
receives the data of the sets to be compared and
outputs a continuous stream of error values. Still
another object is to use the present invention for
motion estimation.

To determine the best fit between a first
data set and the data sets of the search.window, the
same calculation is performed for each .of the data
sets of the search window. The best fit is that data
set in the search window for which the error is



50 - (-5, - O ot ek 178 - (+3,-6) 242 - (+7,-6) 51 - (-5,-5)
115 -((-1, RBPLAGE: wﬁlt(g@%ﬁ) 243 - (+7,-5) 52 - (-5,-4) 116 -
(-1,-4) I8P =—fs=ay —| 44 - (+7,-4) 5 ety el?

181 - (+3,13) 20NBY 199%+7, -B) 54 - (-5,-2 118 - (-1, - -
(+3,-2§ 216g%@£§)§ 56 b (-5,-1) _ 5119 - (-1,-1) 183 - (+3,-1)

247 - (+7,{1}=56——(=5,%0) 120 - (-1,%0) 184 - (+3,+0) 248 -
(+7,+0) 57|- (-5, +1) 121 } (-1,+1) 185 - (+3,+1) 249 - (+7,+1) 58 -
(-5, +2) LI 2= e #2186 - (+3,42) 250 - (+7,+42) 59 - (-5, +3)

(1 %a) " Tabioweas; A5E0rdBigly, Rl eatdTdidd pegviadilas ifé]

189 - (+3, +5) £jnaR5GIEPYL 7the) lggest (exran)valug 28nd thd, kegatiano -

(+3, +6)

255 - (+7,+7)3"

2

54 -.id sdc¥Ivindow df )the det/a-sée 1fc?1r7)w i lene(+3, +7)

arent fromthe above table that the

. It I1s a [ i
30 first sixtesrohri&iiRy PWEEE of SErayi ¥@hputEhigelocation

is specified in terms of the displacement (Ax).

To calculate the error values, it has been
found advantageous to use separate circuitry to
calculate and accumulate in parallel the error values
for each of the different data sets in the search
window. Further, since much the same data is present
in successive data sets in the search window, it has
also been found advantageous to pipeline the circuitry
in a highly efficient fashion.

In accordance with the invention, a linear
array of identical processing units receives
continuous bit-serial streams of data representing the
elements of the first data set and the data sets of
the search window and outputs a continuous sequence of
error values for each data set of the search window.
Each processing unit contains an absolute-difference
module for determining the absolute value of the
difference between the parameter (or parameters) of
interest of one elgment of a first data set and one
element of a search data set and an accumulator which
adds the values generated by the absolute difference
module. Each processing unit alsc delays the bit
stream of the first data set by one element relative
to the bit stream from the search window. This delay
of one element per processing unit causes each
processing unit to compare the bit stream: bf the first
data set with the bit stream of a different one of the
search data sets. As a result, the number of
processing units is the same as the number of search
data sets.
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If, for example, the first data set is a
sequence of 256 elements, this can be compared with
256 data sets in a search window of 511 elements using
a linear array of 256 processing units. Information
apout the data sets is supplied to the processing
array on an element-by-element basis in the order in
which it appears in each data set. Thus, the first
processing unit compares the first element of the
first data set with the first element of the data set
from the search window and adds the result to the
accumulator. It then does the same for the second
elements of the two data sets, the third elements, and
so on for the 256 elements of the first data set.

Because of the delay of one element in thé
bit stream of the first data set, the first element of
the first data set arrives at the second processing
unit at the same time as the second element of the
data set from the search window. Thus, the second
processing unit compares the first element of the
first data set with the second element of the data set
from the search window, and adds the result to its
accumulator; it then does the same for the second
element of the first data set and third element of the
seaxrch data set; .and so on for the 256 elements of the
first data set.

In like fashion, each of the other
processing units compares the elements of the first
data set with a set of elements from the search window
that is offset by one element from the set that is
compared by the previous processing unit. _

After the last element of the first data set
is supplied to the first processing unit and compared
with the 256th element of the search data set and
after the result of such comparison is added to the
accumulator, the final error value stored in the
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pikewise, the accumulator of each processor unit is

read out in turn after the final error value is
computed.

The compariscn circuitry includes a
comparator, comparator registers for storing the bytes
of the lowest final error value, a counter and a
register for storing a counter value. The counter
counts the error values. The comparator'registers are
initially loaded with all 1's corresponding to the
maximum error value. As the final error values are
received at the comparator, they are compared with the
value stored in the comparator registers. If a final
error value is lower than the stored value, the stored
value is replaced with the lower value and the counter
register is loaded with the counter value which
identifies the block of the search window associated
with the new lowest error value. At the end of the
read out of all the final error values, the EOB signal
indicates that the calculation is complete and the
comparator registers and counter registers are read to
determine the minimum error value and the block of the
search window which produced such minimum value.

To estimate motion in a video display in
accordance with a preferred embodiment of the
invention, the element information from the current
block is supplied to the array starting with the pixel
in the upper lefthand corner of the block, proceeding
downwards through the lefthand most column of pixels
in the block, continuing with the pixel that is
uppermost in the next column, proceedismg downwards
through that column and so forth until reaching the
last pixel in the bottom righthand corner of the
block.
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i nputs 72 and 7ﬁ,§5ﬁaﬂnmiouslb}1ammet log @mermrwlom“dlmtmst ream t hat
ight less than four times the size of the current
plock. In such case, two bit-serial data streams are
supplied in parallel to the array. One stream is
derived from the upper half of the search window and
is called the upper band (UB), the other stream is
derived from the lower half and is called the lower
pand (LB). In each stream, the order in which the
pixel information is supplied is the same as the order
in which the pixel information was supplied from the
current block. Thus, the pixel information is
supplied starting with the pixel in the upper lefthand
corner and proceeding down the columns from the
ljeftmost column to the rightmost column and ending.
with the pixel in the lower righthand corner of that
half of the search window. Since each half of the
search window is approximately twice as large as the
current block, this process takes twice as long as it
does to supply the pixel information of the current

block.

In adéition to these three data streams, the
array also receives control information which
identifies the start of a block (SOB), and the end of
a block (EOB) as well as signals SUB and SLB which
select the upper band and the lower band.

Each processing unit of the array has inputs
to receive these three data streams and four control
signals and outputs to pass these signals on to the
next unit of the array. In addition, each processing
unit also has two inputs and two outputs for reading
out under control of the EOB signal the high and low
order bytes of the error value (ELOB and EHOB)
calculated at the processing unit. The error value



arrives at—i-pput—£4.—TFhi-s—synchroni zation is achieved in part by del aying

t he previ53E?£&hﬁﬁﬁéﬁ§§§“’”ay one frame. The neans for introducing such a
delay is i£~4$5*;%¥°%5 - 25 - within the skill of

t he art;an

S
- 11 -

3
4
i
Tred

ats of each processing unit are provided to
outP

arison circuitry described above for determining
omP
jnimum error value.

the B

To determine the best match between a
current plock and the blocks of a search window, bit-
serial data streams representing the pixels of the
current block as well as the upper and lower halves of
tne search window are provided to the inputs of the
first processing unit of the array. An SOB signal is
also provided which resets the accumulator of each
processing unit as it propagates through the array.

. The first processing unit calculates the
absolute value of the difference between the upper
jefthand pixel in the current block and the upper
jefthand pixel in the upper half of the search window
and stores this value in the accumulator. It then
calculates the absolute value of the difference
petween the next pixel in the current block and the
corresponding pixel in the search window and adds this
value to the value previously stored in the
accumulator. And it repeats this process for all the
other pixels of the current block. As a result, the
final value in the accumulator is the sum of the
absolute value of the differences between the pixels
of the current block and the pixels of the block in
the upper lefthand corner of the search window.

Meanwhile, the data streams and the band
select signals SUB, SLB received at the first
processing unit are also passed on the second
processing unit. If there were no change in the
temporal relationships among the data streams, the
second processing unit would perform the same
calculations on the same data as the first processing
unit and would simply duplicate its result. However,
in accordance with the invention, a one pixel delay is
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in the search window that is to be matched against the

current block. The matching process proceeds exactly

as in the case of the first processing unit starting
with the pixels in the upper lefthand corner of the
current block and the block of the search window.

In like fashion, the data stream from the
current block is delayed by one pixel at each
processing unit, each time displacing the block in the
search window of the next comparison by one pixel row.
pach time the bottom of the search window is reached,
the search window block for the next comparison is
shifted one column to the right and the comparison is
resumed at the top of the search window. As a result,
the last processing unit compares the current block
with the block in the lower righthand corner of the
search window. .

Preferably, the number of pixels in a block
is the same as the number of search blocks and the
number of processing units. In such preferred
embodiment, the SUB signal and the intensity data for
the first pixel of the current block reach the last
processing unit at the same time as the last pixels of
the current block and the upper and lower séarch
windows enter the first processing unit.

After the last pixels are provided to the
first processing unit and the results of their
comparison are stored in the accumulator, the EOB
signal is also provided to the first processing unit.
This signal reads out the low byte (ELOB} of the final
error value stored in the accumulator of the first
processing unit and then reads out the high byte
(EHOB) of the final error value. Each byte is read
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rcult;§03 signal is delayed one pixel relative to
of the 4 out of the ELOB signal by delaying the EOB
£ne read The delayed EOB signal is then provided to
s;gna:Xt processing unit. As a result of this
the :gement' the EOB advances through the array of
a:::esslﬂg units at the same speed as the last pixel
pf the current block. And as a consequence of this,
the upper and lower bytes of the final error values
appear in order at the outputs of the last processing
unit of the array at the same rate as the last pixel
advances through the array.

Advantagecusly, a new motion-estimation
caiculation for a new current block can begin as soon
as the EOB signal begins to read out the final error
values. In particular, an SOB signal and bit-serial
data representative of the pixels of the next current
block and the upper and lower halves of the next
search window can be provided to the first processing
unit as soon as the EOB signal reads the final error

value out of the accumulator of the first processing

delaylng‘rn;ﬁg

.-;

unit.
The foregoing process can be implemented in

many ways. Since speed is of paramount consideration,
special-purpose circuitry is preferred. Especially
advantageous are field-programmable gate arrays such
as the CLi 6000 supplied by the assignee of the
present application.

IEF SCRIPTION OF THE DRAWINGS
These and other objects, features, and advantages
of the present invention are described in the
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following description of the preferred embodiment in
which:

Fig. 1 is an example illustrating a search window
of a previous frame and a corresponding current block
of a current frame;

Fig. 2 is a schematic illustration of a linear
array of processing units employed for motion ‘
estimation;

Figs. 3(a)-(b) are schematic illustrations
depicting the ordering of pixels transmitted to the
array;

Figs. 4(a)-(b) are schematic illustrations
depicting the search window comprising upper-band and
lower-band input pixels, and the current block
comprising current-band input pixels;

) Fig. 5 is a schematic illustration of the current
blocks that abut each other;

Fig. 6 is a schematic illustration of the current
block, the corresponding search window, and the
selected search blocks of the search window;

Fig. 7 is a schematic illustration of the motion-
estimation apparatus of the present inventiocn
comprising the array of processing units, electronic
components provided at the array inputs, and a minimal
error module provided at the array outputs;

Fig. 8 is a timing diagram illustrating the
relative timing of the signals entering the array;

Fig. 9 is a block diagram of a typical processing
unit of the array;

Fig. ‘10 is an example provided for explaining the
synchronization mechanism of the array;

Fig. 11 is a timing diagram illusgrating the
relative timing of the selected signals entering the
selected array elements;
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the selected array elements; and

Fig. 18 is a block diagram of the minimal error

module.

QETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The preferred embodiment of the invention is
a method and apparatus for the estimation of motion
petween successive frames of video data and the
jnvention will be described in detail in such context.
The application of the invention in other contexts
will be apparent from the description.

Fig. 1 illustrates a search window 1 of the
previous frame and a corresponding current block 2 of
the current frame. Illustratively, one of the search
blocks of the search window is depicted as 3. The
search block 3 is offset from the current block 2 by
Ax horizontally and Ay vertically. Thus, a
displacement vector 9 of the search block 3 with
respect to the current block 2 is (Ax,Ay).

In the following discussion, each block is
referred to by the coordinates of a pixel at the upper
left-hand corner, and the coordinate system is
selected as illustrated by arrows 8. Accordingly,
current block 2 is described as located at pixel 6 and
search block 3 is described at located at pixel 5. 1If
(x,y) is the location of block 2 in the coordinate
system, then (x+Ax,'y+Ay) is the. location of block 3.

The error between a current block 2 located
at (x,y) and a search block that is displaced by
(Ax,Ay) relative to the current block is determined
using the following formula:



fromthe LB input when reset by the SLB signal . Absol ut e
difference nodule 90 receives two bit serial streans of data as inputs. One
i nput to nodule 90 is connected to the CF input 11, which receives the
bit-streamthat represents the pixels of the current block. Another input
to module 90 is connected to the outpujgof latch 91, or to the alternative
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Error(Ax,.Ay) =y X jC(x,y) - P(x+Ax,y+Ay)| (1)
x=0 y=0
where C(X,y) designates an intensity value of a
current block pixel at (x,y) and P(x+Ax, y+Ay)
designates an intensity value of the corresponding
pixel of the search block; and X and Y are,
respectively, the horizontal and vertical dimensions
in pixels of the blocks being compafed. As will be
apparent, equation (1) sums the absolute value of the
difference in intensity at each pixel (x,y) in the two
blocks.
- The motion estimation method of this
invention determines both the displacement vector
. (Ax,Ay) and Error(Ax,Ay) of the best match. More

specifically, Error (Ax,Ay) is computed for each
search block of a given search window; and the search
block for which the error is smallest is selected as
the best match. This computation is repeated for each
current block in the current frame, which is assumed
to be tiled with current blocks (except for an
indentation around the edges of the frame as explained
below).

' In the preferred embodiment, the current
blocks are 16x16-pixel sguares and the search windows
are 31x31-pixel squares. Accordingly, there are 256
different 16x16-pixel search blocks within each search
window. Thus, to determine the error between the
pixels of a current block and those of one search
block, 256 computations must be made of the absolute
value of the difference in intensity between each
¢orresponding pair of pixels in the twd blocks; and to
determine the best match for a given current block
within the corresponding search window the
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omputations according to the formula (1) have to be
epeated 256 times.

The motion estimation apparatus described
pelow can be generally characterized as a bit-serial
synchroncus system. The term bit-serial refers to the

fact that digital sxgnals representing bits of data
enter the inputs of the system seguentially rather
than in parallel. Alternatively, the invention may be
practiced using a bit-parallel organization of the
gata. The system is synchronous because all the
communications and computations are performed in
response to a global clock rate. The global clock
rate is adjusted such that one bit of input data is
supplied per clock period (or clock cycle). Since
each pixel is represented by a byte of data, it takes
eight clock periods to transmit serial data
corresponding to a single pixel.

The present invention is implemented using a
linear array of two hundred and fifty six (256)
substantially identical processing units illustrated
in Fig. 2. The processing units are labeled PUO to
PU255 in seguence. Each processing unit of the array
is dedicated to determining the error between the
pixels of the current block and the pixels of a
different one of the 256 search blocks of the search
window. _ |

The array receives continuous bit-serial
streams of data representing the pixels of the current
and previous frames and the output of the ayray is a
continuous stream of error values. The computations
are performed by the processing units in parallel and
pipelined fashion, such that a given pr#€essing unit
outputs the computed error values essentially
immediately (or separated by a short delay) after the
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the total |eFfer-iral-ue eﬂﬁEen the pixels of the current bl ock and the

pi xel s of |t e ck. Del ay neans 93 adjusts the relative
timng ggiﬁgﬁfgég hg current frame and upper and | ower band bit

streans su h that, .at . Lhe doyt puts, the bit streans are aligned for the
next proce S|ng unit to gonpare the current block to the next search

bl ock. N - -eft-zat-i‘on i s accondli shed by del aying the current
frame (CF) “and select upper band (SUB) signals relative to the upper and
| ower band bit streams. This synchroni zati on nechanismis explained in
further detai|l bel ow. Del ay nmeans 94 del ays the sel ect upper
band si gnal tﬁhgtbﬂecompuhedsereet Vahees bfnemsthmapresedéBd t hese

si gnal s af f ecto" Sﬁgaﬁhg latch 91, this has the effect of varying

the output of grac€fi® descri bed be| ow.
Each processing unit has nine inputs,

rrent frame (CF) 11, select upper band (SUB) 12,
5elect lower band (SLB) 13, upper band (UB) 14, lower
pand (LB) 15, start of block (SOB) 16, end of block
(EOB) 17, error low order byte (ELOB) 18, and error
high order byte (EHOB) 19. For each of those inputs
there is a corresponding .output similarly labelled and
numbered from 21 to 29. The processing units are
connected such that the outputs of any given unit are
ordinarily connected to the matching inputs of the
next unit in the array. ,

The pixels of the current frame and of the
upper and lower bands of the previous frame are
provided to the array inputs CF 11, UB 14 and LB 15 in
the patterns shown in Figs. 3(a) and 3(b). Fig. 3(a)
illustrates a 32-pixel-high band 30 of the previous
frame pixels comprising two l16-pixel-high half bands,
an upper half band 31 and a lower half band 32, that
are provided in bit-serial fashion to the upper band
and lower band inputs UB 14 and LB 15 respectively of
the first processing unit. During the computational
process, these signals propagate through the array
over the connected UB and LB inputs and outputs. Fig.
3(b) illustrates a 16-pixel-high band 33 of the
current frame pixels which enter the array in bit-
serial fashion at current band input CF 11. As
illustrated, the upper band is offset vertigally from
the current band by -8 pixels and the lower band is
offset from the current band by +8 pixels. 1In other
words, the current band "overlaps" the -gpper and. lower
bands by eight pixels.

The order in which signals representing the
pixels of each of these three bands enter their
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“:ﬁﬁﬂﬁﬁAtreans so that each processi ng unit conputes
ng fo iTdol e | above will be better understood from Fig.

10 and thel ZQN%‘]%'&agir im of Fig. 11. The first processing
unit PUOl.chnputes the erior between the current block 129 and the search
bl ock (-8, =8y ¥2F=FH~The search wi ndow 120 of Fig. 10. Not e that the

bl ock 121 contains the pixels of the upper band only. Since the upper
band is defayed by ~eight colums of pixels with respect to the current
band i nput, the pixels of the search block (-8,-8) are

corresponding inputs is the same as shown in Figs.
3(a) and 3(b). 1In particular, the pixels are scanned -

beginning at the top of the lefthand column and
proceeding down that column to the bottom and
continuing at the top of the next column to the right.
rhe scanning of these three bands starts at the same
time.

As indicated above, motion estimation is
performed by comparing a block in the current frame
with a set of blocks in a search window in the
previous frame. Fig. 4(a) illustrates a 16x16 pixel
current block 40 defined within the current band 33,
and Fig. 4(b) illustrates the corresponding search
window 41 of the previous frame. The search window 41
is a 31x31 square of pixels and, thus, it does not
include the bottom row of pixels of the lower band.

As indicated previously, the 31x3l-pixel search window
41 accommodates exactly 256 different 16x16-pixel
search blocks.

Fig. 5 illustrates a sequence of current
blocks (51, 52, 53) defined within the current band
33. In this illustration, the current blocks abut
each other so that the sixteenth column of pikels of a
given current block is followed by the first column of .
the next current block. Generally, the current blocks
need not abut and they do not overlap.

The search windows of the preceding frame
are defined such that each window extends eight pixels
in the horizontal and vertical directions from the top
left-hand corner of the associated current block.
Accordingly, as illustrated in Fig. 5, the first
current block 51 is located at least eight columns
from the left-hand boundary of the current frame to
have a proper offset with respect to the corresponding
search window of the previous frame. For the same
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Leason the last current block of the current band is
150 indented by at least eight columns from the right
naﬂd pboundary of the current frame.

Additional signals provided to the linear
array of Fig. 2 include a start of block (SOB) signal,
an end of block (EOB) signal, error high order byte
{EHQB) and error low order byte (ELOB) signals, select
upper band (SUB) and select lower band (SLB). The
start of block signal, provided at SOB inputs 16,
jndicates the beginning of each new current block of
data entering the array. More specifically, this
signal has an active high value that coincides in time
with the first 8-bit pixel transmitted for each new
current block. This signal is used to reset an
accumulator (see Fig. 9) in each processing unit.
since, in the preferred embodiment, the current blocks
abut each other, the start of block signal is
preferably provided every 2048 clock cycles, which is
the minimum time required for serial entry of 256
pixels (2048 bits) and read out of the final error
values. In an embodiment in which the current blocks
do not abut, the period between the start of block
signals is longer to skip the pixels between the last
and first columns of adjacent current blocks.

The end of block signal, provided at EOB
inputs 17, is the start of block signal delayed by the
time reguired for serial entry of 256 pixels and
computation of the associated error value. The active
value of each EOB signal immediately follows the last
input pixel of each current block and in the preferred
embodiment of the invention immediately precedes the
next SOB signal. The EOB signal is used t0o0 read out
the error values stored in the accumulator of each

processing unit.
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fginal error values computed by and read out from each
processing unit. The ELOB inputs 18 and outputs 28
are provided for the less significant byte of the
error value and EHOB inputs 19 and outputs 29 are
provided for the more significant byte.

The select upper band and select lower band
signals provided at inputs 12 and 13 are used to
control latches in the processing units which select
upper band data or lower band data for use in

computing error values.

As discussed previously, each processing
unit computes the error between the pixels of the
16x16-pixel current block and one of the 256 different
search blocks of the same size located within the
31x31-pixel search window. Fig. 6 illustrates the
current block 60, the corresponding search window 61,
and search blocks 62, 63, 64 and 65. As discussed
previously, each block is uniquely identified by the
cocrdinates of the upper left corner. For a current
block 60 with the upper left corner at (m,n), the 256
search blocks are contained in the region bounded by
the search blocks (m-8, n-8), (m+7, n-8), (m+7, n+7),
(m-8, n+7) which are shown as 62, 63, 64 and 65,
respectively. For simplicity, in further discussion
the search blocks within a search window are
designated by the offset of the upper left-hand corner

~ pixel with respect to the upper left-hand corner of
the corresponding current block. For example, the
search blocks 62, 63, 64 and 65 of Fig. § are
designated as (-8,-8), (+7,-8), (+7,+7) and (-8,+7),
respectively. 1In other words, the upper left corner
of the search block that coincides with the current
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corresponding displacement vector.
Table I below illustrates the assignment of

the processing units to the search blocks.
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Using this notation,

columns designated as P# list the numbers of the
processing units as they appear in the array, i.e., 0
designates the first unit PUO in the array, 255

designates the last unit.

Sear

p# search Bloc
o~ (-8,-8)
l,5 (-8~
222 (-8,-6)
3 - (-8,-5)
4 - (-8,-4)
5 - (=8,-3)
6 - (-8,-2)
7 - (-8,-1)
g - (-8,+0)
928 (-8,+1)
10 - (=8,+2)
11 - (-8,+3)
12 - (-8,+4)
13 - (-8,+5)
14 - (-8,+6)
15 - (-8,+7)
120- (~7,-8)
17 = (=7,-7)
18 - (-7,-6)
19 - (-7,-5)
20 - (=7,-4)
21 - (=~7,~3)
22 - (=7,~2)
235~ (-7,-1)
24 - (=7,+40)
25 = (=7,+1)

oc

k

ock is selected as the (0,0) origin for the blocks

the

The columns designated as

indicate the search blocks, using the
notation described above, for which the error value is
determined by the corresponding processing units.

64
€5
66
67
68
69
70
71
72
73
74
75
76
77
78
79

80
81
82
83
84
85
86
87
88
89

(-4,-8)
(-4,-7)
(-4,-6)
(-4,-5)
(-4,-4)
(-4,-3)

4,-2)

TABLE I

Processing Units & Associated Displacements
P#_Search Block

P# Search Block

128 ~ (+0,-8)

129
130
131
132
133
134
135
136
137
i38
139
140
141
142
143

144
145
146
147
148
149
150
151
152
153

(+0,-7)
(+0,-6)
{(+0,-5)
(+0,-4)
(+0,-3)
{+0,-2)
(+0,-1)
(+0,+0)
(+0,+1)
(+0,+2)
(+0,+3)
(+0,+4)
(+0,+5)
(+0,+6)
(+0,+7)

(+1,-8)
{(+1,-7)
(+1,-6)
(+1,-5)

(s

(+1,-2)
(+1,-1)
(+1,+0)
(+1,+1)

P# Search Blaock

192
193
194
195
196
197
198
199

.200

201
202
203
204
205
206
207

208

209
210
211
212
213
214
215
216
217

(+4,-8)
(+4,-7)
(+4,-6)
(+4,-5)
(+4r-4)
(+4,~3)
(+4,-2)
(+4,-1)
(+4,+0)
(+4,+1)
(+4,+2)
(+4,+3)
(+4,+4)
(+4,+5)
(+4,+6)
(+4,+7)

(+5,~-8)
(+5,-7)
(+5,~-6)
(+5,-~5)
(+5,-4)
(+5,-3)
(+5,-2)
(+5,-1)

e
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8 _ (=7,+5) 93 - (~3,+5)
29 _ (=7,+6) 84 - (-3,+6)
325_ (=7.+7) 95 = (=3,+7)
- (=-6,-8) 96 - (-2,-8)
gg - f-s,-n 97 = (=2,-7)
2 - (- -6,-6) 98 - (-2,-6)
5 - (=6,-5) 99 -~ (~2,-5)
36 - (~6,-4) 100 - (-2,-4)
6,-3) 101 -~ (-2,-3)
g§°_ f-s,-z) 102 - (-2,-2)
- (~6,-1) 103 - (-2,-1)
3 - (e %0) 104 = (-2,+0)
41 - (=6,+1) 105 - (=-2,+1)
42 - (=6,+2) 106 - (-2,+2)
43 - (=6,+3) 107 - (=2,+3)
44 = (=6,+4) 108 = (-2,+4)
435~ (~6,+5) 109 - (-2,+5)
46 = (=6,+6) 110 - (~2,+6)
47 = (=6,+7) 111 - (=2,+7)
48 - (-5,-8) 112 - (-1,-8)
49 - (=5,-7) 113 - (=1,-7)
20 s (Gls
5dp= (92~ - “d,=
S50 (-5.-4) 116 - (-1,-4)
53 = (-5,-3) 117 - (-1,-3)
BRIy meoond
556 = (=2,- = (=1,-
56 - (=5,+0) 120 - (-1,+0)
57 - (-5,+1) 121 - (-1,+1)
58 - (=5,+2) 122 - (-1,+2)
585~ (-5,+3) 123 - (-1,+3)
60 - (=5,+4) 124 - (-1,+4)
61 - (=5,+5) 125 - (-1,+5)
62 - (=5,+6) 126 - (-1,+6)
63 - (-5,+7) 127 - (~1,-7)

the top pixe
Iatch 91,

154
155
156
157
158
189

160
lel
162
163
164
165
166
167
168
169
170
171
172
173
174
175

176
177
178
179
180
181
182
183
184
185
186
187
188
189
180
191

" dropped down"

Ti n
(+f“+2

(+1,+3)
(+1,+4)
(+1,+5)
(+1,+6)
(+1,+7)

(+2,-8)
(+2,-7)
(+2,-6)
(+2,-5)
(+2,-4)
(+2,-3)
(+2,-2)
(+2,-1)
{+2,+0)
(+2,+1)
(+2,+2)
(+2,+3)
(+2,+4)
(+2,+5)
(+2,+6)
(+2,+47)

{+3,-8)
(+3,~7)
(+3,-6)
(+3,-5)
(+3,-4)
{(+3,-3)
(+3,-2)
(+3,-1)
(+3,+0)
(+3,+1)
(+3,+42)
(+3,+3)
(+3,+4)
{(+3,+5)
(+3,+6)
{(+3,+7)

%] upper band by 16 pixels (one col um),
of the second upper
of the | ower band
t he bottom pixels of the
t Op pi xel s*of the

t he

the top upper

one row
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219
220
221
222
223

224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239

240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

(+5,+3)
(+5,+4)
(+5,+45)
(+5,+6)
(+5,+7)

(+6,-8)
(+6,-7)
(+6,~-6)
(+6,=5)
(+6,=4)
(+6,-3)
(+6,-2)
(+6,-1)
(+6,+0)
{(+6,+1)
(+6,+2)
(+6,+3)
(+6,+4)
(+6,+5)
(+6,+6)
(+6,+7)

(+7,-8)
(+7,=7)
(+7,-86)
(+7,-5)
(+7,=4)
(+7,-3)
(+7,=2)
(+7,-1)
(+7,+0)
{(+7,+1)
(+7,+2)
(+7,+3)
(+7,+4)
{(+7,+5)
(+7,+4+6)
(+7,+7)

It is apparent from the above table that the

30 rfirst sixteen processing units of the array compute the

35

errors for the sixteen search blocks located at the
Each of these

leftmost boundary of the search window.

sixteen search blocks is one row of pixels lower in the

window than the preceding search block.
sixteen processing units compute the errors for the

The next

sixteen search blocks that are removed by one colugé of

band

11
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the firsi, 6 si of the current block with the first three
col ums '_ ri Mﬂ«w indow. Each of columms 160, 161, 162 represents
128 cl ock ycLﬁs-“128.cLock cycles .bging the time required to conpare 16
sets of pixels. "The |n|%|al col ums of the upper and | ower band i nput
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oundary of the search window by n columns of pixels.

As indicated, the array is designed to
achieve both parallel and pipelined computation of the
exrroY values. This parallel and pipelined operation is
pade possible by stepping the received data streams
through the array of processing units, by selecting
appropriate data from the upper and lower band data
streams for use in computing error values at each
processing unit, by delaying the current frame data
stream relative to the upper and lower band data
streams, and by reading out the computed error values
as thé final computation is made. The means for
providing this parallel and pipelined operation are
referred to collectively as the synchronization means.

Fig. 7 depicts a block diagram of the motion

| estimation apparatus. The array of processing units is
symbolically shown as array 70. The outputs 26, 27, 28
and 29 of the last processing unit serve as inputs to a
minimum error module 71 which determines, for each
current block, both the minimum error value among the
error value outputs of the processing units and the
displacement vector associated with the minimum error

b

value.
As illustrated, various delays are introduced

at the inputs to array 70. In addition to thege
delays, it should be noted that the streams of the
‘preceding frame pixels arrive at inputs 72 and 73
synchronously with the current block inpuy stream that
arrives at input 74. This synchronization is achieved
in part by delaying the previous frame signals by one
frame. The means for introducing such a delay is
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within the skill of the art and not shown in this
illustration.

Since each current block is indented by eight
columns of pixels from the left boundary of the
corresponding search window, the preceding frame upper
and lower band inputs must also be delayed with respect
to the current block input bit stream. 1In particular,
delay means 75 delays the upper band input by 1,024
clock cycles corresponding to eight 16-pixel columns
(128 pixels). Delay means 76 delays the preceding
frame lower band input by 1152 clock cycles
corresponding to nine 16-pixel columns. Thus, the
lower input trails the upper input by one column of

.- pixels. As explained subsequently, this delay permits

synthesis of the inputs from the upper and lower band
bit-streams to represent a proper search block for a
given processing unit.

The end of block (EOB) signal is generated by
delaying the start of block (SOB) signal by just under
2048 clock cycles using delay means 77. Clock
generator 78 generates the select upper band (SUB) and
select lower band (SLB) signals havihg eight-clock-
cycle high values which coincide with the last-pixel
(i.e., the sixteenth pixel) of each column of the
current block transmitted to the array. Clock
generator 78 is synchronized by the start of block
(SOB) signal.

The relative timing of the selected signals

. at the inputs to the array (i.e., to PUO) is

illustrated, not to scale, in Fig. 8, in which the
columns of pixels are designated by squares, such as
80. The columns are all numbered from the lefthand
edge of the search window. Thus, for the current
block, column 8 is the lefthandmost column of the
current block. The input values at ELOB and EHOB

to
he

it



espect to the upper band si gnal .
Ilgstrated at 137, are generated by PU0
current block bit stream 138, the start of
se¢l ect upper band SUB signals 140, 141 and
cycl es mngg respect to t he correspondln?
' eto
ts to PUG. ThlsﬂdeLa S.i s%omn i Stance 143. Al'so, in respons
Lﬂgudelayed Sué T S|gna¥ the,top pi xel s 144, 145, 146 of the succeeding
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band pixels (startin mnth the first | ower band col um).
For the thirdPRYRShtTRtemdl 3het 1[”&% ®@eint pkhese tinputisi ar®0 has to
represent theamstnAariblycket to zero.

It should be noted that only four signals
(UB, LB, CF and SOB) have to be provided to the motion
estimation system illustrated in Fig. 7. It is within
the ordinary skill in the art to generate in real time
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142 are delaye

the appropriate UB, LB, and CF bit-streams from the
video signal and to provide the start of block signals.
_ Fig. 9 is a schematic diagram which
illustrates the operation of each processing unit. As
shown, each processing unit comprises an absolute
difference module 90, an accumulator 92 and delay means
93, 94, 95 and 96. 1In addition, all of -the processing
units except the first one of every set of sixteen
.{i.e., the first, seventeenth, thirty-third, etc. of
the array) also includes a latch 91. 1In place of latch
91, the remaining processing units have a delay means
(not shown) whose sole input is connected to the UB
input. Latch 91 is operated essentially as a
multiplexer so that it is set to pass signals from the
UB input when set by the SUB signal and to pass signals
from the LB input when reset by the SLB signal. '
Absolute difference module 90 receives two
bit serial streams of data as inputs. One input to
module 90 is connected to the CF input 11, which
receives the bit-stream that represents the pixels of
the current block. Another input to module 90 is
connected to the output of latch 91, or to the
alternative delay means which receives the data that
represents the pixels of the appropriate search block.
Module 90 computes the absolute value of the difference
between the bytes of input data that are supplied from
the CB input and from the latch or delay means. As a
result, it computes the difference between the
intensity values of the corresponding pixels of two
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synt hesi ztrBy-Pot- Trasinglar manner. The current frame input is
del ayed by En%@@@\('@%l x*el so that the first pixel of each of the current
band coluhn IS nom1a1|gnedlmnth each third pixel of t he upper band

col unms |h the—uppet “band- bjit stream = 2FPn-addition, each fifteenth and
S|xteenthup|xel of the_ﬂ,_u yper band. bit stream starting with the

sevent eenttr——=pixel"i"§ replaced by the first and second pixels of” t he

| ower band colunns The timng diagramof Fig. 11 Il lustrates the inputs
provi ded to Pﬁioaksl48£a¢h valgdovenpeted coy reme mm@wketﬁw B¢reamis
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out put mhlchtﬁr |gned W t t e current unns conprise
pi xel s 3 t hr oughea$: of AFHRX 1pbe rﬁPgna¥§H{ﬁﬁﬁﬁs?¢¢%ﬁﬁr%?%d at 149, and

pixel s 1 and gn@énsiey of the plxels of the current block and the
search block have been synchronously supplied to the
- corresponding inputs of a given processing unit and
processed by the module 90, the accumulator 92 holds
the total error value between the pixels of the current
plock and the pixels of the search block.

' Delay means 93 adjusts the relative timing
and content of the current frame and upper and lower
band bit streams such that, at the outputs, the bit
streams are aligned for the next processing unit to
compare the.current block to the next search block.
This synchronization is accohplished by delaying the
current frame (CF) and select upper band (SUB) signals
relative to the upper and lower band bit streams. This
synchronization mechanism is explained in further
detail below. '

Delay means 94 delays the select upper band
signal relative to the select lower band signal. Since
these signals affect the operation of latch 91, this
has the effect of varying the output of latch 91 as
described below. . ‘

The alignment of the bit streams so that each
processing unit computes the errors according to Table
I above will be better understood. from Fig. 10 and the
timing diagram of Fig. 11.

The first processing unit PUO computes the
error between the current block 129 and the search
block (-8,~8) 121 in the search window 120 of Fig. 10.
Note that the block 121 contains the pixels of the
upper band only. Since the upper band.is delayed by
eight columns of pixels with respect to the current
band input, the pixels of the search block (-8,-8) agé




| over—bant—cotymns=xizthust rat ed at 150. By the time the input
S|gnjﬁ§I &éﬁ&biﬂ patad to the sixteenth processing unit PUL5, the
curr nt,*u~—wmw*'*"”‘é : - 31- bl ock i nput has been
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gngd in time with the corresponding current block
al:els at the inputs to PUO. Thus, when the start of
:lock signal occurs, PUO starts computing the
gifference between the corresponding pixels of the
curre“t block and the search block (-8,-8).

The next processing unit, PUl, computes the
error between the current block 129 and the search
piock (-8,-7), illustrated as 122. The search block
(~8,-7) consists of upper and lower band pixels. Thus,
the input to PUl must include pixels of both bands.
More specifically, as can be seen in Fig. 10, to
generate the proper input for the search blocks
(-8,-7), the top row of pixels of the upper band
columns have to be removed and the top row of pixels of
the lower band columns have to be inserted after the
pottom pixels of the corresponding upper band colunmns.
In other words, in the search block bit stream, the top
pixel of a given lower band column n has to replace the
top pixel of the upper band column n+l (n is an
integer).

Due to the eight-clock-cycle (1 pixel)
relative delay introduced by the delay means 93 in the
current frame bit stream at the output of PUO, the
upper and lower band pixels are shifted forward in time
by one pixel relative to the corresponding current
frame pixels, so as to align the top pixels of the
current block columns with the second pixels of the
upper band columns. In addition, at latch 91, the SUB
signal is delayed by eight clock periods by the delay
means 94, relative to the SLB signal. As a result,
with every sixteenth pixel, SLB resets the latch so as
to select the lower band signals as fts output. This.
causes every sixteenth upper band pixel, beginning with
the seventeenth pixel, to be replaced by the lower band
pixel available on the LB input. Since the lower band
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lums into the bit streamin response to the del ayed

sel ect upperisbdiehdingifaltheThwpars dansd By 38 Pixeds |(ana _alamms, 153 and

154. ne ERSepdleletith $HSMAT RAd @hdVRded dadifa fitnd dpcigsieProcessing
units is repeated for every succeed] ng group of S|xteen proceSS|n units.
At the of the second upper band column) coincides in time wi

the top pixel of the lower band first column. Thus, in
the output of latch 91, the bottom pixels of the upper
pand columns are followed by the top pixels of the
corresponding lower band columns, which have replaced
the top upper band pixels. In other words, the search
block has "dropped down" one row relative to the block

(-8, -8).

Timing diagram of Fig. 11 provides a further

illustration of the signal synchronization discussed
above. The diagram represents the signal processing
that occurs during the comparison of the first three
columns of the current block with the first three
coluﬁns of the search window. Each of columns 160,

161, 162

represents 128 clock cycles, 128 clock cycles

being the time required to compare 16 sets of pixels.

The initial columns of the upper and lower band input

pixels are identified on lines 130 and 131 and the

initial columns of the current block on line 136.

Since the relative timing of the upper and lower bands
does not change, these signals are shown only once for
the processing units discussed in conjunction with Fig.
11. Due to the 16-pixel delay of the lower band with
respect to the upper band, the first column 134 of the
lower, band coincides in time with the second column 133
of the upper band and, in general, a column n of the
lower band coincides with a column n+l1 of the upper
band (n is an integer). '

The other inputs to PUO, which are material
to this discussion are illustrated at 135. Note that
the timing for the upper band and la¥ch outputs is
identical and the current block bit stream 136 is
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rel aji y&T0 the upﬁg} pand bit stream Accordingly, at the inputs to PULG,
the pi xel 9 QY N¥9¢ i Est col um of the current block are aligned with the
second {upper band cofuim. Accordingly, the seventeenth processing unit PUL6
conpyt s-+t-he-error=for |t he search bl ock 407.-8) illustrated as 125 in Fig.
10. This bl ock conS|st% of pixels of the upper band only and it is shifted
to the=rrght "By one colum in relation to the search bl ock (-8,-8), which
was processed by PUO To supply pixels (-7,-8) to nodule 90 synchronously

with the currg @,Caﬁywnﬁrtmmm% Gd MfpgloX 400

processi ng LWH{E(FKHS) I rect connected to e of PUL6 via a
del ay neans Vg ntroduces a delay that is the same as that of |atch 91.
The input bit streams to PU1l, illustrated at

137, are generated by PUO as described previously. The
current block bit stream 138, the start of block signal
139, and the select upper band SUB signals 140, 141 and
142 are delayed by eight clock cycles with respect to
the corresponding inputs to PUO. This delay is shown
as distance 143. Also, in response to the delayed SUB
signal, the top pixels 144, 145, 146 of the succeeding
columns (starting with the second column) are replaced
by the top lower band pixels (starting with the first
lower band column).

For the third processing unit PU2, the latch
output to module 90 has to represent the search block
that is "moved" another row down, i.e., the search
block (-8,-6) illustrated as 123 in Fig. 10. The latch
output to module 90 is synthesized by PUl in a similar
manner. The current frame input is delayed by another
pixel so that the first piiel of each of the current
band columns is now aligned with each third pixel of
the upper band columns in the upper band bit stream.

In addition, each fifteenth and sixteenth pixel of the
upper band bit stream, starting with the seventeenth
pixel, is replaced by the first and second pixels of
the lower band columns. The timing diagram of Fig. 11
illustrates the inputs provided to PE2 at 148. As
shown, the current block bit stream is delayed by a
two-pixel distance 147, and the pixels of the latch
output, which are aligned with the current block
columns, comprise pixels 3 through 16 of the upper band
columns, illustrated at 149, and pixels 1 and 2 of the
lower band columns, illustrated at 150. '

By the time the input signals have propagated
to the sixteenth processing unit PU15, the curreng
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plock input has been delayed by 120 clock cycles (15
pixels) due to the one pixel delay in the previous
fifteen processing units; and, at the latch output to
module 90, the hybrid input pixels consist of columns
of pixels that begin with the last (16th) pixel of the
upper band columns followed by fifteen top pixels of
the corresponding lower band columns. Accordingly, the
latch output to module 90 represents the search block
(-8, +7), which is illustrated in Fig. 10 as 128. The
timing diagram for the inputs to PU1S is illustrated at
151 in Fig. 11. The latch output to module 90 is
synthesized by inserting the fifteenth pixel of the
lower band columns into the bit stream in response to
the delayed select uppef band signal. The inserted
pixels are illustrated as 153 and 154. '

The pattern described above for the first
sixteen processing units is repeated for every
succeeding group of sixteen processing units. At the

, output of PU1l5, the current band bit stream has been
delayed by 16 pixels, relative to the upper band bit
stream. Accordingly, at the inputs to PU16, the pixels
of the first column of the current block are aligned
with the second upper band column. Accordingly, the
seventeenth processing unit PUlé computes the error for
the search block (-7,-8) illustrated as 125 in Fig. 10.
This block consists of pixels of the upper band only
and it is shifted to the right by one column in
relation to the search block (-8,-8), which was
processed by PUO. To supply pixels (-7,-8) to module
90 synchronously with the current block pixels, the
upper band ocutput ¢f the sixteenth processing unit
(PU15) is directly connected to the mgdule of PU1l6 via
a delay means which introduces a delay that is the same

3s as that of latch 91.
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as P@@%@EE@N .’.‘&..;Efi,j) designates the offset of a pi xel with
-respept é)ﬁw ugper | eft-hand corner of the current block. The
col unhs 198Dl les provi ded in Figs. 12-16 illustrate the
sequefnces_of _pi xel § grovi ded to the corresponding inputs. The
rows Indicate the pi xel s aligned in time. Each pixel of the
cur repi— . —1LdMe is conpared with Bhe-pi xel on the sane row in the
hybrid signal. Otherwi se, Figs. 12-16 are self- expl anat ory.
Fig. 17 illustrates the pixel alignnent for the | ast processing
unit PU255, which determ nes the error for the search bl ock
(+7,+7), illustrated at Fizfs. 12 to 14 rprovidel GurAindrhd liiymdratidd255, the

(355" 1" of pixal Aiqridrif Pl PSR B Bt ahd TS cvel e
Accordingly, tIRSRASEEIVEdyD, 0)The qurrenh (&ane iRdxelss are identiffiethed in
tine with the a8 xqi,5()7.aha WranPhdvieshd M¥AQ pixels are identified
as P(i, j), where (i,j) designates the affset of a
pixel with respect to the upper left-hand corner of the
current block. The columns of the tables provided in
Figs. 12-16 illustrate the sequences of pixels provided
to the corresponding inputs. The rows indicate the
pixels aligned in time. Each pixel of the current
frame is compared with the pixel on the same row in the
hybrid signal. Otherwise, Figs. 12-16 are self-
explanatory.

Fig. 17 illustrates the pixel alignment for
the last processing unit PU255, which determines the
error for the search block (+7,+7), illustrated at 128
in Fig. 10. At the input to PU255, the current frame
bit stream has been delayed by 2040 clock cycles (255
pixels) relative to the upper band delays.

Accordingly, the pixel C€(0,0) of the current frame is
aligned in time with the pixel P(7,7) transmitted from
the output of latch 91. Also, note that, since PU255
is the sixteenth unit of the last sixteen-unit group,
the pixels of the synthesized bit streanm columns
comprise the bottom pixels of the upper band columns
followed by fifteen top pixels of the corresponding
lower band column.

The right side of the processing unit circuit
illustrated in Fig. 9 comprises two delay peans 95 and
96 and two drivers 97 and 98. These components are
responsible for the output of the computed errors and
for resetting the accumulator 91 at the beginning of
each new block.

As discussed previously, the end of block
(EOB) signal is supplied to the first processing ué%i
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driver 97 transfers the computed low order byte of the
error value from the accumulator 92 to the ELOB cutput
28 (ELOB bus). The start of block (SOB) signal for the
next current block then resets the low order byte
register of the accumulator 92. Since the start of
block signal for the next current block arrives
subsequent to the rising edge of the end of block
signal, the low-order byte register is reset after the
low order byte has been read out to the ERL output.
Delay means 95 and 96 delay the start of block and the
end of block signals by eight clock cycles each. The
delayed end of block signal causes the driver 98 to

_transfer the high order byte of the error value to the

EHOB output 29 (EHOB bus) one pixel after the low order
byte is read out. The delayed start of block signal
resets the high order byte register of the accumulator
92. Since the start of block signals trails the end of
block signal, the reset signal occurs after the high
order error byte has been read.

Since delay means 95 delays the end of block
signal by one pixel, the EOB signal propagates through
the array at the same rate as the last pixel of the
current block. At each processing unit the low order
and high order bytes are read out of the accumulator
and provided in order to the outputs of the processor
array.

A parallel pipelined system has to output the
results essentially at the input rate, except for a
certain initial delay. This principle is carried out
in the system of the present invention. Few, if any,
clock cycles are lost in the changeover'from one block
in the current band to the next. In all the processing
units, the absolute difference modules 90 and the
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pclass e des 24tignal is asserted, driver 97 transfers the conputed
| ow or dert rror val ue from the accumul ator 92 to the ELOB _
out put |} % start of block (SOB) signal for the next current
bl ock tiey resets t he Uo order byte register of the accunmulator 92. Since
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accumulator 92 are almost always productively engaged
except for a delay due to the indentation of the
current blocks at the left and right edges of the
frame. Also, it should be noted that the error, placed
on the ELOB and EHOB output busses by an element PUn,
immediately follows the error placed on the output
busses by the element PU(n-1l), where n=1,...,255. As a
result, the errors appear at the output of the array in
the order in which they are created, i.e., according to
Table I, and 256 error values exactly fill the 256 time
slots available between the start of block and the end
of block signals for a particular current block.

Fig. 18 illustrates the circuitry of the
minimum error module 71, which receives the error
values generated by the processors, and determines the
minimum error and the corresponding displacement vector
for a given current block. Registers 170 and 171 hold
the current minimum value, which is the minimum error
‘determined at a given stage of processing. Comparator
172 compares the current minimum stored in 170 and 171
to the bytes of the incoming error value, and, if the
error is less than the error stored in 170 and 171, the
incoming error value is loaded intc the registers 170
and 171. Clock generator 172 generates a pulse every 9
clock cycles and an eight-bit counter 173 counts the
generated pulses. Every time the comparator 172 loads
a new minimum value into the registers 170 and 171 the
value stored in the counter 173 is lcaded into register
174.

The inputs to the minimal error module
include start of block input 180, end of block input
181, error low order byté 182, and erraor high order
byte 183. The inputs are connected to the '
corresponding outputs of the last processing unit
PU255. PU255 outputs the errors continuously with:éne



bl ock S|ghgiﬂq$ny“}f b”“ff'current bl ock arrives subsequent to the rising
edge of t e— ot -*”slgnal, the loworder byte register is reset after
t he | ow or;der @éﬁﬁ'@% dan read out to the ERL output. Delay means 95 and
96 del ayj t heé% block and the end of bl ock signals by eight clock
cycl es eadh_the.deLgye gnd of bl ock signal causes the driver 98 to
transfer} the "high order byte of the errojgval ue to the EHOB output 29 (EHOB
bus) onesptxet—after-t-he-tow order byte is read out. The del ayed start of

bl ock signal resets the hlgh order byte register of the accumul ator 92.
Since the start of block signals trails the end of block signal, the reset
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Si nce del ay ﬁ%ans 9 s fhe end bl ock si a one plxel t he ECB
si gnal pr opag®t&eNTESy tI*P@ gelay é'teat’ﬁe 106,@ §ft BEIH AL pi xel of
t he the processing units. The low order error bytes

precede in time the high order error bytes by eight
clock cycles. Delay means 178 delays the low order
error output by eight clock cycles such that at points
184 and 185 the high and low error bytes enter in
parallel.

The start of block signal resets the counter
173 and the register 174. It also sets both registers
170 and 171 to the value 11111111, which is the highest
value that can be held by these eight-bit registers.
Accordingly, when the first error value arrives from

~block (-8,-8), it is loaded into 170 and 171, since any
input error value is equél or less than
11111111111111111 held by 170 and 171 in combination.
The start of block signal also synchronizes the clock
generator 172 to issue a pulse every time a new error
cutput, éenerated for another search block, arrives at
the points 184, 185. Thus, the counter 173, which
counts the pulses generated by the clock generator,
always holds the sequential number of the processor
which generated the error provided to the minimum error
module.

As indicated, if the input error value is
less than the value stored in the registers 170 and
171, the ‘comparator issues a signal which loads the
input error value into the registers 170 and 171.

Thus, the registers always hold the minimum value
supplied to the minimum error module for a given search
window. The signal that loads the error value to 170
and 171 also loads the contents of the counter 173 into
the register 174. Accordingly, redister 174 holds the
sequential number of the processor which computed_the
lowest error value.
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currentbarid t'6"the next. In all the processing units, the absolute
di fference nodul es 90 and the

After the error values of all the processing
units have been supplied to the minimum error module,
registers 170 and 171 hold the minimum error value, and
register 174 holds the position of the processing unit
that generated the minimum error value and, thus, the
displacement vector. Delay means 175 and multiplexer
176 output the two byteés of the minimum error value
serially to the output 177.

The end of block signal for the current block
reaches the minimum error module immediately after the
error value calculated by the last processing unit
PU255 and terminates the minimum error computation.
After the output of the last processing unit has been
compared to the current minimum stored in the registers
.170 and 171, the end of block signal causes the current
minimum to be read serially through the multiplexer
177. The eight-bit delay, introduced by delay means
175, allows for merging two error bytes into a single
signal. At this point, registef 174 contains the
position of the processor which generated the minimum
error. This value can be translated into the
displacement vector according to Table I. The énd of
block signal is shown as start of word output signal
190 that designates the beginning of the minimum error
ocutput. '

The embodiment of the invention described
above is presented for purposes of illustration and
should not be construed as limiting the invention in
any way. As emphasized above, other embodiments will
be evident which do not depart from the spirit of the
present invention, which scope is defined by the
following claims.
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CLATIMS

1. An apparatus for comparing a first frame
of a signal with respect to a second frame comprising:

a linear array of processing units, wherein
each of the units determines an error, which is a
measure of a difference between a current block of
elements of the first frame and one of a plurality of
search blocks of elements of the second frame, each of
the plurality of the search blocks being located within
a search window,

each of the processing units comprising a
plurality of inputs, a plurality'of outputs, and
synchronization means for synchronizing input data

. representing the elements of the first frame with input
data representing the elements of the second frame,
such that each unit of the array determines the error
between the current block and a different search block
of the corresponding search window. ’

2. The apparatus of claim 1 wherein the
array receives continuous streams of data representing
the elements of the first and second frames, and the
array outputs a continuous sequence of error values,
each of which error values corresponds to the error

. between the current block and one of the search blocks.

3. ‘The apparatus of claim 1 wherein the
plurality of inputs of each of the processing units
comprises a first input for data representing the
elements of a first portion of the search window, a
second input for data representing the elements of a
second portion of the search window, and a -Gurrent
input for.data representing the elements of the current
.block. |

4. The apparatus of claim.3 wherein the
plurality of inputs of each of the processing units
further comprises a synthesized input for data
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unit termines the error between the search block and
+he current block.
: S. The apparatus of claim 4 wherein the

synchronization means of each of the processing units
comprises means for combining the data transmitted to
the first and second inputs in order to generate a
synthesized bit stream for the synthesized input to the
next processing unit of the array.

6. The apparatus of claim 1 wherein the
synchronization means further comprises means for

~delaying the data transmitted to the current input, so
as to align the elements of the current block with the
elements of a different search block, for input to the
next processing unit.

7. The apparatus of claim 1 wherein each of
the processiﬁg units further comprises means for
determining the absolute value of the difference
between two digital signals representing one element of
the current block and one element of one of the search
blocks.

8. The apparatus of claim 7 wherein each of
the processing units further comprises means for adding
the absolute values of the differences between the
elements, such that, after all the bits representing
the elements of the current block and a search block
have been supplied to a particular processing unit, the
accumulated difference between the elements of the
current block and the appropriate search block is
stored in the means for adding. .

9. The apparatus of claimrl wherein the
plurality of outputs of each of the processing units
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ﬂﬁﬂ+ﬁ~hhﬂ~ﬁnﬂﬁfer 173 is |l oaded into register“l?ﬁ‘“ The

rror nodul e i nclude start of bloc of
low order byte 182, and error hig |! I"m Mﬂgﬂl'
to the correspondlng out puts of ec

_PU255 out put s t_hesger_r ors cont| nuously with one

comprises a lower output, an upper output, and a
current output. |

10. The apparatus of claim 9 wherein the
outputs of each of the processing units, except for the
jast processing unit in the array, are connected to the
corresponding inputs of the next unit.

11. The apparatus of claim 1 wherein the
data transmitted to the upper, the lower and the
current inputs represents the elements arranged by
columns, and the elements of each column enter from top
+o bottom.

-12. The apparatus of claim 1 wherein the
plurality of inputs of each of the processing units
further comprises a start of block input and an end of
block input for providing signals that indicate
respectively the first and the last elements of the
current block. '

13. The apparatus of claim 1 wherein the
plurality of inputs of each of the processing units
further comprises an end of column input for providing
signals that indicate the end of each column of
elements transmitted to the current input.

14. The apparatus of claim 1 wherein the
plurality of inputs of each of the érocessing units
further comprises a low order byte error input and a
high order byte error input for transmitting the error
value generated by the previous processing unit in the
array.

15. The apparatus of claim 1 wherein the
plurality of ocutputs further comprises a start of block
output, an end of block output, a low order byte error.
output, and a high order byte error output.

16. The apparatus of claim 8 wherein the
means for adding the absolute values of the differences
between the pixels is an accumulator.
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jays the | ow order error output

o fheistart of bl oc signal resets the counter
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etween the bytes due to the detays—introduced by"
of each of the processing unit |
the high order error bytes by |§!/ mlbn'mm' T“'
ght el oek =

184 and 185t high and |l ow error bytes enter

173 and

4411 alsq, §ets both registers 170 and 171 to the value

11111111, which is the hi ghest val ue that can be held by these eight-bit
registers.

17. The apparatus of claim 16 wherein each
of the processing units further comprises means for
outputting the error value stored in the accumulator.

18. The apparatus of claim 17 wherein the
outputting means transfers a first byte of the error
from the accumulator to a low order byte error output
in response to a signal applied to an end of block
input and transfers a second byte of the error from the
accumulator to a high order error output in response to
the end of block input signal, which is delayed such
that the accumulator transfers the second byte after
transferring the first byte.

19. The apparatus of claim 1 wherein the
array comprises 256 processing units and the search
window comprises 256 search blocks.

20. The apparatus of claim 6 wherein the
means for delaying delays the bit stream applied to the
current input by the number of bits corresponding to
one element of the frame.

21. The apparatus of claim 1 further
comprises a minimum error module having start of block,
end of block, high order byte error, and low order byte
error inputs that are. connected to the corresponding
outputs of the last processing unit of the array, the
minimum error module determining the minimum value
among the error values generated by each of the
prdcessing units.

22. The apparatus of claim 21 wherein the
minimum error module comprises a first register means
and a comparator; the comparator compares input error
data transmitted to the minimum error module at the
high and the low order byte error inputs to a value
stored in the first register means; .and, if the value
of the input error is less than the value stored in the
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4£d— ﬁrrst error value arrives fromblock (-8,-8), it 1S

i\l since any input error value is e
L1s1111111 hel d by 170 and 171 in conbi nati on. The nnﬂ" ﬁm Hl ﬂm
‘ W96 zes) t he cl ock generator 172 to issue & pul se ewery =

néM/error out puf ,f generated for another search block, arrives at the
4T85 THUS:" t|he counter 1737 4kiTh counts the pulses gener at ed

by the

clock genera nerator. always holds the sequential number of the processor

whi ch genérated the error provided to the mninumerror nodul e.
As indicated, if the input error value is less than the value stored in the
regi sters 17Gixss registes Jeansratthe inputs exrrargdataniiscs4RRE dthe i nput

error val ue iJpeo0 libatr 9@icSlstey hédn¥d 171. Thus, the registers always hold

the m ni num val ue

23. The apparatus of claim 22 wherein the
pinimum error module further comprises a second
register means for data representing a position in the
array of the processing unit that generated the error
value stored in the first register means.

24. A method for generating a sequence of
displacement vectors and associated minimal error
values, each of which vectors and values represent the
best match of a current block of elements of a first
frame of a signal with one of a plurality of search
blocks of elements located within a corresponding
search window of a second frame, comprising:

transmitting a first stream of data,
representing the elements of the first frame, to a
linear array of processing units;

transmitting a second stream of data,
representing the elements of the second frame, to the
array; )

synthesizing a hybrid stream of data from the
elements of the second stream, such that the elements
of the hybrid stream are aligned in time with the
elements of the first stream so as to enable each
processing unit of the array to compute an error
between a particular current block and a different
search block of the corresponding search window, which
error is a measure of the difference between two blocks

. of elements; ang

computing the errors between eiach current
block and each search block of the ‘corresponding search
windows such that each processing unit of the array
outputs the computed error essentiaflly immediately
after the previous unit outputs the error.
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25. The method of claim 24 wherein each
processing unit of the array begins computing the error
for a2 new current block essentially immediately after
outputting the error for the previous current block.

26. The method of claim 24 wherein the
second stream of data represents the pixels of the
upper and lower portions of the search windows of the
second frame.

27. The method of claim 26 wherein the step
of synthesizing comprises combining data representing
the upper and the lower portions.of the search window
into the hybrid stream of data.

28. The method of claim 27 wherein the step
of combining comprises periodically inserting the data
representing the lower portion of the search window
into the hybrid stream of data.

29. The method of claim 24 further
comprising the stép of delaying the first stream of
data relative to the second stream at each processing
unit of the array. '

© 30. The method of claim 24 further
comprising the step of transmitting an end of block
signal to the array.

31. The method of claim 30 further
comprising the step of outputting the errors generated
by each array element in response to the end of block
signals.
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After th@h@&{: i @ﬁ‘all t he processing units have been supplied to

the m nijMyFrerTor ot registers 170 and 171 hold the m nimum error

val ue, dndg QQ%SQQ | ds the position of the processing unit that
gener at €d |t he ﬁ% err$r val ue and, thus, the displacenent vector. Delay
means 17 176 output the two bytes of the m ninmumerror

val ue serlally to the out put 177. The end of block signal for the
current BFoCRTFEaT e M ni mum ery o3 nodul e i nredi ately after the error
val ue cal cul ated by the | ast processing unit PU255 and term nates the

m ni mum error conputation. After the output of the |last processing unit has

been conpared to METHODINNAFPARAMYB HOX eXODMERARING megrssterts 170 and 171,
the end of bl ock signal causes the current

ABSTRACT

A method and apparatus for generating a sequence of
displacement vectors and associated minimal error wvalues.
The vectors and associated values represent the best match
of a current block (40) of elements of a first frame (74)
of a signal with one of a plurality of search blocks (61)
of elements located within a corresponding search window
(41) of a second frame (72, 73). A first stream of data,
representing the elements of the first frame is transmitted
to a linear array (70) of processing units (puO-pu255); a
second stream of data, representing the elements of the
second frame is transmitted to the array; a hybrid stream
of data from the elements of the second stream is
synthesized such that the elements of the hybrid stream are
aligned in tlme ‘with the elements of the first stream so as
to enable each processing unit of the array to compute an
error between a particular current block (40) and a
different search block of the corresponding search window
(41) . The error is a measure of the difference between two
blocks of elements. Specifically, the errors are computed
between each current block and each search block of the
corresponding search windows such that each processing unit
of the array outputs the computed error essentially

immediately after the previous unit ocutputs the error.

FIGURE 1.
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each preecessi-ng -of the array determnes the error between the current
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P16.22) P(7.6)
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{a) Current Frame (b) Preceding Frame  (c) Preceding Frame  (d) Preceding Frame
Upper Band Lower Band Synthesized Band
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{(a) Current Frame (b) Preceding Frame (c) Preceding Frame  (d) Preceding Frame
Upper Band LowerBand Synthesized Band

FIG. 15



16. T
unitsi
apparc

int

i m 1 wherein the array conprises 256 processing
{ndow conpri ses 256 search bl ocks.
rein the neans for del aying del ays the data

i nput by a nunber of bits corresponding to one

17. The

transrp t} 896
el enert fof the franei 18. The apparatus of claim1 further conprises a
m ni mim ‘'error=HedEEE-Radi ng start of blpgk, end of block, high order byte
error,| and | ow order bytle error inputs that
C{0,0) P(-7.-8) ) P(-8.8) " P(-7.-
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£ c%}) P(-7,-2) P(-8,14) P(-7.-2)
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C(14,13) P(7.5) P(5.21) P
cia1g P(7.6) P6.22) pgii
(14,15) P@ P(6.23) L PO
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associated minimal error values. The vectors and associated values represent the
best match of a current block (40) of elements of a first frame (74) of a signal with
one of a plurality of search blocks (61) of elements located within a corresponding
search window (41) of a second frame (72,73). A first stream of data, repesenting
the elements of the first frame is transmitted to a linear array (70) of processmg
units (puO—puZSS), a second stream of data, representing the elements of the second
frame is transmitted to the array; a hybrid stream of data from the elements of
the second stream is synthesized such that the elements of the hybrid stream are
aligned in time with the elements of the first stream so as to enable each processing
unit of the array to compute an érror between a particular current block (40) and a
different search block of the corresponding search window (41). The error is a
measure of the difference between two blocks of elements.Specifically, the errors
are computed between each current block and each search block of the
corrsponding search windows such that each processing unit of the array outputs
the computed error essentially immediately after the previous unit outputs the error.
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1. An apparatus for comparing a first frame of data with respect to a second
frame comprising:

a linear array of processing units through which the first and the second

frames of data are propagated, wherein each of the processing units determines an error,
which is a measure of a difference between a current block of elements of the first frame
and one of a plurality of search blocks of elements 6f the second frame, each of the
plurality of the search blocks being located within a search window;

each of the processing units comprising a plurality of inputs, a plurality of
outputs, and synchronization means for synchronizing input data representing the elements
of the first frame with input data representing the elements of the second frame, such that
each processing unit of the array determines the error between the current block and a
different search block of the corresponding search window;

wherein the plurality of inputs of each of the processing units comprises a

first input for data representing the elements of a first portion of the search window, a

second input for data representing the elements of a second portion of the search window,

and a current input for data representing the elements of the current block;
wherein the plurality of inputs of each of the processing units further
comprises a synthesized input for data representing the elements of a search block of the

plurality of search blocks, the synthesized input elements being aligned in time with the

current block elements, so that each processing unit determines the error between the

search block and the current block;
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wherein the synchronization means of the processing units comprises means

for combining the data transmitted to_the first and second inputs in order to generate a

the processing units.

2. The apparatus of claim 1 wherein the array receives continuous streams of
data representing the elements of the first and second frames, and the array outputs a
continuous sequence of error values, each of which error values corresponds to the error

between the current block and one of the plurality of the search blocks.

3. The apparatus of claim 1 wherein the synchronization means further
comprises means for delaying the data transmitted to a current input, so as to align the

elements of the current block with the elements of the different search block of the

plurality of search blocks, for input to the next processing unit.

4. The apparatus of claim 1 wherein each of the processing units further
comprises means for determining an absolute value of the difference between two
digital signals representing one element of the current block and one element of one of the

plurality of the search blocks.
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5. The apparatus of claim 4 wherein each of the processing units further

comprises means for adding the absolute values of the differences between the elements,
such that, after all bits representing the elements of the current block and a search block
have been supplied to a particular processing unit, the accumulated difference between the
elements of the current block and the appropriate search block is stored in the means for

adding.

6. The apparatus of claim 1 wherein the plurality of outputs of each of

processing units comprises a lower output, an upper output, and a current output.

7. The apparatus of claim 6 wherein the outputs of each of the processing units,

except for a processing unit which is a last one in the array, are connected to the

corresponding inputs of an adjacent unit in the array.

8. The apparatus of claim 1 wherein the plurality of inputs of each of the

processing units comprises a lower input, an upper input and a current input and wherein

the data transmitted to the upper, the lower and the current inputs represents the elements

arranged by columns, and the elements of each column enter from top to bottom.

9. The apparatus of claim 1 wherein the plurality of inputs of each of the
processing units comprises a start of block input and an end of block input for providing

signals that indicate respectively a first and a last element of the current block.
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10. The apparatus of claim 1 wherein the plurality of inputs of each of the

processing units comprises a current input and an end of column input for providing

signals that indicate the end of each column of clements transmitted to the current input.

11. The apparatus of claim 1 wherein the plurality of inputs of each of the
processing units comprises a low order byte error input and a high order byte error input

for transmitting the error generated by a previous processing unit in the array.

12. The apparatus of claim 6 wherein the plurality of outputs further comprises
a start of block output, an end of block output, a low order byte error output, and a high

order byte error output.

13. The apparatus of claim 5 wherein the means for adding the absolute values of

the differences between the elements is an accumulator.

14. The apparatus of claim 13 wherein each of the processing units further

comprises means for outputting the error value stored in the accumulator.

15. The apparatus of claim 14 wherein the outputting means transfers a first byte
of the error from the accumulator to a low order byte error output in response to an end

of block signal applied to an end of block input and transfers a second byte of the error
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from the accumulator to a high order error output in response to the end of block signal,
which is delayed such that the accumulator transfers the second byte after transferring the

first byte.

16. The apparatus of claim 1 wherein the array comprises 256 processing units

and the search window comprises 256 search blocks.

17. The apparatus of claim 3 wherein the means for delaying delays the data

transmitted to the current input by a number of bits corresponding to one element of the

frame.

18. The apparatus of claim 1 further comprises a minimum error module having

start of block, end of block, high order byte error, and low order byte error inputs that
are connected to the corresponding outputs of the last processing unit of the array, the
minimum error module determining a minimum value among the error values

generated by each of the processing units.

19. The apparatus of claim 18 wherein the minimum error module comprises a

first register means and a comparator; the comparator compares input error data
transmitted to the minimum error module at the high and the low order byte error inputs
to a value stored in the first register means; and, if the value of the input error is less than
the value stored in the first register means, the input error data is stored in the first

register means.
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20. The apparatus of claim 19 wherein the minimum error module further
comprises a second register means for data representing a position in the array of the

processing unit that generated the error value stored in the first register means.

21. A method for generating a sequence of displacement vectors and associated
minimal error values, each of which vectors and values represent a best match of a current
block of elements of a first frame of a signal with one of a plurality of:search blocks
of elements located withinla search window of a second frame, comprising:

transmitting a first stream of data, representing the elements of the first
frame, to a linear array of processing units;

transmitting a second stream of data, representing.thé elements of the second
frame, to the array;

synthesizing a hybrid stream of data frorri the elements of the second stream,
such that the elements of the hybrid stream are aligned in time with the elements of the
first stream so as to enable eacl; processing unit of the array to compute an error between

the current block and a different search block of the plurality of search blocks within the

search window, which error is a measure of a difference between two blocks of elements;
and

computing the errors between the current block and each search block
of search window such that each processing unit of the array outputs the computed error

essentially immediately after a previous unit in the array outputs the error;
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wherein the second stream of data represents the elements of upper and lower

portions of the search windows of the second frame;

wherein the step of synthesizing comprises combining data representing the

upper _and the lower portions of the search window into the hybrid stream of data;

wherein the step of combining comprises periodically inserting the data

representing the lower portion of the search window into the hybrid system of data.

22. The method of claim 21 wherein each processing unit of the array begins
computing the error for a new current block essentially immediately after outputting the

error for the previous current block.

23, The method of claim 21 further comprising the step of delaying the first

stream of data relative to the second stream at each processing unit of the array.

24. The method of claim 21 further comprising the step of transmitting an end of

block signal to the array.

25. The method of claim 24 further comprising the step of outputting the errors

generated by each array element in response to the end of block signals.
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METHOD AND APPARATUS FOR COMPARING DATA SETS
ABSTRACT

A method and apparatus for generating a sequence of
displacement vectors and associated minimal error values.
The vectors and associated values represent the best match
of a current block (40) of elements of a first frame (74)
of a signal with one of a plurality of search blocks (61)
of elements located within a corresponding search window
(41) of a second frame (72, 73). A first stream of data,
representing the elements of the first frame is transmitted
to a linear array (70) of processing units (puO-pu255); a
second stream of data, representing the elements of the
second frame is transmitted to the array; a hybrid stream
of data from the elements of the second stream is
synthesized such that the elements of the hybrid stream are
aligned in time with the elements of the first stream so as
to enable each processing unit of the array to compute an
error between a particular current block (40) and a
different search block of the corresponding search window
{(41) . The error is a measure of the difference between two
blocks of elements. Specifically, the errors are computed
between each current block and each search block of the
corresponding search windows such that each processing unit
of the array outputs. the computed error essentially

immediately after the previous unit ocutputs the error.

FIGURE 1.




