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5 Analysis .. of ··lmage m9tion occ:iirring in a series of 

. succes·sive video frame~ : :is .traditionally a· computationally 

:•. :e~pe~sive .~lgorithm, with . no practicai :lia:rdware implementations 

•· .. ·•·.:<for .real time perfor:mttnce. Recent computer software techniques 

U$ing Jt(et3-rchical motion analysis (HM~f-~lgorithms have made 

l·d. · the . co~tti.ations· slgnifj~~ntly more effiGi.¢~t. However, it is still 

. 11ot pra,ctical, employing ·these computer·_~i$9ftware techniques, to 

_.· .. p~l-form; co~t-effecti\'~. JlldA in real tipi~ '.~t the relatively high 

·· ·.·. fr~e: .. tate ·;(e.g., 30 fr~es per second) ··()·h· an ongoing series of 

··· successive · video imag~s. 

. . . . Traditiona:r-~lµotion analysis,- W:J:lich is performed only rs 
on the :full 2-dimensi<in~ im~ge pixel t~·s:~lution, requires 

C*(N2••M2*K) operaf.iqp.~~- where C is a 9Qrl~tant, N2 is the image size 

in pixels . at' the full. 2-ditnensional imag~_ .'.'.p~xel resolution, M2 is the 

) : ~ c?·'~ .. maximum·. ~x..pected mod.<>; distance in pi~~ls at the full 2-

_,~2 .. Q; · .d_lmensio11at image pix..er'.';:tesolution, and·. J{'Js the number of 

. -~omput~ti9~ operatfo~$:: required _for a ;ID~tion estimate with M 

· . equal to i pixel. :aM.A~ as now practiced; ··1s performed by 

. :coµiput¢r software . algorithms operating o~· each level of a 

··•. ~ultireso·~µ~on repre~s¥ital.tion of the .im~~~·'· in a coarse to fine . 

· 2 5 'manfter; st~ing with/:t~~·: lowest resoluti.()d. The result of the 

... 

-~ .. 

3.0 

motion analysis at ·e~h, l~vel is· used ·a$. ·atii . initial estimate in the 
·. ·next higher resoluti91:(.'i~.vel. The . motio~·:· .. &.ectors generated by the 

motion -analysis on t.li~p:·hj;ghest resoluu~rl: )¢vel are the final 

motion -vector estini~tes?:'fhe maximu~-:-~:lc.l>ected motion for the 

analysis at ~ach lev~{ '.j$,"f (± 1 pixel)~ W'fl~!· the total maximum 

.. ·motion can: 'be 20:~ whe~e ··n+l is the nutrt~f of resolution levels of 

. the multi1"¢solutio~; ··(~~~~~entation. The·;.t~tal required 

· :~9PJ.putati()nal o~r~tiotts·: ; at all resoluti~n:?Jevels, regardless of the 

nqm~r .·of .·resolution levels, is now · redtj~~ to no more than 
3-~ 4/3*C*{N2*K). ;;:···. 

An addi1iotiaj.· advantage of .··@A is that local coherent 

.. inotfon ·:is perforn:ted.;:rtj~l:e robustly, res.iiit.~ng in a higher 

confidence in the co#ec(ness of the motitfo estimate. · 
.·.•:.,.·;. 
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The present invention is <l:ir~ted to hardware 
::.'>··~'.< 

:>·'·-".,:;: ar¢h~tectilre for the .pr~c.tical implementatiop. of HMA in real time, 
./ :t~ereb~ :Jl'ialcing HM.A . cost effectiye for · .. stll,dio type applications 

· :empl~ying. ··digital television equipment.· 1\pplications for such 

5 ·. digital television .eqiJip.ment includ~· fr:am~. rate conversion, scan 
.. : conversion, noise cieani;ng, and image c<>fl.ipression. 

. More siieci(ically, the preseti~ ~.invention relates to an 
· ··image-processing systein comprising fir~t .. > ~nd second hardware 

.. ·means, which systeQt, in response to r~l~tively high-resolution 
·tO imag~ data from an: ongoing input series·:·::~( successive given pixel-

. . . . 

·de;nsi~y image-data ·rram:es that occur at · ~ given frame rate, 
··.:derives., after a certai~ processing-syste~ ·. delay, an ongoing 

outpqt series of su~G~~si~e given pixeh~ensity vector-data frames 
. , , . tJJ,at··occur. at ·the same:'. given frame rate·~.·:.Each vector-data frame is 

f5 . indicative of image :motion occurring . betw~n each pair of 
successive image frames. 

The fii:~t hardware mean~ is· ~sed to represent the · 
· .. image da~a of each.·$ingte one of the i~g~·frames at n+l 

~rdinally-arranged :sµceessively lower ·pti.el~density levels O ..•. n 

2 0 within a first time ,inl.etval equal in length'.Jo a given fraction of 
' ' ' :the 'certain processing-~ystem delay, wh¢¥¢': n is a given integer 

. ·having· a value of ~t l~fist · 1. The pixel~4~~$jty of level 0 

corresponds to the · ·gi\lqrt p~xel density :iji(l · the pixel-density of 

1evef n :corresponds to-~ lowest pixel d~ris~ty. Further, the 
· 2 5 ma·Jt;imuin expected·· i~ge motion occu1*tllg between two 

succe~siye :frames i,s. typ~cally no grea~~,'jh:an one pixel distance at 
· the lowest pixel-<le#slty~· · The second hafrdyi~e means, which 
incorporates at least ;oli~ · image buffer ltt~~n~, at least one warp 

means, at ·least one molion-analy$is meUis/ at. least one pixel­
density expand me~s, 'and at least o~~.'.·_:ad4,er means, sequentially 
·employs the image '(I_~~ at the pixel-defi$.hy; ·levels n .... O to derive, 
within a second time interval ·equal in 1¢hgtb to a remaining 

fraction .of the ceriip.n •. processing-syste,tri}.delay, a separate motion 

ve~tqr for each pixel at. each of·. the pi~el~~nsity levels, starting 
with th.e lowest pixel-density n, for that·_·_·p~~r of successive image-

frames. 
The resultr b that a high-r~~ph1tion motion-vector map 

at the given pixel .. den~ity may be deriV:~ Jn real time in response 
·.:·'.';:;.:·/ 

• 
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to each .Pair of successive given pixel-density image-frames of the 

.'. ongoing input series. 
FIGURE 1 is a timing diagram, showing the relationship 

between an ongojng output .ser!es of vector-data frame periods 

5 and ari ongoing input series of 'image-datll, frame periods as a 

. function of processing system delay; 
FIGURES :Za and .2b, respecti\t~ly, diagrammatically 

illustrate Laplacian and .Gaussian pyrant!f embodiments of the· 

present invention that provide minimum processing system delay; 

1 0 FIGURE 2c diagrammatically JUustrates the stnicture of 

a prior-art Laplacian . image pyra~id stage employed by the 

FIGURE 2a embo<Jiment; 
FIGURE 2d diagrammatically· illustrates the structure 

of the lowest-pixel-density motion.;.vectot: stage employed by both 

1 5 the FIGURES 2a and 2b embodiments;. 

· FIGURES 2e and 2f diagrartµnatically illustrate 

a~temative structure. of each highei::..piit:~l-density motion-vector 

stage employed by both the FIGURES la·:· and· 2b embodiments; 

FIGURE 3 schematically illustrates the computations 

2 0 performed by one example of a prior-art. motion analysis means; 

FIGURE 4 diagrammatically 'Illustrates a feedback 

Laplacian pyramid embodiment of the present invention that 
employs reduced :system hardware at the .,expense of incr~ased 
processing system delay; 

2 5 FIGURE 4a diagrammatically, illustrates the structure 

of the feedback motion-vector stage empIOyed by the FIGURE 4 
. • . .· .. 7: 

embodiment; 
FIGURES 4b and 4c, respectly~ly, diagrammatically 

illustrate two different alternative structu~es for the 3-port · frame 

3 0 buffer employed by the FIGURE 4 emb04i~ent; 
FIGURE 5 diagrammatically 'iifostrates a feedback 

Laplacian pyramid e~bodiment · of . the . pf~~ent invention that 

employs a single pyramid stage to achieve; n1i~imum system 

hardware, while providing :a.· ~igher ouqjut;·c~bck frequency to 
3 5 · achieve minimum proeessiq.g · sy·stem del~(y; : -. 

FIGURE s'a di~gramrnatically0 _',jilu$trates the structure 

of the .single pyramid stage employed by :t~e FIGURE 5 
. --·-·-· -

embodiment; 

-3..: TiiUlr 
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. ., .. · . · · · ·· . FIGURE Sb c:iiagrammatically illustrates the format of 

>·•···· .. _.·. tlie :Image·. informatiolt • stored by the partitioned line buffer me~ns 
·· ·· ·· · · of. the _:Fi(;µRE Sa pyraniid stage; and 

. ·. FIGURE:. Sc/ is· a timing diagratjl . illustrati~g the 

5 .Laplacian image output from the FIGURE:·-.·sa pyramid stage. 

·10 

. 25 
.· .... 

·· .. FIGURl(-Sci -4iagrammatically illµstrates the structure 

of the ·feedback motion vector stage employed by the FIGURE 5 

em·bodimen t. 

Descriptioll of the Preferred- ·Embodiments 

The prese11t invention is conceined with the "real-
. .· . ! 

time~· prpcessing of im .· :qngoing series of··. successive image-data 

frames th~t are appli~
0 

as an input to an : image-processing system 

.for.:denving as an ··~µtput an ongoing sene·s of successive vector­

data.- ·frames. Since it i#~erently takes time to process image data, 

there vdll -always ·pc{ • :.~elay betwee~ the · processe_d data output . 

from. the ~ystem alld, .. the_.· data input to the system. As used herein, 

the ·tenn ~real;;.time" tr1t,~s that the su~~e~sive · output frames 

emeJ,"ge ·from . the illlag~-J>{ocessing sy~tenl. ;_at the same rate that 

the . ~~ccessive inpµf .frames are applied th~reto, as illustrated in· 

FIGURE l, despite· -~e-.:existence of a pr~ssing system delay 

between: the occurrence of corresponding<Qutput and inp1,1t 

frames. Thus, as sho~>by way of exampl~ in FIGURE l, a given 

. set of ·four consecuf.iye ft"ame periods 1, . :2·, ·. 3 and 4 of an ongoing 

input .series of i~g~~a~ frame period~ , .. applied to an image 

proc,e~sing system ~l' _a'.. given rate, emerg~~,-- after a certain system 

protessmg . delay' af i .. c:()ttesponding se~: ,:9{ four consecutive frame 

peripqs l, 2, 3 anct 4 .of·~·an ongoing oult>ll~ series of yector-data 

frame ·periods that· ()cC~~-···at the same ~ven rate. Therefore, while 

the·· syst~~ processit1g ·-.~J.ay may be lortgef than a frame· period 

"(as shown in FIGUftE ··fr or sho~, the· :i¢dgth of each frame period 

of the 011going output .. s¢~es of veetor~~aia.;'frame periods is equal 

·to the length of each frame period of th¢<~ngoing input series of 

im~ge-,data frame . ,per(C>Q~. . . . . 

. Referencb:;i~':now made to the ·FIGURE 2a .embodiment 

(making· -use of Lapi~ia:ri .pyramid stages)--... ~nd the ·FIGURE 2b 

embodiment (makigg usC, of Gaussian P~amid stages) of the. 

-4-
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present -~rtveption, which embodiments, .~lthf:?u.gh requiring a 
relativ.ely: larg_e amount of hardware in th,eir implementation, 
provide ·minimum system processing delay: As shown in FIGURES 
2a and 2b, the output from image data me~ns 200 comprises, in 
djgital form, an ongoing stream of image:'.'data pixels of each of 
successive 2-dimensional video frames. r~~ . relatively hig.h pixel 
density . of the Gaussian output Go of each . successive video frame 
of the image-data output from means 2op .~o~curs at a clock CLo 
having a· freq1,1ency fc. 

In the case of FIGURE 2a, ·the: ,out,put Go is applied (1) 

directly through delay means 202a to i~#~~ means 204 and (2) in 
cascade through'. each of Laplacian imag~'-pyramid stages · 
206a-1. ... 20~a~5. For a detailed descripti~n .,"of a Laplacian image­
pyramiCI, reference should be made to U.~;. patent 4,674,125, 
which. issued to Carlson et al. on June 16, ._1987. 

. . 
Specifically, as diagrammatically. shown -in FIGURE 2c, 

. ' .· , .. 

the structure of a Laplacian image-pyrami<i stage 206-k, 
operating with a clock CL1c. having a. freqµency equal to 114k-lfc, 
comprises 2-dimensional conv·olution filt~r/decimator 208, 
expander/interpolation filter 210, subtractor ·212 and delay 
means 214. Convolution filter/decimato~ lQ8, which may include 
a rate buffer for . deriving equispaced outf>)J.t .pixels, red~ces· both 
the horizontal image _pixel density and the. >vertical image pixel 
density by .one-half, so that the pixel image ··•density of a Gaussian 
image ou,tput -Gt from s~ge 206~k is only\ on~-quarter of the 
image pixel d~nsity of the Gaussian input. :Gt-1 thereto. A Laplacian 
image ou.tput ·Lt-1 froin, stage 206-k (bavi#g.' the image pixel 
density of Gt-t) is derived by subtracting'·.·~'ach image pixel output 
from ex.pander/interpolation .filter 210 ft~~. the corresponding 
image pi~elinput Gt-1, after delay by de~y; m.eans 214. 

· Returning to FIGURE 2a, it is ;pbtin.that the image pixel 
density of ·G4 and of 4 is only 1/256 of ~~·'·'.high. image pixel . : ::·. ··.:.. : .. 

density .Go of the original image data (i.e .. ,:;:e~h of the horizontal 
and vertical image distances c~vered by' ~a~h lowest-density G4 
pixel or ·Lt pixel is 8 times larger th~ :tb~i ,:.liotizontal and vertical 
image distance~ covered by each highest-d,~~sity Go pixel). For 
illustrative purposes, · it fs assumed that th~ '. maximum im·age · 
motion that can occur between two succe$~lYe image frames is no 

-5-
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.greater than one lowest-density image pixel distance in the 
'horizontal direction . or in the vertical direction. ·. . . . ·. . ~ . . . 

· , ·. As shown in FIGURE 2a, the. tespective Laplacian 
image outputs Lo ...... L3 f~om stages 206a~L ..... 206a-4, after suitable 

. 5 delays by delay means 202a-l. .... 202a-4, are applied respectively 
. . 

to motion-v,ector stages 216-1. .... 216-4, while the Laplacian image 
output L4 from stage ·206a-5, with 1.10 delay, is applied to motion­
vector stage· 216-5. Moti~n-vector stage 216-:5 may be 
implemented as shown in FIGURE 2d, while each o( motion-vector 

· ·. >to stages 216-t ... ~ .. 216-4.inay be implemented as shown in FIGURE 
2e or, alternatively, l11GURE 2f .. The res~tive outputs of motioil­
vector stage~ 216-5 ...•.. 216-2 are cascaded upward to .motion­
vector stage 216-1 ~11,d the motion-vector output from motion­
vector stage 216-1 is applied to ·vx,y means 218. · 

1 5 Specifically,.· as shown in FIGuRE 2d, the lowest image 
pixel. density (i.e., the Laplacian im~ge output 14 from stage 206a-
5 in the case of FIGURE '.2a)~· is applied as a f~t input to motion 
·analysis means 220 and as an input to image buffer 222, and the 
output from image -buffer. 242 is applied ~ a second ·input to 

2 0. motion analysis means 220. Image buffet · 222 stores the values of 
all of the 14 pixels of the preceding image frame for one frame 
period . and then forward.s: these pixels to motion _analysis means 
220 concurrently with th~ application thereto of the 
corresponding pixels .of the current image frame. Motion analysis 

.=z5 means 220, ·which ina.kes_ an ind~pendent••·best estimate of pixel 
motion v x and Vy >()f. eaC~ individual pixel In the horizontal (X) 
and in the vertical (Y) · directions and are ']t}rpically in the range 
between ±1 pixel disu.tnce in the X and y.' directions, makes use of 
known ~orrelation, 1¢~st-:-square best-fit qt · other techniques. For 

3 0 illustrative purposes, FIGPRE 3 shows on,e lcnown example of the 
computations required t~i' implement mot~pn ~nalysis means 220 
using least-square . best-fit techniques. : 

The outpµt of motion analysi$: .n:ieans 220 of lowest­
pixel density motio~'."vector -stage 216-5,- shown in FIGURE 2d, is 

3· 5 applied as an input .to higher-pixel dens(ty: motion-vector $tage 
216-4. Motion-vector stage 216-4, as welf as each of motion­
vector stages 216-3,. :216-2 and 216-i, ~ay be implemented 
either in the manner S~QWll in FIGURE 2e ::or in FIGURE 2f. The 

-6-
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,. structure: -of FlGURE·· 2~," like the structure of FIGURE 2d, includes 
·motion ··~alysis me~~S-·220 and imag_e buffer 222, and, in 

· · · additi~n, includes Warp: means 224e, expan4-pyramid means 226, 
delay means 228 and::. summer 230. Exc~pf for replacing warp 

5.· · ineans 224e with watj> ·means 224f, the sti,,lcture of FIGURE 2f is 
· the· .sam~ as that of . the · s:iruc~ure of FIGURE 2e. 

In FIGl]~'.le, the non'."lowe$t ilnage pixel density (i.e., 
. the. Laplacian image ·oµtput L3, L2, L1 or Lo .from stage 206a-4, 
. 206a,::3, 206a-2, 206.~~1.· :or 206a-O, respeetively, in the case of 

10·· · FIGURE 2~) is applied ~s a signal input to ·both warp means 224e 
and.-. image . buffer 222,' and the respective outputs from warp 
mea~s 224e and iril;ag¢_·:·~uffer 222 are appli~ as first and second 
inputs to motion a1udy$is means 220. The . output from motion 
analysis ineans 220 . .i~··_:a.pplied as a first input to summer 230. The 
V x ·and Vy motion V~to~ outputs derive<I: by the next-lower pixel 
density motion-vect0!. :~tage 216-5, 216-4, 216-3 or 216-2, 

15 

20 

25 

3.0 

35 

respec(ively, is appif~~ ·as an input to e)[palid-pyramid means 226 
of ·motion-vector sta.g~_:.216-4, 216""3,. 216-2 or. 216-1, 
respectively. Exparid~pyramid means 226. is effective in doubling 
the· pixel .density of ·e#~: -of the Vx .and each of the Vy motion 
vec~ors, while at· the .s11,lne time doubling :_the value of each of 
these mqtion vectof$. (si.nce a single pixel ·distance at the next­
lower ·p~xel density. ·o( ~~h of the V x an4. each of the Vy motion 
vectors is equal to. 2 pi~el distances. at the expanded ,pixel densit~ 
.of each .of the Vx ·a,n<i~#¢h of the Vy motion vectors). The . 
expanded V x and Vy · f.llotion vectors at t~~ output of expand-
pyramid means 226 .~e'.,. applied as a co~tl'()l . input to warp means 
224e and through d~l~y} means 228 as a :i's¢eond input to summer 
230. Warp means 2~~-:.ls effective in di~pl.cing backward each 
individual image pi)t~r('.oi the current i~~~~, frame applied ~ereto 
toward the correspo·~ciiµg• image pixel of:[ .i~e• stored preceding 
image frame, then af··!he output of image}· buffer · 222, by its 
corresponding V x i~ag~-pixel · distance i~, ithe horizontal direction 

· and· by its corresp9~4irt_S·· Vy image-pixet·;:cii~tance in the vertical 
-direction. Therefore, .jlj~ ·;.tnotion anaj.ysis m~~lls 220 of FIGURE 2e 
need only make. a l>e~f .'estimate of resid6tl. 'motion that has taken 
place .of each co~e~p~~ding image pixel ,between the current 
image frame and th¥:j>:l"eceding image fran:ie. The delay provided 

:.:· .:·.··.-:. 

... 7 ._ 
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by dela·y means 228. ensures that the residti~l V x and Vy motion 
vectors ,of each pix~l applied to the first . input' of summer 230 
occur concurrently with the expanded Vx amd Vy · motion vectors 
of each corres.ponding pixel derived from.:. :tf}e next-lower pixel 

5 density ~otion-vector stage 216-5, 216-4, 216-3 or 216-2, 
respectively. In this manner, the Vx and. Vy m~tion vectors for 
ea.ch .pixel at the ,output of summer 230 of each subsequent higher 
pixel density one of motion-vector stages 216-4, 216-3 216-2 and 
216-1 define the. Yx and Vy motion vectors of each pixel with 

1 0 greater and greater precision, so that the . 2~dimensional estimate 
of the motion vector for each pixel at the output of summer 230 of 
highest-.pixel del)si.tY motion-vector stage· ·216-l, which is applied 
t_o V x,y means 218, is 256 times more precise than the 2-
dimensional es:timate of' the motion vector •. for eac-h pixel at the 

1 5 output of .summer 230 of lowest.;.pixel density motion-vector stage 
.2·16-5. 

. In FIGURE 2f, the non-lowest image pixel density (i.e., 
the Laplacian im,_~ge output L3, L2, Lt or Lo from stage 206a-4, 
206a-3, 206a-2, 2Q6a-l or 206a-0, respectively, in the case of 

2 0 FIGURE 2a) js applied directly as a first i11put to motion analysis 
. . ; 

means 220 and as an input to image buffer _222, with the output 
from image buffer . 222 being applied as a .. ~ignal input to warp · 
means 224f, and ·the output from warp means 224f being applied 
as a second input-to motion analysis means 220. \Yarp means 224f 

2 5 is effective in displacing forward each ind~vidu·al image pixel, 
applied thereto~ of the stored preceding image frame then at the 
output of image bJ:lffer 222, toward the c~ttesponding image pixel 
of the current image frame by its corresp~~tling Vx image-pixel 
distances in the ·h9rlz~ntal direction and bf; ~ts corresponding Vy 

3 0. image-pixel distances in the vertical directi9n. In all other 
respects ·FIGURE . 2f is identical in structure ;afid function to that of 
above-described. FIGURE 2e. 

' . . . 

Referring now to FIGURE 2b, tlte,.output Go is applied 
(1) through ~eriatly-connected delay mean~.:702b-l and 202b to 

3 5 image means 204."·(2) solely through delay·,::::siieans 202b-l as the 
image &ignal ·input to motion-vector stage .216-1 and (3). in 
cascade through each of Gaussian image-pyramid stages 
206b- l. ... 206b-4. The structure of each of Gaussian image-

-8-
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pyramid. ·.stages 206b-2 .... 206b-5 comprises solely 2-dimensional 
. c.onvolu~•Ol,l '·iftter/dedmator 208c, with th~ respective Gt.. ... 04 

. .-:: •··· 

to.· 
:.'·:/ 

.· .<.· 

·. f5 

: ::.,_ 

... ,·..-

.. 3.0 

,:-· 

. · <outplitS ;9( Gaµssian image'."pyr3.mid stages 206b-1. ... 206b-4 of 
FIGU.R.B 2b replacing the . respective L 1 • •• ~.h,4 outputs of Laplacian 
image-p}tramid'. s·tages 206a-1 .... 206a-4 of ;FIGURE 2a. . . .,·. 

From the point ·of view of d~riving 2-dimensional 
motiQn vector~ _in real time, the Gaussia1i: im.age-pyramid of 
FIGURE: 2b •nd the Laplacian ·. image-pyrartp(l of FIGURE 2a are, for 
the most pt:ift, .equivalent. However, becaijse any cbange in image 
brightne.ss· ievel between any two successive Go video image 
frames from image data ~eans .200 tends'. to adversely affect the 
Gaussian bnag~-pyramid derivation of "1()dOn vectors somewhat 

· more th~ the Laplacian image.-pyramid 'j.lerivation of motion 
veetors, .the Laplacian image-pyraMid of FI(JU:RE 2a is io be 
-preferred 

It is apparent that there is a. ftrst inherent system 
processing d~lay in traversing down the .cascaded stages of either 
the.·· Gaussi~ or Laplacian image-pyr~d, :·and an additional 
inherent system processing delay in traver~ing up the cascaded 
motion-vector stages. The value ·or the de.lay provided by each of 
the respectlve delay means 202 of FIGU~(2a or FIGURE 2b is ·set . . . ~ . 

to compensate for these inher~nt system processing delays and 
thereby ensure timing concurrence in alf·::~ases between 
interacting corresponding image and moil~n-vector pixels that 
have traveled to each of the motion.;.veet~~ stages over different 
paths. 

The minimum total system 1#ocessing delay of the 
Gaussian FIGURE 2b embodiment of the,',~~esent invention is 
slightly less than that of the Laplacian F:IGURE 2a embodiment of 
the ·present invention. Specifically, with ,all1;:'N'rsc scan-line period 
of 63.5 _µ.s (inCluding blanking time), th~:miniinum realizable total 
system processing delay of the Gaus$ian.:_:FIGl1RE 2b embodiment 
(with G4 being_ the lowest pixel. densityr,'.~s': 144.3 scan-line periods, 
while the minjmum realizable total . syst~m-:j>rocessing delay of the 
Laplacian FIGURE 2a embodiment is .. inc~~s.ed by 35 scan-line . 
periods to 178.3 scan-line periods ... The (ielay in scan-line periods 
provided by . each of delay means 202b-i<.,L ... "20ib-4 is determined 
by the differential system processing del~~- between its two end 

·.: ~ · .. ·· •··. 
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25 

point$, divided by the reduction in the ·clock frequency fc at that 

· pyrami<l ;1e:\rel. For instance, the delay pr~vided by delay means 
·202b-2···is r32.23j4 scan-line periods. 

The problem with both the FIGURE 2a and FIGURE 2b. 

embodiment$ of the .present invention is they .require a large 

amount ·.of hardware to implement. In particular·, each of the 

FIGURE: 2a and FIGURE 2b embodiments requires five separate 
. .• 

motio~-:Vector stages, each of which inclu~.~s its ·own rather 

complex and costly motion analysis meai:t~. _:in. order to achieve a 

relatively s111all ~inimum realizable total· ~ystem processing delay 

for only , ~ve ·pyramid levels. Reference· is _J10W made to the FIGURE 

4 embodiment of the present invention which .requires only two 

separate moiion-vector stages, regardless of how many pyramid 

levels at'.e involved. 
For illustrative purposes, the ·FIGURE 4 embodiment 

employs a Laplacian image pyramid, but· could, if desired, employ 

a Gaussian image pyramid instead. ~pecifically, image data. means 

400, delt1y in,eans 402, imag~ ·data means.·. 404, Laplacian image 

pyramid. stage 406-1, delay means 402-1, . motion-vector stage 

416-l and Vx.y means 418 of FIGURE 4. ~e identical in structure 

and function to image data means 200, delay means · 202a, image 

data me~s 704, Laplacian image pyranii~. st~ge 206a-l, delay 

means 4Q2a-l, motion-vector stage 216-l an~ Vx.y means 218 of 

FIGURE. 2a. However, in FIGURE 4, the G:t output of Laplacian 

image pyr8rnid stage 406-1 is applied as a first input to 

function~ly 3-pon frame bu.ffer 432 .. Th~;.output from frame 

buffer 432 is applied as an input to Lapl~ian image pyramid 

stage 406 .. n (comprising structur~ shown i~/FIGURE 2c), with the 

Laplacian output therefrom being applied ·as an input to frame 

buffer 434 and the Gaussian output therefl'Qm being fed back as a 

second input to frame buffer 432. The o~it>ut from frame buffer 
434 is ~pplied as an input to feedback fu~tion;.vector ·stage 416-n, 

which may be implemen~ed as shown· in ;fi:PIJ~ 4a discussed 

below. Motion-vector stage 416-n derives::( .. ~ ~ output Vx and Vy 

motion vectors at the. Gt pixel-density ley¢.j~· which are applied as 

a warp-control input to motion-vector stage 416-1. 

Structurally, frame buffer 432: ::Inay comprise a single 

3-port frame memory having two indepe~~ent input ports and a 

-1 o"." 
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s:ingle outpµt port, or, alternatively, may comprise either two 2-
. ... port · fraiµ~ memories capable of having on·~. of their two output 
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· .. ports selecte(f by a switch, as shown in FIGURE 4b, or .four 1-:port 
. frame memo~es each having its one port either unselected or 
selected as an input or a.s an output port ·by a group of switches, 
as ·shown in FIGURE 4c. In any event, as i~dicated in FIGURE 4, the 
readout from frame buffer 432 of ~he stor~ ·G1 pixels of each 
video frame results in stage 406n deriving a Laplacian output L1 
and a Gaussian output G2. The Gaussian otitpµt G2, which is fed 
back. as .an input to frame buffer 432, sio~~d therein a.nd th~n 
read out .therefrom as an input to stage 4P6~, results in stage 
406n . deriving a Laplacian output L2 and a' Gaussian output G3. 
This recycling· process continues until st~ge 406n derives a. 
Laplacian output Ln and a Gaussian output< Gn+l (where n m~y 
have as high an integral value as desired),. wbich Gaussian output 
G:n+l is not recycled through frame. buff~I'' 432. Because the pixel 
density of ·Gt is only 1/4 of that of Go an~<because of the reduction 
by decimati9n in pixel density by a· factor·. of 4 during each 
'feedback ·cycle, the total number of Gt .....• On pixels of each video 
frame can ·never be gre~ter than 1/3 of .the '.number of Go pixels of 
that video frame. Thus, while the requireci · .. storage capacity of 
each of frame ·buffers 43'2 and 434 is nor ;Ia.rge, their presence 
does insert additional ~ystem processing · deiay in the FIGURE 4 
embodim'ent: ·The use of feedback recyclin •. t~ redu~e the 
hardware: required to implement a Lap~aC,i~ ·image pyramid is 
described, in more detail in U.S. patent 4~J:03, 514, which issued on 
October 27, 1987. ·•··.·.', 

~: · ... 

. As indicated in FIGURE 4, wh.lle. the Laplacian output 
from image pyramid stag~ 406-n is applied:: .io . the input of frame 
buffer 434 in the sequential order Lt ..... '¢~{:the output from frame 
buffer 434 is applied to. the input of ~ojio~-vector stage 416-n in 
the sequential order Lo. .•••. L l · As shown iri· ,H(JURE 4a, feedback 
motion-vector stage 416-n may comprise,'<nfotion analysis means 
420, image buffer 422. and wu-P means >~2~· '.-<which are 
interconnected·. in a manner' similar to th~( sh~wn in FIGURE 2e 
~d are ·responsive to each of the L0 •••• L:{~:utput from frame buffer 
434 bei1_tg applied in s~quential order as alt input to feedback 
motion-vector stage 416-n). Feedback motion-vector stage 416-n 

-11-



RCA 85,0l6 

may als·(> · compnse exp~11d-pyrami<,t stage '426, delay means 428, 
summer f 43{) arid dual"7port frame buffer 4~6. The output from 
motion .an~lysis .·means · 420 is applied as a. first input to summer 
430. .-and. the~ output frQm summer 430 is applied as an input to 

5 . frame buffer 436. The output from frame ~Uffer 436 is fed back 
tbrQugb ; expand-pyramid stage 426 and . applied both as a warp 

. control· input to· warp means· 424e and ~J:i~qugh delay means 428 
as a second· input to summer 430. in resp()~se to each of the 
Ln .... L2·btJJput from frame buffer 434 ~i~g applied in -order as an 

·ro input to· feedback motion-vector stage 4J<i:~n, but the output from 
frame buffer. 436 is applied as an input tri. highest pixel density 
motion-.vC.ctor stage 416-1 in response to tJJe Lt output from 

. ·frame :b.uffer 43~ being· applied in sequential order as an input to 
feedback motion-vector stage 416-n. 

· 1 5 . It i$ obvious . that a warp me~s, connected as is warp 
means 224f in FIGURE 2f, can be substitll~d in FIGURE 4a for 
warp .means 424e. 

: . ' . 

Reference is now made to the. FIGURE 5 embodiment of 
the present invention ·w'1ieh· requires oliJy ·a single motion-vector 

20 stage, regardless of bow many pyramid i¢Yels are involved. 
Further, the · FIQURE 5 embodiment .n~, J1ot insert additional 
system processiD.g delay, as is the case irr :~e FIGURE 4 
embodiment. This is accomplished by e~p(oying a single image 
pyramid · stage 506-n, having the structur~ shown in FIGURE 5a 

·2:5 discussed· below,' to det,ive, at an increas#<f clock frequency and in 
.·· .. ' ·. 

a novel .:.scan-line order, each of Laplaci.n ·~utputs Lo ..... Ln applied 
as an iriput ·to frame. l>liffer' 534. Frame,'l>uffer 534 may then 
apply at, thi$ increased.·• ¢iock frequency e~h ,of its Laplacian 
outputs Lo .• : ••. LIJ. in a different predetermined order 'as an input .to 

3 0 feedback motion-vector stage 51.6-n.(h~~iri•g the structure shown 
in FIGURE 5d)~: and the output fro~ fC,edb~ck motion-vector stage 
516-n 'is applied directly to Vx.y means~:•51~ .• 

The,structu~: of image pyraihld'.:,,st-=ge 506-n, shown in 
FIGURE Sa, cQrnpris~s· ··convolution filte,l'/de(:~rnator 508, 

.35 expander/interpolation .filter 510 and s·u6tr,a¢tor 512 (which 
correspond to convoh1tion filter/decimat~r: 208, 
expandet/interpoiatiort. fitter 210 and subfractor 212,<>f FIGURE 
2c), and. partitioned line·· buffer means 540.·A stream of Gaussian 

-12-
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Go iµt~g~· 4ata pixels,. occurring at the CLo input clock frequency, is 

· ·· appli~cf'.: ~; ;~~ ··i~p~f-'.:fo partitioned line buffer means 540, while 

. · lhe ··~p~ta.i.(ng."·r~t~ Qf the output from partitioned line buffer 

means:: 540:·:and::of<convolution filter/decimator 508, 

expandet/interpolltjott. filter. 510 ··and subtractor 512 is at an 

increa.s~· 916qk. freqri~ncy of 1.5 CLo. As .indicated in FIGURE 5b, 

part~#Qneq. ·.line buffer means 540 includes n+ 1 storage bins .for 

separ~t~ly«stot.iD;g:: ~h :()f Oo .... Gn pixels (e.g., Go, G1, G2 and 03)· 
Eac.\t :of these· stored tl.o~ ... G0 pixels (i.e., Go:n) may be read out and 

applied·~ ·an. i~put .. · to convolution filter/decimator 208, which 

deriv~s ·. e~h of 91 ~Cn.+1 > . pixels. Each of Gen+ 1) pixels are applied as 

an. illpU:t. ip. expan<fet/in~rpolation filter 510, ·with the output EXP 

. G1:(n·~1)< .. (~avi~g· .e. '.~~tne respeetive pixel densities as Go:n) from 

expatiJ¢tfihtel'.p~iad.~n'. filter 5to.· being separately s~ored in n+t 

addiµ()naJ:.:(>.ins of ,p8Jtj.tioned line buffer means 540 (as shown in 

FIGu~·,·$:h).:?.S1J~tt~t9t 512 subtracts the values of. EXP G1:n pixels 

r~d·<l•it:.(bt. the·.io(der, shown in FIG~E 5c) from partitioned line 

buffer . tn~~.s·: 54() ft~m corresponding Go:n pixels also read out (in 

the <>rd.~r·sh9wrt;)bi~'.FJGURE Sc) from partitioned line buffer means· 

540, thereby 4-erivilig-.· .. (in the order shown in FIGURE 5c) the Lo:n 

Lapl~cia~ 9utput: fr~m image pyramid stage 506-n that is appUed 

as ~ ln_put to frai#es:_ buffer . 534. In particular, because of the 

incr~.~ed .cJ()C~j'req~~l)cy of 1.5 CLo at which the the Lo:n 
La.pl~c:ia.D ' oµipui:. ~(:;µt.s,. . it is possible to derive in real time all the 

Lo . ·plx~ls' :i~ «:a $c1q;(l*~' together with all the pixels in a scan-line 

of any .. :.one :high~r .. L .·;iQiage pyramid ievel, well within the same 

single video. scatt~Jirl¢ .·Period of 63.S µs, in the manner shown in 

FIGURE. Sc. ·for· th~.·~xaunple in wtiich Ln=L4. . 

·· A$·. shown:: in FIGURE Sd, the structure of feedback 

motion-v,ect()r sugC,}516-n is the sa~e as the structure of 

feedpack -.moti~·~·~vc~<lt~ stage 416-n, shown in FIGURE 4a. 

However, the ordett:rif :the Laplacian output from frame buffer 534 

applied as· .an<·input't(>.' FIGURE $d may be different from that ·of 

th~ input ·to FIGI1@:4a. More specifical.ly; the Laplacian stored 

data from .feedbaclr{::111otion-vectc>r stage 416-n is applied to frame 

buffer ~34, at t~e irict~sed rate of 1.5 CLo, either in a time 

sequential ;tnan8-~r '~ry·~ltematively, in a time multiplexed 
mann~:r. 

-13-
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· In a time sequential manner, ~!l .of the Lo:n Laplacian 
~µtpu~ (i:a~ from FIGURE 5a has to be fµ-st completely computed 

. . and stor~(j in. frame buffer 534 before fr~me buffer 534 can begin 
to applyi this stored data to feedback m~~~>n-vector ·stage 416-n . 

. This tak~s about one video .frarne period,. ·.:(~ncluding a vertical 
b_lanking: :time), resulting in the addition .:df an essentially one 
frame period delay to the sys.tern proce$~fl).g delay. Motion 

an.aJysis <by the FIGURE 5d structure of~J~~dback motion-vector 
Stage 416-n ·to obtain the V x.y motion ve(:t<>rs at the highest pixel 
·density ~f Lo is performed in a manner ~iltiilar to ·that of the 
. FIGURE· . 4.a. embodiment, resulting in ~ ··4ditional system 

·processirig.·delay of (1) l/3 divided by 1.~~F~r a video frame period 
(where Ls corresponds to the increase Jn.';:9lock frequency) before 
the V x,y. motion vectors at the highest pij(~( density of Lo. can be . 

comput~. ·plus (2) 1/1.5 of a video frufi#,.?period for the highest 
.pixel density of Lo. 

·In a time (i.e., scan-line) mul#plexed manner, the. 
FIGURE 5d structural arrangement is . m~i~ed to include a 
partitioned line buffer means .similar to fl1~( shown .in FIGURE Sa 
ins.tead Qf delay means 528. While the ~br#rol of data flow and 
warp means is now more complex, the ::i(,t'.al system processing 

. ~ ·.,·~:·' 

delay can be made similar to that of the)FJ(JURE 2a embodiment. 
Specifically, while the cumulative proces$J.ti~ time of the sum of all 
-n pixel.;;density levels taken . together may::.:exceed a video frame 

period,· the processin·g . time of. each in4~~idual pixel-density level 

(including the longest Lo pixel-density i~~~l) employing the 1.5 
CLo clock frequency is substantially s~ll~r than a video frame 
.period. Therefore, the processing of c~hs~utive pixel-densi~y 
levels can be overlapping in processing .~me. Thus, while Ln of a 
first-occurring video fram~ is still being.: pr(>c~ssed, Lo of a second­
occurring video . frame can already start ·its·: pr~essing, and while 

the highest-pixel-density motion-vector .:values of a ·first-occurring 
video frame are still being computed, aff,. ~f the. lower-pixel-

.... density motion-vector values of a seco~df&curring video frame 

.- .. ·· 

'3 5 may already have been computed. .:< ;: · 
It should be recognized thaf the · pyramid stage 506-n 

of the filter/decimate-expand filter type ·: ~~y be replaced with a 

pyramid stage of the filter-subtract-decifit#te type to realize a 

-14-
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m-ore parts ·efficient embodiment. See U.S. Patent 4,674,125 for an 

example ·• of a filtet-~;~btract-decimate module. 
·The de~~tibed HMA implementations generate 

(typically) a motion v~tor for every pixel in the image. These are· 
· 5 obtained by ·first colliputing motion vectors for a low resolution 

representation of the =i(nage (level n), where .each vector Vn has a 
: subpixel =resolution (~elative to that image resolution) and 

represents .a motion qf V n *2n at the highest (full image resolution 
. (level 0)~ These m9tion vectors Vn are then refined at the next 

10 hj.gher ·resolution level n-1, obtaining a (subpixel) motion vector 
V n-1 f <?r each pixel jl.t resolution level ·n-1. This process is 
ty~ically _":repeated u11til the motion vectors· V 0 are computed at . 
high~st resolution (leyel 0). 

Final moti~n· vector represen14tion, however, does not 
1= 5 have to be at full res9.ution, but may be at a low.er resolution. For . 

example one motion ;ector for each 16 x 16 block of image data 
(or resolution level 4J as .Is common .for many compressed video 
signal fonnats, e~g., M:PEG. 

This moti.9n vector can be obtained through HMA 
20 methods (implementations) by either 

a) compti~g the motion vectors from level n (n>4) to 
only level 4, and U$illg. this as the final motion vector result (at 
significant implementatio~ cost savings, but reduced accura~y), or 

~) computing the ·motion vectors to a higher · 
. 25 resolution {e.g., levei'·z with a motion vector for every 4x4 pixel 

block) and then comp11ting a more accurate motion vector for 
every l6x16 pixel bl~k by combining (by some means) the 
higher resolution moti<)n vectors, or 

c) comprltlng the motion vectors to level 0 and 
30 averaging, e.g., 16xi"6.' blocks of motion vectQrs to obtain high 

resolution motion vectors for the respectiv'e . \blocks. This 
apparatus is indicate4·i11 FIGURE 5d wherein· the box 575 is a 
memory ·buffer. stonng Ahe levei 0 motion v~ctors. An arithmetic 
unit 577 accesses 16xl6 matrices of the l~vei zero motion vectors 

3:5 and generates one \i~c'trir '.for each matrix, bi. taking the average, 
or the mean, or the ril.~dian, etc., of the vectors included in each 
such matrix. 

-15-
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L In an image"'.processing sy~tein, tesponsive to 
. relativ~ly high~resolution image dat~ fronl:J1n ongoing ·input series 
of ·successive giveQ. _pixel-density imag~.;·f~~~es that occur at a 
given frame rate, for deriving, after a certain processing-system 
delay, an ongoing output series of succes$ive given pixel-density 
vector-data frames th~t occur at the sam~ _:given. frame rate, in 
which each vector-data frame is indicativ~'. of image motion 
occurring between each . pair of successive>i~age frames; wherein 
said .. system is characterized· by first hard~i.re means (506-n) for 

·· · :10 representing th~ image, data of each single<='tine of said imag.e­
frames .at n+l ordinally-aqanged successiy~ly lower pixel-density 
levels o~.~.n within a first ti~e interval eq1:J~l1 in length to a giveri 
fraction of the certain processing-system ~~lay, where n is a given 
integer ~having a value 9f at least 1, with:,J>ixel-density level 0 

'"15 correspo11dit_tg to said _given pixel density ~d pixel-density level n 
c()~e~p9nding ·to a lo~est pixel density, ~4 wherein said system 
further .comprises~ 

second hardware rneans, incorJ>~rating at least one 
image buffer rneans (522), at least one image warp means (524 ), 

:, :20 at least :one motion-analysis means (520),:, 8.t least one pixel­
densi~y expand means .(526), and at least •. one adder means (530), 
for sequentially · employing said image dat~: ·.of each pair of 
successive image·-frames at each of said 'i>i?t-~1-density levels n .... n­
k .(k an integer less than or equal to n) to :.4erive, within a second 

25 time interval equal in l~ng,th to a remaining fraction of the certain 
.processing-syst~m delay, .·a separate motio11<vector for each pixel 
at- each ·of said pixel-density levels n .... n-k, ~tarting with said 
lowest pixel-density n, for that pair of su~¢essive image-frames, 
by adding a residual · m~iion vector for ~a( pixel derived at each 

·. 30 of said pixel-density le~els above said lo~~s,t pixel-density n to 
the corresponding sepaJ(ate motion vectqn: M~eady derived at its 
immediately lower ·pixel-density level; _ ' : 

wliereby ·a'"'rri.otion-vector map:· -~~ n-k pixel-density 
_may ~ derived in real 'time in response, it;:.each pair of. successive 

35 given :pixel-de_hsity ima~e-frames of the <)Dgoing input series. 

>J~1m mm11u1u111111m 
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. :2. The im~~e-processing system defined in Claim 1, 
'characterized in that: . ·'· ··: ·., .. . 

. · ; . ·~ said sec0.n<f: , h.ardware mean.s derives both a horizontal 
component V x and a '!¢meal component Vy · .of each separate 
motion v~tor for eac~ :pixel at each of said pixel-density levels. 

3. The i~~e-processing systet11 defined in Claim 1, 
characterized in that: 

:said first :'h.~dware means repr~sents the image data 
of each s\11Jle one of" s~(l image-frames at~)aid n+l ordinally-

·.10·. arranged ·s.iicce~sively ibwer pixel-density l~vels O •••• n in Gaussian 
format. 

4. The illiJlge-processing system ·defined in Claim I, 
·Characterized in that: 

said first ·b~dware means repl'.~S,ents the image data 
· · lp of each single one of ·said image-frames a~: .said n+l ordinally­

arranged• successively lower pixel-density levels O •••• n in Laplacian 

2() 

25 

3() 

format. 
.. 

S. The i(IUlge-processing syste~ defined in Claim 1, 
characterized in · that: . 

said first ·~ardware means cq111prises an ordinally-
. arranged ·pyramid of n · ~ascaded image st~g.es, with said high­
resolution. image data ~t:' pixel-density levei' 0 being applied as an 
input to a'. 1st of said n cascaded image sti(g¢s and a Gaussian 
output from each of s.~~, cascaded image ~~ges 1. ... (n-1) being 
applied as an input to lt$. immediately follpWin:g one of said n 

··:.· 

cascaded ·image stage~; ~d .. 
said seco~d ·. hardware means ·c9mprises an ordinally-

arranged ·plurality of .fi. cascaded motion-v~tor stages, with an 
output fr<)m each of said n cascaded imag~>stages being 
individually applied as 'an input to a con-¢spon4ing one of said n 
cascad~ ·motion-vect9~: ~tages ·a~d an outp~~ from each Qf said 

· cascaded motion-vector -~tag·es .n.: .. 2 being ~~plied as an input to· its 
immediately preceding. 'orie of said n c~s¢#ded motion-vector 
stages: wi:th. (1) all o( ;S,aid motion-vector ~,~ges l ... n including its 

JS ·own individual image)bµffer means, and triotion-analysis means 

·· .. : ~-----------: -----
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.· .. ,-.:··:J?·"'a.iu:t (2) ·au of said motion-vector stages L .. _(n-1) further including 

' '.:_'f6':: '.,'its : own individual pix'el-density expand me•ns, adder means and 

: · ~. image. warp means; 
· whereby the output from the lst of said n cascaded 

5. motion-vector. stages comprises a separate. ·rt.lotion vector for each 

:Pixel· at said· given pixel~ensity level. 

6. The image~processing systeQi defined in Claim 5, 

characterized in that: 
said first hardware m~ns: cq~prises an· ordinally-

1;(;)' · · atranged Gaussian pyraJllid of n cascaded .. ~mage s~ges, and said 

Gaussian .output from ~llCh of said: cascad~~(f:,-nnage stage~ 1. ... (n-1) 
is ·the output from eacb,. <)f ·said a· cascaded;"image stages that is 

in~ividually .al)Plied as an· input to a co~$ponding one of said n 

cascaded ·motion-vector stages· of s;dd set6P.d hardware means. 

15' 7.. The image-process~ng syst~~ defined in Claim 5, 
characterized in that: 

said first hardware means co~prises an ordinally­

arranged Laplacian pyramid of n cascade4·:image stages each of 

which derives · a Laplacian output in additio~ to its Gaussian 

20 output, and said Laplacia:n output from e~¢~ of said casc~ded 
image stages l. ... (n-1) is the output from. ,~~h of said n cascaded • 

image stages that is i11dividually applied · ~( an input to a 

corresponding one of ·~~9 n. cascaded mritfon-vector stages of said 
second hardware means .. 

'.·~:?,:> 

25 8. The image-processing syst~~ defined in -Claim 1, 

chara9terized in that tl)e value of n is at Je~st 2, wherein said first 
hardware means comprises a . pyramid cori$isting of a 1st ·image 

· stage and image feedback ·means, and "11l~rein: 
· said high~i'e~Qlution image «iata. '.at pixel-density level 

30 0 is applied as an im~ge:. input to said l~t'iffi~ge stage and said 1st 
image stage derlves a. G~ussian image outp~f at pixel-density level 
1; and · 

--------------
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said image "feedback means includes a 2nd image stage 
and· first and second frame buffers, ( 1) with said Gaus~ian image 
·output at pixel-density l~yel 1 from said ht image stage being 
applied as a first image · input to said first ·frame buffer and each 

· s · of respective Gaussian image outputs at pixel-density levels 2 ... n 
·from said 2nd image s~ge .being applied, .iri ·s~uential order, as a 
second image input to said first frame buffer, for storing in said 
first .frame buffer all .of said Gaussian imag~ outputs at pixel-

. . 

density levels l ... n app.ied _as image ,inputs .thereto, (2) with each 
10 of said stored Gaussian image outputs at pixel-density levels l. .. n 

being read out from said first frame buf:f~,: .· and applied as an 
image input to said 2nd· image stage, and ;(J) each of respective 
i~age outputs at pixel4:1ensity levels 1 .. ~n '(rom said 2nd image 
stage· being applied, ~n :sequential order, as :an image input to said 

15 second frame buffer fot storing therein alt · of said· image outputs 
at pixel-density levels l ... n applied as an · image input thereto. 

20 

9. The image .. processing system defined· in Claim 8, 
characterized in that said second hardwarcr means consists of: 

a feedback motion-vector stage, responsive to each of 
said stored image outpµts at pixel-densit~<:iev~ls n ... 1 being read 
out, in sequential order, from said secon4 .· frame ·buffer and 
applied as an image . i~put thereto, for denving 3: motion-vector 
output at pixel-density level 1; and 

a highest-.pixel density mo~i<>,~-vector stage, 
25 responsive to both image data at pixel"-d.~ns.ity level 0 and said 

motion-vector output at .. pixel-density ie~eP 1 rrom said reedback 
motion-vector stage being applied as inp~t~ thereto, for deriving a 
motion-vector output ·at pixel-de~sity levbl · O therefrom. . 

10. The image-processin.g sys*em defined in Claim 9, . 
30 characterized in that: 

said pyramjd ,of said first h~\vare means is a 
Laplacian pyramid, in which said 1st i~g~ •.stage is a Laplacian 
image st~ge and said 2nd image stage; bf;:·~aid image feedback 
means is also a Lapla(:ian image stage; . · ·· 

·; 
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... 

each of said respective image oµtputs at pixel-density 
levels l ... n from said 2nd Laplacian image st.ge applied, in 
sequential order, as an· image input to said ·s¢cond frame buffer is 
a Laplacian image output -from· said 2nd i~~e stage; and 

·.·. :.-:: . 

5 said image data at. pixel~density_•(~~vel 0 applied as an 
input to said highest-pixel density ~odon-v~tor stage is a 
Laplacian image output from said 1st· Laplacian image stage. 

11. The image-processing system defined in Claim 9, 
characterized in that_ said feedback motio~-vector stage comprises: 

10 first means including an image buffer, warp means 
and motion analysis means, responsive to . e'~h of said stored 
image outputs at pixel-density levels n ... l ~ing read out, in 

. . 

sequential order, from said second frame buffer and applied as an 
image in.put thereto, for deriving, in sequenti,al order, each of 

15 respective motion-vector outputs at pixel-density levels n ... l; 
second. means including a sunur1er and a third frame 

buffer, for applying, in ·o'-'der, each of · said·''respective motion­
vector outputs at pixel-density levels n ... 1 as, a first input to said 
summer and applying the output from said· summer a-s an input to 

20 said third -frame buffer; 
third means including an expaJ1d"".pyramid stage, 

res.ponsive to a firs:t ouq>ut of _each of sald'..:.-~spective motion­
·v·ector outputs at pixel~density levels n~ .. 2 .. ii.om said third frame 
buffer of s~id second means being applied,~·.in ·sequential ·order,· as 

· 25 inputs to said expand-pyramid stage, for d¢riving, in sequential 
order, respective motion-vector outputs r.-9m said expand­
pyramid stage at expanded pix.el-density l~v:els (n-1) ... 1, and 
applying, in order, each of said respective{ lnotion-V"ector outputs 
from said expand-pyr~id st3.;ge at said :eipailded pixel-density 

30 levels (n-1) ... 1 both as a control input to sa.i.d warp means of said 
first means and as a second input to said ~~,mmer of said second 
means; and e:: 

a second .. oµq>ut from said third.0-Jtame · buffer of said 
second means con~tit~~t~g, said modon-v.t4tor' output at pixel-

35 density level 1 from 's8.id ·• feedback ,'.irtotiort-vector stage that is 
, applied- as an input to s_aid highest-pixel .d~nsity motion-vector 

stage. 
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12. · The image-:processing system, defined in Claim 1, 
characterized in that the value of n is at least 2, and wherein said . . .~·· 

· first hardware means comprises a pyramid consisting -of a single. 
image stage that employs feedback for d~pving respective image 

5 outputs at each of pixel-density levels O ... n. 

13. The -image-processing system defined in Claim 12, 
characterized in that: 

said single image stage of sai.9 , first hardware means 
comprises convolution filter/decimator m~ans and partitioned line 

· 10 buffer means; 
said ·partitioned line buffer m~s including a plurality . 

of at least (n+l) separate partitions each t>( which stores pixels 
applied thereto and reads out stored pixe~s :'therefrom, a first of 
said plurality of (n+l) partitions storing lJie.: Gaussian image data 

15 pixels of each of sucees~ive scan-lines of. .~ image-frame applied 
thereto at a pixel-density level 0 that <>cc~. at a CLo input clock 
frequency' and reads out the pixels store4,. :therein at an increased 
output clock frequency . equ~l to at least 3/i/, of said C:Lo input 
clock frequency; · · · .. 

20 said convolution filter/ .decim•t9r means, in response 
to stored· Gaussian image data pixels at ~db of pixel-density 
levels ·O to n read out, in sequential· order·.· '8d at said increased \ 
output clock frequencY., from said pluralit)" :';of (n+ 1) separate 
partitions of said partip9ned line buffer ille~s, derives as an 

25 -output therefrom, at· s~4 · increased output'.:clock frequency, a 
scan-line of Gaussian iniage data pi~els a(·}~~ch of at least J>ixel­
density levels 1 to n; · 

means for storing each of said ./respective scan-lines of 
Gaussian image data pixe.ls at each of thgfpixel-density levels of 

30 said out,put from said. convolution filter/ ··decimator means, at said 
increased output clock . f~e,quency, in its ~9tf:es-ponding ordinal one 
of said plurality ·of (n+l) separate partitih~-S,: of said partitioned 

. . '• :-. ~ . . 

line buffer means; and 

--· --........ ___________ --·--
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means, responsive to stored Gallssian image data 
pixels at each· of .pixel-density levels 0 to )1 read out, in a 
predetermined order and at said increaseW '.putpui clock 
fre_quency, from said plurality of (n+l) s#p~ate partitions of said. 

5 p~itioned line buffer means~ "for derivin:g ·an output therefrolil, at 
said increa~ed output clock frequency, for application to said 
second hardware means. 

14.. The image-proc.essing ·sy~te1t1 defined in Claim 13, 
characterized in that said partitioned line.- buffer means includes a 

io plurality of (2n+2) separate partitions cot,Ji,prising said (n+l) 
separate partitions and an additional n+{; separate partitions, each 
of which separate partitions stores .pixels. applied thereto and 
reads out stored pixels therefrom; wherei~ .'._said .convolution 
filter/decimator means derives. as an out~µt:· therefrom, at said 

15 increased output clock frequency, a scan~~~~e ·.of Gaussian image 
data pixels at each ·of pixel-density levels},.1 ·to (n+l); and wherein 
said means for deriving an output theref#)tn for application to 
said second hardware means includes: 

expander/interpolation filter · rn~ans 
20 subtractor. means; 

means for applying each of said respective scan-lines 
of Gaussian image data pixels at pixel-dens!ty levels i to (n+l) of 
said output from said convolution filt~r/ ·'Clecimator means, at said ; 

. .. 

increased output clock frequency, as an ilJ.;put to said 
25 expander/interpolation filter; ,,, . 

means for· storing each of satd/re&pective scan-lines of 
expanded Gaussian image data pixels, of~:a;O:output from said 
expander/interpolation filter ~eans, at pi~~i~density levels 0 to n 
and at said increased output clock freqµ,eli¢y, in its corresponding 

30 ordinal one of said additional separate p~i!ions of said 
partitioned line buffer means; and ·· .· · :: ·· 

means· including said subtraqi~tO:·means for deriving 
the difference . between corresponding o~es :-·ci~ ·: said stored Gaussian 
image data pixels at each of pixel"'.densitY:' l~vels 0 to n, read out in 

35 said predetermined order and at said irt~r~lis~d output clock 
frequency, from said first-mentioned (n+_t)'.'.separate partitiOQS of 
said partitioned line buffer means and c6rresponding st~~~~- __ ·--·· 
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expanded Gaussian imag_e data pixels at each of pixei-density 
levels 0 to n rea<J out, j~ said predetermin~, order and at said 
increased output cloek Jr¢qµency, from said: -additional ( n+ 1) 
separate partitions of : said ·-partitioned line. 't>i1ffer means, thereby 

s deriving, in said. predet~rmined order, LaplaCian i.mage data pixels 
at eacb of pixel-density::,'.ieveis O to n for a~plication to said second 
hard ware means. 

15. The in:lAge·-processing syst,etr(,defined in Claim 12, 
characterized in that: : :~--id second hardware:_ ·nieans comprises a 

10 single motion-vector- s~ge ·that employs f~back for deriving 
respective motion-vec~<lr ·outputs at each of pixel-density levels 
n ... o. 

16. The iQ1age. processing system -·def med in claim 1 
characterized in that n, 'is .. at least 2 and sai.~'. second h~dware 

15 means comprises. a :si~gJe ··motion-vector stag~ that employs 
feedback for deriving .-~,spective motion-veetor outputs at each of 
pixel ·density levels .n .. l11:-k~ 

17. The : in,.age-pr0cessing ·system defined . in claim l 
characterized in that k~l, and said second ' hardware means 

20 . further includes mearis . te~ponsive to motion, vectors of level . 0 for 
generating further motjon·· ·v.ectors each of :\Vhich -is .representative 
of an SxR matrix of -;n61:ion vectors of lever'<) (S and R are 
integers). 

18. The_ iPi~ge processing system' defined in claim 17 
25 characterized in that; . ~~i.d · means for gen.etating further motion 

vectors forms the a~er,ages :of respective sii matrices of motion 
vectors. . -;:· 

19. The> i~g~ processing sy'si~ln· 'd~fined in claim 1 
characterized in tbat <k:::i: :{t ·an _integer less th~ll : :ri), and s~id second 

30 hardware means f'u.rth.er:::,in¢1udes . means'. respbn_si've to motion 
vectors of level' ll~t-"'..f ~:r:'.:~~nerating furthei. mofi~ir vectors, each of 

. which is representa~ye_ ,(){-: motion of respe~tive SxR matrices of 
pixels at resolution ·Ieyer:·(> (S and R are i~~¢gers). 

' ' ( 

· ... 
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