ADAPTIVE EARLY EXIT TECHNIQUES FOR MINIMUM DISTORTION CALCULATION IN IMAGE

CORRELATION BACKGROUND image compression techniques can reduce the amount of data to
be transmitted in video applications. This is often done by determining parts of the image that have

stayed the same. The "motion estimation" technique is 10 used in various video coding methods,

Motion estimation i m to.fing t 1 between a rce blo longing to some
frame N and a seaf}(@garea. %%%g%#%g%g@%ﬁ?gb@éssg% ﬁ/%ml\éﬂﬁf 9&2@@ Search area
in a temporally 15 displaced franfeAN-KUThE€sEQacivmiguassm aydaermmputationally intensive., BRIEF
DESCRIPTION OF THE DRAWINGS These and other aspects will now be described in 20 detail with
reference to the accompanying drawings, wherein: Figure 1 shows a source block and search block

being compared against one another; Figure 2 sHEWSR YA accumulation unit for 25 measuring

distortion; Figure 3a ang 3b shows differentdpargtioning of the ‘
lmage compressicon technlques can reduce the amount

of data to be transmitted in video applications. This is
often done by determining parts of the image that have
stayed the same. The “motion estimation” technigue is
10 used in various video coding methods.
Motion estimation is an attempt to find the best
match between a source block belonging to some frame N
and a search area. The search area can be invthe same

frame N, or can be in a search area .in a temporally

f.....A
h

displaced frame N-k.

These techniques may be computationally intensive.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects will now be described in
20 detail with reference to the accompanying drawings,
wherein:
Figure 1 shows a source block and search block being

compared against cne another;

Figure 2 shows a basic accumulation unit for

N
hn

measuring distortion:;

Figure 3a and 3b shows different partitioning of the

calculations among multiple SAD units;



calculations among multiple SAD units; 1 Figure 4 shows a tradeoff between early exit strategy
calculations and an actual total calculation; Figure 5 shows a flowchart of the early exit 5 strategy;
Figure 5a shows an early exit using an early exit flag; Figure 6b shows early exit using a hardware
status register; 10 Figure 7 shows a flowchart of operation of the adaptive early exit strategy. i5
DETAILED DESCRIPTION Motion estimation is often carried out by calculating a sum of absolute
differences or "SAD". Motion estimation can be used in many different applications, including, but not
limited to cellular 20 teléptiditesthala¥e videbr vides tanrarasevides 2aceeleratérs, and other such
devices, These devices can produce video signals as outputs. The SAD is a calculation often used to

identify the Iow@&%aﬁ%nc%%ﬁﬁé&?é%ﬁr@é“ﬂoékl and @ Atmber 8f blaeks in-asearch 2
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Figure 5 shows a flowchart of the early exit

strategy;

Figure 6a shows an early exit using an early exit
flagy

Figure 6b shows early exit using a hardware status
register;

Figure 7 shows a flowchart of operation of the

adaptive early exit strategy.

DETATILED DESCRIPTION

Motion estimation is often carried out by
calculatiné a sum of_absolute differences or “SAD”.
Motion estimation can be used in many different
applications, including, but not limited to cellular
telephones that use video, video cameras, video
accelerators, and other such devicés. These devices cén
produce wideo signals as outputs. The SAD is a
calculation often used to identify the lowest distortion

between a source block and a number of blocks in a search



region search block. Hence the hest match between these blocks. One way of expressing this is N-I
n-1 SAS~a(i,j)-b(i,j) N =2,4,8,16,32.,64. a-o ;=0 Conceptually what this means is that a first frame 5 or
source block (N) is divided into component parts of MxN source blocks 100. These are compared to a
second frame (N-K) 102. The frames can be temporally displaced, in which case W. Each N-K frame
102 is an M+2mz x N+2n area. The source block 100 is shown in the center of the 10 area in Fig. 1.
The parts of thetimgdges thaehaicky tan kbe détected by corretatingeeach par of @achrmage frame
against other image frame using the distortion measurer. The compression scheme uses this
detection to compréssSthe Gat, %AY HehceseRddeds informiatiorsabout the 15 image. This device can
also be part of a general-purpose DSP. Such a device is contemplated for use in video camcorders,

=1 n=l
teleconferencing, PCigeo , gc“—l( Vi Ina ?jion the,.general-purpose DSP is also
contemplated 20 for use in cﬂon wi -gothclar fe?: Lblo]:%;ie"as2 Uf?ﬁgﬁg%iﬁl él%s%gnal processing such
as voice processing used ‘ ‘

Conceptually what this means is that a first frame
> or source block (N) is divided into component parts of
MxN source blocks lOO.' These are compared to a second
frame (N-K) 102. The frames can be temporaliy displaceﬁ,
in which case k#0. Each N-K frame 102 is an M+2m; x N+2111
area. The source block 100 is shown in the centér of the
10 area in Fig. 1. The parts of the images that match can
be detected byvcorrelating each part of each image frame
against‘other image frame using the distortion measurer.
The compressién scheme uses this detection to compress
the data, and hence send less information about the
15 image.
This device can also be part of a general-purpose
DSP. Such a device is contemplated for use in video
camcorders, teleconferencing, PC video cards, and HDTV.
In addition, thelgeneral~purp03é‘DSP is also contemplated
20 for use in connection with other technologies utilizing
digital signal pﬁocessing such as voice processing used
in mobile telgéhony, spéech recognitign, and other

applications.



in mobile telephony, speech recognition, and other applications. The speed of the overall distortion
detection process can be increased. One way is by using hardware that allows each SAD device to
carry out more operations in a cycle. This, however, can require more expensive S hardware.
Another way is to increase the effective pixel. throughput by adding additional SAD devices. This can
also increase cost, however, since it requires more SAD devices. 10 Faster search algorithms attempt
to use the existing harBfafe e effettifely " blbck SAD Eohfpares #ié sdarce group against the
"search group". The source roup and the search agup move throughout the entire image so that the

SAD 15 operatidh Caleilafés the overSp between HE WS groihsS YEACH Bockin tHE Sdurce group will
be compared t()(hrgléltigke‘ %k%gksegl?%a%%f tldwg search re ions. A typical SAD unétroa[%elrate§ on two, 16
ay t

by 16 elementsto overlay those elements on one another. This O\Fe?llé?/ porgcess calculates 16 X
16 = 256 differgnces. These are WC%@@@P&H@?&&H@% 8l expensive
5 hardware.

Another way. is to increase the effective pixel
throughput by adding additional SAD devices. This can
also increase cost, however, since it requires more SAD
devices.

10 Faster search algorithms attempt to use the existing
hardware more effectively.

The block SAD compares the source group againstiﬁhe
“search group”. The source gioup and the search group
move throughout the entire image so that the SAD

15 operation calculates the overlap between the two groups.
Each block in the source group will be compared to
nultiple blocks in each of the search regions.

A typical SAD unit operates on two, 16 by 16
elements to overlay those elements on one another. ‘This

20 overlay process calculates 16 X 16 = 256 differences.
These are then accumulated to represent the total
distortion.

The SAD requires certain fundamental operations. A

difference between the source Xj; and the search Y;; must



distortion. The SAD requires certain fundamental operations. A difference between the source X1j and
the search Yl must. 4 be formed. An absolute value 114j-Yij | is formed. b'-l n-i Jiiial.iy, the values are
accumulated, SAD=Y ~Xi-j-Zi.j i=0 j=U A basic accumulation structure is shown in Fig. 2 Arithmetic
logic unit 200 receives X;j and Yj from data 5 buses 198, 199 connected thereto, and calculates Xyj-

Y:j The output 201 is inyerted by inv rterlZ(%Z. Both the |ipverted output, and the original, are sent to
multiplexer 20 \?vhf!“f selects one oa%ﬁec va u%svl?gsue% Qlé sﬁ@hl bit 205°Aitond arithmetic logic unit

206 10 combines these to form the absolute value. The final values arg,stored in accumulation

register 208. ETﬁemai\ltély,tfﬁslﬁ)ersyzstemofamdaiﬁact,aaﬁ&pjutgmaeggr:?at?x@j&g@y\gn in Figure 2.
Figure 2 shows a single SAD computation unit. As 15 noted above, multipfe computation units could

be used to increases the throughput. if the number of computation units is increased, that increases,
in theory, the pixel A basic accumulation structure is shown in Fig. 2

Arithmetic logic unit 200 receives Xi5 and Yi4 from data
5 buses 198,199 connected thereto, and calculates Xi5=Yiq.
The output 201 is inverted by inverter 202. Both the
inverted output, and the original, are sent.to
multiplexer 204 which selects one of the values based on
a sign bit 205. A second arithmetic logic unit 206
10 combines these to form the absolute value. The final
values are stored in accumulation register 208.
Effectively, this‘forms a system of subtract, absolute,
accumulate, as shown iﬁ Figure 2.
Figure 2 shows a single SAD computation unit. As
15 noted above, multiple computation units could be.used to
incréases the throughput. 'If‘the number of éomputation
units is increased, that increases, in theory, the pixel
throughput per cycle.
The present inventor noted, however, that increase
20 in pixel throughput is not necessarily linearly related
to the number of units. In fact, each frame is somewhat
correlated with its neighboring frames. In addition,
different parts of any image are often correlated with

mtk

other parts of the image. The efficiency of the



throughput per cycle. The present .i.nventor noted, however, that increase 20 in pixel throughput is
not necessarily linearly related. to the number of units. in fact, each frame is somewhat correlated
with its neighboring frames. in addition, different parts of any image are often correlated with other
parts of the image. The efficiency of the compression may be based on characteristics of the images.

The present applieatiensaliows tisipgsbe pasltiple, SAD; devices in different modgs, depending on the
efficiency of compression. 5 The present application uses the architecture shown. in Figures 3A and

3B. The same comreetion , Thuseskias both Rigres:3Aiand 3B butthecaleylations are partitioned in
different ways. Figure 3A shows each SAD device 300, 302 being 10 configured as a whole SAD.
Each SAD receéives-a gliffere Al bibeki providingdN. biockSADrcaleiHations: &ffectivelys unit301,
therefore, calculates the relationship between a 16 by 16 reference.and a 16 by 16 source, pixel by
pixel. Unit 2, 36X &diEd RSy thefreSaREFEa/#fePance 15 16 by 16 source and the 16 by 16 search pixel
by pixel. The alternative shown in Figure 3B. In this alternative,
The present application uses the architecture shown
in Figures 3A and 3B. The same connection is used in
both Figures 3A and 3B, but the calculations are
partitioned in different ways.
Figure 3A shows each SAD device 300, 302 being
10 configured as a whole SAD. Each SAD receives a different
block, providing N block SAD calculations. Effectively,
unit 301, therefore, calculates the relationship between
a 16 by 16 reference and a 16 by 16 source, pixel by
pixel. Unit 2, 302 calculates the result the difference
15 16 by 16 source and the 16 by 16 search pixel by pixel.
The alternative shown in Figure 3B. In this alternative,
configuration each single SAD 300, 302 performs a
fraction of a single block SAD calculation. Each of the
N computation units provides 1/N of the output. This
20 “partial SAD” operation means ihat’each of the 8 bit
subtract absolute accumulate units have calculated 1/N of
the full SAD calculation configured to that unit.

The overall system that determines the whole or

partial should be used based on previous results as



configuration each single SAD 300, 302 performs a fraction of a single block SAD calculation. Each of
the N computation units provides 1/N of the output. This 20 "partial SAD" operation means that each
of the 8 bit subtract absolute accumulate units have calculated 1/N of the full SAD calculation
configured to that unit. The overall system that determines the whole or partial should be used based

on previous resuylts as b,described herein..This in turn can reduce ctIHe ‘number of calculations that
carried out. One way to determine whether wholg ‘or partial 16 used 1816 asstme that tefporally close

images have S correlateg-properties., A first cycle can be calculated using the whole SAD mode, and
a second cycle can be calculated using the partial SAD mode. The cycle which works faster is taken

as the winner, and sets)the SAD mode. This,calculation can be repeated every Xcycles, 10 where X
is the number of cycles after which local temporal correlation can no longer be assumed. This can be

done in a logic unizwhich carries ouhshe flewcharef-Figure 2 descrbgdbereipLhroughput can
also be increased by an "early exit"

5 correlated properties. A first cycle can be calculated
using the whole SAD mode, and a second cycle can be
calculated using the partial SAD mode. The cycle which
works faster is taken as the winner, and sets the SAD
mode. This calculation can be repeated every X cycles,

10 where X is the number of cycles after which local
temporal correlation can no longer be assumed. This can
be done in a logic unit, which carries out the flowchart
of Figure 7, .described herein.

Throughput can also be increased by an “early exit”

15 technique as described herein.

The complete SAD calculation for 16x16 elements can
be written as |pir — pis| + |par - p2s| + .. |pises -
pm%r[.,,(l). If all of thesé calculations were actually
carried out, the calculation could take 256/N cycles,

20 where N is the number of SAD units. It is desirable to
'stop the calculation as soon as possible. Interim results

of the calculation are tested. These interim results are

used to determine if enough information has been



15 technique as described herein. The complete SAD calculation for 16x16 elements can be written
asrs!r-PS1~..p.Vpusr((1).if all of these calculations were actually carried out, the calculation
could take 2560 cycles, 20 where N is the number of SAD units. It is desirable to stop the calculation
as soon as possible. Interim results of the calculation are tested. These interim results are used to
determine if enough information has been 7 determined to rind a mini-mum distortion. The act of
testing, however, CHTCOIRUNTE cyciBs. ThE HredBifappicationidescribésa Balines between this
consumption of ¢ %L_es anqltohvgedetermination of the 5 minimum distortion. Figure 4 illustrates the

tradeoff for a 16x16 CAlCUIAtIoN UsSing 4" SAD A&VIcEY: Line“466 i Figure 4 represents the cycle count

when there is no early, exit, The line is horizontal representing that th cle count without early exit is
always 256/4=64. i0 The c%/cle counts for early exit strga?esgcfé:s%qa?é’ sf;ﬁiO\e‘/E?fﬁ%lr‘—?\t "the gf’c%"é”ael'rnnes 402, 404,

406 and 408, ine 404 prasents.onisdestevely shined pixen o 405 feresgisqne test every

5 minimum distortion. Figure 4 illustrates the tradeoff
for a 16xl6 calculation using 4 SAD devices. ILine 400 in
Figure 4 represents the cycle count when there is no
early exit. The line is horizontal represeﬁting that the
cycle count without early exit is always 256/4=64.

10 The cycle counts for early exit strategies are shown in
the sloped lines 402, 404, 406 and 408. Line 404
represents one test every sixteen pixels, line 406
represents one test every thirty-two pixels (1/8) and
line 408 represents one test every sixty-four pixels

15 (1/16) . Note that when the lines 402-408 are above line
400, the attempt at early exit has actually increased the
overall distortion calculation time. Iine 462 represents
the cycle consumption where zero overhead is obtained for
exit testing. That is, when a test is made! the exit is

20 always successful. Line 402 is the desired goal. An
adaptive early exit scheme is disclosed for doing so.

Block I is first processed using any normal strategy
known in the art to find a minimum distortion. This can

be done using test patterns, which can be part of the



line 408 represents one test every sixty-four pixels 15 (1/16). Note that when the lines 402-408 are
above line 400, the attempt at early exit has actually increased the overall distortion calculation time.
Line 402 represents the cycle consumption where zero overhead is obtained for exit testing. That is,
when a test is made, the exit is 20 always successful. Line 402 is, the desired goal. An adaptive early
exit scheme is disclosed for doing so. Block 1 is first processed using any normal strategy known in
the art to find & FfiMimum distortion® This'Car-He dérie B8ingBst pdtherfis MWhich'&an be part of the 8
actual image, tg,finﬁd thtej.dirsltorgon. Trgs mgjni%um distortion is used as the baseline; and it is assumed
that block 1 + N where i ia small“Ras that same miimum distorffon: Two basit Parameters are used.

5 Kexit(N) represents the number of pixels that have been processed previously for a search region
before an early ex?t is achieved. Aekit(ﬂ% répre%eln?s fhe s %lfe g\tatﬁe%%ﬁals %@%%ﬁ?a%%‘ign bits, at

the time of the dastiearlysexit 10k asearch region, Far.these blacks S + n, the SAD calculation is

5 Kexit (N) represents the number of pixels that have
been processed previously for a search region before an
early exit is achieved.

Bexit (N) represents the state of the partial
accumulator sign bits, at the time of the last early exit

10 for a search region.

For theée blocks I + n, the SAD calculation is
terminated when the distortion exceeds that threshold.
This forms a causal system using previous information
that is known about the search region.

15 The usual system is based on the image
characteristics within a search region being some
probability of maintaining common characteristics from
time to time. The time between frames is between 1/15
and 1/30 of second, often fast enocugh that minimal

20 changes occur during those times above some noise floor
related to measurable system characteristics. Alsc,
there are often regions of an image which maintains

similar temporal characteristics over time.



terminated when the distortion exceeds that threshold. This forms a causal system using previous
information that is known about the search region. 15 The usual system is based on the image
characteristics within a search region being some probability of maintaining common characteristics
from time to time. The time between frames is between 1/15 and 1/30 of second, often fast enough

that minimal 20 changgs aceyr during those times, gggvg&gmecg%@%tﬂgorcﬂglated to measurable

system characteristics. Also, there are often regions of an image which maintains similar temporal

characteristics oveftime =2 Accarding to-the-presentapplicatign, the- aceumulator-yait for each SAD
can be loaded with the value (- least/n) , where "least" represents the minimum distortion than is
measured in therblock nietior search)S forithe sedivaa Many:-SAbssarecaleiatedifor.each search
region. The first SAD calculating for the region is assigned the "Least" designation. Future SADs are
compared to thigitotsed fennéwteast"” valaetasbeen established: When the aeeuntulators change

sign, the 10 minimum distortion has been reached. Moreover, this is
5 for the region. Many SAD’s are calculated for each

search region. The first SAD calculating for the region
is assigned the “Least” designation. Futu;e 3ADs are
compared to this, to see if a new “Least” value has been
established. When the accumulators change sign, the
10 minimum distortion has been reached. Moreover, this is
indicated using only the existing SAD structure, without
an additional calculation, and.hence additional cycle(s)
for the test.
A test of the character of the image can be used to
15 determine how many of the accumulators need to switch
beforevestablishing the early exit. For example, if
source and target regions are totally homogeneous, then
all the accumulators should change sign more or less at
the same time. When this happens, any one of the running
20 SAD calculations' exceeding the’?revious least measurement
can be used to indicate that an early exit is in order.
This, however, assumes total image homogeneity.
Such an assumption does not always hold. In many

situations, the multiple accumulators of the different

10



indicated using only the existing SAD structure, without an additional calculation, and hence additional
cycle(s) for the test. A test of the character of the image can be used to 15 determine how many of
the accumulators need to switch before establishing the early exit. For example, if source and target
regions are totally homogeneous, then all the accumulators should change sign more or less at the

same time. Whenthis-nappeps; any, ope,of the, running 20 SAD.calculations exceeding the previous

least measurement can be used to indicate that an early exit’is in order. This, however, assumes total

image homogeneity Sugh, an assumptien does Agtalways: hold. manyy sityations, the multiple
accumulators of the different 1c SAD units will not be increasing at the same rate. Moreover, the

different rate ofincreasedretweenthe raccusiuiaters mayshe relates directlytothe spatial frequency
characteristics of the differences themselves, 5 between the source and target block, and also to the

method of samplingtiendatac Thisacarersgeire asoret compleX fuays af considesingdiove g determine
early exit, based on what happens with the SAD units.

5 between the source and target block, and also to the
method of sampling the data. This can require more
complex ways of considering how to determine early exit,
based on what happens with the SAD units.

One operation.is based on the probability associated

10 with a split SAD state}»where not all of the SAD units
are in the same state. This difference in rate of
increase between the accumulators is related to the
spatial frequency characteristics of the difference
between the source and target block. .Since these spatial

15 frequency characteristics are also correlated among
temporally similar frames, the information from one frame
may also be applied to analysis of following frames.

This is explained herein with reference to wvariables
- where A, Ry, Az .. By are defined as events associated

20 with a split SAD calculation.
The events can be defined as follows:
Event A; = SAD; =2 0 where SAD < 0 for i # j.

This conceptually means that the event A; is defined

as occuring when SAD unit i is positive and all the

11



One operation is based on the probability associated 10 with a split SAD state; where not all of the
SAD units are in the same state. This difference in rate of increase between the accumulators is
related to the spatial frequency characteristics of the difference between the source and target block.
Since these spatial 15 frequency characteristics are also correlated among temporally similar frames,
the information from one frame maP/, Iso be applied to analysis of following frames. This is explained
herein with refeféhce toV&riables u—ﬁ% égv@ﬁ%%sofcfa‘fed 20 with a

Ere’Az, ASTRELTR: are’definé®a
split SAD’ CalCUJ,cgt{tEilgl[ilFlehe eyents can be defined as follows: Event A; = SAD; >_ 0 where SAD < 0 for
a

i T j, This conceptually means that the event Aj is defined” as occUrhgWheH'SAD unit i is positive and

all the 11 remaining-SAD, units, are_negatiye. TQ;%W%%? Loceur, for .example, when the accumulaters
were increasing a-. different rates. This can also be defined as cormbined events, specifically: 5 Event
B~=AjUA - SAR;»+Q forspABj 2 0, and,where SADK < 0 for k This means that event

5 Event Bi,; = Ay U A; = SAD; = 0 for SAD; > 0, and
where SADy < 0 for k #i, 3. This means that event

Bi, is defined as “true” when A; exists and A; are true,
but all other Ay are false. The concept of defining the
operations in terms of eventé can be extended to include
10 all the possible combinations of i, 3 and k. This
vields, for 4 SAD unité, a total of 16 combinations.
For larger numbers of SAD units, it leads to other
numbers of combinations, and possibly using more
‘variables, such as i, j, k and m or othersf
15 Describing this scenario in words, each event “B” is
defined as the sum of the specified accumulators being
greater than 0. Each of these combinationé is defined as
a probability. For 4 SAD units, there are total of 16
possible states of accumulators. These can bé grouped
20 according to how they are handled. |
A first triviél possibility is

P (BlA, A B, As A Ay = 0.

12



Br,1 is defined as "true"” when Aj exists and.Aj are true, but aK2 other Ak are false. The concept of
defining the operations in terns of events can be extended to include 10 all the possible combinations
of i, j and k. This vyields, for 4 SAD units, a total of 16 combinations. For larger numbers of SAD units,
it leads to other numbers of combinations, and possibly using more variables, such as i., j, k and m or
others. i5 Describing this scenario in words, each event "B" is defined as the sum of the specified
accumulators being greatér tRaR° Eathiofthese eombitiations iskiefinedraso probability. For 4 SAD
units, there are total of 1AL6 posgible states of accumulators. These can be grouped 20 according to
how they are hahdied ~ATirSttrivial possibility 6=P (B EAATPA? A3 A4FSOH21THIS Afeans that
the probability tggtss%g‘;g}ge@cgynggatg[s is > 0, given that none of the accamolatcns has
exceeded 0, is 0. The opposite is also true: J (BIA, n A2 n A3 ri A4) = |; Which means that the

probability of the sum ef@ll opposite is also true:

Lh

P (BlAy A By By ARy = 1
Which means that the probability of the sum of all
the accumulators is set, given that none of them are set,
is also 1.
Excluding these trivial characteristics, there are
10 14 nontrivial combinations. The first group includes
four cases where one of the accumulators is set and the
remaining three are not set:
P(Bl A1 U (& N B3 N Ay,
Pl 2% U (B N A A AL,
15 P(BiA3 U (B By 0 Ay,
P(B|As U (A1 n A; N Ag) .
Another group represents those conditions where two
of the accumulators are set, and the other two

accumulators are not set. These combinations are written

20 ass

13



the accumulators is set, given that none of them are set, is also 1. Excluding these trivial
characteristics, there are 10 14 nontrivial combinations. The first group includes four cases where
one of the accumulators is set and the remaining three are not set: P (131 A, U (A2 n A3 (1 A4), P(BI
A2a(A1f)A3nA4)r 15P (BI1A3a (Aln A2 n A4), P(BIA4 U (Al n A2 CV A3) Another group
represents those conditj wt;gr o, of accumulators are set, and the other two accumulators
are not set. These coméx%rr\]a%*llons a%?gsvw?%e 2 ~\ag?élﬁ(B(Al fl A2) Li (A3 n A4) P(B1Aifl A3) u (A2 n
A4) P(B((AinA4)u gﬁ 3) P(B1A2 n A3) u (Al n A4) 5 P(BJA2 n A4) a (Al n A3) P(BCA3 n A4)
u(A. n A2) Finally, theg?? gv@ﬁngmgr%ﬁ rke)prg?eﬁfk fté cases where three accumulators are set and

one accumulator is not sqt 10 PABEA, n A2 n A3) U A4)
P(B] (A Ag) U (Bx N Ay)

P(BlR, N By) U (B~ Ay
5 pBla; AR U (A A Ay
P(BlAs M Ay UBL N A,)
Finally, the following group represents the cases

where three accumulators are set and one accumulator is

not set
10 P(Bla; N By A A3) U A
P(8la; N B N Ay U Ay
P(BIA; A B3 M Ag) U Ay)
P(BIA; N By A Ay U Ay
The present embodiment recognizes that each of these
15 groups, and in fact each of these situations, represents
a different condition in the image. BRach group or each
situation can be handled differently.
This system operates as above, and as described with
reference to the flowchart of figure 5. The final goal
20 is to complete the calculation, and hence to exit,
sooner. This is shown in Fig 5 by first, determining
matching characteristics of two images; a source image

and a search image at 550. The matching characteristics

14



P(B!A2 n A3 n A4) U Ax) P(B1IAIn A3 nA4)UA2) P (B~AlInA2nA4)U A3) . The present
embodiment recognizes that each of these 15 groups, and in fact each of these situations, represents
a different condition in the image. Each group or each situation can be handled differently. This
system operates as above, and as described with reference to the flowchart of Figure 5. The final goal
20 is to complete the calculation, and hence to exit, sooner. This is shown in Fig 5 by first, determining
matching chardctéristitsOf tioSmages e sourceintige- antFd: Searchrifaje af550. The matching
characteristics §4ce}cre1ﬁcgiculated withou any eBaJILy exit. The minimum distortion is found at 555 and
the conditions When that Minimum di&tortion existed 4re 10GnF 3ES66--7hE cBhaftiond4t 560 can

include a grouping type, Sthat %iﬂ%qlate@f &g% ofEi mﬁgni%uurp1 istgrtaﬂ%_or the specific condition
[

among the 14 possibilities. At 570 a subsequent image part is tested. This subsequent part can be

any part that correlatesito thentest parsSincedemporally, corelated images are, . o
5 that existed at the time of minimum distortion, or the
specific condition among the 14 possibilities.

Aﬁ 570 a subsequent image part is tested. This
subsequent part can be any part that is correlated to the
test part. Since temporally correlated images are

10  assumed to be correlated, this can extend to any
temporally correlated part.

The image source and search are tgsted, and a
determination of the SPeCific groupings that occurred at
the time of minimum distortion is found at 575. vAn earlyl

15  exit is then established, at 580.

The early exit, once determined, can be carried out
in a number of different ways.

Figure 6a shows a system of carrying out the early
exit using an early exit or “EE” flag. N SAD units are

20> shown, where in this embodiment;vN can be 4. Each SAD
unit includes the structure discussed above, and
specifically ALUs, inverters, and accumulators.

The output of each of the accumulators i1s coupled to

a combinatorial logic unit 600 which arranges the
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10 assumed to be correlated, this can extend to any temporally correlated part. The image source and
search are tested, and a determination of the specific groupings that occurred at the time of minimum
distortion is found at 575. An early 15 exit is then established, at 580. The early exit, once determined,
can be carried out in a number of different ways. Figure oa shows a system of carrying out the early

exit using an earlygxter "EEHHag. N SAR upits are 20.shown ybers in this embodiment, N can be

4. Each SAD unit includes the structure discussed above, and specifically”’ALUS, inverters, and

accumulators. e eutpitt of 2ash b theiacewnulators:s C@Hﬂ@ﬂ%%ﬁ?ﬁ@'@%@ﬂé' logic.unit 600
which arranges the 1s outputs, This can be used to carry out the group determination noted above.

The combinatofial logicninit! isoarried:iout using-discretedagic gates: €,9.« definedidm hasdware
definition language. The gates are 5 programmed with an option based on the selected group.
Different imagestanthpaits afaydsd processed hroaring to different options-e

5 programmed with an option based on the selected group.
Different images and parts may be processed according to
different options.

For each option, the gombination of states, e.g.,
the group discussed above, is coded. The combinatorial

10 logic monitors the accumulators of all the SAD units.
Each state is output teo a multiplexer.

When those accumulators achieve a state that falls
within the selected coding, an eérly exit flagbis
?roduced. The early exit flag means that the hardware

+ 15 has determined an appropriate “fit”. This causes the
operation to exit. |

Figure 6B shows én alternative system, in which the
states of the accumulators are sensed by a hardware
status register 600. The status register is set fo}a

20 specified state by the condition of the accumulators.
The status register stores the specified condition that
represents the early exit. When that specified condition

is reached, the early exit is established.
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For each option, the combination of states, e.g., the group discussed above, is coded. The
combinatorial 10 logic monitors the accumulators of all the SAD units. Each state is output to a
multiplexer. When those accumulators achieve a state that falls within the selected coding, an early
exit flag is produced. The early exit flag means that the hardware 15 has determined an appropriate
"fit". This causes the operation to exit. Figure 6B shows an alternative system, in which the states of
the accumulators are gg’r?se"ﬂaéﬂl ahardware StatusFegisiet 8002The statlis registeris set to a 20
specified state b th)ﬂ(—:;a:E ndition of the accumulators._The status register stores the specified condition
that represents the eary exit. When that spetitied tondrionisfeachedr the’ early exit iestablished.
ré The way in which t aptive early, exit is use verall, is described.in reference Figure A 00, the
video frame st\gﬁé% 7(v)t%ec§gre§g§t%ebu%‘/fe?iébbﬁoth gﬁgomreeﬁ%%sdef?§r’?\e%£i.e?i@% 5 ¥etermination if

the 5 block histonamodal eedssuadatenThis capbe dgtermined, by, for.example, monitoring of the
k 5 block history model needs update. This can be determined
by, for example, monitoring of the time since a previous
frame update. For example, % seconds can be established
as a time before a new updaﬁe is necessary.
If the modél needs updating, then the process

10 .continues by loading the accumulators with O0xFF01 and
setting the‘local variable N=1 at 715. At 720, the
system obtains SAD search region N and uses the periodic
exit test Taexir =1/16.., at step 725 the exit test is
performed. If sucéessful, a local variable Kexit (N),

15 which is the pixels before exit and Aexit (N) which is an
summary of accumulators 1 through 4 before exit restored.
The local wvariable n is also incremented at step 730.
This establishes the local parameters, and the process
continues.

20 In a subsequent cycle the block history of update
does not need to be redone at step‘710, and hence control
passes to step 735. At this step, the previously stored
Kexit and AEexit are read. This is used as the new coﬁnt

at step 740 to set target block flags.
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:came update. For example, x seconds can be established as a time before a new update is
necessary. If the model needs updating, then the process 10 continues by loading the accumulators
with OxFFO1 and setting the local variable N=I at 715. At 720, the system obtains SAD search region
N and uses the periodic exit test Text =1 /16..., at step 725 the exit test is performed. If successful, a
local variable Kexit(l\l}}&lS )évhich7i§f %he gixgéséb(ag)hr% exit a{_wd Aexit(N) which is\ an _summary of
accumulators 1 through 4 béfore exif réstored. The focal varablE nis at§a neremented at'step 730.

This establishes the:localparameters,.and the: pracess, confinues. 20 In,a subsequent cycle the block
history of update does not need to be redone at step 710, and hence control passes to step 735. At

this step, the previeusly:stered Kexit and AEexit are read. This s used as.the.new count at step 740
to set target block Tags. ,7 At step 745, a search for block N is established, an a exit and Kexit are

updated at stepS3a A-isninceeraehted. Abstep; 755, detesmination is made whetherNJs equal to
397. 397 is taken as the number of
5 frames»in the buffer, since there are 396, 16x16 blocks
in a 352x288 image. However, this would be adjusted for
different silze sizes aé applicable.
Again, the temporal variations of large portions of
an image are likely to remain unchanged. Therefore, when
10  the partial accumulators have a specific sign bit, their
state produces significant advantages. Moreover, the
time between frames is usually on the order of 1/15 to
1/30 of a second. Finally, regions within the image
maintain their localized charactéristics, and therefore
15 their spatial fregquency may be correlated.
Although only a few émbodiments ha&e been disclosed,

other modifications are possible.

20

18



5 frames in the buffer, since there are 396, 16x16 blocks in a 352x288 image. However, this would be
adjusted for different size sizes as applicable. Again, the temporal variations of large portions of an
image are likely to remain unchanged. Therefore, when 10 the partial accumulators have a §pécificst
sign bit, their state produces significant advantages. Moreover, the time between frames is usually on
the order of 1/15 to 1/30 of a second. Finally, regions within the image maintain their localized
characteristics, and therefore 15 their spatial frequency may be correlated. Although only a few
embodiments hayg been gisclases: pther. modifications are possible. 20 'g LLOYD WISE What is
claimed is: 1. A method comprising: performing a plurality of sum of absolute 5 difference (SAD)
calculations, wherein each of the plurality of SAD calculations is performed using N SAD devices to
determine a plurality of relationships between a first image and a second
1. A method comprising:
performing a plurality of sum of absolute
5 difference (SAD) calculations, wherein each of the
plurality of SAD calculations is performed using N
SAD devices to determine a plurality of
relationships between a first image and a second
image region;
10 determining a minimum distortion between two
regions based on a first SAD calculation from the
plurality of SAD calculations;
loading a value related to said minimum
distortion into an accumulator;
15 accumulating results of subsequent SAD
calculations from the plurality of SAD calculations
into the accumulator; and
determining whether a sign bit has changed,

and initiating an early exit from the plurality of

20 SAD calculations if the sign bit has changed.

2. A method as in claim 1, further comprising a
plurality of accumulators, each of the plurality of

accumulators including a sign bit, wherein the
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image region; 10 determining a minimum distortion between two regions based on a first SAD
calculation from the plurality of SAD calculations; loading a value related to said minimum distortion
into an accumulator; 15 accumulating results of subsequent SAD calculations from the plurality"06E
SAD calculations into the accumulator; and determining whether a sign bit has changed, and initiating
an early exit from the plurality of 20 SAD calculations if the sign bit has changed. 2. A method as in
claim 1, further comprising a plurality of accumulators, each of the plurality of accumulators including
a sign bit, wherein the 19.value issloaded o eaeh of the, plurality of @ceumilators, 8. A method as in
claim 2, wherein initiating an exit 5 occurs when a change in the sign bit is determined in some
accumulators of the plueadipief.accusndators. 4. A method as in claim 2 wherein initiating an early

3. A method as in claim 2, wherein initiating an exit
5 occurs when a change in the sign bit is determined

in some accumulators of the plurality of

accumulators.
4. A method as in claim 2 wherein initiating an early
10 exit occurs when a change in sign bit is determined

in all of the plurality of accumulators.

5. A method as in claim 2 wherein initiating an early
exit occurs when a change in the sign bit is
15 determined in a single accumulator of the plurality

of accumulators.

6. A method as in claim 2, wherein said value related

to sald minimum distortion is an amount of

20 distortion, divided by a number of said
accumulators.
7. A method as in claim 2 further comprising

determining a character of the first and second
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10 exit occurs when a change in sign bit is determined in all of the plurality of accumulators. 5. A
method as in claim 2 wherein initiating an early exit occurs when a change in the sign bit is 15
determined in a single accumulator of the plurality of accumulators. 6. A method as in claim 8yp w)s¢
wherein said value related to said minimum distortion is an amount of 20 distortion, divided by a
number of said accumulators. 7. A method as in claim 2 further comprising determining a character of
the first and second 20 ~LLOYD WISE image regions, and based on the determined character,
determining a number of ageumulatarsnkequiredoishonna shange indbecsign bit gefore initiating an
early exit. 5 8. A method as in claim 7, wherein the character indicates a homogeneous image region,
and is the initiating is based-aa resultsfearn arsinglegagcuuliaior. of accumulators

require to show a change in the sign bit before

initiating an early exit.

5
8. A method as in claim 7, wherein the character
indicates a homogeneous image region, and is the
initiating is based on results from a single
accumulator.
10
9. A method as in claim 7, wherein initiating the early

exit i1s based on results from plurality of

accumulators.

15 10. A method as in claim 9 wherein the early exit
comprises determining probabilities of each of the
accumulators being in one of a plurality of
possible states, and based on the determined
probabilities, determining whether a new minimum

20 distortion has been found.

11. A method as in claim 6, wherein said predetermined

value 1is zero.
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10 9. A method as in claim 7, wherein initiating the early exit is based on results from plurality of
accumulators. 15 10. A method as in claim 9 wherein the early exit comprises determinin -
probabilities of each of the accumulators being in one of a plurality of possible states, %%Ygaﬂ"%%;on
the determined probabilities, determining whether a new minimum 20 distortion has been found. 11. A
method as in claim 6, wherein said predetermined value is zero. 21 12. A method comprising:
determining a distortion between two image regions; and carrying out an early exit scheme without 5
using an extra caleulatipreyele for thggatly exty :scheme, wherein said early exit is calculated by
loading a value related to a minimum distortion in a previous calculation into an accumulator element
and changing said value basedien saigh detesmiing.st8rtion between two image

regions; and
carrying out an early exit scheme without
5 using an extra calculation cycle for the early exit
scheme, wherein said early exit is calculated by
loading a value related to a minimum distortion in
a previous calculation into an accumulator element

and changing said value based on said determining.

10
13. A method as in claim 12, wherein there are a
plurality of said accumulator elements, and said
loading comprises loading said value into each of
sald accumulator elements.
15
14. A method as in claim 13 wherein said establishing
occurs when specified accumulator elements of said
plurality of accumulator elements reach a
predetermined value.
20

15. A method as in claim 13 wherein said establishing
occurs when all of said plurality of accumulator

elements reach said predetermined value.
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13. A method as in claim 12, wherein there are a plurality of said accumulator elements, and said
loading comprises loading said value into each of said accumulator elements. 15 14. A method as in
claim 13 wherein said establishing occurs when specified accumulator elements of said pluralityof e
accumulator elements reach a predetermined value. 20 15. A method as in claim 13 wherein said
establishing occurs when all of said plurality of accumulator elements reach said predetermined
value. 22 LLOYD WISE 16. A method as in claim 12 further comprising determining a character of the
region, and determining, from said character, a number of 5 accumulator elements to require to reach
said predetermined value before said establishing. 17. A method as in claim 16, wherein said

character of the image inglicatesia fiomaegenousimagerand said 10:gstablishing said minimum
distortion is based on
determining a character of the region, and
determining, from said character, a number of

5 accumulator elements to require to reach said

predetermined value before said establishing.

17. A method as in claim 16, wherein said character of
the image indicates a homogenous image, and said
10 establishing said minimum distortion is based on

results from a single accumulator element.

18. A method as in claim 14, wherein said value is zero.

15 19. A method of determining distortion between image

blocks comprising:
determining a first distortion between a first

image part and a second image part, and obtaining a
count of calculations for an early exit and state

20 of certain calculation at the time of the early
exit, wherein said distortion is calculated by
loading values into accumulators and establishing
an early exit when said accumulators reach a

specified value; and
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results from a single accumulator element. 18. A method as in claim 14, wherein said value is zero. 15
19. A method of determining distortion between image blocks comprising: determining a first distortion
between a first image part and a second image part, and obtaining a count of calculationsfor dh-early
exit and state 20 of certain calculation at the time of the early exit, wherein said distortion is calculated
by loading values into accumulators and establishing an early exit when said accumulators reach a
specified value; and 23 in a subsequent calculation, terminating a calculation based on both said

count and said state. 20. A method,as {-claign d9¢ wherein saidispecified-pivadue iszero. 21. A
method of processing image parts comprising; obtaining image distortion information about a first

image part; and 10 usingsgid; innage- distoftien; infermaion te sprocessiaisesand partdbyloading a
value related to said image distortion information into a
20. A method as in claim 19, wherein said specified

5 value 1is zero.

21. A method of processing image parts comprising;
obtaining image distortion information about a
first image part; and
10 using said image distortion information to
process a second part, by loading a value related
to said image distortion information into a
calculating element, and terminating a calculation
performed by said calculating element when a
15 currently accumulated value reaches a predetermined
amount different from the loaded value, wherein the
loaded value comprises (-least/n) where least is a
value found in a previous calculation cycle and n
is a number of accumulators.
20
22. A method as in claim 21 wherein said image
distortion information includes a minimum of

distortion measured in a block motion search.
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calculating element, and terminating a calculation performed by said calculating element when a 15
currently accumulated value reaches a predetermined amount different from the loaded value,
wherein the loaded value comprises (-least/n) where least is a value found in a previo%gﬂw\lﬁti{pn

. . . . o b o
cycle and n is a number of accumulators. 20 22. A method as in claim 21 wherein said image
distortion information includes a minimum of distortion measured in a block motion search. 24 LLOYD
WISE 23. A method as in claim 21 wherein said image distortion is used to calculate a distortion in a

sum of absolute differencgs devige yithian accumulatoy 2414 methed agdn glaim 23 wherein said
value is loaded into the accumulator. 25. A method as in claim 16 wherein said value comprises 10
(-least/n) where least is aiyaluedeunchinia previouscyeleiand aisa aumber of aceumulaters.

sum of absolute differences device with an

accumulator.

24, A method as in claim 23 wherein said wvalue is loaded

into the accumulator.

25. A method as in claim 16 wherein said value comprises
10 (-least/n) where least is a value found in a

previous cycle and n is a number of accumulators.

26. A method as in claim 25 wherein said predetermined
amount is 0.
15
27. A method as in claim 16 wherein said accumulators
are loaded with a said value (-least/n) where least
is an expected early value and n is a number of
accumulators, and wherein an early exit is

20 established when an accumulator reaches 0.

28. A method as in claim 19 wherein said wvalue

represents sign bits of the accumulators.
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26. A method as in claim 25 wherein said predetermined amountis 0. 15 27. A method as in claim 16
wherein said accumulators are loaded with a said value (-least/n) where least is an expected early
value and n is a number of accumulators, and wherein an early exit is 20 established whergn WISE
accumulator reaches 0. 28. A method as in claim 19 wherein said value represents sign bits of the
accumulators. 25 D 29. A method, comprising; obtaining a plurality of image manipulating devices
which achieve specified states based on relationships between two images; 5 accumulating results
based on said relationships; dstermining whethey;a calculation is completed based on the states of
the accumulating; and calculating a minimum distortion between the 10 two images based on said
accumulating and establishingBr £atly it svhen:said acoumalatingge manipulating

10

15

20

devices which achieve specified states based on
relationships between two images:

accumulating results based on said
relationships;

determining whether a calculation is completed
based on the states of the accumulating; and

calculating a minimum distortion between the
two images based on said accumulating and
establishing an early exit when said accumulating

reaches a specified value.

A method as in claim 29, wherein said image

manipulating device is part of a video camera.

An apparatus, comprising:

a calculating device, including an accumulator
element, that calculates values related to a
minimum distortion between two regions;

a buffer, storing the calculated values
related to said minimum distortion, and loading
said values related to the minimum distortion into

said accumulator; and
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reaches a specified value. 30. A method as in claim 29, wherein said image 15 manipulating device is
part of a video camera. 31. An apparatus, comprising: a calculating device, including an accumulator
element, that calculates values related to a 20 minimum distortion between two regions; a-bufferse
storing the calculated values related to said minimum distortion, and loading said values related to
the minimum distortion into said accumulator; and 26 LLOYD WISE a logic unit, establishing a
minimum distortion based on at least one of the values in said accumulating device, wherein said

distortion is established by loading, thewvaluas inte sragsumidataes anchestahlishing an early exit when
said accumulators reach a specified value. 32. An apparatus as in claim 31, wherein there are a

plurality of said calculatingdeyviceso and saish10 valuesrelated tonthedninimumvdistostion is loaded
into each of said accumulating elements.

said accumulating device, wherein said distortion

is established by loading the wvalues into

5 accumulators and establishing an early exit when

said accumulators reach a specified wvalue.

32. An apparatus as in claim 31, wherein there are a
plurality of said calculating devices, and said
10 values related to the minimum distortion is loaded

into each of said accumulating elements.

33. An apparatus, comprising:
a video acquiring device;

15 a plurality of calculating devices, each including
an accumulator element, that calculates values
related to a minimum distortion between two video
portions acquired by said video acquiring device;

a buffer, storing the calculated values

20 related to said minimum distortion, and loading
said values related to the minimum distortion into
said accumulator elements; and

a logic unit, establishing a minimum

distortion based on at least one of the wvalues in
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33. An apparatus, comprising: a video acquiring device; ].5 a plurality of calculating devices, each
including an accumulator element, that calculates values related to a minimum distortion between two
video portions acquired by said video acquiring device; a buffer, storing the calculated values2e/sE
related to said minimum distortion, and loading said values related to the minimum distortion into said
accumulator elements; and a logic unit, establishing a minimum distortion based on at least one of the
values in 27 .LLOYD WISE said accumulator elements, wherein said distortion is established by
loading the values related 1Q;the- minimur gistertiondptostheaceuaulater elements -and establishing
an early exit when said 5 accumulator elements reach a predetermined value. 34. An apparatus as in
claim 33 wherein said logic upit 2MONKOISSIPY bits ofisaid accumedataeelemenis.<ld 3%. Anapparatus
as in claim 33 wherein said logic unit monitors a. value in said accumulator elements.

5

34.
10 35.

36.
15

37.
20

38.

minimum distortion into the accumulator elements
and establishing an early exit when said

accumulator elements reach a predetermined value.

An apparatus as in claim 33 wherein said logic unit

monitors sign bits of said accumulator elements.

An apparatus as in claim 33 wherein said logic unit

monitors a value in sald accumulator elements.

An apparatus as in claim 33, wherein said video

acquiring device is a video camera.

An apparatus as in claim 35, wherein said logic unit
monitors a value in all of said plurality of
accumulator elements to reach said predetermined

value.

An apparatus as in claim 36, wherein said

accumulator elements are loaded with a value (-

least/n) where least is an expected early value and
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36. An apparatus as in claim 33, wherein said video acquiring device is a video camera. 15 37. An
apparatus as in claim 35, wherein said logic unit monitors a value in all of said plurality of
accumulator elements to reach said predetermined value. 20 38. An apparatus as in clalh'*r‘%éD WISE
wherein said accumulator elements are loaded with a value (- least/n) where least is an expected
early value and 28 LLOYD WISE: n is a number of accumulators, and wherein an early exit is
established when an accumulator reaches 0. 29

n is a number of accumulators, and wherein an early

exit 1s established when an accumulator reaches 0.

29



