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Analysxs of _""mage motlon occurnng in a series of

- . successive video frames is tradltlonally a computatxonally

10

expenswe algorlthm w1th no practical hardware implementations

: _:,_for real time performance Recent computer software techniques
- using hterarchlcal motion analysis (HM
the - computatlons s1gmflcantly more effi

‘algorithms have made
nt. However, it is still

o o ‘not practical, employmg ‘these computer oftware techniques, to
S _-perform cost-effectlve HMA in real time at the relatively high

s

i frame .rate (e g., 30 frames per second) on an ongoing series of
-.successwe v1deo 1mages

'""hlch is performed only

on the full 2- d1mens1o al image pixel { olutlon requires
" C*(NZ*Mz*K) operatl 'rts, where C is a G
S in pxxels at the full 2 _'
'--maxtmum expected _motron dlstance in' pi els at the full 2-
_ _dlmenswnal image p1' |
‘-=computat10n operatlons_ -requu‘ed for a “rn tion estimate with M
".équal to 1 pixel. HMA, as now pracnced_ is performed by

stant, N2 is the image size

resolutlon, and: 1s the number of

j-computer software algonthms operating _on_ each level of a
. .-multlresoluuon representatton of the 1mage‘_:' in a coarse to fine

35

~motion -is performed
s 'fconﬁdence in the COIT!

manner starting  wi he: lowest resolution' The result of the
motion analys1s at each level is- used -as an initial estimate in the
i : vectors generated by the

4/3*C*(N2*K)
An addmonal advantage of

estimate.

xel resolution, M2 is the
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‘The present. invention is directed to hardware
A chrtecture for the -practical 1mplementat10n of HMA in real time,
ereby makmg HMA cost effective for studio type applications
"employing digital television equipment.- Apphcatrons for such
5 digital television equrpment include: frame rate conversion, scan
- _"-"--?"*:converswn noise cleanmg, and image compressron
More specrfrcally, the presen nvention relates to an
zlmage-processmg system comprising fir: “and second hardware
-+ neans, which system, in response to rel! vely high-resolution
' 10 ~image. data from an ongoing input series of successive given pixel-
. density image-data frames that occur at 'a given frame rate,
-”‘_i-denves, after a certam processmg-system:'delay, an ongoing
- -output senes of su;"
_ “that “occur at the sam {'-glven frame rate_' Each vector-data frame is
15 ”mdrcatlve of image motion occurring- between each pair of
© " successive image framies. |
The first ‘hardware means 1s : used to represent the
L ‘image data of each: smgle one of the 1ma re-frames at n+l
- ordinally-arranged ,s_u__c_(_;esswely lower pix -densrty levels O...n
‘_2-*:0: ‘within a first time mterval equal in leng to_ a given fraction of
" the ‘certain processing-system delay, where n is a given integer
" ‘having a value of at least 1. The pixel-density of level 0
corresponds to the g‘iv'eﬁ pixel density and the pixel-density of
~ level n corresponds: to- a lowest plxel den ty. Further, the
.25 ° maximum expected’ lmage motion occu g between two
A --successrve frames is ‘typically no greater:than one pixel distance at
- the lowest prxel-denslt - The second hardware means, which
' mcorporates at least oné¢ image buffer rn ris, at least one warp
- means, at least one ‘motion-analysis means;’
30 density expand means, ‘and at least one dder means, sequentially
. ‘employs the image data at the prxel-densrty__ levels n...0 to derive,
within a second ume mterval equal in 1 ngth to a remaining
. fraction .of the certain, processmg systef; -.;_del_ay_, a separate motion
. wvector for each pixel at each of the pixel- :_’nsi‘ty levels, starting
35 “with the lowest p1xel-dens1ty n, for tha palr of successive image-
- frames. -

The re‘s_u_ljt?sj- is that a high-resdlution motion-vector map
at the given pixel-density may be derived in 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 ongoing output senes of- vector—data frame periods
and an ongoing input series of 1mage-data frame periods as a

function of processing system delay;

FIGURES 2a and 2b, respectively, diagrammatically
illustrate Laplacian and .Gaussian pyramld embodiments of the
present invention that provide mi-nimum-_-"p'rocessing system delay;

FIGURE 2¢ diagrammatical‘ly:-"lll‘ustrates the structure of
a prior-art Laplacian image pyramld stage employed by the
FIGURE 2a embodiment;

FIGURE 2d dlagrammatlcally 1llustrates the structure
of the lowest-pixel-density motton-vector stage employed by both
the FIGURES 2a and 2b embodiments;

FIGURES 2¢ and 2f dlagrammatlcally illustrate

' altemauve structure - of each hlgher-plxel-denslty motion-vector
stage employed by both the FIGURES 2a:and 2b embodiments;

FIGURE 3 schematically illustrates the computations
performed by one example of a pnor-art ‘motion analysis means;

FIGURE 4 diagrammatically - 1llustrates a feedback
Laplacian pyram:d embodiment of the present invention that
employs reduced system hardware at the expense of mcreased
processing system delay;

FIGURE 4a diagrammatically. illustrates the structure
of the féedback motlon-vector stage employed by the FIGURE 4
embodiment;

FIGURES 4b and 4c, respectively, diagrammatically
illustrate two different alternative structures for the 3-port frame
buffer employed by the FIGURE 4 embodlment

FIGURE 5 diagrammatically 1llustrates a feedback
Laplacian pyramid embodiment of  the present invention that
employs a single pyramid stage to achleve minimum system
hardware, while prov1dmg a lugher output clock frequency to
achieve minimum processmg system delay_,

FIGURE 5a dxagrammatlcally lustrates the structure
of the single pyramid stage employed by "'the FIGURE 5
embodiment;
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o . FIGURE- Sb dragrammatrcally illustrates the format of
! ;flmage mformatlon stored by the partttroned line buffer means

" of the FIGURE Sa pyramid stage; and

FIGURE 5¢ is a timing dragram_ illustrating the

.Laplac1an 1mage output from the FIGURE- Sa pyramid stage.

FIGURE Sd dlagrammaucally 1llustrates the structure

Cof the feedback motion vector stage employed by the FIGURE 5

15

the system processm
“(as shown in FIGURE :

embodrment

_ The present mventlon is concemed with the “real-
tune processmg of an’ ongomg series of . successlve image-data
frames that are apphed as an input to an ‘image-processing system

for. denvmg as an output an ongoing senes of successive vector-

data: frames. Since it n_he_rently takes ttme to process image data,
there wrll always be adelay between the processed data output
from the system and :the data input to the system. As used herem,

the term real-ttme _m"'ans that the successrve output frames

emerge from “the 1mage processing system at the same rate that
the .successive input. frames are applied’ thereto, as illustrated in
FIGURE 1, despite the exrsteuce of a processmg system delay
between " the occurrence “of corresponding “output and input
frames. Thus as shown, by way of example in FIGURE 1, a given

set of four consecuuv_ __iframe penods 1, 2,3 and 4 of an ongoing
input series of 1mage-data frame periods: applied to an image

processmg system at

iven rate, emerge' “after a certain system
processmg delay, as a "'rrespondmg set ‘of . four consecutive frame
periods 1, 2, 3 andj-'.-.4 of ‘an ongoing output ‘series of vector-data

frame periods that- 'occ_ s at the same ‘given rate. Therefore, while
g “delay may be longer than a frame period

r shorter, the: ""g_th of each frame period
of the ongoing output senes of vector-data “frame penods is equal

to the length of each f; ame period of the .,-orlgomg input series of
_1mage data frame . per '

fS. _
- Referenoe | mow made to the___g FIGURE 2a embodiment
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' present mvenuon which embddiments, although requiring a
relatrvely large amount of hardware in their implementation,
provide' minimum system processing delay As shown in FIGURES
2a and 2b, the output from image data means 200 comprises, in
-5 digital form, an ongoing stream of 1mage-data pixels of each of

' successive 2-dimensional video frames. The rélatively high pixel
density . of the Gaussian output Gg of each’ successive video frame
of the image-data output from means 200 occurs at a clock CLg

- having a frequency f. :

10 In the case of FIGURE 2a, the output Go is applied (1)

directly through delay means 202a to 1mage means 204 and (2) in
cascade through each of Laplacian 1mage-pyramrd stages
206a-1....206a-5. For a detailed descnptron of a Laplacian image-

o pyramid, reference should be made to U. S ‘patent 4,674,125,

15 which issued to Carlson et al. on June 16, 1987.

) Specifically, as dlagrammatrcally shown in FIGURE 2c,
the structure of a Laplacian 1mage-pyram1d stage 206-k,
operating with a clock CLy. having a frequency equal to 1/4%-1f,,

comprises 2- dxmensronal convolution frlter/declmator 208,

B 20 expander/interpolation filter 210, subtractor 212 and delay

means 214. Convolution frlter/decrmator 208 whrch may include
. a rate buffer for deriving equispaced output pixels, reduces both

the horizontal image pixel density and the " vertical image prxel
o density by one-half, so that the pixel mage:_,densrty of a Gaussian

-_ 25 image output Gy from stage 206-k is on‘lii‘f one-quarter of the
© image pixel density of the Gaussian input Gk-l thereto. A Laplacian

image output Ly.1 from _Stage 206-k (havm'"' the image pixel
density of Gg.1) is derived by su’btractinj ch image pixel output

_ - from expander/interpolation filter 210 from .the corresponding

-' 30 image pixelinput Gg.1, after delay by de means 214.

. Returning to FIGURE 2a, it is | lain that the image pixel
density of G4 and of Ly4_is only 1/256 of th high image pixel
density Gg of the original image data (i. e ach of the horizontal

© - and vertical image distances covered by each lowest-density G4
-35 pixel or Ly pixel is 8 times larger than the: horizontal and vertical

- image distances covered by each highest-density

illustrative purposes, it is assumed that th maximum image -

motion that can occur between two successwe image frames is no

RCA 85,016
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greater than one lowcst densuy image pixel dlstance in the
.honzontal direction -Or in the vertical direction.
- As shown in FIGURE 2a, the respective Laplacian
image outputs Lg... L3 from stages 206a- ...'....206a-4 after suitable
.5 ~ delays by delay means 202a- ..... 202a-4, are applied respectively
' to motion-vector stages 216-1....216-4, while the Laplacian image
output L4 from stage 2063—5., with no del_ﬁz,_ty, is applied to motion-
- vector stage 216-5. Motion-vector stage 216-5 may be
-_' implemented as shown in FIGURE 2d, while each of motion-vector
%10 stages 216-1.....216-4_may be implemented as shown in FIGURE
: 2e or, alternatively, FIGURE 2f. The respectlve outputs of motion-
vector stages 216-5.....216-2 are cascaded upward to motion-
vector stage 216-1 and the motion-vector output from motion-
vector stage 216-1 is apphed to Vxy means 218. -
15 Spec1fically, as shown in FIGURE 2d, the lowest image
= plxel density (i.e., the Laplacian image output L4 from stage 206a-
5 in the case of FIGURE 2a), is apphed as a first input to motion
analysis means 220 and as an input to image buffer 222, and the
output from image buffer 222 is applied as a second input to
‘20 motion analysis means 220 Image buffer 222 stores the values of
all of the L4 pixels of the preceding image frame for one frame
period - and then forwards these pixels to_motion analysis means
220 concurrently with the application thereto of the
corresponding pixels ‘of the current image frame. Motion analysis
25 nmeans 220, which makes an independent best estimate of pixel
motion Vy and Vy of each individual plxel in the horizontal (X)
and in the vertical (Y) dn'ectlons and are: typlcally in the range
between +1 pixel dlstance in the X and Y dlrecuons, makes use of
known correlation, least-square best-fit or “other techniques. For
.30 illustrative purposes, FIGURE 3 shows one known example of the
. computations requlred to. implement mouon analysis means 220
using least-square - best-fit techniques.
The output of motion analysxs means 220 of lowest-
pixel density motlon-vector stage 216-5, shown in FIGURE 2d, is
- '35 applied as an input -to hlgher-plxel densny motion-vector stage
o 216-4. Motion-vector stage 216-4, as well as each of motion-
vector stages 216-3, 216-2 and 216-1, may be implemented
either in the manner shown in FIGURE 2e ‘or in FIGURE 2f. The

||, Reh 85016
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' structure of FIGURE 2e 'like the structure of FIGURE 2d, includes
‘motion analysxs means 220 and image buffer 222, and, in
"'addltlon, includes warp means 224e, expand pyramid means 226,

|

delay means 228 and

unt en SN S AT e M
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summer 230. Except for replacing warp

- means 224e with warp means 224f, the smxcture of FIGURE 2f is

. the:same as that of the_ structure of FIGURE 2e.

' In FIGURE-.':""Ze, the non-lowest image pixel density (i.e.,
. the Laplacian image output L3, Ly, Ly or Lo from stage 206a-4,
' .206a-3, 206a-2, 206a-1 or 206a-0, respectwely, in the case of
FIGURE 2a) is applled ‘as a signal input to both warp means 224e
- and--image . buffer 222 ‘and the respective outputs from warp

10

means 224e and 1ma__

inputs to motion anal
analysis means 220 1s apphed as a first input to summer 230. The

-_3-.0_

35

. image frame, then :
corresponding Vy image
“and by its corresponding: Vy image-pixel
direction. Therefore,

"f_f;.‘buffer 222 are applled as first and second
'_1s_ means 220. The output from motion

Vx and Vy motion Vi
densxty monon-vector

tor outputs derived by the next-lower pixel
stage 2165 216-4 2163 or 216-2

of mottu-vector stage 216 4, 216-3, 216 2 or 216-1,
respectively. Expand-pyramtd means 226 1s effective in doubling
the pixel density of each .of the Vy and each of the Vy motion
vectors, while at the- same time doubling the value of each of
these motion vectors (smce a single pixel distance at the next-

 lower pixel density of

vectors is equal to 2

of each of the Vi ax__ld
- expanded Vx and V.

individual image p1

each of the Vyx and each of the Vy motion -
plxel distances at the expanded pixel density
each of the Vy motxon vectors). The
notion vectors at the output of expand-

1 ';of the current xmage frame applied thereto

toward the correspondmg: image pixel of: the' stored preceding

.. need only make a ‘jﬁbe
place of each corresponding image pixel bet_ween the current

& output of 1mage5:'ébuffer 222, by its
-pixel distance in the horizontal direction
tance in the vertical
e motion analysis tis 220 of FIGURE 2e
stimate of resldual ‘motion that has taken

image frame and the

ceding image frame. The delay provided

.. -
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. by delay means 228 ensures that the res1dual Vx and Vy motion
o vectors qf each p__u(el applied to the first input of summer 230

occur concurrently with the expanded Vyx and Vy motion vectors

. of each corresponding pixel derived fro‘m' the next-lower pixel

density motion-vector stage 216-5, 216-4,. 216-3 or 216-2,
respectively. In thls manner, the Vx and Vy motion vectors for
each .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

10

25
30

35

- distances in the honzontal direction and b"' '

216-1 define the . Vx and Vy motion vecto'r‘a_ pf each pixel with
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 density motion-vector stage 216-1, which is applied
' to Vy,y means 218, is 256 times more precise than the 2-

dimensional estimate of the motion vector for each pixel at the
output of summer 230 of lowest-pixel densuy mouon-vector stage
-216-5.

In FIGURE 2f, the non-Iowest image pixel density (i..,
the Laplacian image output L3, Lo, L; or Ly from stage 206a-4,

'2_06a-3, 206a-2, l’?,QﬂGa-l or 206a-0, respectively, in the case of
20

FIGURE 2a) is applied directly as a first input to motion analysis
means 220 and as an input to image buffeif 222, with the output
from image buffer 222 being applied as a:_'_._-'si_gnal input to warp -
means 224f, and the output from warp means 224f being applied
as a second input to motion analysis meaxjs 220. Warp means 224f
is effective in displacing forward each individual image pixel,
applied thereto, of the stored preceding nnage frame then at the
output of image buffer 222, toward the - correspondmg image pixel
of the current xmage frame by its correspondmg Vx image-pixel

y. its corresponding Vy
image-pixel distances in the vertical dlrectlon In all other

- respects FIGURE 2f is identical in structure and function to that of

above-described FIGURE 2e.

Refernng now to FIGURE 2b, the output Go is applied
(1) through senally-connected delay mean 2b-1" and 202b to
image means 204, (2) solely through delay means 202b-1 as the
image signal input to motion-vector stage 2. 6-1 and (3) in

 cascade through each of Gaussian 1mage-pyram1d stages

206b-1....206b-4. The structure of each of ‘Gaussian image-

s
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pyramid. stages 206b-2....206b-5 compnses solely 2-dimensional

' --convolutxon f11terldec1mator 208¢c, with the réspective Gp.

-:outputs of Gaussmn image-pyramid stages 206b-1....206b-4 of

_ FIGURE 2b. replacmg the respectlve Li... L4 outputs of Laplacian
5 xmage-pyramld stages 206a-1....206a-4 of FIGURE 2a.

'From the point of view of denvmg 2-dimensional

o motton vectors in real time, the Gauss1an .image-pyramid of
~ _FIGURE 2b and the Laplacian 1mage-pyranud of FIGURE 2a are, for
: the most part -equivalent. However, because any change in image
0 bnghtness level between any two successwe Go video image
. frames from image data means 200 tends to adversely affect the
o Gaussian image-pyramid derivation of motton vectors somewhat
‘more than the Laplacian image-pyramid ' denvatton of motion
vectors, the Laplacian image-pyramid of FIGURE 2a is to be
15 preferred

It is apparent that there is a’ ﬁrst’ inherent system
'pr'oce'ssing delay in traversing down thej eascaded stages of either
- the Gaussian or Laplacian 1mage-pyramxd and an additional

.~ inherent system processing delay in traversmg up the cascaded

"20 motion-vector stages. The value of the delay provided by each of

" the respective delay means 202 of FIGURE 2a or FIGURE 2b is set
to compensate for these inherent systemi}processmg delays and
thereby ensure timing concurrence in all: ca
interacting corresponding image and mo on-vector pixels that

25 have traveled to each of the motton-vector stages over different

- paths

The minimum total system processmg delay of the
Gaussian FIGURE 2b embodiment of the_i?p__::_ sent invention is
-~ slightly less than that of the Laplacian FIGURE 2a embodiment of
~30 the present invention. Specifically, with an"‘?':NTSC scan-line period
. of 63.5 us (including blanking time), the;.' minimum realizable total
system processing delay of the Gansstan_ 'GURE 2b embodiment
. | 144.3 scan-line periods,
i while the mmxmum realizable total syste processing delay of the
'35 Laplacian FIGURE 2a embodimert is increased by 35 scan-line
. . periods to 178.3 scan-line periods. The delay in scan-line periods
provided by __each of delay means 202b- .202b-4 is determined
by the differential system processing delay: between its two end

9.
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P -pomts dlvxded by the reducuon in the clock frequency f; at that
-pyramld level For instance, the delay provxded by delay means
©.202b-2 -is 132 23/4 scan-line periods. '

The problem with both the FIGURE 2a and FIGURE 2b
embodiments of the present invention is they require a large
amount of hardware to implement. In pamcular each of the
: FIGURE 2a and FIGURE 2b embodiments requires five separate

motlon-vector stages, each of which mcludes its own rather
- complex and costly motion analysis means in. order to achieve a
" F0 relatively small minimum realizable total- system processing delay
“/ for only five pyramid levels. Reference is now made to the FIGURE
4 embodiment of the present invention Wﬁich requires only two
separate motion-vector stages, regardless of how many pyramid
v levels are involved.
. 15 : For illustrative purposes, the FIGURE 4 embodiment
o employs a Laplacian image pyramid, but- could if desired, employ
a Gaussian image pyramid instead. Speclfically, image data’ means
400, delay means 402, image data means 404, Laplacian image
© . pyramid stage 406-1, delay means 402- 1, motion-vector stage
20 416-1 and Vy ,y means 418 of FIGURE 4 are identical in structure
R and function to image data means 200, delay means 202a, image
data means 204, Laplacian image pyram;g__ stage 206a-1, delay
means 402a-1, motion-vector stage 216-1 and Vyy means 218 of
G FIGURE :2a. However, in FIGURE 4, the Gy 'o.utpu.t of Laplacian
'_ 25 image pyramid stage 406-1 is applied as a first input to
- functionally 3-port frame buffer 432. The! _-output from frame '
buffer 432 is applied as an input to Laplacian
stage 406-n (comprising structure shown ‘in FIGURE 2c), with the
Lo Laplacian output therefrom being applied ‘as an input to frame
© 30 buffer 434 and the Gaussian output therefrom being fed back as a
" second input to frame buffer 432. The output from frame buffer
434 is applied as an input to feedback tion-vector stage 416-n,
which may be implemented as sh@wa- in URE 4a discussed
below. Motion-vector stage 416-n derive: an output Vx and Vy
35 motion vectors at the Gj pixel-density level which are applied as
'~ a warp-control input to motion-vector Sta'ge 416-1.
Structurally, frame buffer 432 may comprise a single
3-port frame memory having two lndependent ‘input ports and a

RCA 85,016
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smgle output port, or, alternatively, may comprise either two 2-
_ port “frame memones capable of having one ‘of their two output
E ‘ports selected by a switch, as shown in FIGURE 4b, or -four 1-port
~ frame memories each having its one port either unselected or
~ selected as an input or as an output port by a group of switches,
as ‘shown in FIGURE 4c. In any event, as indicated in FIGURE 4, the
readout from frame buffer 432 of the stored Gy pixels of each
video frame results in stage 406n deﬁvingf" a Laplacian output Lj
S and a Gaussian output Gp. The Gaussian output Gz, which is fed
" 10 back as an input to frame buffer 432, stored therein and then
“% read out therefrom as an input to stage 406n, results in stage
406n -deriving a Laplaclan output Ly and a’ Gauss1an output Gs.
This recycling process continues until stage 406n derives a
" Laplacian output L, and a Gaussian output. Gp+1 (where n may
1 5 have as high an integral value as desued), which Gaussian output
' Gps+1 is not recycled through frame buffer 432 Because the pixel
density of -Gp is only 1/4 of that of Go and because -of the reduction
by decimation in pixel density by a factor .of 4 during each
- feedback -cycle, the total number of Gj..... Gn pixels of each video
20 frame can never be greater than 1/3 of the" ‘number of Gg pixels of
. that video frame. Thus, while the required storage capacity of
each of frame buffers 432 and 434 is not. large, their presence
does insert additional system processing delay in the FIGURE 4
embodlment ‘The use of feedback recyclmg to reduce the
25 hardware requrred to implement a Laplacian -image pyramid is
T descnbed in more detml in U.S. patent 4 703 5 14, which issued on
, October 27, 1987. : '
As indicated in FIGURE 4, whlle_ the Laplaclan output
| from image pyramid stage 406-n is apphe to the input of frame
30 buffer 434 in the sequential order L; 5 the output from frame
7 buffer 434 is ‘applied to the input of motron—veetor stage 416-n in
the sequential order Ly.....Lj. As shown i FIGURE 4a, feedback
motion-vector stage 416-n may compris: -meuon analysis means
.. 420, image buffer 422 and warp means 42¢ __:-(whlch are
35 interconnected in a manner similar to tha shown in FIGURE 2e
"~ and are responsive to each of the Ly . in tput from frame buffer
434 being applied in sequentlal order as an input to feedback
motion-vector stage 416-n). Feedback motlon-vector stage 416-n

RCA 85,016
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may. also compnse expand-pyramid stage 426, delay means 428,
. summer 430 and dual-port frame buffer 436 The output from
motion analysrs means 420 is applied as 4 first input to summer

430 .and the output from summer 430 is apphed as an input to

-5 . frame buffer 436. The output from frame buffer 436 is fed back

- through . expand-pyramld stage 426 and. applted both as a warp

& control - mput to' warp means 424e and through delay means 428
- as a second input to summer 430.in response to each of the
+ Lp..Lay output from frame buffer 434 bemg applied in -order as an

10 input to feedback motion-vector stage 416-n, but the output from

-+ frame buffer 436 is applred as an mput to highest pixel density
motion-vector stage 416 1 in response to the Lj output from

. frame “buffer 434 bemg apphed in sequentral order as an input to
feedback mouon-vector stage 416-n.
15 It is obvious that a warp means connected as is warp
- means 224f in FIGURE 2f, can be substituted in FIGURE 4a for
warp means. 424e.
" Reference is now made to the. FIGURE 5 embodiment of
. the present mventron whrch requires only -a single motion-vector

20 stage, regardless of how many pyramid levels are involved.

" Further, the FIGURE 5 embodiment -need.-not insert additional
system processmg delay, as is the case in the FIGURE 4
embodiment. This is accomplished by employmg a single image

. pyramid. stage 506-n, havmg the structure- ‘shown in FIGURE 5a

2’5 discussed below, to derive, at an mcreased clock frequency and in
a novel. scan-lme order, each of Laplacran outputs Lg.....Ln applied
as an input ‘to frame buffer 534, Frame buffer 534 may then
apply at thrs mcreased clock frequency each of its Laplacian

- outputs Lo..'...Ln in a drfferent predetermmed order as am input .to

30 feedback motlon-vector stage 516-n.(ha rlg the structure shown
in FIGURE Sd), and the output from feedback motion-vector stage
516-n is applied drrectly to Vy,y means

The: structure. of image pyrarm tage 506-n, shown in
FIGURE Sa comprises convolutron fllter/decrmator 508,
35 expanderlmterpolatlon filter 510 and subtractor 512 (which
. correspond to convolution ftlterldec1mator 208,
expanderlmterpolatlon frlter 210 and subtractor 212,0f FIGURE
2¢), and partmoned lme buffer means 540 ‘A stream of Gaussian

12-
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panitiqn me buffer means 540 mcludes n+1 storage bins for
...Gn plxels (e g., Go, G1, G2 and Gg).

10 applred as an mput to convolutlon fllter/dec1mator 208, which
5 denves each of 61 (n+1) prxels Each of G(,H.l) prxels are applied as

15

20

25 Lo prxels in'a ‘scan-line, together with all the pixels in a scan-line
o of any:one: hlgh: “m'age pyramid level, well within the same
single video. scan-line- period of 63.5 us, in the manner shown in
FIGURE 5c for the example in which Ly=L |
| ~As shown in FIGURE 5d, the structure of feedback
~30 motxon-vector stage 16-n is the same as the structure of
" feedback motlon-veetor stage 416-n, shown in FIGURE 4a.
However, the order >f ‘the Laplacian output from frame buffer 534
applied as an mput' FIGURE_ 5d may be different from that of
5 the input to FIGU__, -4a. More specifically, the Laplacian stored
3 5 data from feedback motion-vector stage 416-n is applied to frame
buffer 534, at- the: increased rate of 1.5 CLo, either in a time |

sequentxal manne alternatively, in a time multiplexed
manner.

13-
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-In a time sequential manner, all of the Lg.n Laplacian
:output data from FIGURE 5a has to be flrst completely computed
. and stored in frame buffer 534 before frame buffer 534 can begin
to apply this stored data to feedback mouon-vector stage 416-n.
_This takes about one video frame period i cluding a vertical
blankmg time), resulting in the addition f- an essentially one
frame penod delay to the system processi"" delay. Motion
analysis ‘by the FIGURE 5d structure of eedback motion-vector
stage 416-n to obtain the Vxy motion vectors at the highest pixel
-density - of Lo is performed in a manner milar to that of the
. FIGURE 4a embodiment, resulting in an litional system
proc_essmg_ delay of (1) 1/3 divided by 1 f a video frame period
(where 1.5 corresponds to the increase in’clock frequency) before
S the Vy,y-motion vectors at the highest pixel. .
: 15 computed, plus (2) 1/1.5 of a video frame':""penod for the highest
: pixel density of Lo. :
- 'In a tme (i.e., scan-line) muluplexed manner, the
FIGURE 5d structural arrangement is modlfied to include a
o partitioned line buffer means similar to ¢ shown in FIGURE 5a
~7:20 instead of delay means 528. While the control of data flow and
; warp means is now more complex, the . system processing
| delay can be made similar to that of the FIGURE 2a embodiment.
Specifically, while the cumulative processing time of the sum of all .
L n plxel-densuy levels taken together may:exceed a video frame
25 period, the processing .time of each 1nd ual pixel-density level
' (mcludmg the longest Lo pixel-density 1
CLg clock frequency is substantially smaller than a video frame
period. Therefore, the processing of consecutlve pixel-density
levels can be overlapping in processing ume Thus, while L, of a
S ‘30 fust-occ_nr_nng video frame is still being tocc_ssed Lo of a second-
' occurring video frame can already start-its” ﬁrocessing, and while
the highest-pixel-density motion-vector alues of a first-occurring
'~ video frame are still being computed, al 'of the lower-pixel-
s density motion-vector values of a seco" _curnng video frame
© .35 may already have been computed. ' |
It should be recognized that e pyramid stage 506-n
of the filtcrldeamate-expa-nd filter type ‘may be replaced with a
pyramid stage of the filter-subtract-decimate type to realize a

.14-
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more parts -efficient . embodtment See U.S. Patent 4,674,125 for an
'example of a fllter subtract-dec1mate module.
‘The descnbed HMA implementations generate
(typically) a motion vector for every pixel in the irfnage. These are
“5  obtained by first co‘tr_ii)uti-n-fg motion vectors for a low resolution
. TIepresentation of the "'i':inage (level n), where each vector Vp has a
subpixel ‘resolution (relatlve to that image resolution) and
represents a motion of Vp*2n at the highest (full image resolution
| .(level 0). These motlon vectors Vp are then refined at the next
10 higher resolution level n-1, obtaining a (subpixel) motion vector
o Vn-1 for each pixel at resolution level n-1. This process is
typically repeated untxl the motion vectors Vo are computed at
highest resolution (level 0).
Final motlon vector representation, however, does not
15 have to be at full resolutton, but may be at a lower resolution. For.
" example one motion vector for each 16 x 16 block of image data
(or resolution level 4) as is common for many compressed video
signal formats, e. g MPEG
This mouon vector can be obtained through HMA -
20 methods (1mplementatlons) by either
a) computmg the motion vectors from level n (n>4) to
only level 4, and usmg this as the final motion vector result (at
significant 1mplementat10n cost savings, but reduced accuracy), or
b) computmg the motion vectors to a higher
25 resolution (e. g., level 2 with a motion vector for every 4x4 pixel
~ block) and then computmg a more accurate motion vector for
every 16x16 pixel block by combining (by some means) the
higher resolution mot:on vectors, or
c) computmg the motion vectors to level O and
30 averaging, e.g., 16x16 blocks of motion vectors to obtain high
" resolution motion vectors for the respecttve blocks. This
apparatus is 1nd1cated in FIGURE 5d wherein the box 575 is a _
memory -buffer, stonng -the level O motion. vectors An arithmetic
| :- umit 577 accesses 1 x16 ‘matrices of the level zero motion vectors
- 35 and generates one vect: r for each matrix : by taking the average,
) or the mean, or the tnedtan, etc., of the vectors included in each
such matrix. ‘

I‘ RCA 85,016
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1. In an ‘image-.proc_eSsing system, tesponsive to

-relatively high-resolution image data from an ongoing input series

of ‘successive given pixel-density image-frames that occur at a
given frame rate, for deriving, after a céftain processing-system
delay, an ongoing output series of successive given pixel-density
vector-data  frames that occur at the same ‘gl_ven frame rate, in
which each vector-data frame is mdlcatwe of image motion
occurring between each- pair of successwe 1mage frames; wherein
said -system is characterized by first hard are means (506-n) for
representing the image ‘data of each. s1ngle one of said image-
frames -at n+1 ordihally-arranged succeéélvely lower pixel-density
levels O...n within a first time interval equal in length to a given
fraction of the certain processing-system delay, where n is a given
integer having a value of at least 1, with plxel-densny level O

-correspondmg to said glven pixel density and pixel-density level n

corresponding to a lowest pixel density, _and wherein said system
further compnses* ' :

second hardware means, -incdfﬁb'rati-ng at least one
image buffer means (522), at least one 1mage warp means (524),
at least one motion-analysis means (520), at least one pixel-
density expand means (526), and at least one adder means (530),
for sequentlally employing said image data of each pair of
successive image-frames at each of said plxel-densny levels n....n-
k (k an integer less than or equal to n) to denve within a second
time interval equal in length to a remammg fraction of the certain

processing-system delay, 'a separate motlon vector for each pixel

at- each -of said pixel-density levels n.. n—k startmg with said -
lowest pixel-density n, for that pair of successwe image-frames,
by adding a residual" motlon vector for that “pixel derived at each
of said pixel-density levels above said lowest pixel-density n to
the correspondmg separate motion vectofe Iready derived at its
immediately lower plxel-densuy level |
whereby a‘motion-vector map

n-k pixel-density

may be derived in real time in response’ to each pair of successive

given pixel-density lmage—frames of the ongomg input series.
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2. The 1mage processing system defined in Clalm 1,
charactenzed in that:
~said second hardware means derives both a horizontal
component Vx and a verucal component Vy of each separate

- 3. The image‘-processing system defined in Claim 1,
charactenzed in that: :
- said first hardware means represents the image data
. of each single one of said image-frames at’ sard n+1 ordinally-
" 10 arranged successrvely lower pixel-density levels 0...n in Gaussian
-+ format.

4. The image-processing system defined in Claim 1,
characterized in that:
o . said first hardware means represents the image data
* 15 of each smgle one of sard image-frames at said n+1 ordinally-

arranged: successwely lower pixel-density levels 0...n in Laplacran
format. -

'5. The lmage-processmg system defined in Claim 1,
-t characterized in that: .
20 - said first -hardware means compnses an ordinally-
-arranged pyramid of n cascaded image stages, with said high-
resolution image data at " pixel-density level 0 being applied as an
input to a 1st of said ‘n cascaded image stages and a Gaussian
g output from each of sa1d cascaded image stages 1....(n-1) being
+ 25  applied as an input to its. immediately follewmg one of said n
. - cascaded image stages; and
said second hardware means compnses an ordmally-
arranged plurality of ‘n cascaded motron-vector stages, with an
: output from each of said n cascaded 1mage ‘'stages bemg
30 md1v1dually apphed as an mput to a correspondmg one of sard n
~ cascaded motlon-vector stagcs .. 2 bemg apphed as an mput to its
immediately precedmg one of said n cascaded motion-vector
_ stages; with (1) all of sa1d motion-vector -stages 1..n including its
35 "own individual 1mage buffer means, and motlon analysrs means

————
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nd (2) all of sald motion-vector stages 1....(n-1) further including
-..1ts' own lndxvxdual plxel-densuy expand means, adder means and
T 1mage warp means;
" whereby the output from the lst of said n cascaded
- 5. motion-vector stages comprises a separate. mouon vector for each
pixel at s_aid' given pix_elidetisity level.

6. The 1mage-processmg system defined in Claim 5
- characterized in that:
. said first hardware means compnses an ordinally-
10 arranged Gaussian pyramid of n cascaded: _unage stages, and said
Gaussian output from each of said cascaded -image stages l....(n-1)
- is the output from each. of said n cascaded image stages that is
. individually applied as . an ‘input to a correspondmg one of said n

cascaded motion-vector stages of said second hardware means.

15 7. The image-processing sys-_tep; defined in Claim 5,
" characterized in that: | | .
said first hardware means compnses an ordinally-
arranged Laplacian pyramid of n cascaded 1mage stages each of
. which derives'a Laplacian output in addmon to its Gaussian
20 output, and said Laplacmn output from each of said cascaded
| image stages 1....(n-1) is the output from each of said n cascaded
image stages that is individually applied _a_\s___. an input to a
corresponding one of said n cascaded rr(dﬁbn—vector stages of said
- second hardware means.

25 8. The image-processing system defined in Claim 1,
~ characterized in that the value of n is at least 2, wherein said first
hardware means comprises a pyramid conslstmg of a 1st image
- stage and image feedback means, and wherem
- said hlgh-resolunon image data' 'at pixel-density level
30 0 is applied as an 1mage input to said 1s image stage and said Ist
~ image stage derives a Gaussian image outpuf at pixel-density level
1; and :

TR
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said image feedback means includes a 2nd image stage

' and first and second frame buffers, (1) with said Gaussian image
'output at pixel-density level 1 from said lst image stage being

applied as a first image ‘input to said first frame buffer and each

- of respective Gaussian image outputs at- _i_);if;__'g‘el-density levels 2...n
from said 2nd image stage being applied, in sequential order, as a

second image input to said first frame buffer, for storing in said
first frame buffer all of said Gaussian image outputs at pixel-
density levels 1..n applied as image =i'npu'ts: thereto, (2) with ‘each
of said stored Gaussian image outputs at pixel-density levels 1...n
being read out from said first frame buffer ‘and applied as an
image input to said 2nd image stage, and (3) each of respective
image outputs at pixel-density levels 1...n ‘from said 2nd image
stage being applied, in sequential order, as an image input to said
second frame buffer for storing therein all of said image outputs
at pixel-density levels 1..n applied as an image input thereto.

9. The image-processing system defined in Claim 8,
characterized in that said second hardware' means consists of:

a feedback motion-vector stage, ‘responsive to each of
said stored image outputs at pixel- dens1ty levels n...1 being read
out, in sequential order, from said second:frame 'buffer and
applied as an image mput thereto, for denvmg a motion-vector
output at pixel-density level 1; and '

a hlghest-plxel density mouon—vector stage,
responsive to both 1mage data at pixel:d _'slty level 0 and said
motion-vector output at ‘pixel-density level?f_’l from said feedback
motion-vector stage being applied as inp s thereto, for deriving a
motion-vector output at pxxel-densuy leveI 0 therefrom.

10. The image-processing systcm defined in Claim 9,
characterized in that: L

said pyramid of said first hardware means is a
Laplacian pyramid, in --_virhich said 1Ist i e :stage is a Laplacian
image stage and said 2nd image stage"ofﬁf*-éaid image feedback
means is also a Laplacian image stage; -
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each of said respective image outputs at pixel-deasity

" levels l..n from said 2nd Laplacian image stage applied, in

sequential order, as an image input to said '§e00nd frame buffer is
a Laplacian image output from said 2nd 1mage stage; and

said image data at pixel-density - level 0 apphed as an
input to said highest-pixel denslty monon-vector stage is a
Laplacian image output from said 1st Laplac_lan image stage.

11. The image-processing system defined in Claim 9,
characterized in that sald feedback motion-vector stage comprises:

first means including an image buffer, warp means
and motion analysis means, responsive to each of said stored
image outputs at pixel-density levels n...1 bemg read out, in
sequential order, from said second frame buffer and applied as an
image input thereto, for deriving, in sequetiiial order, each of
respective motion-vector outputs at pixel-density levels n...1;

second means including a summer and a third frame
buffer, for applying, in ‘order, each of 'said‘f'f'?j_l_?es_pective motion-
vector outputs at pixel-density levels n...1 a's- a first input to said
summer and applying the output from sald summer as an input to
said third frame buffer; |

third means including an expand-pyramid stage,
responsive to a first output of each of sai;d?;;espective motion-
vector outputs at pixel-density levels n...2 .from said third frame
buffer of said second means being applied, in- sequential order, as
inputs to said expand-pyramid stage, for d:eriving, in sequential
order, respective motion-vector outputs fréih said expand-
pyramid stage at expanded pixel-density levels (n-1)...1, and

- applying, in order, each of said respectlve mouon-vector outputs

from said expand-pyram1d stage at said expanded pixel-density
levels (n-1)...1 both as a control input to sald warp means of said
first means and as a second input to said summer of said second
means; and

a second . output from said- thn'_' frame buffer of said
second means constttutmg said motxon-vector output at pixel-
dens1ty level 1 from sa1d feedback ' motion- vector stage that is

" applied' as an input to said highest-pixel dens1ty motion-vector

stage. i’ e
Thls Sheet Has

w0 il i



umm Iy mn nm u ;m - roaso

" 10

15

20

25

30

12. The 1mage-processmg system defined in Claim 1,

characterized in that the value of n is at least 2, and wherein said
- first hardware means comprisés a pyramid cons1st1ng of a single

image stage that employs feedback for denvmg respective image
outputs at each of pixel-density levels O...n.

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

said smgle image stage of said first hardware means
compnses convolution filter/decimator means and partitioned line
buffer means;

said partmoned line buffer means including a plurality .
of at least (n+1) separate partitions each of which stores pixels
applied thereto and reads out stored plxel__s .__therefrom, a first of
said plurality of (n+1) partitions storing the Gaussian image data
pixels of each of successive scan-lines of:an image-frame applied
thereto at a pixel-density level O that occur at a CLg input clock
frequency, and reads out the pixels stored therem at an increased
output clock frequency- equal to at least 3/2 of said CLg input
clock frequency;

said convolutlon filter/ decxmator means, in response
to stored Gaussian 1mage data pixels at each of plxel-densuy '

. levels 0 to n read out, in sequential order and at said increased v

output clock frequency, from said plurahty of (n+1) separate
partitions of said partmoned line buffer means derives as an
-output therefrom, at sa1d increased output “clock frequency, a
scan-line of Gaussian 1mage data plxels a ____each of at least pixel-
density levels 1 to n; - .

means for stonng each of sald spective scan-lines of
Gaussian image data pixels at each of the pixel-density levels of
said output from said convolution filter/ ecimator means, at said
increased output clock - frequency, in its correspondmg ordinal one
of said plurality of (n+1) ‘separate partitions: of said partitioned
line buffer means; and

- This Sheet Has
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means, responsive to stored Ga_ixfssia:n image data
- pixels at each of pixél-density levels 0 to n _-read out, in a
predetermined order and at said increased""eutput' clock
frequency, from said plurality of (n+1) separate partitions of said .
5 partitioned line buffer means, for denvmg an output therefrom, at
said increased output clock frequency, for application to sard
second hardware means.

14. The image-processing system defined in Claim 13,
characterized in that said partitioned liné ‘buffer means includes a
10  plurality of (2n+2) separate partitions coﬁpﬁsing said (n+1)
‘separate partitions and an additional n+l; "separate partitions, each
of which separate partitions stores prxels applred thereto and
reads out stored pixels therefrom; wherem sard .convolution
filter/decimator means derives as an output therefrom, at said
15  increased output clock frequency, a scan- 'ne ‘of Gaussian image
data pixels at each of pixel-density levels 1 to (a+1); and wherein
said means for deriving an output therefrom for application to
said second hardware means includes: '
expander/interpolation frlter means
20 : subtractor means;

; means for applying each of sa1d respective scan-lines
of Gaussian image data pixels at plxel-densrty levels 1 to (n+1) of
said output from said convolution filter/ decrmator means, at said
incréased output clock frequency, as an mput to said

25  expander/interpolation filter;
means for- storing each of sard respective scan-lines of
expanded Gaussian image data pixels, of utput from said
expander/interpolation filter means, at pixel-density levels 0 to n
and at said increased output clock frequency,' in its corresponding
30  ordinal one of said additional separate p ions of said
partitioned line buffer means; and ' _
meadns’ including said subtrac -‘-'-means for deriving
the difference between corresponding ones of ‘said stored Gaussian
image data pixels at each of prxel-densrty evels O to n, read out in
35  said predetermined order and at said in eased output clock
frequency, from said first-mentioned (n separate partitions of
said partitioned line buffer means and espondmg stored
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expanded Gaussian 1mage data pixels at each of ptxel-densuy
levels O to n read out, An “said predetermined order and at said
increased output clock frequent:y, from sald addmonal (n+1)
separate partitions of ‘said ‘partitioned line. buffer means, thereby

5 deriving, in said predetermmed order, Laplaaan image data pixels
at each of plxel-densrty levels 0 to n for apphcatron to said second
hardware means. -

15. The 1mage-processmg system defrned in Claim 12,
characterized in that: satd second hardware means comprises a
10 single motion-vector stage that employs feedback for deriving

respective motlon vector outputs at each of plxel-densrty levels
n...0.

16. The 1mage processing system defined in claim 1
characterized in that n is. at least 2 and satd second hardware
15 means comprises a smgle ‘motion-vector stage that employs
- feedback for deriving re_s_pecuve motion-vector outputs at each of
pixel -density levels nn-k

17. The- 1mage~processmg system defined.in claim 1
- characterized in that k-l and said second hardware means
20 further includes means responswe to motxon vectors of level O for
generating further motlon. ‘vectors each o'_ __:whlch is representative
of an SxR matrix of motlon vectors of Ievel 0' (S and R are
integers). '

18. The' ge processing system defined in claim 17
25  characterized in that :sald? means for genera tmg further motion
vectors forms the averages of respective Sx _, matnces of motion
vectors. -

19. The*'f-lma e processing sys m‘ ‘defined in claim 1
characterized in th_a_t (t fan mteger less th" ﬁ), and said second
30 hardware means further: includes means’ responsive to motion
vectors of level n-t for: generatmg further motxon vectors, each of
. which is representatlve '- f___-E motion of respectlve SxR matrices of
pixels at resolution leve 0 (S and R are mtegers) R
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