WO 01/ 95635 PCT/ US01/ 40871 ADAPTI VE EARLY EXI T TECHNI QUES FOR M NI MUM

DI STORTI ON CALCULATI ON I N | MAGE CORRELATI ON BACKGROUND 5 I nmmage
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video applications. This is often done by determ ning parts of the inage
t hat have stayed the sane. The "notion estinmation"” technique is 10 used in
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area. The search area can be in the sanme frame N, or can be in a search
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conputationally intensive. BRI EFgREREROBTHON OF THE DRAW NGS These and
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acconpanyi ng draw ngs in: JFigur r bl nd search
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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 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 in the same
frame N, or can be in a search area in a temporally
15 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 one another;
Figure 2 shows a basic accumulation unit for
25 measuring distortion;
Figure 3a and 3b shows different partitioning of the

calculations among multiple SAD units;



Figure 3a and 3b shows different partitioning of the calculations anong
multiple SAD units; 1 WO 01/95635 PCT/ USOL/ 40871 Figure 4 shows a tradeoff
bet ween ®a0by9w33it strategy cal cul ations and an actual toral/us@al/4wsiiati on;
Figure 5 shows a flowhart of the early exit 5 strategy; Figure 6a shows an
early exit using an early exit flag; Figure 6b shows early exit using a
hardware status register; 10 Figure 7 shows a flowhart of operation of
the adaptive early exit strategy. 15 DETAI LED DESCRI PTION NMoti on
estimation is often carried out by calculating a sumof absol ute

di fferences or FigAlFe 4 MHdwa £ratRIDfEN beaded wsed i Rx1rny different
applications, including, but not limted to cellular 20 tel ephones that use

vi deo, Vi%%%a% %%dxﬂh@ﬁ?unﬁ?%%be%%t%b%ua@ﬂ@d%tﬁe%aﬁ%%ﬁan%hCes These
devi ces can uce video signals as outputs. The SAD is a cal cul ation

often used to |Eq utfef Y5 tghe vLsO":\;‘tesftloQJcshtaQ:rtt ign th%e \gqﬁrg/ a.squrce bl ock and a

nunber of bl ocks sear

5 strategy;
Figure 6a 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.

15 ' 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 telephones that use video, video cameras, video
accelerators, and other such devices. These devices can
produce video 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
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bet ween these blocks. One way of expressing this is N1 n-1 SAD=ZY

la(i,j)-0pjAseBy N =2, 4, 8, 16, 32, 64.
is that a first frame 5 or source block (N)
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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 k#0. Each N-K frame 102 is an M+2m; x N4+2ng
area. The source block 100 is shown in the center of the
area in Fig. 1. The parts of the images that match can
be detected by correlating each part of each image frame
against other image frame using the distortion measurer.
The compression scheme uses this detection to compress
the data, and hence send less information about the
image.

This device can also be part of a general-purpose
DSP. Such a device is contemplated for use in wvideo
camcorders, teleconferencing, PC video cards, and HDTV,
In addition, the general-purpose DSP is also contemplated
for use in connection with other technologies utilizing
digital signal processing such as voice processing used
in mobile telephony, speech recognition, and other

applications.

The conpressi on schene uses
ess the data, and hence send |ess infornation about
Gﬁggcia&amhﬂ@blbb) ar¥ o, 4 YeherB ~phr pose DSP. Such
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digital signal processing such as voice processing used in nobile

t el ephony, speech recognition, and other applications. 3 WO 01/ 95635

PCT/ US01 M0 81774563The speed of the overall distortion detecPCDUS@r498HSS can
be increased. One way is by using hardware that allows each SAD device to
carry out nore operations 5 in a cycle. This, however, can require nore
expensi ve hardware. Another way is to increase the effective pixel

t hroughput by addi ng additi onal SAD devices. This can al so increase cost,
however, since it requires nore SAD 10 devices. Faster search al gorithns
attenpt to use Tthe speest iafy tHearadwarael Insties tefftdem vieltectilver bl ock SAD
conpares the source group against the "search group”. The source group and

t he searchranbs Jddn Mwe ddraghbutoddiavgntis &y mRge s dahpiathe SAD
operation cal cul ates the overlap between the two groups. Each block in the

source graupidil hies COmareth (R viBd WPl loeks il Rachiadikg search
regions. A typical SAD unit operates on two, 16 by 16 20 el enents to
overl ay t r}_%ea ec!fé‘f@.t S ﬂ{hso,“%%‘%}é}ef 'ca-lr-PirSequire more expensive
hardware. |
Another way 1s to increase the effective pixel
throughput by adding additional SAD devices. This can
also increase cost, however, since it requires more SAD
10 devices.
Faster search algorithms attempt to use the existing
hardware more effectively.
The block SAD compares the source group against the
“search group”. The source group and the search group
15 move throughout the entire image so that the SAD
operation calculates the overlap between the two groups.
Each block in the source group will be compared to
multiple blocks in each of the search regions.
A typical SAD unit operates on two, 16 by 16
20 elements to overlay those elements on one another. This
overlay process calculates 16 X 16 = 256 differences.

These are then accumulated to represent the total

distortion.



overlay process calculates 16 X 16 = 256 differences. These are then
accunul ated to represent the total distortion. 4 WD 01/ 95635

PCT/ USOLMO8T745635The SAD requires certain fundanental operBCT/OREL/40871

di fference between the source Xij and the search Yij nust be formed. An
absolute value I Xij-Yij I is formed. N1 n-1 Finally, the values are
accunul ated, SAD= 1z | Xij-Yij I . 1=0 j=0 5 A basic accumul ation
structure i s shihan SAD HaguitesArddrtnein Cunegirenirlt @Gatdoeisved Xj | and
Yij fromdata buses 198,199 connected thereto, and calculates Xij-Yij.

The out puty i 20ie deh ddHIthRE D H il e 302.arBptdhd R addhvernt ethseut put, and
the original, are sent to 10 nultipl exer 204 which sel ects one of the

val ues based o,y Si g bids AQRte ASREP %g%%*]m%i ¢okAgle unit 206

conbi nes these to tormthe absol ute val ue. final values are stored in
accunul ation register 208. Effectively, this forns g,system of subtract,

absol ute, pilhAGEURHAL 1 RS m&&nﬁw&z-sﬁbm{} pRQus, 4 .single SAD
conputation unit. As noted above, multiple conputatidm units could be used
to

5 A basic accumulation structure is shown in Fig. 2
Arithmetic logic unit 200 receives X;j and Y;; from data
buses 198,199 connected thereto, and calculates X;j-Yij.
The output 201 is inverted by inverter 202. Both the
inverted output, and the original, are sent to

10 multiplexer 204 which selects one of the values based on
a sign bit 205. A second arithmetic logic unit 206
combines these to form the absolute value. The final
values are stored in accumulation register 208.
Effectively, this forms a system of subtract, absclute,

15 accumulate, as shown in Figure 2.

Figure 2 shows a single SAD computation unit. As
noted above, multiple computation units could be used to
increases the throughput. If the number of computation
units is increased, that increases, in theory, the pixel

20 throughput per cycle.

The present inventor noted, however, that increase
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,



i ncreases the throughput. If the nunber of conputation wunits is increased,
that increases, in theory, the pixel 20 throughput per cycle. The present
i nvent or wovE63however, that increase in pixel throughpBCTUSOIMOBT1
necessarily linearly related to the nunber of units. In fact, each frame
is sonewhat correlated with its neighboring frames. In addition, 5 WO

01/ 95635 PCT/ US01/ 40871 different parts of any inmage are often correl ated
wi th ot helifprtentofpahies inhgeny Theeed fard enftherofcddre: 1 tonpressi on may be
based on characteristics of the inmages. The present application allows

usi ng the dHad tgges SAD wWeyiGesyd N difd ereritcimmdss o dependi ng on the
efficiency of conpression. The present application uses the architecture

shown in FRigiresi3h and, 3R Jhesaie Gonneatd onds.sed i both Figures

3A and 3B, but the calculatlons are 10 partltloned In dlfferent ways.

Fi gure BA‘%£§*§e§a%%§¥§%é§é Q%£§¥§%g) rﬁbw%ﬁ%{Hgir as a whol e SAD.

Each SAD rec eren prOV| i'ng cal cul ati ons.
B et vl B 8ottt e cplolat sy dhe (e alignehip hgipeen 15
efficiency of compression.
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

10 partitioned in different ways.

Figure 3A shows each SAD device 300, 302 being

configured as a whole SAD. Each SAD receives a different
block, providing N block SAD calculations. Effectively,
unit 301, therefore, calculates the relationship between

15 a 16 by 16 reference and a 16 by 16 source, pixel by
pixel. Unit 2, 302 calculates the result the difference
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

20 fraction of a single block SAD calculation. Each of the
N computation units provides 1/N of the output. This
“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.



pixel. Unit 2, 302 calculates the result the difference 16 by 16 source
and the 16 by 16 search pixel by pixel. The alternative shown in Figure
3B. In tWwa@onbiees nati ve, configuration each single SAD 3POT/US@20pHr f Or ns a
20 fraction of a single block SAD cal cul ati on. Each of the N conputation
units provides 1/N of the output. This "partial SAD' operation neans that
each of the 8 bit subtract absolute accunul ate units have cal cul ated 1/ N
of the full SADtealaudizibrs cordn dgurad deidrmmitnamitthe whal@ @/ 95635

PCT/ US01/ 40871 The overall systemthat determ nes the whole or parti al

shoul d be pisad dasatbdd PPevias vasid tch asrevdes® ihadirerein. This in turn
can reduce the nunber of calculations that is carried out. 5 One way to

det er m ne yhethele i 0f. Pardi @l id ScuMsethd SddhASSUE dibdle t eypporal |y
cl ose images have correlated properties. A first cycle can be cal cul ated

usi ng the | e can be cal cul ated using the
h e A R L

partial SAD no e cyc rks faster is taken as the w nner,

and se;s t he S%Denvpade. C‘)I'hées é:r%ful av'vtkile%qecan hbo r epeat ed .ever.y X cycl es,
wher e i s the Htnbery otf cycles att er 1h Toca J’Eé’r?‘po A cSrrel ation can

no | onger be assuned. This can
g useéiis to assume that temporally close images have

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

10 works faster is taken as the winner, and sets the SAD
mode. This calculation can be repeated every X cycles,
where X 1s 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

15 of Figure 7, described herein.

Throughput can also be increased by an “early exit”
technique as described herein.

The complete SAD calculation for 16x16 elements can
be written as |pir — pis| + |p2r — pzs| + . |peses -

20 pzwrl...(l). If all of these calculations were actually
carried out, the calculation could take 256/N cycles,
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



be done in a logic unit, which carries out the flowhart 15 of Figure 7,
descri bed herein. Throughput can al so be increased by an "early exit"

t echni quavas1/gfestri bed herein. The conpl et e SAD cal cul at i PATASI1/4D8K16

el enents can be witten as | plr - pis + 1 per - P23 1 + ... | p256s 20
p256rl...(1). If all of these calculations were actually carried out, the
cal cul ation coul d take 256/ N cycles, where Nis the nunber of SAD units.
It is desiusals & dletstmpingel &anandt iionfagaddon dnpéesible. Interim
results of the calculation are tested. These interimresults are 7 WO

01/ 95635 REHLISAN=AD&M firsddh troirdietier mdirek drft iemoughenfagrtmatfi on has been
determned to find a mninmumdistortion. The act of testing, however, can
consunme cywdssnglheiqweasent appldaahinen desless.bes a bal ance between 5 this
consunption of cycles and the determ nation of the mninumdistortion.

Figure 4 illusthal es-dded rgdeofdarf & kol Lcal Yialden yeshRgnd SAD

devices. Line 400 in Figure 4 represents the cycle count when there is no

early &1 enie ANl s, dord 2 gl chressnt g Jhat dhe g cxgle coun

wi t houf early exi he cycl e counts rrearly exit
Strategle%ﬂ%ﬁ%&%“ﬁ%g%é}tion. Figure 4 illustrates the tradeoff

for a 16x16 calculation using 4 SAD devices. Line 400 in
Figure 4 represents the cycle count when there is no
early exit. The line is horizontal representing that the

10 cycle count without early exit is always 256/4=64.
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

15 1line 408 represents one test every sixty-four pixels
(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

20 exit testing. That is, when a test is made, the exit is
always successful.A 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



the sloped lines 402, 404, 406 and 408. Line 404 represents one test every
si xteen pixels, line 406 represents one test every thirty-two pixels (1/8)
and 15 | iweotd®33 epresents one test every sixty-four pixeP€T/USW/48)1. Not e

t hat when the lines 402-408 are above |line 400, the attenpt at early exit
has actually increased the overall distortion calculation tinme. Line 402
represents the cycle consunption where zero overhead is obtained for 20
exit testibeg.dofvatudis)g wiest patdstris mideh tdea dd tpard cefl wgs successful .
Line 402 is the desired goal. An adaptive early exit schene is disclosed
for doi ng esdualBliocdkgd, itso fidrst fireockissed-isimg ami shedirdmgt r at egy known
inthe art to find a mninmnumdistortion. This can 8 WD 01/ 95635

PCT/ USO01/ 408&tb rtieyfone wsddithd asfe RRidaringG ; Which can hefRady of the
actual image, to find the distortion. This mninum distortion is used as

the basel ing; and,dit di S, assuimd.o trh%babodn%clkl ri e NETE L é@ i%ﬁ; i t(has

that same mnimmb5 distortion. S|cpmamﬂm% are us N)

represgnt s %ﬂ:zﬂ#b er qﬁwplrglc gﬁgﬂggy %ganro essed previously for a

search reglon re an T eved. ﬁéXIt(hD represents the

state of the p%%Jéf%(N) represents the number of pixels that have

been processed previously for a search region before an
early exit is achieved.

Aexit (N) represents the state of the partial

10 accumulator sign bits, at the time of the last early exit
for a search region.

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

15 that is known about the search region.

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

20 and 1/30 of second, often fast enough that minimal
changes occur during those times above some noise floor
related to measurable system characteristics. Also,
there are often regions of an image which maintains

similar temporal characteristics over time.



10 accunul ator sign bits, at the tine of the last early exit for a search
region. For these blocks | + n, the SAD cal culation is term nated when the
di storti ovoexgwetls that threshold. This fornms a causal sSPETERINKIBTI
previous information 15 that is known about the search region. The usual
systemis based on the image characteristics within a search regi on being
sone probability of maintaining common characteristics from tinme to tine.
The tinme bet weehctpagingi sobehaeenededd 20pandatlidf, ofhsecond, often fast
enough that m nimal changes occur during those tinmes above sonme noi se

floor relatedntbateasunabl eosyssem Shoresh bt stbg8ed Absen tihdere are often
regions of an inmage which maintains simlar tenporal characteristics over

time. 9 WarDh956351 8L YPSO]/ 4084 Lesor di PELEOsLREs PEES Rt ARRL I cati on,

the accunulator unit for each SAD can be | oaded wth the value (-

least/n), ahersrilgasthat epseaentapLdes Eh@%%%gﬁgér?”sé{@&ﬁgzl measur ed

in the block notion search or the region. S are ca .
cach, Sga1 ch eBlons e ok, POl ot ot LG BL e 00, 15 2ot aned

search region. The first SAD calculating for the region
is assigned the “Least” designation. Future SADs 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
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. When this happens, any one 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.

Such an assumption does not always hold. In many

situations, the multiple accumulators of the different

10



conpared to this, to see if a new "Least" val ue has been established. Wen
the accunul ators change sign, the 10 m ninum di stortion has been reached.
Mor eover WO Ri/$568% | ndi cated using only the existing SAD BCT/WUSew40871 Wi t hout
an additional cal culation, and hence additional cycle(s) for the test. A
test of the character of the inmage can be used to 15 determ ne how many of
the accunul ators need to switch before establishing the early exit. For
exanpl e, i9AD sourtoe vaindl trartgdte rieyimess iare atottdld ysahenogereous, then al |

t he accunul ators shoul d change sign nore or less at the sane tinme. Wen

t hi s happeéhs;ecryr 0nehaofditife ramning: b FSAD alaed addtarsrexteedi ng t he
previ ous | east neasurenent can be used to indicate that an early exit is

in order. ackiinful ey efay ass WSt aliidmas, hemgenaidati3uch an
assunpti on does not al ways hold. In many situations, the nmultiple

accumul at gfg, @I &Héﬁaeét%ktlstjl%s\’\%@lt/r%%%?%n%%%l/t %ﬁ‘?ferem VD units

w Il not be Incredasing at the sane rate reover, the rate of

i ncreage t%et wee t,&e Saocucudﬂ,ulatann rtf? Ay, Q)eiocek at(_jen(gi d'lrseCttloé 10 t he spati al

frequency € aract eri stics of Fer ences 't Nems &l ves eet ween the
r n r | ock n h
source a (iinettei'logcftop soé:mpllaflgd t%iesocilattoat eI‘h:Ls, 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 variables
- where A:;, A, A3 .. A, are defined as events associlated
20 with a split SAD calculation.
The events can be defined as follows:
Event A; = SAD; =2 0 where SAD < 0 for i # 7.
This conceptually means that the event A; is defined

as occuring when SAD unit i is positive and all the

11



met hod of sanpling the data. This can require nore conplex ways of
considering howto determne early exit, based on what happens with the
SAD uni t WO @neseaperation i s based on the probability assoeCEUSE/4080 wWith a
split SAD state; where not all of the SAD units are in the sane state.
This difference in rate of increase between the accunulators is related to
the spatial frequency characteristics of the difference between the

sour ce and-dnafigeind!srak. urSinc et eseyspatd al THE J regueneeshar agdreri stics
are also correlated anong tenporally simlar frames, the information from

one frame oAl Sq e api 'é‘étdnﬁllae(@éﬂss'vﬁexfg fr@r'e%‘ﬁl fartarres Thi sis

expl ai ned herein With reference to variables - where ... An are

o LRI S ot LA g ghn e’ v

Thi s concep |1y rreansfth t. the event A is defined as occuring when SAD
unit i is posr% SveRnd a9 aJtJrVe 11 WD 01/ 95635 PCT/ USO1/ 40871 renai ni ng SAD
units are negative. This would occur, for exanple, when the accumul ators
wer e i Acreasi ng ExentdiBif ereAt Wales™ ThPs 2 én fOrs6MPe Aebi neddas conbi ned

where SADy < 0 for k #i, j. This means that event

Bi,; 1is defined as “true” when A; exists and Aj are true,
but all other Ay are false. The concept of defining the
operations in terms of events can be extended to include

10  all the possible combinations of i, j and k. This
yields, 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.

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 combinations is defined as
a probability. For 4 SAD units, there are total of 16
possible states of accumulators. These can be grouped

20 according to how they are handled.

A first trivial possibility is

(BIAln AZm A3 M A4) = 0.

12



events, specifically: 5 Event Bi,j = Al UA = SAD1 0 for SAD > 0, and
where SADKk < O for k #i, j This nmeans that event Bi,j is defined as "true"
when Al ex0et/gseand A are true, but all other Ak are fal BeT/USHI08TINCept of
defining the operations in ternms of events can be extended to include 10
all the possible conmbinations of i, j and k. This vyields, for 4 SAD units,
a total of 16 conbinations. For larger nunbers of SAD units, it leads to
ot her nunber s Biizomdratlilons, thadpdedidiiycwdingk rore o¥artieabl es, such as
i, J, k and mor others. 15 Describing this scenario in words, each event
"B" is dedcnedilastddee sum df, tdievepedidt etbrac cufmillat aresclmeileg-omgy eat er
than 0. Each of these conbinations is defined as a probability. For 4 SAD

units, theiss afsecdadad ®f {16 0 possi bl e states of accunul ators. These can be
grouped 20 according to how they are handled. A first trivial possibility

is P (B A nfi2 ek tds H050 12340 01/95635 PCT/ USOL/ 40871  This
nmeans that the probability that sumof the accunmulators is > 0, given that
none of t he accéln}ﬂlaAlo%s 2has exce%df)a\d_o,l is O.

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:
(Bl A& U (B, n B3 N Ay,
P(B| A2 U (A N A3 N A4,
15 P(Blas U (AL N Ay 0 Ay,
P(BIA4 U (A; N Ay, N Az).
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 as:

13



The opposite is also true: 5P (Bl Al n A2 n A3 n A4) =1; Wiich neans
that the probability of the sumof all the accunmulators is set, given that
none of ™We@m/gwes set, s also 1. Excluding these trivial PCaR@EO8TI Sti CS,
there are 10 14 nontrivial conbinations. The first group includes four
cases where one of the accunulators is set and the renaining three are not
set: P(BA U(A2n A3 nA4), P(B+ A2 U (A nA3n A4 , 15 P(BIA3 U
(AL n A2 n AA)J?HBWB N AU ABsnAZ 4 A3) . Anot her group represents those
conditions where two of the accunulators are set, and the other two

accunul ators ar ty, yThesg: c i nations are witten 20 as: 13 WO
01/ 95635 PCT/ ugﬁ%aﬁ A3|9>( E’fAﬁz %‘*?u (A3 n Ad) P(BI A n A3 U(A2n
A4 ) P(B(AlnAfZUAZnAS? (ABIAZnAS)U(AlnA4)5P(BIA2
n A4) U (AL n AB)BI (A1 N Ay U

P(BIAZ N Az) U (A1 N A4)

5 P(BIAZ N Ag) U (A1 N Ag)

P(BlAs N Ay) U(A; N Ay)

Finally, the following group represents the cases
where three accumulators are set and one accumulator is
not set

10 P(BlA; N By M A3 U Ay

P(Bla; N Bs N Ay) U Ay)

P(B|A; N As N Ay) U Ay)

P(BIA; N By N Ay) U Aj).

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 characteristics of two images; a source image

and a search image at 550. The matching characteristics

14



P(BI A3 n Ad) U(AL n A2) Finally, the follow ng group represents the
cases where three accunulators are set and one accunulator is not set 10
P (Bl AwWoonzsess A3) UA4) P (BI1 A2 n A3 n Ad) UA) PPCBUSIARTIAS n A4)
UA2) P(BIl Al n A2 n AA) UA3) . The present enbodi nent recogni zes t hat
each of these 15 groups, and in fact each of these situations, represents
a different condition in the inmage. Each group or each situation can be
handl ed digdfeerantdyl atmd svsyistEmaperertEely asxidbovelheand rdaswgtescri bed with
reference to the flowhart of Figure 5. The final goal 20 is to conplete
t he cal culditdtytiagrd henteudd #xiF55 soahaethe dursliits slownhem dhag 5 by
first, determning nmatching characteristics of two inages; a source inage

and a seargih infRged Bt &8O o e NRLLN i NG ety isdg.cs 14 WO 01/ 95635
PCT/ USOL/ 40871 are calculated without any early exit. The m ni num

O e oS SRR ol RS, eD Bl 0 stor 101
5 that existed at the time of minimum distortion, or the
specific condition among the 14 possibilities.

At 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 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 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, N can be 4. Each SAD
unit includes the structure discussed above, and
specifically ALUs, inverters, and accumulators.

The output of each of the accumulators is coupled to

a combinatorial logic unit 600 which arranges the

15



5 that existed at the tinme of mninumdistortion, or the specific
condition anong the 14 possibilities. At 570 a subsequent image part is
tested. Wo819%8&bsequent part can be any part that is corPel/as@dosn t he
test part. Since tenporally correlated i mages are 10 assuned to be
correlated, this can extend to any tenporally correlated part. The inage
source and search are tested, and a determ nation of the specific

gr oupi ngs autauteecurfteics atan tdee usate tof grmiymemtditdteortriomp i s found at 575.
An early 15 exit is then established, at 580. The early exit, once

det er m nedjeteamibentciaor irestqalitabdve .a Murdetontfi mdiddrarantl ogdys unfitgur e 6a
shows a systemof carrying out the early exit using an early exit or "EE"

flag. N SAR Wit & eu2Qshyvai e iTbdi yamodiamgnt, Mreaede 4. Each
SAD wunit includes the structure discussed above, and specifically ALUs,

i nverters,; angd ageimil ators.. e loalggqj{g%egg %}:{ frdhe accunul ators is

coupled to a conninatorial |ogic uni arranges the 15 WO

0110035 ESTLHRLIOYAS IS TS SPN DS MBS LR, GH QL ). 11 oroup
Different images and parts may be processed according to
different options.

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 sensed by a hardware
status register 600. The status register is set to 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.

1le



is carried out using discrete logic gates, e.g., defined in hardware
definition | anguage. The gates are 5 progranmmed wth an option based on the
sel ected wooupse3s Di fferent images and parts nmay be procesBedUaeic®sdi ng to
different options. For each option, the conbination of states, e.g., the
group di scussed above, is coded. The conbinatorial 10 logic nonitors the
accumul ators of all the SAD units. Each state is output to a multiplexer.
Wien those accufhg afay simacHiiede thetadartiva datllys esditt Hisn udwd,sel ect ed
coding, an early exit flag is produced. The early exit flag neans that the
har dwar e Ibvdrasl et s Mewm dredppr apsfatendd itd .Fithirss causdst thE), oper ati on
to exit. Figure 6B shows an alternative system in which the states of the

accumul at diise af glsenSedys ta ey War @ sdpidise @it fre B0y Jdiey st at us
register is set to a 20 specified state by the condition of the

accunul at of Same W€ At Msnd Q8IS €17 54 Of LS, LA SREGF 04, qandidd on t hat
represents the early exit. Wien that specified condition 1s reached, the

early §X't logclg f@éé&%&sdealge\éé%@s“@&%e .PCE(hl:JL%OJC{a%O%e de-@errrw.%}/ecli n whi ch

t he adaptive ear

by, for example, monitoring of the time since a previous
frame 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 O0xFFO01l and
setting the local wvariable N=1 at 715. At 720, the
system obtains SAD search region N and uses the periodic
exit test Texr =1/16.., at step 725 the exit test is
performed. If successful, a local variable Kexit (N),

15 which is the pixels before exit and ARexit (N) which is an
summary of accumulators 1 through 4 before exit restored.
The local variable 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 count

at step 740 to set target block flags.

17



overall, is described in reference to Figure 7. At 700, the video frane
starts. 705 represents buffering both frame Mand frame Mtl. 710 is a
determ naw®onvisds t he 5 bl ock hi story nodel needs update. FOTASeia98Te
determ ned by, for exanple, nonitoring of the tinme since a previous franme
update. For exanple, x seconds can be established as a tine before a new
update is necessary. |If the nodel needs updating, then the process 10
continues by | dsdisieER hed ccurmsa o sEl thl QUFRO I sarmbt adet ¥shaflt R | ocal
variable N=1 at 715. At 720, the system obtains SAD search region N and
uses the perexidi andddxitedrdexpdatdd 16 .stemt’St.ep V25 the exit test is
performed. |f successful, a |ocal variable Kexit(N), 15 which is the pixels

bef ore exiin@rghdexdd (NAMWEGY | B5RN a Sdeddmyi reft iascumliids s 1 through 4
before exit restored. The local variable n is also increnmented at step

730.  Thi saestiabl ishies dhiead ocal 3 par amerss @k d e RIRCES S &GO nues. 20
In a subsequent cycle the block history of update does not need to be

{ﬁgonesa.t ffaﬁ’eg]& @{Edéﬁff ,Cgé‘%rgé.gﬁéééeérégz%reﬂg% bﬁtodéﬂjs step,
pr évi ously store exit an exit are read.” This I's used as the new
count  at J:SIE eap 375492(5808 Sienrtlag}ea.r gel—tlovpelx%:#, ftll'lai S'wo]l';?lcl 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 specific sign bit, their
state produces significant advantages. Moreover, the
time between frames is usually on fhe 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 have been disclosed,

other modifications are possible.

20
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WO 01/95635 PCT/ US01/ 40871 At step 745, a search for block Nis
established, an a exit and Kexit are updated at step 750. Nis

i ncr enentved 01/#%635t ep 755, a determi nation is nmade

whet hePCNUS&1/49gUal

to

397. 397 is taken as the nunmber of 5 franmes in the buffer, since there are
396, 16x16 bl ocks in a 352x288 i mage. However, this would be adjusted for

different size sizes as agfllcable Again, the tenporal variations of
$kely to remai n unchanged. Therefore, when
accunul ators have a specific sign bit, their state produces

portions dfhatanid muleingd
the parti al

| ar ge
10

significant. adra@Egesatdy comapriddreyti me between frames is usual Iy on the

or der

of 1/15 to 1/30 of a second. Finally, regions within the i mge

mai ntai n their | ocald zexh €het B¢t ©f | Sid £5 maatipdiar e{praevdicddieidacgpat i al

frequency may be correl ated. Although only a few enbodi nents have been

di scl osed, ot hgte mbdi{d C@é'@@@eﬁﬁﬁa&%%lﬂa%t%%sl%éw% ABR3S
PCT/USOl/40871 What |s cl ai med . An apparatus, conprising:. a

pluralisty of |m%% éﬂggﬁ%%fﬂéﬁ@ deV|ces each

a mode switching element, which configures each
of said image manipulating devices to determine an
entire calculation in a first mode, and configures
each of said image manipulating devices to determine

10 only a portion of an entire calculation in a second

mode.

2. An apparatus as in claim 1, wherein said image
manipulating devices are sum of absolute difference

15 ("SAD") devices.

3. An apparatus as in claim 2, wherein said first mode is
a whole SAD mode, in which each SAD receives a
different block and source section, and calculates a
20 difference between the whole block and the whole

source.
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operating to determne simlarities between two 5 image parts; and a node
switching el enent, which configures each of said inmge mani pul ati ng

devi ces WO deP®BII ne an entire calculation in a first noBeT/Uando8TNf i gures
each of said inmage mani pulating devices to determne 10 only a portion of
an entire calculation in a second node. 2. An apparatus as in claim1l,
wherein said i mage manipul ating devices are sum of absolute difference 15
("SAD') dé\i césr FraAmappaatus dsim Il aimrinmteriel s d first node is
a whol e SAD node, in which each SAD receives a different block and source
section, and cajxldwdtaese ad 2Of ehtdrfayre nea weatnveern ¢ hey el fdegliceand t he
whol e source. 19 WO 01/95635 PCT/ US01/40871 4. An apparatus as in claim

3, wherein sai AR calwpl 88 esslifder giges weenr1a 16 by 16 reference
and a 16 by 16 source, pixel by pixel. 5 5. An apparatus as in claim2,

wherein said second node is a node in which each single SAD perforns a
fraction of a single block SAD cal cul ati on.

5 5. An apparatus as in claim 2, wherein said second mode
is a mode in which each single SAD performs a

fraction of a single block SAD calculation.

6. An apparatus as in claim 5, wherein there are N of
10 sald SADs, and each of the N computation units

provides 1/N of a total output.

7. An apparatus as in claim 1, further comprising a
testing element that determines and selects said

15 first mode or said second mode.

8. An apparatus as in claim 4 wherein, in said first
mode, the unit calculates a relation between the
entire 16 by 16 reference and the 16 by 16 source,

20 and in said second mode, the unit calculates a

fraction of the entire calculation.

9. An apparatus as in claim 1 further comprising a

logic unit which detects which of said modes will

20



6. An apparatus as in claim5, wherein there are N of 10 said SADs, and
each of the N conputation units provides 1/N of a total output. 7. An
appar at uw@e19sw3xl aim 1, further conprising a testing el PABOBOL408T1

determ nes and selects said 15 first node or said second node. 8. An
apparatus as in claim4 wherein, in said first node, the unit calculates a
rel ati on between the entire 16 by 16 reference and the 16 by 16 source, 20
and in said seqomibiwecles déwlxad tremildul ares confirqaodsom of the entire
calculation. 9. An apparatus as in claim1l further conprising a logic unit
whi ch detects wiudlduDdtSan deorokaisi Widdde 20 WO 01/ 95635 PCT/ USOL/ 40871
produce a desired result, and configures a calculation to said node. 10. A
distortion cal culating device, conprising; 5 a plurality of sum of absolute
difference devices, each operating to calculate a total distortion

bet ween twg, i &3P & Sp 1 nd. & Galpul 8t in pad tidd oning &l .ement which
partitions a gg?culal%onl et ween 5&%‘ sun16? 10 argg?htéﬁgifference devi ces

based gn CharaCterlsélﬁfurality of sum of absolute difference

devices, each operating to calculate a total
distortion between two image parts; and
a calculation partitioning element which
partitions a calculation between said sum of
10 absolute difference devices based on characteristics

of the two image parts.

11. A device as in claim 10 wherein said calculation
partitioning element is a switching element which
15 switches between different configurations in which
the different sum of absolute difference devices
calculate different amounts of a total output

calculation.

20 12. A device as in claim 10 wherein there are said N of
said sum of absolute difference devices, and in a
first mode, each of saild sum of absolute difference

devices calculates 1/N of a total calculation.

21



of the two inmage parts. 11. A device as in claim1l0 wherein said
calculation partitioning elenent is a switching elenent which 15 switches
bet ween o bhe9s®BE configurations in which the different seaT/@RoZ8Tl ut e
difference devices calculate different anounts of a total output

cal culation. 20 12. A device as in claim10 wherein there are said N of
said sum of absolute difference devices, and in a first node, each of said

sum of absd.ut e did¥efenae ilevices calnuhaias domdrafsiad et aloggal cul ati on.
21 WO 01/95635 PCT/ US01/40871 13. A device as in claim11 further

conprising a | Qg6 U tciiah ABLRIMNGS Gbdt ORRIe MRdeRfreneiation. 14, A
device as in claim 10, further conprising a logic 5 elenent that

determ nes said characteristics, and controls said cal culation partitioning
el ement based on said characteristics. 15. A device as in claim 14,

wherein sai d 03‘40 lation is 1 aglartiqt[io ed.so that all, of a.cal.culation is
done by a%i ndgt €S %*%Abdo i t%rer Fe MR LRI HHVIE as i n

claim 14, wherein said calculation is partitioned sqg that only part of a
cal cul ation i s element that determines said characteristics, and

controls said calculation partitioning element based

on said characteristics.

15. A device as in claim 14, wherein said calculation is
10 partitioned so that all of a calculation is done by

a single sum of absolute difference device.

16. A device as in claim 14, wherein said calculation is
partitioned so that only part of a calculation is

15 done by a single sum of absolute difference device.

17. A method of processing an image comprising;
simultaneously calculating image distortions in a
plurality of image distortion calculating devices; and
20 configuring said image distortion calculating
devices
in a first mode in which each device calculates a whole
calculation and a second mode in which each device

calculates only a part of a calculation.
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15 done by a single sum of absolute difference device. 17. A nethod of
processi ng an i mage conprising; sinmltaneously cal cul ating inage

distorti oma0i/95635 pl urality of image distortion cal cul ati nBCO®801¢40871 and 20
configuring said inmage distortion calculating devices in a first node in
whi ch each device cal cul ates a whole calculation and a second node in

whi ch each device calculates only a part of a calculation. 22 WD 01/ 95635
PCT/ US01/ 40871 18. A nethod as in claim 17 further conprising cal cul ating
a whole calculation in said first device representing a distortion between
a source hldck mmktiod searchcIdiockl7 1Qurtheretdwemissiinyg ¢l ai m 17 furt her
conprising testing to determne which of a first or second node wl |

operate nore efddTherdd yng andvieand | GRITduta tSiadrd 130 Jrild iplestdedwase i nto
said first or second node depending on said testing. 20. A nethod of

processing an i B SIS N1 L% £ Gulati g2 didfarange het weep two

image parts in a plurality of separate devices; and configuring said

deviceg in a first nogde if,.

19. A method as in claim 17 further comprising testing
to determine which of a first or second mode will
operate more efficiently, and configuring said

10 multiple devices into said first or second mode

depending on said testing.

20. A method of processing an image comprising:
15 calculating a difference between two image
parts in a plurality of separate devices; and
configuring said devices in a first mode in
which each device calculates a whole calculation and
a second mode in which each device calculates only a

20 part of a calculation.

21. A method as in claim 20, wherein said devices are

sum of absolute difference devices.
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whi ch each device cal cul ates a whol e cal culation and a second node in

whi ch each device calculates only a 20 part of a calculation. 21. A nethod
as in clavewpdedwherei n said devices are sum of absol ut erdTURBEr®8Te
devices. 23 WD 01/95635 PCT/ USO1/ 40871 22. A calculating device,
conprising: a video device producing output video signals; a plurality n of
sum of absolute difference ("SAD') devices, each having a subtract device,
an absol ut225 devizksubadiag deciowl atorprioimected to receive said video
signals; and a node changi ng devi ce, changi ng a node of operation between
a first node i nawhlddo edehi SADpdeducengad it esideo dideirnce bet ween two
i mge parts of said video 10 signals, and a second node in which each SAD

device cal cul ajes1d+N Py antotabunfosaiskyides $ianatsnce3y "ﬁmie)w ce as in
claim?21l, wherein said video device is a video canera. 15

devices, each having a subtract device, an absolute
5 device, and an accumulator, connected to receive said
video signals; and
a mode changing device, changing a mode of operation
between a first mode in which each SAD device calculates
a difference between two image parts of said video
10 signals, and a second mode in which each SAD device

calculates 1/N of a total of said video signals.

23. A device as in claim 21, wherein said video device

is a video camera.

15
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