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US 6,473,532 B1

7

pixels in size) while filter HPF-R3 retains much larger
details (of up to 11 pixels).

In the following, the filtered frames will be labeled by the
type of filter (HPF-X) used to create them.

Returning to FIG. 3, analyzer 50 also generates difference
frames between the current frame and another, earlier frame.
The previous frame is typically at most 15 frames earlier. A
“group” of pictures or frames (GOP) is a scrics of frames for
which difference frames arc generated.

Parameter estimator 52 takes the current frame and the
filtered and difference frames and generates a set of param-
elers that describe the information content of the current
frame. The parameters are determined on a pixel-by-pixel
basis or on a per frame basis, as relevant. It is noted that the
parameters do not have to be calculated to great accuracy as
they are used in combination to determine a per pixel, visual
perception threshold THD;.

At least some of the following parameters are determined:

Signal to noise ratio (SNR): this parameter can be deter-

mined by generating a difference frame between the current 2

frame and the frame before it, high pass filtering of the
difference frame, summing the intensities of the pixels in the
filtered frame, normalized by both the number of pixels N in
a frame and the maximum intensty I, possible for the
pixel. If the frame is a television frame the maximum
intensity is 255 quanta (8 bits). The high frequency filter
selects only those intensities lower than 30, where a indi-
cates a level less than which the human eye cannot perceive
noise. Fer example, o can be 46 dB, equivalent to a
reduction in signal strength of a factor of 200.

Normalized NA;: this measures the change A, per pixel i,
from the current frame to its previous frame. This value is
then nonmalized by the maximum intensity I, possible for
the pixel.

Normalized volume of intraframe change NI this mea-
sures the volume of change in a frame [, (or how much
detail there is in a frame), normalized by the maximum
possible amount of information MAX -, within a frame
(i.e. 8 bits per pixelxN pixels per frame). Since the highest
frequency range indicates the amount of change in a frame,
the volume of change Iy, is a sum of the intensities in the
filtered frame having the highest frequency range, such as
filtered frame HPF-R1.

Normalized volume of interframe changes NI: this mea-
sures the volume of changes I between the current frame
and its previous frame, normalized by the maximum pos-
sible amount of information MAX y, Within a frame. The
volume of interframe changes I is the sum of the intensitics
in the difference frame.

Normalized volume of change within a group of frames
Nlgop: this measures the volume of changes I;,p Over a
group of frames, where the group is from 2 to 15 frames, as
selected by the user. It is normalized by the maximum
possible amount of information MAX -, within a frame
and by the number of frames in the group.

Normalized luminance level NY;: Y is the luminance
level of a pixel in the current frame. It is normalized by the
maximum intensity l,,,, possible for the pixel.

Color saturation p;: this is the color saturation level of the
ith pixel and it is determined by:

[or( S s oaf 252

where C,; and C,; are the chrominance levels of the ith
pixel.
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Hue h;: this is the gencral hue of the ith pixel and is

determined by:
Cpe =128
“‘""‘"{ e TR

Alternatively, hue h; can be determined by interpolating
Table 1, below.

Response to hue R (h,): this is the human vision response
to a given hue and is given by Table 1, below. Interpolation
is typically used o produce a specific value of the response
R(h) for a specific value of hue h.

TABLE 1

L) R
Color Y C, C, (om) ()
‘White 235 128 128 -_ —_
Yellow 210 16 146 575 092
Cyan 170 166 16 450 021
Green 145 54 M 510 0.5%
Magenta 106 202 222 - 02
Red 81 90 240 630 03
Blue 41 240 110 475 0.11
Black 16 128 128 - -

Visual perception threshold determiner 54 determines the
visual perception threshold THD; per pixel as follows:

THD; = THDpin(1 +NA; + Niyy +

200
Nir + Nicop+ NY; + pi+ (L= Rih)) + <o)

5 Subclass determiner 56 comparcs cach pixel i of each high

pass filtered frame HPF-X to its associated threshold THD,
to determine whether or not that pixel is significantly present
in cach filtered frame, where “significantly present” is
defined by the threshold level and by the “detail dimension”
(i.e. the size of the object or detail in the image of which the
pixel forms a part). Subclass determiner 56 then defines the
subelass to which the pixel belongs.

For the example provided above, if the pixel is not present
in any of the filtered frames, the pixel must belong to an
object of large size or the detail is only detected but not
distinguished. If the pixel is only found in the filtered frame
of HPF-C2 or in both frames HPF-C1 and HPF-C2, it must
be a horizontal edge (an edge in the Y direction of the
frame). If it is found in filtered frames HPF-R3 and HPF-C2,
it is a single small detail. If the pixel is found only in filtered
frames HPF-R1, HPF-R2 grind HPF-R3, it is a very small
vertical edge. If, in addition, it is also found in filtered frame
HPF-C2, then the pixel is a very small, single detail.

The above logic is summarized and expanded in Table 2.

TABLE 2
—High Pass Filters___
Subelass  R1

2]
=

Remarks

Large detail or detected detail only
Horizontal edge

Horizontal edge

Vertical edge

Single small detai)

Single small detail

Vertical edge

Single small detail

mmooooeo |
hmmmsooo |B

<2
0
1
1
o
1
1
0
1

W NS
conooooo
comoomoO
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Much research has been performed to try and improve the standard
compresslon techniques. The following patents and articles discuss various
prior art methods to do so:

US Patents 5,870,501, 5,847,766, 5,845,012, 5,796,864, 5,774,593,

5 5,586,200, 5,491,519, 5,341,442;

Raj Malluri et al, “A Robust, Scalable, Object-Based Video
Compression Technique for Very Low Bit-Rate Coding,” IEEE Transactions of
Circuit apd Svstems for Video Technology, vol. 7, No. 1, Feb. 1997,

AwadKh. Al-Asmari, “"An Adaptive Hybrid Coding Scheme for HDTV

10 and Digital Sequences,” |[EEE Transactions on Consumer Electronics, vol. 42,
No. 3, pp. 926-9386, Aug. 1995;

Kwok-tung Lo and Jian Feng, “Predictive Mean Search Algorithms for

FFast VQ Encoding of images,” |EEE Transactions On Consumer_Electronics,
vol. 41, No. 2, pp. 327-331, May 1995;

=t
£

15 James Goel et al. “Pre-processing for MPEG Compression Using

AdaptiQe Spatial Filtering”, JEEE Transactions On Consumer Electronics, “ vol.
41, No. 3, pp. 687-698, Aug. 1995;

o D

i

Jian Feng et al. “Motion Adaptive Classified Vector Quantization for
ATM Video Cading”, IEEE Transactions on Consumer Electronics, vol. 41, No.
20 2, p.322-326, May 1895;
Austin Y. Lan et al., “Scene-Context Dependent Reference — Frame
Placement for MPEG Video Coding,” |EEE Transactions on Circuits and
Systems for Video Technology, vol. 9, No. 3, pp. 478-489, Apr. 1999;
Kuo-Chin Fan, Kou-Sou Kan, "An Active Scene Analysis-Based

25 approach for Pseudoconstant Bit-Rate Video Coding”, IEEE Transactions on
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Circuits and_Svstems for Video Technology, vol. 8 No. 2, pp. 159-170, Apr.
1098,

Takashi Ida and Yoko Sambansug, “Image Segmentation and Contour
Detection Using Fractal Coding”, IEEE Transactions on Circuits and Systems
5 for Video Technology, vol. 8, No. 8, pp. 968-975, Dec, 1998;
Liang Shen and Rangaraj M. Rangayyan, “A Segmentation-Based
Lossiess Image Coding Method for High-Resolution Medical Image

Compression,” |EEE Transactions on Medical Imaging, vol. 16, No. 3, pp.
301-316, June 1997;

: 10 Adrian Munteanu et al., “Wavelet-Based Lossless Compression of
: Coronary Anglographic Images”, |EEE Transactions on Medical lmaging, vol.

18, No. 3, p. 272-281, March 1999; and
Akira Okumura et al., “Signal Analysis and Compression Performance
Evaluation of Pathological Microscopic Images,” IEEE Transactions on Medical
15 lmaaing, vol. 16, No. 6, pp. 701-710, Dec. 1997.

Dy T ETTR O
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Further, in accordance with a preferred embodiment of the present
invention, the step of defining includes the step of producing the visual
perception threSh‘olds, per-pixel, from a minimum threshold value and at least
one of the parameters. .

5 Still further, in accordance with a preferred embodiment of the present
invention, the step of defining includes the step of producing the visual
perception thresholds, per-pixel, according to the following equation,

THD, -ITiDm[1+NA, + NI gy + NI + Nl gop + NY, + p, +(1—R,(h,))+—zsj%%)
10 wherein THDm, is @ minimum threshold level.

Moreover, In accordance with a preferred embodiment of the present
invention, the step of classifylng includes the steps of comparing multiple
spatial high frequency levels of a pixel against its associated visual perception
threshold and processing the comparison results to associate the pixel with one

15 of the subclasses.
Further, in accordance with a preferrad embodiment of the present

invention, the step of transforming Includes the step of filtering each subclass

with an assaciated two-dimensional low pass filter.

Stil} further, in accordance with a preferred ermnbodimernt of the present

20 invention, the step of transforming includes the steps of generating a difference
frame between the current frame and a previous transformed frame, low and
high pass filtering of the difference frame, comparing the filtered frames with a
large detail threshold and a small detail threshold and summing those portions

of the filtered frames which are greater than the thresholds.
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that can only be detected (for which only one bit will suffice to describe each of

thelr pixels) and those which can be distinguished (for which at least three bits

are needed to describe the intensity of each of their pixels).

Modulator 26 modulates the reduced volume bit stream and transmits it

to a receiver 30, which, as in the prior art, includes a demodulator 32 and a

decoder 34. Demodulator 32 demodulates the transmitted signal and decoder

15 34 decodes and decompresses the demodulated signal. The result is provided
ta a monitor 36 for display.

it will be appreclated that, although the compression ratios are high in

the present invention, the resultant video displayed on monitor 36 is not visually
degraded. This is because encoder 20 attempts to quantify each frame of the
20 video signal according to which sections of the frame are more or less
distinguished by the human eye. For the less-distinguished sections, encoder

hY
20 either provides pixels of a minimum bit volume, thus reducing the overall bit

volume of the frame or smoothes the data of the sectlons such that video
compression encoder 24 will later significantly compress these sections, thus

25 resulting in a smaller bit volume in the compressed frame. Since the human eye

12
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Normalized luminance level NY}: Y] is the luminance level of a pixel in
the current frame. It is normalized by the maximum intensity Imax possible for
the pixel.

Color saturation py: this is the color saturation level of the ith pixel and it

1/2
1282 B 2
5 is determined by: |i0»78[c"‘1 6012 ) +0.24(C""126128} } where C,; and Ch; are

pue b

the chrominance levels of the ith pixel.

Hue h; this is the general hue of the ith pixel and is determined

-12
by: arctzn(l 4T C 12:] Alternatively, hue h) can be determined by interpolating
bi T

Table 1, below.
10 Response to hue Ri(hy): this Is the human visjon response to a given
hus and is given by Table 1, below. Interpotation is typically used o produce a

specific value of the response R(h) for a specific value of hue h.

Table |
Color Y [ Cy h R(b)
{am)
White 235 (128 [128 |- -
Yellow 210 |16 | 146 | 575 ] 0.92
Cyan 70 1166 [ 16 | 490 ] 021
Green 45 |54 |34 1510 [0.59
Magenta 106 1202|222 |- 0.2
Red 81 |90 [240 {630 |03
Blue 41 1240 | 110 475 [0.11
Black 16 | 128 | 128 |- -
15 Visual perception threshold determiner 54 determines the visual

perception threshold THD, per pixel as follows:

THD, =THD, . (1+NA + NIy + NI+ Nlgop + NY; + p, +(1— R,(h))+§£°R)

Subclass determiner 56 compares each pixel i of each high pass fittered frame

HPF-X to its assoclated threshold THD; to determine whether or not that pixel is

17
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significantly present in each fittered frame, where “significantly present’ is
defined by the threshold Ievel and by the “detail dimension® (i.e. the size of the
object or detail in the Image of which the pixel forms a part). Subclass
determiner 58 then defines the subclass to which the pixel belongs.

s For the example provided above, if the pixei is not present in any of the
filtered frames, the pixel must belong to an object of large size or the detail is
only detected but not distinguished. If the pixel is only found in the filtered frame
of HPF-C2 or in both frames HPF-C1 and HPF-C2, it must be a horizontal edge
(an edge in the Y direction of the frame). If it is found in filtered frames HPF-R3

10 and HPF-C2, it is a single small detail, If the pixel is found only in filtered frames
HPF-R1, HPF-R2 and HPF-R3, it is a very small vertical edge. If, in addition, it
is also found in fikered frame HPF-C2, then the pixel is a very small, single
detail.

The above logic is summarized and expahded in Table 2.

15 Table 2

U
g
vy
B
g

—
[ 8]

Remarks
Large detall or detected detail only
Horizontal edge

Horizontal edge

Vertical edge

Single small detail

Single small detail

Vertical edge

Single small detail

Single small detail
Very small vertical edge

Very small single detail
Very small single detail

RN TN
alwha

e
;
.-—--ocooooc;ooag

—-.—.-.-:»-.-‘ooooooa
..-.—.——-.-.-.--——-ooca

- o|o|=|ojo=|o|e~icle|n

JUDY DS PN S TN PN WY ) P PO Y P P

The output of subclass determiner 56 is an Indication of the subclass to which
each pixel of the current frame belengs. Intraframe processor 44 performs
spatial filtering of the frame, where the type of filter utilized varies in accordance

20 with the subclass to which the pixel belongs.

18
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SW-X, where X is one of C1, C2, R1, R2, R3 (selecting one of the low pass

fiters (LPF)), D-C, D-R (selecting to pass the relevant pixel directly). Filter

selector 62 switches the relevant switch, thereby activating the relevant filter. It

is noted that the non-linear filters NLF-R and NLF-C are activated by switches
5 R3 and C2, respectively. Thus, the outputs of non-linear filters NLF-R and

NLF-C are added to the oufputs of low pass filters LPF-R3 and LPF-C2,

respectively.

Controliable filter bank 60 also includes time aligners (TA) which add

ahy necessary delays to ensure that the pixel currently being processed :

10 remains at its appropriats location within the frame.

The low pass filters (LPF) are assoclated with the high pass filters used

in analyzer 50. Thus, the cutoff frequencies of the low pass filters are close to
those of the high pass filters. The low pass filters thus pass that which their

associated high pass filters ignore.

15 Fig. 6, to which reference is now briefly made, illustrates exemplary low
pass filters for the example provided hereinabove. Low pass fiiter LPF-R3 has a

cutoff frequency of 0.5MHz and thus, generally does not retain anything which

its associated high pass filter HPF-R3 (with a cutoff frequency of 1MHz) retains.
Filter LPF-R2 has a cutoff frequency of 1MHz, filter LPF-C2 has a cutoff

20 frequency of 1.25MHz and filters LPF-C1 and LPF-R1 have a cutoff frequency
of about 2MHz. As for the high frequency filters, fitters LPF-Cx operate on the
columns of the frame and filters LPF-Rx operate on the rows of the frame.

Fig. 7, to which reference is now briefly made, illustrates an exemplary
transfer function for the non-linear filters (NLF) which models the response of

25 the eye when detecting a detail. The transfer function defines an output value

20
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Vout normalized by the threshold level THD, as a function of an Input value Vin
also normalized by the threshold level THD;. As can be seen in the figure, the
input — output relationship is deseribed by a polynomial of high order. A typical
order might be six, though lower orders, of power two or three, are also
5 feasible.

Table 3 lists the type of filters activated per subclass, where the header
for the column indicates both the type of filter and the label of the switch SW-X
of Figs. 5A and 8B.

Table 3
Low Pass Pilers
| Subclass R1L R2 Rr3 C1 Cc2 D-R D-C

[t] 0 [ 1 Q 0

2 0 0 1 0 Q Q

0 0 Q 0 0 1

4 0 Q 1 0 0

5 0 0 0 ]

6 Q 0 0 1

7 1 0 1 0 0
3 1 1 0 [ 0 '
9 1 0 9 0 1 |

Q Q 1 1 0

1] 1 0 1 Q

2 0 0 0 1 1

Fig. 5B includes rounding elements RND which reduce the number of

bits of a pixel from eight to three or four hits, depending on the subclass to

which the pixel belongs. Table 4 illustrates the logic for the example presented
| - hereinabove, where the items which are not active for the subclass are

, 15 indicated by “N/A”.

Table 4
' subclass RND-RO(Z1) | RND-R1(Z2) | RND-R2(Z3) | RND-C0(Z4) [ RND-Cl (Z5}
| N/A N/A N/A N/A N7A
2 N/A, N/A N/A N/A 4bit
N/A N/A N/A 4bit N/A
¢ 4 N/A N/A 4bit N/A N/A
N 3 NA N/A 4bit NA 4bit
N [ N/A N/A 4bit 4bit N/A
‘ N/A abit N/A N/A N/A
| N/A 3bix N/A N/A 3bit
N/A 3bit N/A 3bit N/A
0 4bit N/A N/A N/A N/A
21
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m T 3bit [ N/A 1 N/a TNA ] 3bie
12 [3oit NA RN T | Nia

L

The output of intra-frame processor 44 is a processed version of the
current frame which uses fewer bits to describe the frame than the original

version,

The embodiments of Figs. 8A and 8B are open loop versions (i.e. the

previous frame is the frame previously input into inter-frame processor 48) while
| the embodiment of Fig. 8C Is a closed loop version (i.e. the previous frame is
15 the frame previously produced by inter-frame processor 48). All of the
embodiments comprise a summer 68, a low pass filter (LPF) 70, a high pass
filter (HPF) 72, two comparators 74 and 76, two switches 78 and 80, controlled
| by the results of comparators 74 and 76, respectively, and a summer 82. Figs.
8A and 8B additionally Include an intermediate memory 84 for storing the

20 output of intra-frame processor 44.
Summer 68 takes the difference of the processed current frame,
produced by processor 44, and the previous frame, stored in either in
intermediate memory 84 (Figs. 8A and 8B) or in frame memory 46 (Fig. 8C).

The difference frame Is then processed in fwo parallel fracks.
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generating a per-pixel hue value h;; and

determining a per-pixel response Ri(hy) to said hue value.
8. The method according to claim 8, wherein said step of defining includes the
step of producing said visual perception thresholds, per-pixel, from a

5 minimum threshold value and at least one of said parameters.

10. The method according to claim 8, wherein said step of déﬂning Includes
the step of producing said visual perception thresholds, per-pixel, according to
the folloWing equation,

THD, =mm(1+m, + NIy + NI, + Nl gop + NY¥, + p, + (1=~ R, (, )+ %’N%J

10 wherein THDmin is @ minimum threshold level.
11. The method according to claim 8, wherein said step of ¢lassifying includes

the steps of comparing multiple spatial high frequency levels of a pixel against

its associated visual perception threshold and processing said comparison
results to associate said pixel with one of said subclasses,

15 12. The method according to claim 6, wherein said step of transforming

includes the step of filtering each subclass with an associated two i
dimensional low pass filter.
18. The method according to claim 12, wherein said step of transforming {
includes the steps of generating a difference frame between said current

20 frame and a previous transformed frame, low and high pass filtering of said
difference frame, comparing said filtered frames with a large deﬁail threshold j
and a small detail threshold and summing those portions of said filtered |
frames which are greater than said thresholds. ‘
14. The method according to claim 13 and wherein said large detaijl threshold

25 is 2 to 5 percent.

28
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As a below named inventor, I hereby declare that:
My residence, post office address and citizenship are as stated below under my name.
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claimed and for which a patent is sought on the invention entitled

METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE SYNTACTIC

ENCODING
the Specification of which
X is attached hereto
was filed on.
as Application Serial No.
and was amended on (if applicable).

I hereby state that I have reviewed and understand the contents of the above-identified
Specification, including the claims, as amended by any amendment referred to above.

I acknowledge the duty to disclose information which is material to the examination of this
application in accordance with Title 37, Code of Federal Regulations, 1.56(a).

I hereby claim foreign priority benefits under Title 35, United States Code, §119 of any
provisional application filed in the United States in accordance with 35 U.S.C. §1,119(g), or any
application for patent that has been converted to a Provisional Application within one (1) yeac of
its filing date, or any foreign application(s) for patent or inventor's certificate listed below and
have also identified below any foreign application for patent or inventor's certificate having a
filing date before that of the application on which priority is claimed.

oo PRIOR FILED APPLICATION(S

| APPLICATION COUNTRY (DAY/MONTH/YEAR FILED) PRIORITY

NUMBER CLAIMED
I 134182 Israel 23-Jan-00 YES
[

1 hereby claim the benefit under Title 35, United States Code, §120 of any United States
application listcd below, and, insofar as the subject matter of each of the claims of this application
is not disclosed in any prior United States application in the manner provided by the first

1 paragraph of Title 35, United States Code, §112, I acknowledge the duty to disclose material
information as defined in Title 37, Code of Federal Regulations, §1.56(a), which ocenrred
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EITAN, PEARL, LATZER, & COHEN-ZEDEK
ONE CRYSTAL PARK, SUITE 210
2011 CRYSTAL DRIVE
ARLINGTON, VA 22202-3709

Direct all telephone calls to (703) 486-0800 and all facsimiles at (703) 486-0600,

I hereby declare that all statements tade herein of my own knowledge are true and that all
staternents made on information and belief are believed to be true; and further, that these
staternents were made with the knowledge that willful false statements and the like so made are
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States
Code and that such willful false statements may jeopardize the validity of the application or any
patent issued thereon.

FULL NAME OF INVENTOR:  SHERAIZIN, Semion r,7
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pr 3
= ©® Asslstant Commissioner for Patents D59 <
= : APPLICATION ELEMENTS ADDRESS TO: Box Patent Application o0 =BT
g See MPEP chapter 800 9 patent Washington, DC 20231 Ao =Fm
e X T | Form (0.g., PTO/SEA i
: * Fee Transmittal Form (a.g., 7] 5. Microfiche Computer Pragram (Appendix )
! <7 (Submit an orfainal and a duoiicats for fee processing) D bt © Comp gram (Appond)
2. M Specification [Total Pages 30 ] 6. Nucleotide and/or Amino Acid Sequence Submission
(preferred arrangement set forth balow) (if apphicable, all necessary)
- Descriptive fitle of the tnvention a D Computer Readable Copy
- Cross References te Related Applications b. Paper Copy (Identical to computer copy)
- Reference to Microfiche Appendix c. Statement verifying identity of above coples
« Background of the Invention QCCOMsz!NG APPLICATION PARTS
- Btlaf Summary of the Invention 7. m Assignment Papers {cover sheet & documentis))
- Briaf Description of the Drawings (If filed) D 37 C.F.R. §3.73(p) Statement Power of
- Detailed Description 8. (when thare is 8n assignee) Attorriey
= Claim(s) .
_ Abstract of the Disclosure 9. D English Translation Document (if applicadle)
v Information Discl i 3
LX) Drawing(s) (35 U.S.C. 113) [Total Sheets 15 ] 10. D .s"t:mn'?eﬂrn'(‘lo‘ss)/l@:'rsgﬁﬁs Pt
Qath or Declaration [Totel Pages 3 ) 1. [[] pretminary Amendment
. Retum Recaipt Postcard (MPEP 5303)
DX Newly executed (originat ot copy) e [ Shouid be specioaiy nemizon) )
Copy from apnorappuemxon (37 C.F.R. § 1.63(d) ™1 *Small Ent Statementflled in prior applicasion,
b. [:] (for continuation/divisions] with Box 16 completed) 18. L] (Fsrtgt}esment(s} D Status still proper:ml deegred

G S T

i p
Signed statement attached dalsting
inventor(s) named in the prior application,

n

Certified Copy of Priority Document(s|
{Ifforlmgnpr?gntymclgz%em ent(s)

;: soa 37 C.F.R. §§ 1.63(d)(2) and 1.33(b). 15, }x‘ Other: posteard
[} NOTE FORITEMS 1.4 13; INORDER TO BE ENTHLED TO PAY SMALL ENTITY
i || FEES A SMALL ENTITY STATEMENT IS PEGUIRED{S?C.FR.& 12”9(65??
) LAl FONE INAPRIOR APPLICATION 1S RELIED UPON (37 C.F.
‘ 16. __If a CONTINUING APPLICATION, check and sy uisite information below and in a preliminary amendment: |
; Continuaton I___f Dwsionsl Commmnn-cn—pan (cnP) of prior agplication No.:
Inif:

_Group/AR Unit:
EoE con;[lNUA]]OE or DIVISIONAL ﬁgs gny‘ The -ndm disclosure of the prior anlleﬁnn, from which an aath or dlclaﬁbarn Is suppiled
under Box 4D, is considered a wr‘to discl d s h"ebi’ Incorporated by
bs Nlued upon whan a porﬁon has'beon Inadveﬂenﬂy omittad from the submlﬁed appllc

ation parts.

17, CORRESPONDENCE ADDRESS
T - o

1 Custemer Number or Bar Code

Eitan, Peari, Latzer & Cohen-Zedek

Glsﬁ:merNo‘.'orAXtad! bt

or (8 Comespondence address befow

Name
One Crystal Park, Suite 216, 2011 Cryatal Drive
) Address
City ‘Arlington 1 stete VA [ Zip Code | 222023709
Country USA | Talephone (703) 436-0800 | Pax (703) 486-05520

Naime (Pinyype) | Dv@- W@ /)

Registration No. (Attomey/Agent) 45,148

E=S 7/ 5.4 A

Data 14 March 2000

£+
Burden Hour Statemenl: This form is estimated to take 0.2 hours to complete. “Time will vary dapending upon the aseds of the Individual case, Ary
comments on the amount of ima you are required to complete this form should be sent to the Chief Information Officer, Patent and Trademark Offle2,
‘Washington, XC 20231, DQ NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant Commissioner for Patents,

Bax Patent Application, Washington, DC 20231.
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MAY 112008 ©
& S

PATENT
P-2883-US
% &
IN THE UNITED STAT AND TRADEMARK OFFICE
—
o -
APPLICANT(S): SHERAIZIN, Semion; and SHERAIZIN, Vitaly Moz
o M
O e
SERIALNO..  09/524,618 < EXAMINER: Notkiown = O 2
Eg O
FILED: March 14, 2000 - GROUP ARTUNIT: Notknown o & &
=)
FOR.:
]

METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE
SYNTACTIC ENCODING

ASSISTANT COMMISSIONER FOR PATENTS
WASHINGTON, D.C. 2023

COMMUNICATION FOR FORWARDING

STATEMENT CLAIMING SMALL ENTITY STATUS -
SMALIL BUSINESS CONCERN
Sir:

Applicant(s) attach hereby a Statement Claiming Small Entity Status For a
Business Concern for the above identified patent Application.
If any additional fee is required, the undersigned attorney hereby authorizes the Patent
Office to charge such additional fee to Deposit Account 05-0649.

Respectfully submitted,

-

Heidi M. Brug

Attorney for Applicant(s)
Registration No. 34,504
Dated: 11 May 2000

Eitan, Pearl, Latzer & Cohen-Zedek
One Crystal Park, Suite 210

2011 Crystal Drive

Axlingten, VA 22202-3709

Tel: 703.486.0600

Fax: 703.486.0800
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BTO/SEAO (- -08)
3-0031 Patent and Trademark Office; U.S. DEPARTMENT OF CCMMEICE
8 8 valld OMB eontiol humbel

Approved for use
Under the Paparwork Raductian Act of 1996 ne

STATEMENT CLAIMING SMALL
(37 CFR 1.9(f) & 1.27(c))~SMALL BUSINESS CONCERN

Daocket Number (Optianal)

P-2883-US

Applicant, Patentee, or [dentifier. SHERAIZIN, Semion et al.

Application ef Patent No.: _March 14, 2000 o —

Flied or Issued: _09/524,618 (=]

Titie: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE SYNTACTIC ENCQSAN% ?) . -

o=
e [ nereby state that | am C:) — O

M the owner of the small business concem identified below: < ~no 2l

R an officiat of the small business concerm empowered to act on behalf of the concern identified below: I3 =
g om

NAME OF SMALL BUSINESS CONCERN VLS COM LTD. - = jot}
(=
[}

ADDRESS OF SMALL BUSINESS CONCERN &::Fﬁs Street, (Lev Hatamar Building), REEhovot 76545,

] hereby state that the above identified small business concern qualifies as a smait businass concemn as defined in 13
CFR Part 121 for purposes of paying reducad fées to the United States Patent and Trademark Office. Questions related to
size standards for a small business concem may be directed to' Small Business Administration, Size Standards Slaff, 400
Third Streel, SW, Washington, DC 20416.

1 hereby state that rights under contract or law have been conveyed to and remain with the smali business concern
identified above with ragard to the invention described In:

- C] the sgecification filed harawith withr title™ s listed above.

B2  the application identified above.

E] the patent ientified above.
——

lf the rights held by me above |dsnhﬁod small business concern are not exclusive, each individual, concetn, or
organization having rights in the lnvention must file saparote statements as to their status as small entities, and no rights
to the invention are held by any person, athar than the inventor, who weuld not quality as an independent inventor under
37 CFR 1.9(c) if that person made the invention, or by any concem which would not qualify as a small business concern
under 37 CFR 1.8(d), or e_nonpmﬁt organization under 37 CFR 1.9(e).

Each parson, concern, or organization having any rights in the invention Is fisted beiow:
£ no such person, concerr, or organizatlon exists.
[ each such person, concern, or organization is fisted betow.

Separate stalements are requlred from each named parson, concem, of crganization having rights to the invention stating
their status as small entities. (37 CFR 1.27)

| acknowledge the duty to file, in this application or patent, notification of any change in status resulting in ioss of
entitiement to small entity status prior to paying, or at the time of paying, the earliest of the issue fee or any maintenance fec
dus aftsr the date on which status as a small entity is no longer appropriate. (37 CFR 1.28(b))

NAME OF PERSON SIGNING ™ Z_A At ﬁ ® EQMA 'J -

TITLE OF PERSON IF OTHER THAN OWNER Hag
—_

(3%\{1 sl Rip Monn THRPEY

SICNATURE o DATE y. 23]4 20

Burden Hour Staiement: This ia eaumated tol € u 2 hours to camplete. Time wil vary depanding vpon the needs of tne mdvidual case. Any
commants on the smount of tAs you are required tefcompiats this farm shouid be sent to the Chief Information Qfficer, Patent and Tradamark Office
Washinglon, OC 20233. DO NCYT SEND FEES OR COMPLETED FORMS TQ THIS ADDRESS. SEND TO: Assistant Commissloner for Fateats
Waghinaten, DC 20231

ADDRESS OF PERSON SIGN

Page 81 of 297 Unified Patents Exhibit 1004



PATENT
P-2883-US
IN THE UNITED STATES PATENT TRADEMARK OFFICE
APPLICANT(S): SHERAIZIN, et al.
SERIAL NO.: 09/524,618 unknown
FILED: March 14, 2000 GROUP ART UNIT: unknown
FOR.: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE
SYNTACTIC ENCODING
ASSISTANT COMMISSIONER FOR PATENTS RECEIVED
WASHINGTON, D.C. 20231
FEB 01 2001

Sir- Technology Center 2600

INFORMATION DISCLOSURE STATEMENT

Pursuant to 37 C.F.R. §§1.56, 1.97 and 1.98, this Information Disclosurec Statement

includes:

1.[X] Documents including patents, publications, and other information listed on the attached
Form PTO-1449 for consideration by the Examiner;

2.[] Form PTO-1449 which lists documents including patents, publications and other
information for consideration by the Examiner but in accordance with 37 C.F.R. 1.98(d)
does not include those documents which have been previously cited or submitted to the

Patent Office in the following prior application U.S. Serial No. , filed

which is properly identified and relied on.
3.[] Other information for the Examiner's consideration which was cited in a communication

from a foreign patent office in a counterpart foreign application.
The information herein cited is only in fulfillment of Applicant(s) duty of candor in

disclosing all information brought to Applicant(s) attention. This submission does not represent

that a search has been made or that no better art exists and does not constitute an admission that
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Please type a plus sign (+) inside this box —» l! . J

ﬁ é;z ‘ PTdISBIOIM (10-96)

ruse thrm?h 10/31/39. OMB 0651-003"1
.31 U.S. DEPARTMENT OF COMMERCE:

Gt e e

prov
Patent and Trademark -

s R T TR

Under tha Papen:

Reduction Act of 1895, no persons are required to respond to a collection of information uniess it displays a valid OMB control aumber:

Substitute for form 1448A/PTO

INFORMATION DISCL.

STATEMENT BY APPLICANT

Complete if Known 5%,
Application Number 09/524,618 o
EP @ Filing Date March 14, 2600
“eJ\First Named Inventor SHERAIZIN, et al

o JAN 2 6 2001 P Group Art Unit unknewn 42
(use as many sheets as necgSsary) ¢/Examiner Name wwewn O M A 0C T RA A/
Sheet {* fof |2 <N S/ Attorney Docket Number | P-2883-US
~AUL
U.S. PATENT DOCUMENTS
|__U.S. Patent Document N: f Patent Applicant | Date of Publication of Pages, Columns, Lines,
. § —| Name of Patentee or ican ] Where Relevanl
E\)i(t?:g?er ﬁge‘ Number  Kind Code? of Cited Documegtp Cited Document Passageas or Reler:zant
- {if known) MM-DD-YYYY Figures Appe
" i Comss | 5 uzaﬁﬁ_
oo AB, 5,870,501 Kim February 9, 1999 oo -
A AB 5,847,766 Peak D 8, 1998 - -
h AC 5,845,012 Jung D 1, 1998 — —
V7 | ap 5,796,864 Callahan August 18, 1998 — —_
i J’j}’,\ AE 5,774,693 Zick, et al. June 30, 1998 . —
i ﬁ: AF 5,586,200 Devaney, et al. December 17, 1996 - —
T A 5,491,519 Kim February 17, 1996 — —-
el | aw 5,341,442 Barrett August 23, 1994 — —
; .
RECEIVED
real g1 2001
L "L
mmmy.unmﬂﬁﬂ

FOREIGN PATENT DOCUMENTS

|__ForeignPatent Document -
[ecamner [cie e ot | o ey | "t Catment | e eman T
initials  [No.' | Office Number' (i knowr) | T omen MMODYYYY | passages of Relevant
FiguresAQEar
(B
(]
0]
0
Cl
! 0]
1
. 0
! 0
I 0
, —
Serner | ofuct Ao Do e | 12/ 14/0/

*EXAMINER: Initial if reference considered, whether o not citation is in conformance with MPEP 609. Draw line through citation if not in conformance and not

onsidered. Include copy of this form with next communication to applicant. B
* Unique citation designation number.

2 gpe attached Kinds of U.S. Patent Documents., 3 Enter Office that issued the document, by the twcrlelﬂer

code (WIPO Standard ST.3). “For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial
ocument

number of the patent document. * Kind of d
possible. ® Applicant is to place a check mark here if English &

Burden Hour W Tnis form is 1o take 2.0 hours to te. Time will vary depending
the amount of time you are required to complete this form should be sent to the Chief Information Officer, Pal

t by the appropriate _?ymbols_ as indicated on the document under WIPO Standard ST. 16 if
is d.

n the needs of the individual case. Any comments on

and Trademark Office, Washlzné;}on‘ DC 20231,

DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant C
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Please type a plus sign (+) inside this box — ! s J

PTO/SBI08A (10-6,
> Approv r use through 10/31/89. OMB 06510031
™ . Patent and Trademark _. 3 U.S. DEPARTMENT OF COMMERCE
nder the Papenvork Redustion Act of 1995, nw to respond to a coflection of information unless it displays a valid OMB contro! number

“
Substitute for form 1449B/PTO Bfg\ Complete if Known
3 M 2620 & Application Number 09/524,618
INFORMATION DISSRO0SURE § | Filing Date March 14, 2000
STATEMENT BY AP 23 First Named Inventor | SHERAIZIN, et al
Group Art Unit wnkmorm 24 2 |
{use as many sheets as necessary) Examiner Name unknown /20 (4 OC Z_/z/‘,U
Sheet |2 Jof |2 Attomney Docket Number | P-2883-US

OTHER PRIOR ART - NON PATENT LITERATURE DOCUMENTS
Include name of the author (in CAPITAL LETTERS), title of the article (where appropriate), title of the
Examiner (Cite | item {bock, magazine, journal, serial, symposium, catalog, etc.), date, page(s), volume-issue number(s),
Initials™ No.' publisher, city and/or country where published.
Raj Malluri, et al,, “A Robust, Scalahle, Object-Based Video Compression Technique for Very Low Bit-Rate

Coding", IEEE Transaction of Circult and Systems for Video Technotogy, Vol. 7, No.1, Feb.1937
AwadKh. Al-Asmarl,” An Adaptive Hybrid Coding Scheme for HDTV and Digital Seq " IEEE
on Consumer Electronics, Vol. 42, No. 3, pp. 926-936, Aug. 1995
Kwok-tung Lo & Jian Feng, “Predictive Mean Search Algorithms for Fast VQ Encoding of Images,” IEEE
Transactions On Consumer Electronics, Vol. 41, No. 2, pp. 327-331, May 19895
James Goe! et al., "Pre-processing for MPEG Compression Using Adaptive Spatial Filtering", IEEE TRansactions
On Consumer Electronics, Vol. 41, No. 3, pp. 687-698, Aug. 1985
Jian Feng, et al,, “Motion Adaptive Classified Vector Quantization for ATM Video Coding”, IEEE Transactions on
Consumer Electronics, Vol, 41, No, 2, p. 322-326, May 1995
Austin Y. Lian, et ai., “Scene-Context D - Frame P for MPEG Video Coding,” IEEE
Transactions on Circuits and Systems for Video Technology, Vol. 9, No. 3, pp. 478-489, Apr. 1999
Kuo-Chin Fan, Kou-Sou Kan, "An Active Scene y Based app! for stant Bit-Rate Video
Coding”, IEEE Transactions on Circuits and Systems for Video Technology, Vol. 8, No. 2, pp. 169-170, April 1958
Takashi [da and Yoko ¥Image tlon and Contour Detection Using Fractal Codong”, IEEE
Transactions on Circuits and Systems for Video Technology, Vol. 8, No. 8, pp. 968-975, December 1998
Liang Shen & RangarajM. Rangayyan, "A Segmentation-Bagsed Lossless Image Coding Method for
High-Resolution Medical Image Comp ion", IEEE T on Medical Imaging, Vol. 16, No. 3, pp.
301-316, June 1997 '
AR |Adrian Munteanu et al., "Wavelet-Based Lossless Compression of Coronary Anglographic images”, IEEE
H*/‘\ Transactions on Medica) maging, Vol. 18, No. 3, pp. 272-281, March 1988
IN TAS |Akira Okumura, et al., "Signal Analysis and Compression performance of F icat Mi P

" |images, "IEEE Transactions on Medical Imaging, Vol. 16, No. 8, pp. 701-710, December 1997

0.
A

I
IAJ

L

EEEEEEEEEE

¥

E i 77 Date .
Sgnature | ol A Considered | 12/ /#/0/

* EXAMINER: Initial if reference considered, whether or not citation Is in conformance with MPEP 609. Draw {ine through citation if not in conformance and net
considerad. Include copy of this form with next communication to applicant.

1 Unique citation designation number. 2 Applicant is to place a check mark here if English fanguage Translation is attached.

Burden Hour Statement: This form is estimated to take 2.0 hours to complete. Time will vary depending upen the needs of the individual case. Any comients: on
the amount of time you are required to complete this form should be sent to the Chief Information Officer, Patent and Tradermark Office, Washington, DC 20231.
DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant Commissioner for Patents, Washington, DC 20231.

RECEIVED
FEB 01 2001
Technelogy Center 2600

Page 87 of 297 Unified Patents Exhibit 1004



"

B

Application No eplicant(sy
. - 09/524,618 Sheraizin et al,
Notice of Allowability e O A
Phuoc Tran 2621 ”I““
i

--The MAILING DATE of this communication appears on the cover sheet with the correspondence address--

Aif claims being allowable, PROSECUTION ON THE MERITS IS {QR REMAINS) CLOSED in this application, [f net included herewith
(or previously mailed), a Notice of Allowance and lssue Fee Due or other appropriate communication wil be mailed in due course.
THIS NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at
the initiative of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1 X This communication is responsive to __paper filed 1/26/01

2 X Tre atiowed claimis)is/are  1-47

-

3 “h2 drawings filed on are acceptable as formal drawings

4 X' Acknowledgement is made of a claim for foreign priority under 35 U.S.C. § 119(a)-{d}.
3 KAl b)Y Bomer ¢ Nune ofthe
1 X Centified copies of the prierity documents have been received

2 Certified copies of the pricrity documents have been received in Application No.

3 Copies of the certified copies of the priority documents have been recerved i this national stage
apphcation from the International Bureau {PCT Rule 17 2{2};

“Certified copies nct received:

5 | . Acknowledgement is made of a claim for domestic priofity under 35 U.S.C. § 119(e).

Aoplicart has THREE MONTHS FROM THE "MAILING DATE" of this communication 1o file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application. THIS THREE-MONTH PERIOD IS NOT
EXTENDABLE FOR SUBMITTING NEW FORMAL DRAWINGS, OR A SUBSTITUTE OATH OR DECLARATION. This three-month perioc
for complying with the REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL is extendable under 37 CFR 1.136{a}.

5. ' Note the attached EXAMINER'S AMENDMENT or NOTICE OF INFORMAL APPLICATION (PTO-152) which gives
reason(s} wiy the oath or declaration is deficient. A SUBSTITUTE OATH OR DECLARATION IS REQUIRED.

7. . Agplicant MUST submit NEW FORMAL DRAWINGS
{a) _ Including changes required by the Notice of Draftsperson's Patent Orawing Review (PTO-948) attached

11 hersto or 2) fo Paper No

(b} . nciuding changes required by the propnsed drawing correction filed ,which has been
approved by the examiner

c).. including changes required by the attached Examiner's Amendment/Comment or in the Office action of
Paper do.

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings. The
drawings should be filed as a separate paper with a transmittal letter addressed to the Official Draftsperson

8 7 Note the attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL

Any reply to this letter should include, in the upper right hand corner, the APPLICATION NUMBER (SERIES CODE/SERIAL
N JMBER). If applicant has received a Notice of Allowance and Issue Fee Due. the ISSUE BATCH NUMBER and DATE of the
NOTICE OF ALLOWANCE should alsc be included

Attachment(s)
1 X Notice of References Cited (PTO-892) 2 Notice of informal Patant Application (PT0-152)
3 Notce of Draftsperson's Patent Drawing Review [PTO-848) 4 Interview Summary (PTO-413) Paper No I
5 X information Disclesure Statement(s) (PTG-1443), Paper No(s) 3 6. Examiner's AmendmentiComment
7 Examiner's Comment Regarding Reguirement for Deposit of Biological 8§ iX; Examiner's Statement of Reasons for Allowance
faztena
El Qther
U S Putent 3aa Tracemark Offica ]
PTO-27 (Rev 01-07) Notice of Ailowability Rart of Paper No 4
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UNITED STATES PATENT AND TRADEMARK OFFICE

~ UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Addrexs: COMMISBIONER OF PATENTS AND TRADEMARES
ashington, D.C. 20231

Www . uBplo gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

7590 12/18/2001

Heidi M Brun | EXAMINER |
Eitan Pearl Latzer & Cohen-Zedek TRAN, PHUOC

One Crystal Park Suite 210

2011 Crystal Drive { ART UNIT [ “crass-suncrass |

Arlington, VA 22202-3709 2621 382-244000

DATE MAILED: 12/18/2001

r APPLICATION NO. l FILING DATE ] FIRST NAMED INVENTOR I—A’I‘I‘OR.NEY DOCKET NO. LCONFIRMAT!ON NO |
09/524 618 03/14/2000 Semion Sheraizin P-2883-US £670

TITLE OF INVENTION: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE SYNTACTIC ENCODING

E TOTALCLAIMS [ appLN.TYPE | sMaLLENTITY | ISSUE FEE [ “rusuicarionrre [ toraL EEgyoUE | DATE DUE |
14 nonprovisional YES $640 $0 $640 03/1872002

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.

PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS STATUTORY.
PERIOD CANNOT BE EXTENDED. SEE 35 US.C, 151.

HOW TO REPLY TO THIS NOTICE:

1. Review the SMALL ENTITY status shown above. [fthe SMALL If the SMALL ENTITY is shown as NO:

ENTITY is shown as YES, verify your current SMALL ENTITY

status:

A. If the status is changed, pay the PUBLICATION FEE (if required) [ A. Pay TOTAL FEE(S) DUE shown above, or

and twice the amount of the ISSUE FEE shown above and notify the

United States Patent and Trademark Office of the change in status, or

B. If the status is the same, pay the TOTAL FEE(S) DUE shown B. If applicant claimed SMALL ENTITY status before, or is now

above. claiming SMALL ENTITY status, check the box below and enclose
the PUBLICATION FEE and 1/2 the ISSUE FEE shown aboye.

O Applicant claims SMALL ENTITY status.
See 37 CFR 1.27.

II. PART B - FEE(S) TRANSMITTAL should be completed and returned to the United States Patent and Trademark Office (USPTO) with
your ISSUE FEE and PUBLICATION FEE (if required). Even if the fec(s) have already been paid, Part B - Fee(s) Transmittal shculd be
completed and returned. If you are charging the fee(s) to your deposit account, section "4b" of Part B - Fee(s) Transmittal should be
completed and an extra copy of the form should be submitted.

111 All communications regarding this application must give the application number. Please direct all communications prior to issuance to
Box ISSUE FEE unless advised to the centrary.

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of
maintenance fees. It is patentee’s responsibility to ensure timely payment of maintenance fees when due.

Page 1 of 3

PTOL-85 (REV, 07-01) Approved for use through 01/31/2004.
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PART B - FEE(S) TRANSMITTAL
Complete and mail this form, together with applicable fee(s), to: Box ISSUE FEE

Assistant Commissioner for Patents 3
Washington, D. .c.'zu ( ( 7
MAILING N his N

Y th i ICATION F dy. Bloc) S = d
llﬂn‘ﬂl mnﬂm
o R e e e R A e

NMMOOHBSPONDSNCIADOMM Lagibly mark-up with say coerections or use Block 1)

Note: The certificate of mailing below can only be used for domestic
} 2900 121182001 mmp of the Fu(l) Transmirtal. This certificate cannot be used for any
ACCOTIPENY NG Esch additio w mh 23 an sssigament
Heidi M Brun orfotmaldnmng,m ve its own certil
Eitan Pearl Latzer & Cohen-Zedek 1 ety o mr&mﬁ ) is being with the
One Crystal Park Suite 210 | et & ing deposited i
2011 Crystal Drive wmmummr&"% b T :
Atlington, VA 22202-3709 Jodicatod bel
(Sigparar) |
(Dute)
APrLICATIONNO. | Fmngoate | FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. [ oommmounoj
09/524,618 03/1472000 Semion Sheraixin P-2883.U5 8670

TITLE QOF INVENTION: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE SYNTACTIC ENCODING

[ rorarcrams | amN.TYPE | SMALLENTTY | SSUEFEE | PUBLICATIONFEE | TOTALFEE(S)DUE |  DATE DUE :
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Applicant: SHERAIZIN et al, Examiner: TRAN, P.
Serial No.: 09/524,618 Group Art Unit: 2621
Filed: March 14, 2000
Title: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE
) SYNTACTIC ENCODING
nDEAENE
NnNLLULIvVio
’ 1
- AMENDMENT UNDER 37 CFR 1312 WAR 2 1 2002
Assistant Commissioate for Patents Technology Center 2600
Washington, DC 20237
Sir E,
In response to the Notice of Allowance mailed December 18, 2001, kindly amend the i

above identified application as follows: i
In the Specifications:
Please replace the paragraph beginning at page 12, line 4, with the followirig rewritten

e

- Reference is now made to Fig. 2, which illustrates the present invention within an

image transmission system. Thus, Fig. 2 shows a visual lossless (VLS) syntactic encoder 20
connected to a standard video transmitter 22 which includes a video compression encoder 24, .
‘\\ such as a standard MPEG encoder, and 8 modulator 26. VLS syntactic encoder 20 transforms an ‘
incoming video signal such that video compmsion encoder 24 can compress the video signal
two to five times more than video compression encoder 24 can do on its own, resulting in a

significantly reduced volume bit stream to be transmitted.—

N —— e —— : e
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*  APPLICANT: SHERAIZIN, Semion et al,
SERIAL NO.: 09/524,618
FILED: March 14, 2000

paragraph: /\
~-Reference is now made to Figs. 8A, 8B and 8C, which illustrate three alternative :
embodiments for inter-frame processor 48 which provides temporal filtering (i.e. inter-frame
w- filtering) to further process the current frame, Since the present invention provides a full
frame as output, inter-frame processor 48 determines which pixels have changed significanily
from the previous frame and amends those only, storing the new version in the appropriate
location in output frame memory 46.—

Attached hereto is a marked-up version of the changes made to the specification by the

current amendment. The attached page is captioned “Version with markings to show
changes made”. ' ;
AR 21 'lﬂﬁ?-m
REMARKS IMW

\ The foregoing amendments and the foliowing remarks are directed to formalities, in
order to move the above-referenced patent application to issue. Entry of this paper is

respectfully requested.
Amendments to Specification

The amendments to the Specification are either editorial in nature or arc provided to
match the text with the drawings. No new matter has been added.

' Amendments to Drawings 5

Figs. 5B, 8B and 8C have been amended to match the drawings to the text. . ’ BE

Specifically, in Fig. 5A, frames 64 and 66 were added and in Figs. 8B and 8C, the title
“FRAME MEMORY? of element 46 has been corrected to “OUTPUT FRAME MEMORY”.

Approval is requested.
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APPLICANT: SHERAIZIN, Semion et al.

SERJAL NO.: 09/524,618
FILED: . March 14, 2000
Page 3

Should the Examiner have any question or comment as to the form, content, or entry
of this Paper, the Examiner is requested to contact the undersigned at the telephone number
below. Similarly, if there are any further issues 10 be resolved to advance the prosecution of
this application to issue, the Examiner is requested to tetephone the undersigned.

Registration No. 37,912
Dated: March 14, 2002 *

Eitan, Pearl, Latzer & Cohen-Zedek D }
One Crystal Park, Suite 210, 2011 Crystal Drive i
Arlington, VA, USA 22202-3709 GENE L
Telephone: (703) 486-0600 ‘—\E

Fax: (703) 486-0800
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APPLICANT: SHERAIZIN, Semion et al. \2
SERIAL NO.: 09/524,618 e
FILED: March 14, 2000
Page 4 RECEIVED
Version with markings to show changes made  MAR 2 1 2002
In the Specification: lﬂd‘mbgy Center 2600

Paragraph beginning at page 12, line 4, has been amended as follows: '

~Reference is now made to Fig. 2, which illustrates the present invention within an
image transmission system. Thus, Fig. 2 shows a visual lossless (VLS) syntactic encoder 20
connected to a standard video transmitter 22 which includes a video compression encoder 24,

such as a standard MPEG encoder, and a modulator 26. VLS syntactic encoder 20 transforms an
incoming video signal such that video compression encoder 24 can compress the video signal
two to five times more than video compression encoder 24 can do on its own, resulting in a
significantly reduced volume bit stream to be transmitted.—

Paragraph beginning at page 22, linc 5, has been amended as follows:

--Reference is now made to Figs. 8A, 8B and 8C, which illustrate three alternative ;i
embodiments for inter-frame processor 48 which provides temporal filtering (i.e. inter-frame
filtering) to fiirther process the current frame. Since the present invention provides a full frame
as output, inter-frame processor 48 determines which pixels have changed significantly from the
previous frame and amends those only, storing the new version in the appropriate location in 1
gutput frame memory 46.—
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b UNITED STATES DEPARTMENT OF COMMEKCE

United Statea Patont and Trademark Office
Address: COMMISSIONER OF PATENTS AND TRADEMARKS

=7
Washingion, D.C. 20231
L0 §OV

| APPLICATION NO FILING DATE { FIRST NAMED INVENTOR ATTORNEY DOCKET NDJ CONFIRMATION RO, _I
09/524,518 03/1472000 Semion Sheraizin P-2883-US 8670
7590 05/032002
Heidi M Brun { EXAMINER 1
Eitan Pear] Latzer & Cohen-Zedek
One Crystal Park Suite 210 TRAN, PHUOC
2011 Crystal Drive
rystal | ART UNIT PAPER NUMBER. l

Arlington, VA 22202-3709
2621 :& (
DATE MAILED: 05/03/2002

Please find below and/or attached an Office communication concerning this application or proceeding.

PTO-90C (Rev. 07-01)
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w 1-'n UNITED STATES DEFARTMENT OF COMMERCE
Patent andTrademark Office
Address; COMMISSIONER OF PATENTS AND TRADEMARKS

Washington, D.C. 20231

[ aeucaronwimsea | FunaoaE |

FIRST NAMED APPLICANT ATTORNEY DOCKET NO.

[J The petition filed

Bée amendment filed 3) I%L/OS

| EXAMINER

i ART UNIT [ paperNUMBER

o

DATE MAILED:

Response to Rule 312
Communication

under 37 CFR 1.312(b) is granted. The paper has been
forwarded to the examiner for consideration on the merits.

Director,
Patent Examining Group

under 37 CFR 1.312 has been

considered, and has been: |

E',/ente red.

O entered as directed to matters of form not affecting the scope of the invention (Order 3311).

[ disapproved. See explanation below.

[ entered jn part. See explanation below.

ng Division

FORM PTOL-271 (REV. 1/96)
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P-288%US
‘QHADE\B’& Ok I %)\ ‘0
IN THE UNITED STATES PATENT AND TRADEMA&&’;% o
’ o@

APPLICANT(S): SHERAIZIN, Semion et al.

SERIAL NO: 09/524,618 EXAMINER: TRAN, Phuoc

FILED: March 14, 2000 GROUP ART UNIT: 2621

FOR: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE
SYNTACTIC ENCODING

ASSISTANT COMMISSIONER OF PATENTS
AND TRADEMARKS i
WASHINGTON, DC 20231 RECEIVED

MAR 1 9 2002

CLAIM FOR PRIORITY Technology Center 2600

Sir:

Applicant(s) hereby claims priority under 35 U.S.C. Section 119 based on Israeli Application
No. 134182 filed January 23, 2000.

A certified copy of the priority document is submitted herewith.

Respestfully submitted,

Attorney for Applicants
Registration No. 37,912

Dated: March 12, 2002

Eitan, Peerl, Latzer & Cohen-Zedek

One Crystal Park, Suite 210, 2011 Crystal Drive
Arlington, VA 22202-3709

Tel: 703.486.0600

Fax: 703.486.0800

s2 .0/
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Ante/Post-dated|
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4 Pikeris St. (Lev Hatamar Building) (ann ab P»aad) vrpeh ara
Rechovot, 76545 76545,1M3r4
Israel TN

VLS COM LTD.

Israeli Company nRE NN

Inventor:  Semion Sheraizin, Vitaly Sheraizin PRI 2 PRI TN IRVIED

NIN NAYY MNIT ARNNDD NOD NRNNN Y2
Owner, by virtue of Assignment of an invention the title of which is

PPN 2T DY PN NDY NRTENR DUINTY 1paM NVIY T12aDay

{Mzbiew)

METHOD AND APPARATUS FOR VISUAL LOSSLESS PRE-PROCESSING (ﬂ(';j’ﬂ%%-"i;
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Application of Division Application for Patent Addition Priority Claim
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PIN-NN T, 4N 2000 MY TN WTIND 23 DY
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This 23 of January of the year 2000
apana nnnn .

VLN YIS
For Official Use

Signature-cf the Applicant

For the Applicant, ,UPann My
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Mﬁfm:\ A45 999 IR

EITAN, PEARL, LATZER & COHEN-ZEDEK
P-2883-IL

\2°DY 2UIWA A9 NWRAN NUWAN? MWK BN L NWANA JIRNAT 19012 T701NT 0090 NIW? DMl piom Xaws 71 09
This form, impressed with the Seal of the Patent Office and indicating the number and date of filing, certifies the filing of the application the pariculars
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TURN
" Attoracy Docket No; P-2883-US

Applicant: SHERAIZIN et al. Examiner: TRAN, P.
=&
Serial No.:  09/524,618 Group Art Unit: 2621 TSN~
L/ L IS
il .
O\W }L Filed: March 14, 2000
f Title: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE
' SYNTACTIC ENCODING

ATTENTION: Official Draftsman

Commissioner of Patents and Trademarks RE CE |V E D

Washington, D.C. 20231

MAR 2 1 2002
CORRECTED DRAWINGS
Technology Center 2600

Sir: o

Enclosed please find red-lined corrected drawings.

In Fig. 5A, frames 64 and 66 were added.

In Fig. 8B and 8C, the title “FRAME MEMORY” of element 46 has been corrected o
“OUTPUT FRAME MEMORY”.

Approval is requested.

If there are any questions regarding these drawings, please call the undersigned.

Registration No. 37,912

Dated: March 14, 2002

Eitan, Pearl, Latzer & Cohen-Zedek

One Crystal Park, Suite 210, 2011 Crystal Drive
Arlington, VA, USA 22202-3709

Telephone: (703) 486-0600

Fax: (703) 486-0800
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B PATENT
P-2883-U%

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

APPLICANT(S): SHERAIZIN, Semion M. et al. ==}
SELA@e
SERIAL NO: 09/524,618 Examiner: TRAN, Phuoe 3G

FILED: March 14, 2000 GROUP ART UNIT: 2621

FOR: METHOD AND APPARATUS FOR VISUAL LOSSLESS IMAGE \\f-’
SYNTACTIC ENCODING EX ‘

ASSISTANT COMMISSIONER FOR PATENTS
WASHINGTON, DC 20231

BOX ISSUE FEE
Attn: Official Draftsperson

SUBMISSION OF FORMAL DRAWINGS
Sir:
Applicant(s) submit(s) two sets of formal drawings, each set consisting of fifteen (15) pages

in the above-identified Application. If there are any questions regarding these drawings, please call
the undersigned attorney of record at (703) 486-0600.

Registration No. 37,912

Dated: March 14, 2002

Eitan, Pearl, Latzer & Cohen-Zedek
One Crystal Park, Suite 210

2011 Crystal Drive

Arlington, VA 22202-3709

US.A.

Tel: (703) 486-0600
Fax: (703) 486-0800

1210)
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% UNiTED STaTES PatENT AND TRADEMARK OFFICE

i) 3

COMMISSIONER FOR PATENTS
UNITED STATES PATENT AND TRADEMARK OFFICE
WasHiNGTON, D.C. 20231

T APPLICATIONNUMBER__J|____ FILINGIRECEIPT DATE I Wm%ﬁi}'
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930 IEEE Transactions on Consumer Electronics, Vol. 41, No. 3, AUGUST 1995

B Interframe Interframe QB
1 - 1
Encoder LADVQ/ Decoder for
(Buf fman/
B Bl—code) Bl band 0B
2 _— 2
B QB
HDTV | Sub-band —> 3,1 Sub-band | P
_ . B > > QB
Signal Analysis 4 |Interframe Interframe 4 |Synth- Signal
Tnput By |Encoder LAVQ  [pecoder for [aB (%S Output
/(HifSman) the high-bands
B QB
6 6
(Bz— B,])
57 B,
;

First Group Tenth Group

(a) ;

Current Frame

(b)
Figure 3: Hierarchical encoding of the HDTV frames. (a) Ten groups, three

frames each. (b) The 3-D search regions in the group. A block "b” is
slected from the current frame.
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Al-Asmari, et al.. An Adaptive Hybrid Coding Scheme for HDTV and Digital Video Sequences 933

39
34 38
a7
33 =
& =g \\ g = ,_;/ \
£ 2 £ s A A xT]
z B |4 [ \ oY
& %
31
33 v
30 a2
[ 2 4 6 B 10 12 14 16 0 2 4 [} 8 10 12 14 16
frame no. frame no.
Figure 4. The simulation results for the MIT Figure 5. The simulation results for the
sequences. WALTER sequences.

Figure 6. The Original images of WALTER sequences( Frame No. 1 Left
and Frame No. 16 Right).

Figure 7. The Reconstructed images of WALTER sequences( Frame No. 1
Left and Frame No. 16 Right).
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r TRANSACT .sC 7{?0011‘5 AND SYSTEMS FOR VIDEO TECHNOLOGY; VOL. 7, NO. 1, FEBRUARY 1997 221
{ - .
: !

. Raj Ta.lluu, Member, IEEE Kan:n Oehler;;

Jonathan. D, Courmey,-, m

Abstraci—-This p descr[beo an object Based video “coding
scheme (OBVC) that was pmposed by 'lbns [nstmmem:s to
MPEG-4 1

video-use video- compression- twhmq )
of the available bandmdih. Enstmg Vi
such as those umd in’ MPEG 1 (ISO) »

intraframe coding or interfrafme codmg tcchmques 16 achieve
hxgh oompmss:on rates. Inuafrnme codmg opemtes on emh

fmm thesreby adncvmg even’ highercoinpressxan ratios.' v

' Mmuscdpt:wdvndAptilm l%nMAngum?D.l”&'ﬂ:hm
mmwmmﬂedbyﬁumﬂdiwxs\’-o thg,FPue:n.T: xkom,md
C.Reader,
R.MmK.OehlerTBmon.ndlDCounueym :hCmpome

A.Dlswuw:th Research, Texas Instruments, Dalln.'l'&’lstS
USA. He is now with the Univecsity of Maryland, College Pn'k. MD USA.
J. Liso was with € h, Texas Dillas; TX 75265
USA. She is now. wnh Rockwell is5; Newport: Beach;
CA USA S
Publisher Item ldmnﬁers 105]—8215(97)00879 3.

at a°block level and do ot consider thie scmanhc content of
the video, at very low bit rates (high quantization factors)
amfacts are mu'oduced at the block boundanes U,ually tht'se

errors introduced by the channel degradations. Unless suitably
dealt with, these errors result in loss of synchronization
by ‘the der and.decoder-and also result in a severe
degmdatwn in' picture-quality. The variable length:codes and
the predictive coding techniques used in the video ‘compression
schemes are particularly vulnerable to bit errors. Hence, the
emors quickly propagate across the video sequence,. rapidly
rendering the video data unusable. Fig. 1(b) shows one frame
of:a video sequence decoded by the H.263.in the presence of

mnd m. bit. exror (BER 10~3) and. burst error ‘patterns. used

MPEG-4 robustness tests. Fig. 1(a) shows.the same
Vout the errors. As this figure illustrates, the quality
uence. degrades rapidly to. completely unusable
levels. In: most rcal time video. communication applicaticns,
ion is not possible due to the delay introduced by
ion mechamsm. Hence, there is a definite need
for V'Adeo coding standards that are much more robust
to channel degradations and provide acceptable quality video
even under adverse channel conditions.

Anothier drawback oftbec:ustmg video coding standzrds is
that they hnve very poor, scalablhty properties. Scalability can

1051-8215/97810.00 © 1997 IEEE
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®)

Fig. 1. The quatity-of a decoded H.263 video: nce: degrad
tially in the presence of channel errors (a)decodedw:d:outenmand(b)

dccoded wuth random bit errors and. burst errors.

be defined as one embedded bit stream with many-available
rates. One of the advantages of a scalably encoded bit stream is
that the encoder can ‘make optimal use of the varying- ‘chaniel
bandwidth by extracting’'a subset of the bitstream fo-match
the ‘available channel bandwidth. In a multicast environment;
scalability ‘is 2" particularly useful property.-if th ‘different
receivers are connected by commumcanou channe]s of Wzdely

for re—encodmg at different rates. Hencc. another
that the next generation video codmg stnndm'ds ueed to support
is scalability.

H.261, and H.263 deal with video exclusn y ¢
Tevel and therefore do not have the ability to encode, decode,
and manipulate individual objects within a video  bitstréam.

Page 194 of 297

“videoconferencing, - and ‘video authoring tools. Consider

Substan- | =

of the: s e ‘can optimizé!
ystem This capab tycanprov:de important furi‘énona&m;s in

video sequence that is coded as individual objects baso:l an
content and “stored in a’ multimedia ‘database. The user* car

* then “intéractively query and retrieve individual objests froir

this compressed scheme instead of retrieving the entire frames.
of the video. This content manipulation is another functionality
that the future video coding standards need to support.

A MPEG-4.

“The Moving Pictures Expert Group (MPEG), which is a par:
of the International Drgamzauon for Standardization {(IS0), is
in: the process of creating.a new audio-visual ‘coding stan-
dard called MPEG-4. - MPEG-4-supports :new: ways . (notably
content-based) for:communication, access, and manipulation
of’ dmng auéﬂo—vﬁuiﬂ dafa [1]."MPEG-4 will offer a flexible
fmmwork and an open set of tools” supporting a range of
both novel and conventignal functionalities (2]. In addition
1o providing :improved- coding efficiency: at. lower  bit. rates,
MPEG-4+is-also expected to- provide ‘a-number of -new -and
useful ionalities that’ are ot -easily “supported by - the:
ex:sung compression’ st.mdards “These functionalities include
xmproved coding efﬁclcncy, ‘scalability, robustness in erroc
prone cnvnonmem.s, oonwnt based manipulation, multimedia
data ‘access tools, “ability to ericode’ both graphics ‘and video,
and improved random access [3].

¢ structure of MPEG-4 will be composed of four different
- elements: Syntax, f0ols, algorithms, and profiles. The synrax is

an, :x(enslb aesmgunn la.nguage that allows_for selccuow,

description, and downloading. of tool: ithms and pro ofiles
M), 51 A tool is a techmgue (e.g., contour Tepresentatior,

motion ¢ samm ¢tc.) that is accessible via the syntax. A1
| collechon of tools that provides one
& A profile is a-collection of algorithms
constmmed ina specnﬁc way to address a specific application.
Hence MPEG—4 is now defined to offer a flexible syntax and
an open set of tools: suppomng arange of both novel and con-
ventional functlonalmes that extend beyond just better coding
efﬁcxency at very fow bit rates. MPEG-4 is also developing
a. ﬂexxble and extenstble syntactic_object-oriented description
X stems and Description Language
(MSDL) which wilt not only ‘allow for the description of the
bitstream ‘stiuctire ‘but also configuration and. programming
of ‘thie decoder. MSDL ‘will support the varied set of coding
techniques-:that realize the new functionalities MPEG-4 is
planning to support. - -

"MPEG*4 ‘issued a “first call' for pmposa.ls for tools and
algorithms’ addressing “a . subset of these functionalities in
November 1994. The proposals were due in October 1995 and
the subjective evaluation of these proposals took place in the

" first week of November 1995. In the first round of tests, pro-

posals were solicited for three representative functicnalities: 1)
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24
Current
Frame
Motion | Motlon Estimati ' ure Residua) | Goded Bitstroam
Segmentation| ~ 7| and Compensation | . - ' De “~Encoding :
| Shape Representation _
lndcbding 5
‘Reconstructed
" Frame
Fig. 2. The overall block diagram of the hybrid object-based coder.

The rest of the paper is organized as follows: Section II

describes . the - overall- .codec..architecture -and. describes..the.

various stages of processing .in coding a video sequence.
Section III .describes the error correction and.concealment
strategies. developed: that-.enable robust transmission .of the
compressed. bit. stream ‘over noisy channels, Section IV de-
scribes the techniques employed in building a content scalable
bit. stream - that : enables .object . manipulation. Section V. sum-
marizes. the. techniques presented in this paper and points out
future directions of research.

. CODEC A.RCHITELTURE

The object-based approach- to video compression presented
in this paper operates by estimating moving objects and coding
compact representations -of the object’s shape, motion, and.the
content [14], [15]. This approach. has. the:advantages.of en-
abling content scalablhty and error robustness while providing
efficient video compression for Jow. bit rates (e.g;,:10 Kb/s:to
112 Kb/s) and potential quality ‘enhancements at higher bit
rates. Fig. 2 shows the -overall block diagram -of the object-
based video coding (OBVC) scheme. The first frame of the
video sequence is coded as an intraframe using the block-based
discrete cosine transform ((DCT).coding scheme. Subsequent
frames are partially coded in the fo]lowmg modular five-step
process:

1) moviog object detecuon,

2) shape representation;

:3) motion estimation;

4) motion failure region detection;

5) residual signal encoding.

The modularity of this framework facilitates future enhance-
ments as improved techniques are devised. Our methods for
error robustness and - content scalability ‘were impl

within this framework and are described below following a
characterization of the five main steps. We illustrate these
steps with examples for the “Akiyo” video data used in MPEG
testing, from which two frames are reproduced in Fig. 3. -
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1) Moving Object Detection: The goal of the first step is
to. segment .the images .in the. video. sequence into- moying
objects and stationary background. Whereas block-based cod-
ing approaches arbitrarily divide the image into a regular set
of square. regions, object-based schemes ideally- divide the
image along object boundaries. However, it is not necessary to
produce a precise segmentation. of the objects to achieve. giins
in coding efficiency. Many. techniques are relevant to moving
object, detection and there are many tradeoffs to consider. -

In our.scheme, a segmentation mask is generated for the
current image using. image differencing, .morphology, and
connected components analysns Thus, the scgmcmatlon miask
C, is computed as -

Cy = céomps((T,. ek)yok).

Here, Ty is the binary image resulting from Lhresholdmg the
absolute -difference ‘of -the current and previous- images at

“h,® and o-are-the morphological close and oper operatcrs,

tespecuvely, with $tricturitig ‘élement %, 'and ccoraps(-)is lhe
connected ‘components ‘analysis function' [16]).
The i image T,. is deﬁned as .

Th(h]) = { 1, if- |In(‘y.7)v ifnfl(i’j)l >h

for all pixels (i, j) in Th. The operation a o k is defined as
- aek=(a®k)Ok
where @:is the. morbhologile dilation operator and © is the
morphological erosion:operator [17]. Similarly, the operation
a0k is defined as
k aok=(0 k) ok

In our scheme, the structuring element k is a-circular kemel
11 pixels in diameter.

Fig: 4(a) shows examples of image regions detected as
moving objects for two frames of the “Akiyo” video. This
segmentation does not exactly follow the boundary between
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®)
(2) First fmmc and (b) 2 subseqw:n( frame of"Alcxyo MPFE video
test data.. . . i

Fig. 3.

the foreground and background, but it is:still ‘a useful ap-
proximation. If the entire. scene is moving-or if the camerais
panning, a single’ large region may: be-detected; in- this case
compression will still succeed as a result of subsequent steps.
Alternatively, other moving object detection. techniques (g,
[18)) and global motion -compensation technigues - (€:g., [191)
may be incorporated to enable better performance for moving
camera situations, but the advantages might be offsef for-some
applications by considerations such:-as computational; ‘experse.

2) Shape Representation:  The task of shape’ reprmnmuon
is to efficiently code the: boundmg contours-of image regions
that were produced in the moving object’ detection. mep We
experimentec| with two shape representation: strategics.

The first strategy calculates a-botinding rectangle “for:each
of the moving-object regions and tiles- the. rectanglés: with
16 x 16-pixel macroblocks.” A ‘bitmap ‘misk of ‘the region
is formed which represents macroblocks-that lie inside the
region with a 1 b and blocks outside ‘the region with'a:0°b.
The algorithm then finds the most efficient representationfor
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* 4

®)
Fig. 4. (a) Image regions pmdnwd by moving ob_]ect dcmcuon and ()
monon failu:e regions remaining after motion compensation.

the mask from five possnble coding formats. Such an adaptivi
approach is more efficient in terms of bits- pcr—obJect than using
an identical shape coding format for every object.

*'This ‘block-based approach is based on the observation
that the shape masks typically exhibit significant similarity
between successive coded video frames. By keeping a record
of the shape masks'in the previous coded frame, the algorithn
Exploits: the teimporal similarity of the shape masks to reduce

" the number of bits needed to represent a given shape in th2

currént frame.
To efficiently code the: shape mask the algomhm performs
the following . steps.
w1y Itfirst searchies the record of previous masks for a masic
of identical shape and position. If such a mask is foun,
the: algorithm codes the shape as snmply an index to the
matching mask.
2) If no such mask is found, the algorithm then-searches
for a previously-coded mask of identical shape but
different position than the current mask. If such a mask
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is found, the algorithm codes the shape 25.an index to
the matching mask plus a row/column offset vector of
. pixel resolution.
3) If no mask meeun the

nirements of steps 1) or 2)
es the previously-coded
lar to the current mask.
“la_:.ing the current mask
mask. The most similar
t number of nonoverlapping

or a.ddilional) for a given

mask will exhibit the
macroblocks (gith
row/column offset. ;-

The algorithm then oodes xhe current mask as a seties
of modifications to the most similar p:evxously-coded
mask. Thus, the object: shape is coded as an index (0
the most smﬂar previous’: ‘mask, a row/column offset
vector, 4 list of the macroblocks to be dropped from the
previous mask, and a list of macroblocks to be added to
the previous mask.

In the best:case; this shape rep ion will
only a single macroblock to be dropped from or addcd to
the most similar previously-coded mask. However, the
worst ease may require a large number of macrobl(gck
changes and this will thus be an inefficient shape repre-
sentation. For this reason, the algorithm attempts to find
a more efficient. rcpresen via steps 4) and 5). Ifa
more efficient representauon is found, the current shape
coding format is abandoned,
If no previous masks exist:or the coding of step 3) | has
been abandoned, the aIgomhm codes the object shapc
as a row/column position vector, the width and hexght
of the shape in macroblocks, and a run-length encoded
shape mask.

- Run-length encoding will not be the most efficient

- representation-if: the shape ‘to-be coded is -small-or-con-

tains many transitions per mask row. For this reason, the
algorithm atternpts to find a more efficient reprcsentauon
using step 5)...

4

=

5

-

object shape.as a row/column position vector, the width
and height of the shape in macroblocks arid the bm'nap
of the shape mask.

Thus, this algorithm chooses the. most efﬁcwnl of - the
following five coded-shape formms .

1) previous mask index;

2) prevnous mask index and offset: vector

3) previous mask - index, offset -vector, ‘and mxcroblock

changes (dropped .and added); ‘

4) position vector and run-length encoded shape mask,

5) position vector and shape mask bitmap. .

In transmitting a coded shape, the encoder first sends a 3-b
tag identifying the format of the shape data to follow. The
decoder reads this tag and decedes the shape data ‘appropri-
ately. Furthermore, the encoder and decoder both keep a record
of the shape masks in the previous frame.in order to decode
shape formats 1, 2, and 3.

We also experimented with a sp]uwbased shape repmsenta-
tion strategy. In this approach the encoder detects corner points
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If step 4) bas been abandoned, the algonthm oodcs thc_
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sufﬁce However if the segmenmn(m
ing more precnse techniques. such as
itati can prove to be. very useful

cies 'of the wdeo signal. Motion estimation
is used to predict the contents of segmented regions from
the previous images. We use.a block-based. motion estimall()n

‘motion failure regwn detection is to Ldenl:fy
these areas. This is accomplished by performing a second-pass
motion segmentation between the compensated image znd the
current image, which is essentially the same procedure used in
the moving object detection step. Examples of motion faiiure
regions:detected.in-the “Akiyo” video :are:shown in Fig. 4(b):
The regions isolated iin this step are marked as areas of motion
failure,:and their shapes are-encoded in combination with the
previous :shape: representations. .

* 5) Residual Signal Encoding: The goal of this final step
is to encode, the residual -infc in. the motion failure
regions. ‘The: decoder -uses this information (i.e.. differences
between' the ‘current and:the compensated: images) to cornect
for errors of motion-estimation. Our coder has the ability to in-
tegrate-two different kinds of waveform coding technigues; 1)
DCT-and.2) wavelets. Either technique can be selected during

_encoding. This.demonstrates the modular nature of the object-

based video coding scheme. The DCT and wavelet.approaches
described here -are also -used for. INTRA coding, where the
entire frame was coded:rather than the motion failure region.

In the DCT approach, the pixels. in the motion failure reg:.on
are first transformed using 8 x 8 DCT. The DCT coefficients
are scalar quantized, run-length encoded in a zigzag fashion,
and-then Huffman coded (similar to H:263).
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Region of interest Subregion of interest Subregion of intevest

SRR TABLE 1
CODINGRBSULTSPDRCLASSASBQUBJCES

16 be coded 10 be coded 1o be coded
A\ %\ - +}.:-Sequence ‘Biirate | Frame | Reso- PSNR dB Type of
l 3 . Name Kbps, | Rate(fps) | Jution [ Y | Cb | Cr | Ceding |
ﬂ/ ) ) / Akiyo 10 5 QCIF | 323 [ 354 | 38.4 | WAV
) lj Akiyo 24 7.5 CIF | 33.2 | 87.7 | 40.0 | WAV |
. Akiyo 48 10 iF 1340]409]434] DCT
]: | . Container | 10 43 QCIF | 29.5 | 350 [35.7 | V/AV
-— - Container_| 24 75 | QCIF | 31.6 | 37.2 | 372 | WAV
i . B Container | 48 10 CIF_[20.7]374 3771 TCT |
NG o A o WA HallMon. | 10 43 | QCIF [ 26.7 | 355 [ 390 | WAV
g LEVEL WAVELET LEVEL WAVELET Hall Mon, | 24 10 QCIF [32.0 [ 365 | 39.4 | WAV
DECOMPOSITION DECOMPOSITION " Hall Moo | &8 10 CIF [ 325|379 403 DCT |
i i Moth. Dir | 10 3.8 QCIF | 31.7[36.9 1 385 | WAV
Fig. 5. of wavelet to be coded D g to the .
motion failure region in motion-compensated residual image. { Moth. Dtz. 24 10 CIF | 338392 ] 405 | DC1
[Moth, Dir. |48 i0 CIF 349 (394 412 DCT |
To take advantage of only coding the segmented regions in
the OBVC system, a region-based wavelet coding technique Conme Res TABLE IT B
is proposed [22]; The wavelet coding approach copsists ofa . . C0PNG Resulms Por Cuass B Ssquences
wavelet decomposition of the entire error-image (three-level [ -Sequence | Bitrate | Frame. | Reso- | - PSNR dB Type cf
mp ¢ - . :
decomposition for the chrominance, four-lével decomposition Name | Kbps ) Rate(fps) |lution | ¥ | Ob | Cr | Coding |
for luminance) followed by zerotree quantization andarith- {?m‘sm 2: 3) gcmcx—; i‘;: :; :g-; ‘g’é;:
metic cfodmg. Instead of .sendmg wavelet mfonna.uon. for [ omtguara | 112 75 6F T2raTara a1 boF
the entire frame, we code only those wavelet coefficients News _ 2% 5 . DESEXE
which comrespond to selected regions (i.e., motion failure - News a8 10 QCIF | 31.7 [ 35.9 | 3.6 | WAV
regions). A regions-of-interest map specifies which 16 x 16 ;‘l'l-"" 1;3 7“; c(?r; 233;’7 353 gaf‘ Dg .
macroblocks contain pixels to be residual encoded. Due to Sﬂ:: 5 75 ECIF 32: \—33:% 3;; \I)JVAV
the mmuitinzsolution nature of the wavelet transform, these Silent 1i2 10 CIF {32.3 | 38.7 | 30.4 wﬂj
subregions of coefficients can be obtained by downsampling Foreman 24 43 QCIF [26.3134.9 [ 347 ] DCT |
the map at' each decomposition_ level, as shown in Fig:5. | Foreman | 48 6 [QCIF 2851364 )366] DCT |
P 4 & Foreman__| 112 10 QCIF [ 308 [38:2 | 388 | DCT_|

This eliminates the bits needed 10 encode waveélet information
corresponding to pixel locations outside of ‘the regions of
interest (where the coefficients are generally insignificant).

In cur implementation; a (6,2) tap biorthogonal filter pair is
used for the decomposition. This. filter (referred: to as filter
#5 in. [23]) can beimplemented with integer coefficients
using ‘a “scaling factor. The embedded zerotree” quantization
and arithraetic coding introduced by Shapiro [24] is adapted
to code the coefficients - within-the regions: of interest.” The
zerotree procedure consists of repeated dominant ‘and -sub-
ordinate passes, each relativé to 'a particular. quantization
threshold which decreases for each- dominant: pass: This re<
peated: encoding process will be terminated when either 1) a
predetermined: bit budget for the frame has been reached or
2) the stopping quantization® threshold has been reached. We
obtained' the best results by keeping the stopping ‘quantization
threshold (threshold of the last dominant pass):constant for
all residual coding: This keeps. the encoding ‘quality fairly
constant: between frames. This is similar to using a fixed Q
or .quantization- factor in DCT-based schemes. - Image: areas
outside . of ‘the regions of interest are.set to: zero’ before
decomposition and after reconstruction to. reduce any ‘smearing
effects from: the noncoded regions. Informal subjective: tests
bave shown that the wavelet coding approach is: preferred
for the lower range of bit rates (e.g; 10 kb/s) while DCT
is preferred for the higher bit rate range.

Tables 1 and -illustrate the coding efficiency of our codex
These are the results as submitted to the first round of MPEG-4
tests. As mentioned before, the coder is tested on two kinds of
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sequences—Class. A and Class B and each class of sequences
is coded at three different bit rates. The table also illustrates
which sequences are coded using wavelets (WAV) and which
are coded using DCT’s.

1. ERROR RESILIENCE

This section describes the error protection and concealnent
technigues that enable robust transmission of the compressed
bit stream ‘over noisy ‘communication channels such as analog
phone lines and wireless links. The noise introduced by the
communication channel is characterized by both burst errors
and random bit errors. In the past few years, various ap-
proaches have been proposed to combat the cell-loss prodlem
in DCT-based as well as other coding systems {25]. One pop-
ular'inethod is to exploit the i itivity of the b visua
system to thie high-frequency component of video signals. by
using layered coding {26]-[28]. With such schemes; the low-

" frequency: coefficients and other  more important: information

(such'as coding modes and motion vectors) are trmsmitted
with a_higher.lével of priority and protection than fer the
less - important high-frequency components. To limit error
propagation in-coders using motion-compensated predictior,
studiesihave also been made on how to. perforra wotion
compensation only. over-the low-frequency components, such
that discarding the: high-frequency. components does not. cause
error: propagation [29]. Leaky prediction which reduces the

Unified Patents Exhibit 1004



28 TEEE TRANSACTIONS ON.CIRCUITS AND. SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 7, NO. 1, FEBRUARY 1997

- I e | d
o] ‘e K T
o ®
= & ' [ ReedSolomen [ i | ReedSotomon | | e
S8 ! Coder i . Coder I =
{ERS | i
58 ! GF (64) ' : GF (64) : EZ
Z g . " - H ' dy g 5
S5m0 n H R |
kel & z : delay:(nz-l) cl
Fig. 6. The coder for emror p
4 [ T g mg
g dy Y my £ =2
= ___:-’ - delay :(ny-2) T e 8
2 a : Reed Solomon ' 1| Reed$ ' : g
SR e e | e lim B2
EE ! GF (64) gk 22T eres ' %E
g Tnot : I m
3 Nyl | e O |
¢ r | <
Deinterleaver

Fig. 7. The decoder architecture for eror protection.

effect of previously corrupted frames to the current frame by
attenuating the prediction results by a leakage factor has also
been investigated [28]. With these hierarchical transmission
schemes, the low-priority, high-frequency components can be
simply repaced by zeros if théy ‘are lost. The resulting image;
though blurred, is still ‘acceptable. These tecbmques are ‘well
suited in asynchmnous transfer mode’ (ATM) ‘evironments,
where it is possible to have different levels of priority for the
packets. However, this may not be possible over channels such
as existing analog phone lines or wireless networks where it
may be difficult, if not impossible; to prioritize the data being
transmitted. Hence, it becomes mecessary to resort. to ertor
protection and error concealment techniques to mitigate the
effects of channel errors.

A. Error Protection

In order to protect the compressed video data-from channel
errors, ‘we use an emor control code to correct’.and -detect
errors. This code introduces a controlled amount of redun-
dancy that enables error detection and cotrection. The scheme
comprises two Reed-Solomon (RS) coders with an interleaver
in. between. Most block codes: (like RS codes) -are random
error correcting codes.-and are not capable of correcting burst
errors, The interleaver is used to combat the effect of burst
errors in the channel. It mixes up the symbols from several
code words so that the symbols:from any given code word
are well separated during transmission. When the code words
are reconstructed by the deinterleaver, error bursts introduced
by the .channel are broken up and spread across several
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code words. The interleaver/deinterleaver pair thus creates an
effectively random channel. We used a crossinterleaver in our
design of the error control code. The architecture of the ercor
control scheme:is similar to that used in the audio CD [30].

The RS- coders used.are over the: GF(64) (Galois Ficld).
The: compressed’ video data is input. to the RS coder Cy
which maps k,m-bit:(m = 6, in_ the case of GF(64)) input
symbols (words): {mo,mi,-:,Mi_1} onto na, m-bit werds;
{cosC1y "+, Cny -1} The ousput of Cy is input to the cross
interleaver. before being encoded. by the Gy RS coder. The
ctoss ‘interleaver -introduces-a-delay of (i —1)D words for
the :code: word ¢; (we set D= 1). Ci encodes ny,m-bit
words into n1 output symbols: {do,dy, -+, dn,—1} which are
then transmitted over the channel. Fig. 6 shows a schematic
diagram of -the’ coder architecture. The decoder is a miTor
image-of the coder and comprises an RS decoder O follawed
by a cross-deinterleaver and a Cz decoder Fg. 7 shaws the
decader architecture.

We used:the .above. ersor-correction. scheme for. 2 bit rates

" of video:traffic: 24 .Kb/s and 48 Kb/s. In the former case,

we-chose (k, n2;m1) = (27, 31; 34). Note that for thi; design
choice the average delay introduced by the interleaver is less
than 250 ‘ms. In' this: case.we choose to have decoder €4
comect all single-error. patterns. When the Cp decoder sees
a-higher-weight error pattern (double-error patterns and any
pattern ‘causing-a decoder-failure, i.e., a detectable error), the
decoder outputs 31 erased -symbols. The crossdeinterleaver
spreads these erasures over 27 C; ‘code words. The C'z decoder
can correct any combination of ¢ errors and s erasures, where
2e + 5. < (np — k) = 4. However, we chose to decode

Unified Patents Exhibit 1004



~TALLURI ¢'al.: ROBUST, SCALABLE, OBJECT-BASED VIDEC COMPRESSION TECHNIQUE - e %9

and detect all other lnghcr}we,lghz €ITor, pattcms
in 4-decoder ﬁnlure The C decoder is dwgned
erasures, whem s < (112 = k) )

be fuxthm- 1mpmved by a compumtlonally mexp

ification described below. We use feedback from. the RS
dccodcr C1 lO Cy 101

mP“tloClatmnesT'T+DT+2D SR 3
Consider the time instant t = T + iD, where ¢ =
0,1,:--,m — 1. If the number of erased symbols in thé
mpul ‘block. for decoder Cy at time ¢ < 5. then we can correct
" all thése erdsures. -One of these-corrected erasures:(y, say)
is a consequence of the block erased by Cs at time 7. This
.corrected -erasure y. can be one: of the following. .
l) It is-one of the symbols that were in error-in the block
Bror

2) It was not one of the symbols that were in error. -

It is easily determined which category y belongs to by
comparing ‘the content of the buffer M -at the appropnaxe
location (g, say) with . If ¥ ='y/, then conditioh 2) is
in which case we continue without any further modification.
If, however, y # ¥/, then condition 1) is true. This implies that
we have, by correcting the erasure at'decoder Cy, successfully
corrected one of the errors that: occurred in the block. B that
was previously uncorrectable. If this is the: jth such error
that was corrected in_the block B.(by means of the erasure
corrections at C; and the: subsequent feedback-to- the buffer
N, then we have reduced the number of erfors in ‘B to:z'—.
If z=j < ey, then we are-in a position. to correct allthe:other
errors.in-B. Upon cotrection of all the other errors we proceed
to update the content of the erossdeinterleaver appropriately.
This, in turn, reduces the number of erased: symbols ‘in the
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times, y increasing the

input:blocks t0:Cy.at subseq)

,nvexalk probability -of error-correction. If, howevcr, it is not

possible:to correct-all :the errors in B, we continue without
any further. miodification in-the decodmg

.-Hence;:decoding with feedback, in the worst case- sﬁumon,
petforms -asiwell-as a -decoder without feedback.. In general,
the: probability of an uricorrected channel eror can reduce by

‘up to-a factor of two. Note that the overall codec dslay may

be increased. due to the feedback.

B.:Error Concealment -
' Ahhough the above error protection scheme is effective
in removmg most of the errors introduced by the " chaninel,
it is not possfnle to ‘remove all error patterns. Moreover,
a betwr error. protecuon scheme (that is, one with a lower
probablhty of an uncorrectable error) can be designed only
at’ the expensc -of an increased bit rate. Since the primary
obgectwe is compression, it is clearly not a pragmatic approath
to search for such a protection scheme. Hence; it becomes
necessary to resort to other techniques which wiil be able to
detect thése uncorrectable chanrel errors (which we will call
res ! errors) and prevent 4 serious degradation of pictute
quahty. ‘These error concealment techniques detect when a bit
stream is in ermr. tesynchronize, and use the correctly decoded
data o ‘minimize the effect of the erroneous-data,

As was meritioned earlier, one of the most severe, effects
that can result from errors in compressed ‘video data is theit
of the “decoder Iosing synchromzauon with the eacoder. To

'emible ‘the ‘décoder to' regain synchronization, ‘we iritroduce

resynchromzahon (resynch) words into the bitstream. These
resynch words “are’ characterized by  the fact that they are
umque and no 'alld blt-sequence in the compresscd video data
can be the same them. They arc introduced at the end of
each’ of the foﬂowmg for every detected movmg objcct in a

:frame

. 1) l.he shape da(a (the data that dcscnbes the shape of a
. movm
i 2) the monon vector data (the’ data describes the motion of
" the given ob_}ect
3) the DCT data (the data that encodes the differences, if
| any, between the motion compensated object and the
o tual object)
) Oncc thc decodcr detects an error in the received bitstream,
it tries to find the nearest resynch word. and re-establishes
.Synchronization w;th mmunal loss of coded data. An erxor s

. 2) an mvahd mode is.found in the syntax;
3) the: resynch word_does not follow a decoded block of
data;
4) a. mohon vector pomts outside the i mage .
5) a decoded DCT coefficient value lies outside permissible
. Limits;.
6)- the . shape mfmmanon is found 10 be invalid.
. Upon detection of an-éfror-and subsequent resynchronizi-
non, the: decoder- attempts to minimize the effect of the error
‘on the picture. quality: If an error-is detected in the shape data,
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then the moving object corresponding to this shape description
is-dropped and is made a part of the background: This exploits
the temporal correlation present'in the ‘video sequence: If an
error is detected in the ‘motion vector.‘data, then the mean
motion vector for the-object (which is also:transmitted as ‘part
of the bitstream) is applied to the entireobject:"Herc:we have
exploited the 'spatial correlation in a:given: frame. 1f the-error
detected is in the DCT data, then all .the: DCT:icoefficients
for that object are set to zéro and thé decoder: attempts to
resynch at the carliest possible resynchonization point. This
prevents serious picture quality degradation:because the DCT
coefficients are usually zero or very small in magnitude. These
concealment strategies prove to very. effective in combating
the residual errors and maintaining adequate_ﬁicmi‘e quality.
In summary, we find that in addition to providing good quality

-video ar, very low bit rates, the object-based video comprcsaxon
techniques also make graceful error concealment possible due
to the object-oriented structuring of the coded bitstream and
the associated syntax.

The MPEG-4 error robustness tests consisted of two kinds
of tests: 1) resilience and:2) recovery. The resilience. tests
required the coded video bitstream to be subjected to three
different kinds of error conditions: random errors, short burst
errors, and a combination of both. The random errors are iid
with the probability of a bit-emor = 1.0¢73, The burst error
conditions consist of three short bursts. The du;'_atioh of each is
uniformly distributed between 16 ms and 24 ms. It is further
characterized by a probability of bit-error = 0.5. Moreover,
any two bursts are a minimum of 2 s apart. It is also assumed
that the first 1.5 s of t.he bitstream is transmitted without any
channel error. The recovery tests cous1sted of subjecting the
coded bitstream to a long. burst of 2 s dunmon These error
conditions are used to typify wireless communication channels.
The test data was divided into different classes ‘based on ‘the
complexity of the test material. There are four video test
sequences with low spatial detail and low motion (Class A
sequences) and four video sequences of mndmm spatial detail
and low motion or vice versa (Class B sequences) The Class
A ‘sequences are coded at 24° Kbls mchldmg'
for protection. The Class B sequences. are, coded_at 48 Kbfs.
The duration of each sequence is 10 s. The proposals had
to demonstrate the coder performancé onall ‘the sequcnces
in.a particular class. The evaluation stage consisted of blind
subjective ‘evaluation of all the competmvc proposals n a
:mgle stimulus test [13].

Our proposal competed in both the rcs;hencc and ) rccovery
tests for Class A and Class B sequences. Out proposal was
rapked as best in class in-Class B sequmws and-second
best in Class A:sequences for both resilienee” and Tecovery
tests. The error-protection scheme -was able-to: corréct ‘most
of the channel errors. The residual errors are détected by
the concealment st.rategy and the loss of plctm'e quahty is
minimized.

Fig. 8(a) shows a typical frame of one of the Class A test
sequences called Akiyo. Fig. 8(b) shows thié ‘sarne’frame upon
decoding a corrupted bitstream.: There are: residual errors in
this frame but the effect of the these ‘errors -is:minimized and
localized to specific locations-in the image. Fig:9 shows the
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Fig. 8. The érror, protection and jment techniques enable the ob-
ject-based video coder 1o sustain the effects of chanmel errars (a) decoded

‘without-errors ‘and (b) decoded_wnh random bit errors and Imx_'s( errors.

peak signal-to-noisé-ratio (PSNR) (Y) values of all the 100

-coded-framies (10 s of video coded at 10 frames/s) in this se-

quence with and without channel errors. Notice that the PSINR
(Y) value. drops in the middle of the sequence due to rasidual
errors. However, the coding and concealment strategies enable
the decoder to gracefully. recover and maintain an acceptible
quality, with a. PSNR (Y) close to the original, during the rest
‘of the sequences. .

IV, CON'rEN'r SCALABILITY

Content scalability refers to the property of a compressed
video bitstream that can’have a subset of the encoded infor-
mation removed, for example all of the objects representing a
particular person, and the remaining bitstream will still decode
correctly. In the-context of MPEG-4, object scalability refers
to the ability :of a coder to selectively encode/decode specific
objects within a video sequence and achieve a lower bit rate
when a lesser number of objects are encoded [6]: Quality
scalability tefers to the ability of the coder to selectivaly
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Fig. 9. - PSNR (Y) values for the frames in the Ak‘iyo sequence with-and without “errors.

enha.me the qual.lty of a particulat object in the video sequence
by spendmg more bits on that' particilar ob_]ecL The quahty
of the object cari be enhanced either by imiproving its spatial

or'its temporal ‘resolution. -

In order to constmct a cantenl ‘scalable’ bit su'eam in the
ob]ect -based video compression téchnique, the fol]owmg steps
are- performed. The first frame of the sequencc is. coded
as an mtraframe a frame oomposed solely, of intra objects.
Other mnafr:unes may, occur at regular or. irregular interyals
themaﬂcr Intra QbJOCtS are objccts coded .only, w1th referencc

- to themselves in the cun'enl frame, they are not hnuled to

intra frames. Each frame of the sequence is composed of back-
ground and foreground objects. The shape of the background
object (the frame with all the foreground objects removed) is
first coded using the chosen shape coding technique  (block-
based or spline-based). The background textire information
is then encoded as DCT-encoded intra blocks. Next, for each
foreground object in the frame, the $hape'. and the textiire are
also coded similarly. As cach object is put into the bitstream,
it is preceded by.a header of fixed length wherein the: object
number, object’ type (such as 1 object), and object length (in
bits) are recorded. After all of the objects in’the
have been coded, a* reconstructed frame is: made; mmﬂg
decoded images; of the background and éach object: into one
frame. An average pixel value is calculated for .eachiof the
thrée color channels in the reconstructed frame and the ‘three
averages are written to the bitstrearn. .

Following the intraframe, each suhsequem frame of video
is encoded as dn interframe, until the next, if any, intraframe.
As with ittraframes, the shape information for each object is
encoded first. Next, the block motion vectors ‘are calculated
for the object with respect to its reconstructed version in the
previous frame. In order to do this, the reconstructed object
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enc and put mto the 1tstr¢am cht. ‘the tilfferencn s
between the mouon—compensated object and the current cbject
are DCT encoded as INTER .and INTRA blocks. as. usual
and are-put into the bitstream, This step of ensuring that the
motion vectors of the currently encoded object ‘only point to
its previous instantiation is a key step in achicving a scalable
Ditstream. ;

‘Finally, uncovered background is handied. The uncovercd
background created by the motion of an object is calculated
and:coded-as a separate object in the bitstream. To calculate
the uncovered background, the object’s original (not. the re-
constructed) shapé,m@sk is differenced with its previous shage
mask to isolate the: pixels that are in the current shaps.and
not in:the: previous:sbape. This uncovered background shape
is then coded coarsely:using a block-based representation, The
texture: vilues. in: the uncovered background image are DCT
encodéd.as:INTRA blocks (making the uncovered background
objects-intra objécts). This separate treatment of the: uncovered
background, (along: with the per. object motion compensatioa)
is what makes' the bitstreamn- scalable for video objects. The
bitstream can be played as created; an object and its uncovexed
background:can be removed ‘to ‘excise. the object from (he
playback; or an object can be .extracted to play on its own
or be added to a different bitstream. On the decoding side, the
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Fig. 10. The content sca.lalnllty flmcﬂonahtv of owea-bawd vndoo com-
pression supperts selective encoding and decodmg of abjects:’(a) framc of the
“Hallway" MPEG video test'data.and (b) the same.frame  with the image of
the person on the. left removed. B

scalable OBVC decoder works the same as the nonscalable
version except that it decodes an-object at a time instead of a
fratme at a time. When dropping objects, the decoder merely
reads the object header to find out how many bits long it is,
reads that ‘many bits, and throws them away. ° :

In order to achieve quality scalability, we. define-enhance-
ment objects for those objects- whose: quality we need to
improve. These objects;, whose loss-would not remove the
object from the scene, just lower the quality :of its Visual
appearance or omit audio or other data linked to:the object.

In our coding 'scheme, the ‘accuracy ‘of ‘content scalability
depends . on how accurately the moving -objection: detection
step segments objects from the background: Precise:segmen-
tation 1s important for content scalability-applications such as
multimedia video editing. Automatic moving object detection
methods are unlikely to produce ‘accurate: Segmentations, SO
interactive segmentation is needed to satisfy this. requirement
for content scalability. The 1995 MPEG-4 ‘tests: [6] provided
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- an-accurate set of segmentation masks to idealize the moving

object detection step. The bitstream for each.object in these
experiments comprised the object contour, motion vectors,
and DCT data, as well as contours and DCT data for the
background regions uncovered by the objects as they move.
Fig. 10 shows an example of an experiment in which this
content scalability capability of.OBVC was applied to send
data for the background and a moving object to the decoder,
while data for another moving object was excluded from the
bit stream.

V. CONCLUSIONS

In this paper we described a hybrid video coding approach
that combines the advantages of both the traditional block-
based coders and object-based coders. By using an efficient
shape representation that is well matched to the application,
the scheme achieves improved coding efficiency and provides
compressed video with reduced artifacts at very low bit rates.
The modular nature of .the codec architecture enabled us o
experiment with both DCT and wavelet coding techniques in
the residual coding stage. The object-based nature of the cod-
ing technique and the bit stream architecture enable the corer
1o support the content scalability by providing methods to se-
lectively encode, decode, and manipulate individual objects in
the compressed bit stream. In addition, the error protection and
concealment strategies developed enable robust transmission
of compressed video with acceptable video quality in the fase
of severe channel degradations. Graceful error concealment
is made possxble due 1o ‘the ob_;ect-oncmed structuring of
the coded bitstream syntax. This techmque was proposed by
Texas Instruments as a candidate for the evolving ISO MPE(-
4 standard. The proposal perforined impressively in the first
round of MPEG-4 tests. When complete, the ISO MPE(G 4
standard will provide robust video coding algorithms that will
enable a host of future video communications applications.

REFERE.NCBS

{1] F. Pereira, “MPEG-4: A new challenge for the representation of audio-
visual information,” in, Proc. Picture Coding Symp., PCS '96, Mel-
boumne, Australia, Mar. 1996, pp. 7-16.

[2)" R: Tallud, “MPEG4 ‘status and-directions,” in Proc. SPIE Critical

- Reviews of Stendards and Common Interfaces for Video Informuzion

... Systems, Philadelphia, PA, Oct. 1995, pp. 252-262.

3] “MPEG-4 Propusal Package Descnpuon {ppd)-—tevision 3,
1SOMEC/ATCI/SC29/WG11,-Doc. no. N09IS, July 1995.

4] “MSDL.ad hoc group, requirements -for the MPEG-4 syntuctic de-
scription hnguagc, ISO/IECATCY/SC29/WG11, Doc. no. N1022, July

1995.

(51 “MSDL ad hocgrmp MSDL specification version 1 Ousung logistizs,”
ISOIECATC/SC29/WGL 1, Doc. no. N1164, Jan 1995,

6] “MPEG4 - test and d 2

' ISOECATCL/SC29/WGI1, Dox. no. N0999 July 1995.

(7] .H. G. Musmann, “A layered coding scheme for very low bit rite video
codmg. Signal Pmces:mg Imagz Commun., vol. 7, pp. 267-278, Mov.

199;

81 1 Ostumm "Oluecz-onented analym-synthesnx coding based on the
source model of moving, fiexible 3D objects,” [EEE Trans. Irage

" " Processing, vol. 3, Sept. 1994,

9] T ‘Ebrahimi, E. Reusens, and W. Li, “New trends in very low birat:

video coding,” Proc. TEEE, vol. 83, pp. 877-891, June 1995.

{101 P, Gerken, **Object-based ‘analysis-synthesis oodmg of image sequences

at-very low bit rates,” JEEE Trans. Clrcizits Syst Video Technol., vol. 4,
ipp.. 228-235, June 1994.

Unified Patents Exhibit 1004



. TALLURI et al.! ROBUST, SCALABLE, OBJECT-BASED VIDEO COMPRESSION TECHNIQUE

{111 “Video coding for low bitrate on, draft
H.263," ITU-T, Study Group 15, Oct, 1995.

[12) A. Das and R. Talluri, “Exror p and
for object-based video compmssnon schemes,” in Proc. Picture Codmg
Symp., PCS 96, Melbourne, Australia, Mar. 1996, pp. 579-584.

131

ISOECATCI/SC29/WGL1, Doc. no. NO578, Nov. 1995.

R. Tallur, “A hybrid object-based video compression technique.” in

Proc. Int. Conf. Image Processing, ICIP *96, Lausanne, Switzerland,

Sept. 1996, pp. 387-390.

R: 'Dl.lltm and B, Flinchbaugh, “Video coding below twen
ond,” presented at: Proc: European Conf. Multimedia, Applications,

Services und Techmquea, C MAST 96, Louvmr»]a Neuve, Belgwm.

May 1995, -

D. H. Ballard and C. M. Bt’mm Compumr Vision.

NIJ: Prentice-Hall; 1982. -

R. M. Haratick and L. G. Shnpxm, Computer and Robnt Vis:an

ing,s MA: Addison- Wts]cy, 1993,

V. Markandey, S: Wang, M Bunm and A. Reid;-“Image analysis for

moving target indi " Texas I Tech. J., vol.

8, Sept. 1991,

M. Irani, B. Ruso, and S. Peleg, “C g and

motions,” Int. J. Computer Vision, vol. 12, pp. 5-16, Feb 1994.

G. Medioni and Y. Yasumoto, “Comer detection and curve represen-

tation nsmg cubic bsplines,” Camputer Vision, Gmphxc: and Tmage

(14)

15]

{16]
n7

Englewood Chffs.
Rcad»

(18]

Tud;

(191
{201

P,
{21) TTU standardization &f Véry’ “low Bitrate video wdmg

algorithins,” Signal Processing: Image Commun Vol 7, pp. 553-565, -

Nov. 1995,
-K.”Oehlet, "Regwn -based” wavelet oornp\'esson for very low bitrate
video coding,” in Proc. Int. Conf. Image Pmcessmg, ICIP 96, Lausannc.
Switzerland, Sept. 1996, pp. 573-576.

‘(23] J: Villaseadr, B ‘Belzer, and J. Liao, “Wavelet filter évaliiation for image
compression,” JEEE Trans. Image Processing, vol. 4, pp. 1053-1060,
Avg. 1995.

[24] J. Shapiro, “Embedded image coding using zerotrees of wavelet coef-
ficients," IEEE Trans. Signal Processing, vol. 31, pp. 614-627, Dec.
1989,

[25] Y. Q. Zhang, “Variable bit-rate video in the broadband ISDN environ-
ment.” Proc. {EEE, vol. 79, pp. 214-222, Feb. 1991. . .

126} M. Ghanbari, “Two-layer coding of video signals for VBR networks,
IEEE J. Select. Areas Commun., vol. 7, pp. 771-781, June 1989.-

221

[27] M. Nomura, T. Fujii, and N. Ohta, “Layered packet-loss protection for !

variable rate video coding using DCI " prasented at Proc. Int, Workshop
on Packet Video, Sept 1988

(28] P. Haskell and D.:M hronization of motion com-
_pensated video affected by.ATM cell loss,” in Proc. 1992 Ins.. Conf.
Acoustics, Speech, Signal Processing; Mar: 1992, pp. 545-548.. °

(291 A K'Re‘lbmﬂﬂ, “DCT Based ‘eribedded coding” for "video, Signal
Processing: Image Commun., vol. 3, pp. 333-343, Sept. 1991, -+~

(30} S. B. Wicker, :Error Comml Systems. for Digital. Comnmmmlwn and
Storage. Englewood Cliffs, NI: Prentice-Hall, 1994, . E

qu Tnllurl (S 89-] M‘91) xecexved the Bachelor of
g g degree in ek ‘and:

., tions engineering from Andhra University, India, in
1984, the Master of Engineering degree in electrical
engineering from Anna University, India; in 1986,
and the Ph.D. degree from the Umvmlty of Téxa

" at Austin, in 1993.

He worked as a Scientist at the Indian Space Re-
search Organization's Satellite Center, Bangalore,
from 1986 to 1987 and a5 a Gradiate Reséarch

Assistant. at the: Computer: and. Vision. .Research

versity of Texas at Austin from 1988.to 1992. He. has been with

Texas istnuments Corporale Research since 1993, cumently as the'M:

of the Video Technology Branch, DSP R&D Center, Dallas; TX. He has|

acuvely representing Texas Instruments at the ISO-MPEG Standards body. He,

is dlso a-participant in. the TTU Low Bitrate Coding; activities: He hiolds two
patents and bas authored anumbet of research articles in the. areas ofmmpuxer
vision, robotics, and video compression. His current research intetests include

video coding, eror resilience, and computer vision, o
Dr. Tallari is ‘the Co-Program Chair of ‘the Third TEEE ‘Workshop on

Applications of Computer Vision, December 1996. )

Page 205 of 297

“Report of the ad hoc group on MPEG-4 video testing logistics,”

l

Karen Odllr.r [CX 85—-M 90) received. the B.S. d:-
* grée ‘summa cunt laude in’ electrical’ engineering
from Rice University, Houston, TX, in 1987. As
a Winston Churchill Scholar, she received a Cer-
tificate of Postgraduate Study in enginocring from
Cambridge University, England, in 1938. She re-
cc:ved the M.S. and Ph.D. degmcs in ¢l lectrical ea-
from § U d, CA,
in 1989 and 1993, respectively.
- Since' 1993, she has been a Member of Technical
> Staff at the DSP R&D Ceater of Texas Instruments,
Dallas, TX. She has also participated in the ITU H.263 and 1SO MPEG-
4 video compression standardization efforts. Her research interests include
digital vide0 ‘Comipression and processing.
Dr. Oehler is a member of Eta Kappa Nu, Tau Beta Pi, and Sigma Xi.

omas Bannon received the B.S. degree in elzc-
al: engineering from. Texas A&M University,
College Station, TX, in' 1984, and the M.S. degroe
ce from The University of Texas

dson, in 1991,
fter pm-gmdunle work at The University of
Texas at Austin in radio-television-film and cora-
. -puter science, he joined Texas Instruments, Plano,
in 1986. He is cumently a Member of Technical
Smﬂ' in the Vision Research branch in the Perscral
- y of TI Corp R&D in Dallas.
He has pubhshed a numbcr of papcrs and holds two patems in the area of

niéd ‘databases.

Jonathan D. Courtney: (S'92-M’93).received the
B.S. degree with honors in computer. engineeriag
and computer science and the M.S. degree in coin-
puter science both from Michigan State Universiy,
East Lansing, in 1991 and 1993, respectively:

- He subsequendy joined Texas Ins:uments, Dal-
. las, where he is a member of.the Multimedia. Svs-
tems. Branch of TI Corpome R&D. His current
research interests ‘inclide multimedia information
Systems and virtual environments for cooperative
work.

.Arnab Das received the B. Tech. degree in elec-
tronics and comrmunications engineering in 1992
from the Indian Institute of Technology, Mairas. He
‘received the ‘M.S. degree in elécirical engineering
in 1996 from:the University of Maryland, College
Park, where he. is currently engaged in a PhD.
program in eléctrical engineering.

He worked as a Summer Intern at the Texas In-
struments Corporate Research Labs iri Summier 1994
and: Summer: 1995, His research interests inchide
image and video high-speed ne
and quening theory.

Jndy Liao reccived the B.S. degree in electrical en-
‘gineering and computer science from the University
of California at Berkeley in 1991, the M.S. degrec
from the University of California at Los Angcles
{UCLA) in 1993, and the Ph.D. degree from UCLA
in 1996:

She is currently _wnh Rockwell Semiconductor
Systems-in Newport Beach, CA. Her research inter-
ests include image/video compression and wice: ess
video commiunication systems.

Dr. Liao is 2 member of Tau Beta Pi.

Unified Patents Exhibit 1004



272

R
o . -

IEEE TRANSACTIONS ON Mt._«CAL IMAGING. VOL. 18. NO. 3, MARCH 1598

Wavelet-Based Lossless Compression
of Coronary Angiographic Images

Adrian Munteanu,* Jan Cornelis, Member, IEEE, and Paul Cristea, Senior Member, IEEE

Abstract— The final diagnosis in coronary angiography has
to be performed on a large set of original images. Therefore,
losstess compnmnn schemes play a key role in medical database

and { This paper proposes
a wavelet-based comprssion scheme lhat is able to operate in the
iossless mode. The a new way

of coding of the wavelet coefficients that i is more effective than
the classical zerotree coding. The experimental results obtained
on a set of 20 angiograms show that the algorithm outperforms
the embedded zerotree coder, combined with the integer wavelet
transform, by 0.38 bpp, the set partitioning coder by 0.21 bpp,
and the lossless JPEG coder by 0.71 bpp. The scheme is a good
didate for radiologi lications such as teleradiology and
picture archiving and communications systems (PACS’s).

lifting sch , lossl

Index Terms— Coronary angiography,
compressien, medical image coding.

L. INTRODUCTION

ECHNOLOGICAL improvements and significant cost
reductions of digital angiographic units have triggered
an increasing demand for acquiring and handling the coronary
angiograms in a digital form. Moreover, various types of X-ray
digitizers are currently being used to replace data storage on
35-mm cine films with digital storage of coronary angiograms.
The main advantages of digital data representation consist
of the simple archiving and pulation of the images and
the fast image transfer over large networks. Inevitably, the
compression of digital coronary angiograms is of paramount
importance in picture archiving and communications systems
(PACS’s) and teleradiology applications, due to the huge
amount of patient data {e.g., in a typical sequence of 2500
images per patient, each image of 512 x 512 pixels, represents
655 MB [1]). Such applications require both efficient storage
of images and low-cost data transmission through digital
communication lines. The compression ratios required for
transmitting 512 x 512 pixels coronary angiographic images
at 5, 10, and 15 frames per second, using ISDN with channel
capacities of p x 64 kbit/s, are iliustrated in Fig. 1.
Note that if one considers that for this class of images, the
standard lossless JPEG provides an average compression ratio
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context-based adaptive lossless image coding (CALIC) [8], -
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Fig. 1. C ratio ired for of 512 x 512 pixels

coronary angiograms using ISDN with channel capacities of p x G4 kbit/s,

of three (see Table 1), more than 54 channels are required
to achieve a throughput of five frames/s. We conclude that
applying compression results in improved efficiency, since’ it
reduces both the storage costs and the image transfer tinz.
Various methods, both for lossy (irreversible) and lossless
(reversible) image compression are proposed in the literature.

The recent advances in the lossy compression techniques
include different methods, such as vector quantization [2],
wavelet coding [3], [4), and some less widespread approaches
Tike neural networks [5] and fractal coding [6]. Although these
methods can achieve high compression ratios (of the order
50: 1, or more), they do not allow one to reconstruct exzctly
the original version of the input data. Lossless compressicn
techniques, however, permit the perfect reconstruction «f
the original image. but the achievable compression rat«
are only of the order 2:1 up to 4:1. Currently, the lessy
coding methods are not accepted for coronary angiogram
compression [7]. In_recent years, several methods have been
proposed for lossless (medical) image compression, suc N as’

hierarchical interpolation (HI 9], two-dj ens:omll )_
multiplicative autoregressive_model-based oodmg [10], and

segmentation-based image coding [11]. Although these coders

are among the most performant ones as far as the compression
ratio is concerned, the lack of a progressive transmission
capability makes them unsuitable for radiological applicat ors
expanded over large networks. The concepl of progressive
data transmission is of particular importance in an elzctionic

0278-0062/99$10.00 © 1999 IEEE
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number of vanishing moments of the analysis high-pass filter
and N is the number of vanishing moments of the synthesis
high-pass filter. An instance of this family of transforms is
the (4,2) interpolating transform. The integer version of it,
given in [18], is implemented in the first stage of our coding
algorithm. In this case, the integer wavelet representation of
a one dimensional signal A°(n) having N nonzero samples
is given by

vn: D () = AT(20 + 1) - [Z prA(2(n = k) + 1/2}
k

0<icd, 0<n<g2 HIN,

-2<k<l
Va: A (n) = A¥(20) + {Z w D' — k) +1/2
L3
0<i<d,
0<kgt

0<n<2 DN,
(1)

where {x] represents the integer part of z, J is the number
of scales, A"*(n) and D**!(n) denote, respectively, the
approximation and the detail of the original signal calculated
at the scales (i+1), 0 < i < J.

The coefficients of the filters in (1) are given in [18]

p-2=p1=-1/16,  p_1=po=9/16

g =uy = 1/4. (2)

The extension of (1) to the 2-D case consists of the
successive application of the one-dimensional (1-D) wavelet
transform, as described in [21]. This results in the representa-
tion of any arbitrary input image f via the set

(AJ,H"Xk,WY -WXYk)lgksJ [&)]

where A; is the approximation of f at the coarser resolution
27, and W X, WY, and W X Y}, are the details of the image
in horizontal, vertical, and diagonal orientation, respectively,
at the resolutions 27%,1 < k < J.

MIL. WAVELET COEFFICIENTS CODING

The coefficient’s significance maps, introduced by Shapiro
in [3), are binary maps indicating the positions of the signif-
icant wavelet coefficients. It is proven in [3] that the zerotree
representation can efficiently encode the significance maps
by predicting the absence of significant information across
scales. The image model used in the zerotree coding (EZW)
is extremely general and is based on the zerotree hypothesis
[3]. This hypothesis assumes that if a wavelet coefficient w
at a certain scale is insignificant with respect to a given
threshold 7T, ie., |w]<T, then all the coefficients of the
same orientation in the same spatial location at finer scales
are also insignificant with respect to the threshold T. As
showr in [3], the zerotree hypothesis is satisfied with a high
probability. As a consequence, the interband redundancies are
efficiently exploited by grouping the insignificant coefficients
in trees growing exponentially across the scales, and by coding
them with zerotree symbols. In contrast to EZW [3] and set

IEEE TRANSACTIONS ON M_UICAL IMAGING. VOL. i8. NO. 3. MARCH 1999
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Fig. 2. Three-level wavelet represemtation (J = 3): the squires
wi.l €4 <16 and w3 1 £ j < 4 delimit all the descendants of

0
the rout coelficients in iy,

partitioning into hierarchical trees (SPIHT) (22], which are
zerotree based coders, the new coding method presented in
the following exploits only intraband dependencies.

Define the tree associated to an arbitrary root coefficient
w{i, ;) from a band Wy € (WX, WY, WXY,,1 <} <
J}. as the set:

D{w) = {w(2’i+m. 205 +n),0 < p<k,0 < m.n <2F}.

The wavelet image is partitioned into a lattice of squares
of width w, each square delineating a set of wavelet coeffi-
cients. Consider a parent square w; located in the subband
W, and select the v? trees comesponding to all the root
cocfficients w from w;. It can be proven that the coefficients
from J,.e,., P(w) located in an arbitrary subband W)
{WX;;,WY;,‘WXY.,I < k £ J} are delimited by the
squares w{c with 1 < i < 47-% 1t follows that the total number
of squares delimiting the selected v? trees is

J
Noguares = 477%.

k=1
For reasons of simplicity, we depict in Fig. 2 the particular
case of J = 3 where wi,1 £ i < 16 and w,1 € j <4
delimit all the descendants of the root coefficients in ws,
Choose an arbitrary square m,'; located in a subbang W €
{WX, WY, . WAXYi. 1 £k £ J) and associate with it the
logarithmic threshold T} defined as

)

where wmax IS the maximum absoluie value of the wavelet
coefficients delimited by wj.

The value 7} indicates that all the coefficients in ). are not
significant with respect to the whole set of thresholds 27, for
any T satisfying T} <T

Y inside wy,

T = [logy Wouar)

|w| < Wygax = 21982 Winax QlI0Ry wmax |41 _ pTi+1 < ol
(5)
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Fig. 3. Al the descendants from "'j.-+| € Wiy in the finer subband 115 )

arz Jocated in the squarcs uv:( Y the d logarithmic are

T, . for the set of coefficients included in w ), respectively. TA(') for the
i)

co‘ ~onding descendaats located in

Also, the definition (4) of T} indicates that at least one
coefficient from w] is significant with respect to 274

— zlog) Winax > z[togg wmax] _ 2T1. (6)

Whnax

We deduce from (5) that the TL representation can be uscd
to code the significance of all the coefficients delimited by w},
with respect to the set of thresholds 27, (7} < T). For a typical
nine-bits-per-pixel wavelct image (including one bit per pixel
for the sign), the range of the Tk': values is [0,7], therefore one
can use three bits to represent them. Hence, the total number
of bits used to code the significance of the coefficients from
the considered v? trees is

J
N=3 Nguues =3-3_ 4V =4/-1. @
k=1

We conclude from (6) that significant coefficients are ex-
pi.. . in the square wj, for thresholds lower than 275, The
significance of the coefficients from wj, with respect to the
thresholds 27,0 < T < T} is determined by applying
successive approximation quantization (SAQ).

Assuming, as in the case of the zerotree-like coders [3),
{22), that the wavelet coefficients satisfy the zerotree hypoth-
esis, it is shown hereafler that our proposed coding method
outperforms the classical zerotree coding, when used in the
lossless mode.

To make a comparison with the zerotree coding scheme, we
have to determine the number of zerotree symbols used to code
the significance of the coefficients from the same set of trees.

Select an arbitrary square w; from the subband Wiy,
and denote by (" the squares delimiting the corresponding
descendants in the finer subband W (see Fig. 3). If T,
respectively T"(') are the associated logarithmic thresholds,
from their deﬁmticms we write

; . . G
TL‘-+1 = [lng("’i;.H]max]y 7‘:(‘) = [l()gz("'z '))max]

where (wh, Jmse = Mmaxyeqp,, o) and (0o =
max d,,lw| arz the maxnmum absolute values of the

weE
wavelet coefﬁcncm'. in the squares mk“. respectively w'(')
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From (5) and {6) we write

2T':+' < (w'k.{-l)max < ZT’:+'+1 1 (8)
(1) i (1)
2T < (i Ynax < 270 HL, ©)

The zerotree hypothesis, which we assume to be valid, states
that if the parent coefficients in w}_, are not significant with
respect (o 2%kert1 | then all the corresponding descendants in
the finer subbands arc also not significant. Therefore

Y inside wz(-’), [w] < (w;('))m,x <oTentl (10)

From (9) and (10) we deduce T,f(i) <Tj,, + 1 which is
equivalent to Tf") < T/, This shows that the T} values are
increasing with &

T < T, VEL<E<], Vi 1<igd/7E )

If we apply the thresholds 27 with Tf® <7 < Tj,,,
the coefficients delimited by wi™ and all the descendants
from the finer subbands are not significant. This car be
shown by choosing an arbitrary descendant coefficient with
value w belonging to Wy, N D(w},,),p <k and having the
associated logarithmic threshold T,. From (5) and (1) we
can write [w] < 2%+ < 2T% “+1' < 9T which proves the
nonsignificance of w with respect to 2T(T°(' <T < Ty

The result is that the significance of the coefficients in

d ) and the significance of their descendants in Wy, p <k
is coded with zerotree symbols for all the thresholds 27 with
T« T < Ti.;z Hence, for all the squares wi', with

1 < ¢(i) < 477%, the number of zerotree symbols is (see
Fig. 3)
4’1—kl
v Y (T~ T,
efi)=1

The number of zerotree symbols used to code the signif-
icance with respect to the thresholds 27, Ty <T < 7 of the
roots from wy and of all the corresponding descendants is
# (T = Ty).

The total number of zerotree symbols needed to code the
significance of the selected v? trees amounts to

Nz =v*- [(7=TJ)

J-1 47-*% ) .
+Y 3 (Tha - T ET R4
k=1 c(i)=1

(12)

The proposed coding scheme is more efficient than the
zerotree coding if N (given by (7)] is smaller than the nurnber
of bits needed to code the zerotree symbols (two bits for zach
symbol)

2 - Ngpr>N & 2.02-4>47 — 1. (13)
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This inequality is satisfied for

2J

v (14)

2

Relation (14) specifies a theorctical bound for which the
coding of the significance map through the T} representation
has the same efficiency as the zerotree coding.

Assume a practical case in which the width of the squares
is v = 4 and consider a wavelet decomposition with J = G
of a §12 x 512 pixels input image. If equality is considered
in (14) we get A = 128.

The number of wavelet coefficients contained in one tree
having the root in an arbitrary square wg € W is

G
3 4R = 1365.
k=1

From the above example we conclude that our method
and EZW have equal efficiency if the significance of these
1365 coefficients is coded with only 128 zerotree symbols
(equivalent to 0.19 bits per coefficient). In practical situations
the value of A is much higher, which explains the gain attained
with this method, even for small values of v (typically » = 2
or v = 4).

‘We could incorrectly conclude from (13) that the efficiency
of our method increases when a large value of v is chosen.
However, there is another (intuitive) constraint that imposes
small values of v, which is illustrated in the following example.

Suppose we have an extreme case where only one coefficient
from the square w}, is significant with respect to 27* (and not
significant with respect to 27:+1) and all the other v2 — 1
coefficients are significant with respect to 272 (and ot signifi-
cant with respect to 272*1), with T, > T;. The significance
of the v? — 1 coefficients with respect to the thresholds
2T, T, < T < T\ has to be coded with (v? — 1) (T} — T») bits.
Let us now split the square wj, into four squares of half width
w},1 < j < 4 and associate to each of them the logarithmic
thresholds T7. A number of 3 - (v/2)? coefficients delimited
by three squares wj have the 77 value equal to T3, while
the other (v/2)? coefficients have the associated logarithmic
threshold equal to T;. It follows that only for the last ones we
do need to code the significance with respect to the thresholds
2T, T2 < T < T;. Halving the width of wj brings a gain of
{3v*/4)- (Ty — T2) — 9 bits. The last term comes from the nine
additional bits used to code the three additional T} values.

We conclude from the above example that for high values
of v the influence in a certain square wj of the isolated
coefficients with high values increases the overhead needed
for the significance coding of the coefficients with small
values. It is the case of the w,'; regions located around edges
characterized by wavelet coefficients of high values. Increasing
the width v causes more overhead information to be used for
the significance coding of the coefficients with small values,
corresponding to the smooth areas in the image.

Taking into account the constraints regarding the value of
the square’s width, we choose v = 4 for the experiments
repcrted in Section [V,
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Fig. 4. (a) Three-level wavelet rep and the ing order of the
subbands symbolized by arrows. Note that the scanning starts with the lowest
frequency band A3 and ends with the highest frequency band W XY} (b) In
any subband 1. the corresponding squares w}, are scanned in raster order.
For any scanned w}, the corresponding coefficients are also scanned in raster
order.

A. Coding Scheme A

A coding scheme that implements the previously described
significance representation is explained in the following. The
wavelet image is partitioned into a lattice of squares of width
v = 4 and for each square, the associated logarithmic thresh-
olds are determined according to (4). The maximum 7',y of
the determined 7} values is recorded as side informat'on 10
inform the decoder about the starting threshold 27mex,

The wavelet image is scanned, starting with the lowest
frequency subband A, and ending with the highest frequency
subband W XY, [see Fig. 4 (a)]. In each subband 1} the
corresponding set of squares wj, are scanned in raster order.
For any scanned square w}, the corresponding coefficients are
scanned also in raster order, as shown in Fig. 4(b).

During encoding SAQ is applied. This consists of the use of
a set of thresholds 27 which are sequentially applied, siarting
with T = Tmax and ending with T = 0. No coding is
performed for all the wavelet coefficients w belonging to w}
if T-> Tji. Conversely, for each T < T}, the significance with
respect to 27 of all the coefficients w belonging te wj is
recorded into a significance list, listl.

If a centain coefficient is declared as significant with respezt
to 27, we record its sign into a second list (sign list), lis2.

The quantization module is followed by arithmetic data
compression. Each threshold T is recorded as a matrix
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element having a position within the matrix corresponding
to the spatial location of the associated square wj in the
wavelet image. The matrix is scanned in raster order and the
resulting stream of symbols is entropy coded with a high-order
arithmetic coder.

The list of significance (list1) is aiso entropy coded by using
the arithmetic coder described in [23] and a classical adaptive
zero-order model [23]. There is no need to code the sign list
(list2), since there is almost no gain in the compression ratio.

We observe that the most important coefficients (having a
higher T7) are coded before the least important ones (having a
small T}). Therefore, the T} representation allows an ordering
of the coefficients, starting from the ones of high values and
ending with the cnes of jow values. This enables the coder to
transmit progressively the data, which is gradually refined at
the decoder site, until perfect reconstruction is achieved.

It is also interesting to observe the spatial extension of
the v-based lattice partitioning of the wavelet image. In the
particular case of Fig. 2, we notice that the selected v? trees
corresponding to all the root coefficients w from wj are related
to a square region of 8v X 8v pixels located in the spatial
domain. These trees comtain all the wavelet coefficients located
in the subbands W XY;,1 < k < 3 that correspond to this
region. More generally, due to the dyadic nature of the wavelet
transform, for a wavelet decomposition with J levels the v?
trees corresponding to all the root coefficients w from a square
wy € WXY) are related to a square region of 2/v x 27
pixels located in the spatial domain. Similarly, one can ideatify
the squares selecting the wavelet coefficients corresponding
to this spatial domain region and located in the subbands
WXi, WYi,1 < k < Jand Aj.

The correspondence between a certain spatial region and a
set of squares delimiting wavelet coefficients in the wavelet
domain can be used if one is interested in coding several ROI's
"~ the image. Suppose that we require that a certain rectangular
Ol is coded before coding the background information.
The squares from the lattice that correspond to the ROI are
determined and marked, and the coefficients belonging to these
squares are coded first. Similarly, the coding process continues
with the coding of all the other ROT’s, and ends with the coding
of the remaining wavelet coefficients {(included in the squares
which are not marked and which actually correspond to the
background infoermation). This coding process is very useful
when several predefined diagnosis-based ROI’s are delineated,
coded, and tr d before sending the background infor-
mation, resulting in the advantages mentioned in Section L.

The algorithm described above is identified as Algorithm A
in the experiments reporied in Section IV.

B. Coding Scheme B

Another scheme implementing the previously described
approach for the coefficient’s significance coding can be
derived if we impose that the square’s width v is one. The
algorithm described in the following is related to Algorithm
A, and it gives an interesting insight concering the achievable
compression results for a minimal value of v. Although in this
case we cannot claim that the proposed aigorithm is more
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Fig. 5. Bit rates achieved in the lossiess compression of 20 coronary
Bi with various algorith Note that Algorithm A and CALIC
provide the best performances for the whole set of images.

Fig. 6. Coronary angiogram, 512 x 512 pixels, 8 bpp: the area of stenosis
is indicated by the white gle.

efficient than the zerotree coding [(14) might not be satisfied)],
good performances are expected in lossless coding due to the
nature of the wavelet transform. ’

If v = 1, the logarithmic thresholds T} are coding the
significance of each wavelet coefficient apart. In this case, 7}
indicates that the corresponding coefficient is not significant
with respect to 27,77 <T < 7 and significant with respect
to 27 if it has a nonzero value. It results that the most
significant (8——T,§) bits (excluding the sign bit) from the binary
representation of any wavelet coefficient are represented with
three bits (since YT}, 0 < T} < 7), therefore, a gain of (5—-17)
bits is feasible.

Note that the values 0, 1 and —1 are identified by the same
value Tj = 0, thus, a distinction beiween them has to be
made using separate information,

An intuitive explanation of the efficiency of such signif-
icance representation is given by the observation that the
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@ (6]
Fig. 7. i of diffe ignificance maps obtained by the thresholding with (a) 64. (b) 32, (c) 16, (d) 8. (e) 4. and () 2 of the images obtained by the
two-level wavelet decomposition of the angiogram in Fig. 6. The black and white pixels pond to the ignifi and signi coefficients, respectively.

majority of the wavelet coefficients have small values. We
deduce that a gain is feasible if a high number of wavelet
coefficients satisfy T} < 5.

Denote by pr the probability of an arbitrary coefficient w
to be significant with respect to 27 and nonsignificant with
respect to 2T+ where 1 < T < 7

pr=p(2" < Jwl <27+, as)

Also, denote by py the probability of an arbitrary coefficient
w to satisfy |w| <2 (i.e, jw| € {0,1}).

If the total number of the wavelet cocfficients is IV, then the
number of the coefficients that satisfy 27 < |w| <27+, (1 <
T < 7)is Ny = pr- N and the number of 0, &1 values is
No =po- N.

As was previously explained, the gain obtained for each
coefficient with an associated logarithmic threshold T is
(5 — T bits, therefore the total gain is

7
G=3 [(5-1)-pr-N].

T=0

However, separate information makes the distinction be-
tween the values 0 and &1, for which we need pg - N bits. It
follows that the gain achieved by using this representation of
the coefficient’s significance is

G=5 [(5-T)-pr-Nl-po-N. 16

T=0

The gain has a positive value if

dpo+d p43 m+2optpi>pe+2-p (17)
Although the argumentation is empirical, in general
p(27 < Jwj <271 > p(2TH < ] < 2TF2) (18)

which means that in a wavelet image the values jw| have a
higher probability of occurrence than the higher values 2 |w).

From (15) and (18) we write pr > pr41, which implies
that (17) is satisfied.

The coding scheme implementing this method is broadly the
same as the Algorithm A. The difference consists in the side
information used to make the distinction between the values
0, and +1. We identify this method as Algorithm B in the
section reporting the experimental results.

[V. EXPERIMENTAL RESULTS

We evaluate the lossless compression performances obtined
with the proposed algorithms on a set of 20 digitized coronary
angiograms and we compare them with the results obtained
with other lossless compression techniques such as CALIC
[8], binary tree predictive coding (BTPC) [24], lossless JPEG
(LJPG) (14]. [25), the EZW coder [3] combined with the inte-
ger wavelet transform (EZW & IWT), and the set partitioning
into hierarchical trees coder (SPIHT) [22].

It is important to mention that in contrast to our proposed
techniques operating in the wavelet domain, both BTPC and
CALIC are predictive coders operating in the spatial domain.
BTPC uses a noncausal shape-aduptive predictor to decompose
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Fig. 8. Logarithmic thresholds images corresponding 1o the angiogram in Fig. 6 for (a) Algorithm A (v = 4}, and (b) Algorithm B (v = 1). The colors
displayed in the colorbars correspond to the seven possible values of the logarithmic thresholds.

JPEG, CR=51

B

Algorithm A, CR=25

Ba ¥

Algorithm A, CR=51

B

Zoomed area of the coronary
stenosis

Algorithm A, CR=10

Fig. 9. The image of Fig. 6 is compressed a1 51:1, 25: 1 and 10: 1 with JPEG, and Algorithm A, The zoomed arca of the coronary stenosis indicated by
the white rectangle in Fig. 6 is refined progressively up to the lossless version depicied on the right, ’

an image into 2 binary tree of prediction errors and zero blocks.
BTPC is designed to perform both jossless and lossy still-
image compression and is very effective for compression of
photographs, graphics, and compound images containing both
text and continuous-tone images. The best losstess compres-
sion performances reported in the literature for continuous-
tone images are mostly obtained with CALIC. This technique
is a conlext-based, adaptive, predictive coder designed for
the lossless/nearly lossless compression of continuous-tone
images. CALIC uses a large number of modeling contexts
to condition a nonlinear predictor and makes it adaptive to
varying source statistics. Efficient techniques for forming and
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quantizing modeling contexts assure the low time and space
complexities of CALIC.

In the chart in Fig. 5 we plot the bit rates achieved with
the tested algorithms applied on the individual images. Note
that the curves corresponding to Algorithm A and CALIC are
below the curves corresponding to the other algorithms for all
the images from the test set.

Note also from Table 1 that, on average, Algorithm A
outperforms with 0.21 bpp the SPIHT coder, with 0.32 bpp the
BTPC coder, with 0.38 bpp the EZW & IWT coder, and with
0.71 bpp the LIPG. Algorithm B has the same performances as
Algorithm A (the difference between them is only 0.002 bipp).
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Signal Analysis and Compression Performance
Evaluation of Pathological Microscopic Images

Akira Okumura,* Junji Suzuki, Member, IEEE, 1sao Furukawa, Sadayasu Ono, Member, IEEE, and Tsukasa Ashihara

Abslmtl—l)lgltwjng lligh-qualny microscopic images and de-
p gy for displaymg those results is
critical (o tel P gy in which pathological microscopic images
are transferred to remote Iocatlons where they are diagnosed by
specialists. This paper wilt dlscuss the results achieved by directly
digitizing (nonfilm p pic images at a
2k x 2k resolution, and then using a super-high-definition imag-
ing system to analyze their signals and evaluate compression
verformance. We will start off by digitizing samples that a pathol-
ist will actualty use in mak a di is, and then analyze
meir color dtslribulinn and spatlul lrequenues characteristics by
ing them to g | fmages. This will make it apparent
lhal such pa(holugwal images characteristically contain high
spatial I y in their chromi ts. We will also
discuss the evaluation resuits of color differences for L™u"b" space
and compression ratios achieved when using JPEG 1o encode
pnt!mloucul Images We will also presenl a suhjective evaluation
of the infl pling of ¢hr e ¢ has on
image quality,

Index Terms-— JPEG compression, pathological microscopic
muges, Super-high-definition (SHD) images, telepathology.

1. INTRODUCTION

uper-high-definition (SHD) images {I] have a spatial
Srcsoluliun of 2000 x 2000 pixels or more and a temporal
resolution of 60 frames/s or more {progressive scanning).
They are particularly suited to fields where high image qual-
ity is in demand, such as medical imaging and printing.
mongst the various applications for SHD images, their use

~as medicul images has been afttracting auention in recent

years due (o the major societal impact of medical images
in the areas of diagnosis, observation, and the education of
doctors {2). Medical information consists of charts containing
text, one-dimensional data including waveforms, audio, and
two-dimensional (2-D) and three-dimensional (3-D) images.
Research currently underway is digitizing all such medical in-
formation in order to unily management of patient intormation,
speed-up information searches, prevent loss or deterioration,
amd improve diagnostic performance |3]. The ultimate goal
of the digitization of medical information s to create a
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filmless/paperless system, making it possible to quickly obtain
the necessary patient information, including images, anytime
and anywhere.

There is presently a wide range of medical images used for
making diagnoses. Simple chest X rays {monochrome) and
pathological microscopic images (color) require the highest
levels of quality among all others. Simple chest X rays must
precisely reproduce images of the lungs and different regions
of the body consisting of diverse structures such as organs or
bones, while pathological microscopic images must faithfully
reproduce at various magnifications images including minute
structures and subtle changes in cellular texture. Those are
the respective reasons why the said images must be of high
quality. The transfesring of medical information including X
rays and pathological microscopic images over communication
lines in order to make diagnosis are called teleradiology
and telepathotogy, respectively. Various systems for both
are under investigation [2], [4]. In addition to high-speed
digital systems and wideband communications systems, it
is imperative thalt we develop input/output systems that can
faithfully reproduce image information which demands high
fidelity. This will make it possible to advance the medical
system and make it more efficient through the digitization of
all medical information.

In this paper we will discuss the assembly of a sysiern that
can faithfully input (digitize) and display pathological micro-
scopic images, and then present the resulting signal analysis
and compression performance of the image thereby obtained.
The estimated resolution required for the general display of
pathotogical microscopic images is between approximately
4-6 million pixels [S]. At present, the SHD image system we
mentioned above is capable of displaying such“a high pixel
resolution. Compression must be applied to efficiently transfer.
and store SHD images. A single SHD image is 100 Mb.
When these are used to create moving images at 60 frames/s,
we get a data stream amounting to 6 Gb/s. A number of
compression standards have been developed, including JPEG
and MPEG! and 2, Tests have been underway for some time
on the application of these and other compression methods
1o medical images {6]-[9]. However, little attention has been
paid to their application to pathological microscopic images.

In Section 41, we will discuss the assembly of an image
input/output system that centers on a charge-coupled device
(CCD) camera for digitizing pathological microscopic images.
[n preparation of an investigation into the compression of
pathological microscopic images, Section I1I will present the
analysis results of color distribution and spatial frequency

0278-0062/978 1000 € 1997 IEFE
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Fig. 1. lmage digitizing system from pathological micrescope.

characteristics to elucidate the differences between general
images-(including portraits and landscapes) and pathological
microscopic images. In Section 1V, we will present the JPEG
compression resuits on pathological HICIOsCopic images as
well as the results of our evaluation ol color differences
that arise due to subsampling of chrominance components.
Finally, in Section V, we will present our subjective evaluation
of the effect of subsampling of chrominance components on
pathological microscopic images.

jl. IMAGE INPUT/QUTPUT

A. System Configuration

Fig. | shows the super-high-definition input/output system
for pathological microscopic images. This system is composed
of an input system centering on a microscope for medical use
and CCD area sensor-equipped digital camera and an output
system centering on SHD image frame memory and a monitor
[10). Table I shows the principle data for the pathological
image input/output system. A minutely adjustable camera
mount unit has been placed between the microscope and CCD
digital camera so that the focus of the microscope image
will fit on the CCD surface. This means that a pathologist
can digitally capture the sample he is observing under the
microscope simply by using the computer’s mouse. The CCD
digital camera can input resolutions of 2048 x 2048 and pixel
depths of 14 bipixel. In order to display the image on the SHD
monitor, gamma correction is performed on the 14-b/pixel
data, converting it to 8 b/pixel. The time required to transfer
data on this system is about 30 s when capturing pathological
microscopic images to the system control computer and about
60 s when loading data from the system control computer (o
the SHD frame memory.

B. hnages Used for Evaluations

The samples we used to create images for making cval-
uations were preparations of pathological samples created

TABLE 1
PRINCIPAL DATA FOR THE PATHOLOGICAL TMAGE INPUT/OUTPUT SYSTEM

A X80 (nade by Olympus Optical Corporation Lid.. Toksw Japn.
Medical micrascope | 10X ocularlens and 2. 4%, 10X, 20X, 40:<, and 100X ubjertive
lens
Leaf Digital Camera (made by Scitex Corporation |.id , Herilia B -
1sraels, Cooled CCD, 2.048X 2,038 pixel resoltion. RGB sequentiz |
input. 14-bit color. Capturing speed:About 30 sA:mndslim_a_E

Focus adjustment ring. continuausly sdjustable within £ | mm

{made by NTT. Tokyo Japan)

Macinlosh 8 100/80 (niade by Apple Computer Inc., Calitarnia
U.S.A)._Luading speed : About 60 seconds/image

Super FM-T1 (made by NTT. Tokgo Japan).

SHD frame memory | 2.048 X 2048 pixels. 8-bit RGB color (16 million colees).

60 frames/sec progressive scanning. total of 256 frames

DDNM-2802C2 tmade by SONY Corporation, Tokye Japani.

2R-inch CRT. 2048 20dR pixel resolution.
Masimmun brightoess : More than 80 cdfm?

Digital camerz

Camera mount

Control computer

SHD monitor

TABLE Il
SurkR-HIGH-DEFINITION IMAGE SAMPLES

Pathological microscopic images General imapes

image] coments image] “ontenis

M1 [kidney cancer tmagnificd by 1060 G {stidl life ifruits and vegetadles)

M2 [Kidney cances tmagnified by 40) G2 |portrain with color chart

M3 futerus cancer (magnified by 400) G3 {porteait

M1 luterus cancer iinagnified by 200y G4 {lundscape {cafeerial

MS bronchial preunsonia (ngnified by 1001 [ GS Jtild life ¢fruins bisken

Mf [colonic eancer toagnitied hy 300) G6 | still life (wine bevibe and 1ibfesii i)
M7 |erlsgement of prostate fmagaificd by 100 G7_|still life tbicycle with coler cha1)

by the Department of Pathology at the Kyoto Prelectural
University of Medicine. Kyoto, Japan. Fig. 2(a) shows seven
pathological microscopic images (images MI-MT) digitized
by the input system discussed above. Table Il shows the
content and magnification of each sample, most of which
contain typical cancer cells. Actual diagnosis of puthological
samples using a microscope are conducted by first usirg a
low level of magnification to locate the area that needs to
be observed. and then raising the magnification until the
desired image is obtained. Consequently, as shown in Tzble (I,
a change from low magnification to higher magni
(40, 100, 200, and 400 power} is required when inputting
pathological images.

In order to analyze signals and evaluate compres:
pathological microscopic images in the following tests, we also
used seven general images (images G1-G7) including portra ts
and landscapes as a comparison, Fig. 2(b} shows these se
general images. The content of these general images is also
shown in Table 11. These general images are digitized from
film-based photographs. and used for image-qualily (ests of
color printers, CRT monitors, image-coding algorithms, and
several kinds of image processing operations. Images Gl
and G2 are super-high-definition test images created at NITT
Laboratory, [11]. Images G3-G7 are high-definition standard
color image data (SCID) images used in printing A A
images used in our tests have 2048 x 2048 pixcls and 24
bipixel (8 b for each RGB color).

1II. PROPERTIES OF PATHOLOGICAL MICROSCOPIC [MAGES

A. Color Distribution

Normai pathofogical samples are almost both colorless and
transparent when they are first obtained from diseased tissue.
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G6

G5
®

Fig. 2,
General images (G1-G7).

If left as is, the sample cannot be diagnosed since its cell
structure cannot be seen. This means that prepared samples
must be created by using special dyes to produce color.
Pathological examinations are, therefore, performed by using
dye to colorize the structure of the cells 10 be observed.
The appropriate dyes have been added to colorize the images
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Pathological microscopic image samples. All images have 2048 x 2048 pixel

703

(a) P images (M1-M7). (b)

shown in Fig. 2(a), thereby making visible cancer cells and
other items important for a diagnosis. Fig. 3 shows the color
distribution of pathological microscopic image M2 and gencral
image G4 on Commission Internationale de I'Echairage (C1E)-
zy chromaticity diagrams. In the diagrams, the z-axis shows
a histogram of pixels having each chromaticity value on the
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()

Fig. 3. Color distribution on CIE-zy chromaticity coordinate. The region withint solid line on xy-plane corresponds to the area visible to human eyes.

(a) Pathological microscopic image M2, (b) General image G4.
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Fig. 4. Distribution of pixel values in UV-plane. Number of pixels is distinguishable with color variations. (a) Pathological miqoscopi; irnage M2.

(b) General image G4.

CIE-zy coordinates {14). These diagrams make it apparent
that pathological microscopic images are more concentrated in
specific color components than are general images. The region
where this color distribution is concentrated on the CIE-zy
ct icity diagram is dependent on the colorizing properties
of the dye used on the pathological sample.

Fig. 4 shows the distribution of pixels in images M2 and
G4 represented on the UV-plane after the original images

consisting of RGB signals were converted to a lwininarce
component (Y) and two chrominance components (U, V). The
same figure uses color variations to represent a histogram of
pixels that have UV component values. It is evident from
this figure that the U and V' chrominance components irn the
pathological microscopic image have a mormal comelation,
are concentrated linearly, and are distributed in a wide area
around the concentrated portion. In contrast, the chrorrinarce
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Fig. 5. Spatial of 1
M2. (b) General image G4.

smponents of the general image are distributed in an area
around the origin, and as a whole, the UV chrominance
components have an inverse correlation. Note that although
the color distributions shown in Figs. 3 and 4 only show the
results for images M2 and G4, other pathological microscopic
images and general images show similar properties.

B. Spatial Frequency

We use image-compression techniques that take advantage
of the redundancy in image signals and the characteristics of
human vision to efficiently transmit and store image data. In
order to obtain a high compression performance without low-
ering subjective quality when using conventional irreversible
image compression, such as the discrete cosine transform
(DCT)-based method of JPEG (still-image coding standard)
and MPEG 1 and 2 (moving-image coding standard), we use
sabsampling of the chrominance components and quantization
of DCT coefficients that takes into account the characteristics
of human vision. The subsampling of chrominance compo-
nents in such compression method takes advantage of the fact
that in the signals of general images, the spatial frequency
of chrominance components decay more rapidly in the high-
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converted from original RGB color signals. (a) Pathological microscopic image

frequency than does the luminance component, as well as the
fact that the effects of distertion in chrominance components
is rather low for human vision. '
We will now elucidate the basic properties and spatial-
frequency properties of chrominance components to test meth-
ods of compressing pathological microscopic images. Fig. 5
shows the results obtained from the spatial frequency of
each component after converting the signals from the original
RGB color images (pathological microscopic image M2 and
general image G4) to a luminance component (Y} and two
chrominance components (U, V). The spatial frequencies in
Fig. 5 are obtained by averaging the spatial frequencies of
partial images with 256 x 256 pixel resolution extracted from
the original image by overlapping 128 x 128 pixels from
adjacent partial regions. The overlap of the partial images
reduces the differences in spatial weight that would, otherwise,
be created by the Hamming windowing process used to
compute the spatial frequency. We choose to use G4 as
our general image because amongst all our other general
images it contained the highest spatial-frequency components.
Fig. 5 shows that compared to general images, the spatial-
frequency band of chrominance components in pathological
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Fig. 6. Compression ratios of JPEG reversible coding. Entropy coding
employs arithmetic, adaptive Huffman, and Huffman coding using a fixed
table.

microscopic images is remarkably wide. Note that like the
color distribution characteristic discussed earlier, this spatial-
frequency characteristic will tend to be nearly the same as
the results shown in Fig. 5 for other pathological microscopic
images and general images. This means that the compression
of pathological microscopic images can result in a great deal
of color distortion if the chrominance-component subsampling
is employed. In Section IV-C, we will discuss our quantitative
evaluaticn of color distortion that occurs during chrominance-
component subsampling when the JPEG algorithm is used for
irreversible compression.

1V. COMPRESSION AND COLOR DISTORTION

A. Reversible Compression

Here, we discuss the characteristics of reversible compres-
sion when applied to pathological microscopic images. The
coding algorithms employ the JPEG spatial method [13). This
method is based on DPCM coding, and it employs a predictor
in which it predicts the average values of the two pixels
above and to the left of encoded pixels. Note that entropy
coding employs both Huffman coding and arithmetic coding.
In addition, Huffman coding uses both the recommended
Huffman tables specified in the JPEG Annex K “Examples
and guidelines” [13] and adaptive Huffman tables best suited
to each image.

Fig. 6 shows the compression ratios achieved when using
JPEG reversible compression on pathological microscopic
images and general images. Our definition of compression
ratic here is the size of the original image data divided by
the size of the compressed data. The highest compression
ratio was achieved by arithmetic coding followed by adap-
tive Huffman coding, and Huffman coding using a fixed
table. Unfortunately, even when the best performing method,
arithmetic coding, is used, the resulting compression ratio
for pathological microscopic images is on the level of a
meager 1.2-1.6. This is due to the fact that, as shown in
Section I1I-B, pathological microscopic images contain high
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TABLE 11I
SUBSAMPLING FORMAT FOR THE CHROMINANCE
CoMPONENTS. THE VALUE L DENOYVES IMAGE SIZE

4:4:4 42:2 4001
ynm) Yy
w(2n’ m) (20" 2m")
W2r'.m) M2n' 2"y

Yy
wn.m)
Wim)

1.m.n" and i are integers defined by:
Osnm<l
Oen'm’<Li2

spatial-frequency components, which means that compared to
general images, they have a high entropy in their differzniial
signals when reversible coding is employed.

B. Irreversible Compression

Irreversible compression algorithms employ the IPEG DCT-
based methed [13]. Entropy coding only employs the Huffman
coding with the previously mentioned Huffman tables recom-
mended in JPEG Annex K. The subsampling methods of th
two chrominance components are in the 4:4:4, 4:2:2_ anl
4:1:1 format shown in Table III. Fig. 7(a) and (b) shows
the relationship between compression ratios and signal-tc-
noise ratio (SNR) of luminance when irreversible compression
is applied to pathological microscopic images and general
images, where the SNR of Juminance is defined by (1)

@¥ -2

!
%0 S5 i m) - g, |

In (1), y(n, m) denotes the luminance of the original image
and y'(n, m) demotes the luminance of compressed images; .
(n, m) is the spatial coordinate, and N is the worcllength of
Juminence (N = 8). The subsampling format for the chromi-
nance components is 4:1:1 in which the pixel values of
the two chrominance components are subsampled by one-half
each, in both horizontal and vertical directions. This 1nears
that the degradation in images reproduced after irreversibe
compression includes both quantization noise and loss that
comes with chrominance-component subsampling. Note that
in order to eliminate any effects on the SNR evaluation for
distortion due to the transform between RGB and YUV
by finite word-length arithmetic processing, the RGB/Y /'
converted image is used as a reference signal for the SNR
calculation. According to Fig. 7, obtaining for pathological
microscopic images an SNR of the same luminance component
as general images requires that the compression ratio be sat
relatively lower.

The compression ratio in irreversible compression depends
on the format the chrominance components are subsampled.
Fig. 8 shows the improvement in the compression ratio for the
4:2:2 and 4:1:1 formats against the compression ratio for
the 4:4:4 format, in which chrominance-component subsam-
pling does not take place. The 4:2:2 format mention:d hee
subsamples by one-half only the pixels of the two chromi-
nance components in the horizontal direction. Improvements
in compression ratio is defined by the following (2), where the

SNR = 10 - )
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Fig 7. Compression ratios and SNR of irreversible coding (JPEG DCT-based method) using the 4:1:1 ch

images. (b) General images.

compression ratio for the 4:4:4, 4:2:2, and 4:1: 1 formats
are Yau, Ye22. and g, respectively

(Compression ratio improvement) =
[raze (or yas1) — vam]
Yast

(2)

Compression ratios generally improve as the subsampling
rate of chrominance components increases. If we were to
hypothetically assurne that the luminance component and
shrominance component were compressed at the same level of
sfficiency, the compression ratio improvement for (2) with the
4:2:2 format would be 0.5, and that with the 4:1:1 format
would be 1.0. In reality, the compression-ratio improvement
for general images is about 0.15 with the 4:2:2 format and
)3 with the 4:1:1 format, as can be seen in Fig. 8. The
compression-ratio improvement for pathological microscopic
images is about 0.3 with the 4:2:2 format and about 0.6 with
the 4:1:1 format, or about double that for general images.
This can be explained by the fact that compared with general
images, pathological microscopic images contain high spatial
frequencies in their chrominance components. However, when
the subsampling rate for chrominance components increases,
the distortion in the chrominance compenents also increases.
This means that the SNR evaluation of the luminance com-
ponent is insufficient for evaluations that take into account
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Fig. 8. Improvement of compression ratio against the 4:4:4 chrominance
format where the luminance-component SNR is around 40 dB. The improve-
ment of zero means the compressed data size is the same as that using the
4;4:4 format, while the improvement of one means the compressed data size
is just one-half of that using the 4:4:4 format.

distortion in the color signals and, therefore, we must use the
color difference discussed in the Section IV-C.

C. Color Difference Evaluation

Quantitative evaluations of color differences transform the
RGB signals of the original and decoded images into L*a"b*

Unified Patents Exhibit 1004
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uniform color space and then uses the difference between, or
in other words the distance, as measure of evaluation on the
color space. To evaluate on L*a*b* space, the color difference
of RGB signals after ireversible coding and decoding, first it
is transformed from RGB space to XY Z space and the result
is then transformed to L*a*b* space according to (3) [14], [15]

«=s0{s(§) - 1)} ¥
b =2oo{f(yln) ‘f(z%)}

where X,, Yn, and Z, can be represented as shown in
(4) in case of the CIE’s standard light source C' which
approximates average daylight and white for the National
Telecommunication System Committee (NTSC) system {16]

0.3101

Xn =100 x 03163 =98.04

Y, =100 . (C))
0.3736

Zn =100 x 53163 = 118.12

In addition, the function f(z) in (3) is defined by the following
equation:

T3, if > 0.008856

Haz) = {7,73& + 2%, if z < 0.008856. ©)

The color difference that is ultimately applied in (5) is equiv-
alent to the average value of the geometric distance of the
original and decoded images on L*e*b" uniform color space.
Note that L], af, and b] are the L*a”b* values of the original
image, and L3, a3 and b} are the L*a*b* values of the decoded
image.

AC = \J(Li ~ L3) + (f - a3) + (61 ~ 437 (6)

Fig. 9 shows for pathological microscopic images M2 and
MS5 and general images G3 and G4, the relationship between
JPEG compression ratios and the color difference of decoded
images as calculated by (5). This figure also simultaneously
shows the compression ratios attained by reversible com-
pression that employs arithmetic coding for its entropy cod-
ing. Chrominance-component subsampling during irreversible
compression uses the 4:4:4,4:2:2,and 4: 1 : 1 chrominance
formats. In addition, the dotted line links the compression ratio
in a straight line, where the luminance component will be 40
dB for each chrominance format. The luminance component
in the region to the left of this dotted line will be 40 dB
or higher. The unique feature of pathological microscopic
images is that compared to general images, they experience
a large distortion in their chrominance components due to
subsampling. This is a simple conclusion derived from the
spectrum evaluation results for the chrominance components
discussed in Section III-B. Consequently, even if you set
compression ratios low for pathological microscopic images to
decrease quantization distortion in the case that subsampling
of chrominance components is employed, the color difference

Chrominance format
R ]
——— 422
124 —a— &

8- SNR(MD 240 dB s, .
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Color difference AC

\/ T AR SNRIMSI = 40.0B
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e
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(b}
Fig- 9. Compression ratio and color difference using 4:1:1. 4:2:2, and
4:4:4 chromi formats. Ce ion ratios attained by reversible com-

pression with arithmetic coding are also included. (a) Pathological micros=opic
images M2 and MS. {(b) General images G3 and G4.

value does not reduce due to distortion in the chrominance
components. On the other hand, it is clear that for gereral
images, subsampling of chrominance components has little
effect on color difference. Rather, quantization distortion plays
a much larger role in color signal distortion.

This means that for the irreversible compression of patho-
logical microscopic images, even if a high-luminance conpo-
nent SNR value of say 40 dB or higher was achieved, there
will still be cases where the color difference value will be
high. For example, keeping the color difference value to 2.0 or
less for pathological microscopic images M2, requires thar the
compression ratio be lowered to around two even if w: use the
4:4:4 format in which chrominance compcnent subsampling
does not take place. This approaches the compression ratio
that can be achieved by using reversible compression that
combines DPCM and arithmetic coding. On the other hand,
with an irreversible compression ratio of between ten and 20
for general image G3, it is possible to fulfill this condition
regardiess of the use of chrominance-component subsampling,
and the difference between compression ratios of irreversible
coding and reversible coding is considerable. This points to
the major difference between pathological microscopi: images
and general images.

FRORENIORN
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dircctions.

V. SUBJECTIVE EVALUATION OF
CHROMINANCE SUBSAMPLING

Section IV-C discussed the compression of pathological
microscopic images and evaluation of the resulting color
distortion. This color distortion includes both distortion due to
chrominance subsampling and quantization during encoding.
This quantization distostion during encoding depends on the
coding algorithm, making it difficult to make generalizations
about it. We will, therefore, only discuss the results of sub-
jective evaluations of the distortion that comes about due to
chrominance subsampling.

Fig. 10 shows the chrominance subsampling algorithm we
are discussing here. The chrominance subsampling is imple-
mented by resolution exchange by a(0 < « < 1) the number
of pixels of the UV components in both the horizontal and
vertical directions after transforming the original RGB image
signal to luminance (Y') and chrominance (UV) components.
The UV comporent is broken down into 16 x 16 pixel regions,
and then for each region, 2-D DCT with a base length of

6x 16 is executed. The higher-frequency component of the
transform coefficient is eliminated, and resolution reduction
processing is conducting on the remaining transform coeffi-
cient using 2-D inverse discrete cosine transform (IDCT) with
2 base length less than 16 x 16. For example, the 4: 1 : 1 format
corresponds to the case of o = 0.5.

Fig. 11 shows the color difference value AC on L*a*b*
color space for subsampling rate o when chrominance sub-
sampling is applied to pathological microscopic images M2
and M5 and general images G3 and G4, all of which were
evaluated for color difference values in Fig. 9 based on the
same method. It is apparent from the results from Fig. 11
and Section IV-C that the color difference value AC for
pathological microscopic images is much higher than for
general images, even when the quantization distortion is not
taken into account for the evatuation of color difference.

Next, we: will discuss for all of the pathological microscopic
images and general images found in Table I, the results of
our subjective evaluation of degradation in'picture quality that
occurs when the chrominance subsampling rate is changed.
Table IV shows the test conditions for this evaluation. We used
the SHD monitor shown in Table I 10 display the images. We
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TABLE IV

SUBJECTIVE EVALUATION CONDITIONS

No illemination in a darkroom (0.3 Ix or lower with display wmed off)

No kmit (010 1.5 H)

Aliemately display the compressed image and original image (conteollable by
the evalusion)

Lighting conditions
Viewing range

Presemation method

Up (0 the evaluator {generally 20 secfimage)
Try w0 (ind whether difference can be detected between the 1wo Images

Qbservaion tme
Evaluation method

made these subjective evaluations by measuring the detectable
limit of image degradation due to chrominance subsampling.
The results are shown in Fig. 12. This figure shows that remov-
ing the general image G7, which contains the highest spatial
frequency component, the detectable limits of chrominance
subsampling rate o for the general images are lower than
that for the pathological microscopic images. Degradation in
the general images could be detected mainly as blurring and
color shifts occurring around their contours. On the other hand,
deterioration in the pathological microscopic images could be
detected mainly as changes in the color and texture of specific
parts of cells. In addition, general images G2 and G7 have
a color chart with sharp edges which makes it easy to detect
image quality degradation. When « is a relatively high valie,
image-quality degradation can only be detected in the color
charts. Consequently, the detectable limit value « for G2 and
G7 will go even lower if we evaluate the images without their
color charts.

Our evaluations found that removing the general images
G2 and G7 that include color charts resulted in detectable
image degradation at a chrominance subsampling rate of
a = 3/16-5/16 for general images. This contrasted with
our findings for pathological microscopic images in which the
detectable image degradation was at a chrominance subsam-
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pling rate of a = 6/16~9/16. The subjective evaluation tests
made it clear that the image quality degradation resulting from
chrominance subsampling is easier to detect in pathological
microscopic images than it is in general images. Furthermore,
the results of subjective evaluations of images M2, M5, G3,
and G4 agree with the relationships from the evaluation results
of color difference values shown in Fig. 11, and this indicates
that evaluations using color difference are appropriate for eval-
uating degradation resulting from chrominance subsampling.

Vi, CoNcLusION

We used our super-high-definition input/output system with
a spatial resolution of 2048 x 2048 pixels to create digital
images from pathological preparation samples that pathologists
captured through medical microscopes. We then evaluated
the compression performance and analyzed the signals of
these pathological microscopic images by comparing them
with general images. We found that pathological microscopic
images have much wider chrominance-component spectrums
(spatial frequency) than do general images. This indicates that
when compressing pathological microscopic images, a large
color difference is produced as a result of subsampling chromi-
nance cornponents. Such results have also been confirmed by
subjective tests. Since the chrominance-component spectrums
for general images have relatively narrow bandwidths, the
conventional chrominance component subsampling formats
4:2:2 and 4:1:1 have been applied to raise the compression
ratios. For pathological microscopic images, however, the
compression ratio of irreversible coding has been forced

-Al. IMAGING, VOL. 16, NO. 6, DECEMBER 1997

to approach the compression ratio of reversible coding, in
order to suppress image degradation below detectable levels.
Furthermore, the compression ratio of reversible coding for
pathological microscopic images is lower than that for peneral
images and, therefore, when comprehensively studied from
the perspective of the cost of coding, decoding, storing, and
transferring pathological microscopic images, it cannot ke sa d
that the current level of compression for these images is
sufficient when using current JPEG algorithms.

We plan to test color transformation methods to raice
compression ratios for pathological microscopic images, and
also plan to test the effects of compression and chromirance-
component subsampling on diagnostic accuracy.
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An Active Scene Analysis-Based Approach
for Pseudoconstant Bit-Rate Video Coding

Kuo-Chin Fan, Member, {EEE, and Kou-Sou Kan

Abstract— Digital video transmission across the network is
now widely used in the Internet community. Visual information
transmlssion will no doubt play an important role in a future

tional information infra: {NII) [1]. Very often, how-
ever, the channel bandwidth is fixed. Therefore, video coding
based on an approprhte bit-rate control is a key to the success of

fcation in NIL In this paper, an

extremely efficient rate-control algorithm for pseudoconstant bit-
rate video coder is pmposed The g M technique, w_ﬁve

Gounis from_The

presen

figent. info matio |sum, employed

mmmw algormun

demonstrates irapressive quality transition between successive
frames. In addition, the bit-rate irregularities caused by dramatic
scene transition can be smoothed out in a very short period. A
comparison with the MPEG-2 Test Model 5 is also presented in
this paper.

Index Terms— Active lysi
quantizer scaling factor, rate buffer control.

ey

motion

1. INTRODUCTION
HE RAPID development in very-large-scale-integration
design, digital signal processing, and video compression
in recent years stimulates the progress of visual communi-
ation. In the future national information infrastructure (NII)

in information t pplications include distribu-
tion of entertainment programming, educational information,
and visualized information. Nevertheless, without appropriate
video coding, delivery of massive video data will create serious
problems in NII environment such as time delay, network
congestion, video jitter, video damage, etc.
Motion-compensation-based hybrid discrete cosine trans-
form (DCT)/interframe video compression algorithms have
been proven to be successful in removing spatial and temporal
redundancy of digitized video signals. The scheme has been
widely adopted in the international standards, such as H.261
{2), [3], Moving Pictures Experts Group (MPEG) [4], [5],
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and North America full-digital high-definition television [6].
However, the hybrid transform/interframe coding schemes will
generate variable bit-rates (VBR’s) intrinsically, where the
number of the transmitted bits may change from time to time.
In general, VBR is designed to accommodate constant quality.
Moreover, VBR is easier to implement than the constant
bit-rate (CBR) scheme. However, the practical transmission
media usually exhibits fixed channel capacity. A large buffer
is required to smooth out the variation in compressed data.
The buffer delay varies according to the buffer size; larger
buffer size will cause longer frame delay. However, smaller
buffer size may result in unpleasant video quality during
scene transition. The encoder output rate should be carefully
regulated to adapt to existing channel limitation and produce
pleasant visual quality. Therefore, an adaptive rate-regulation
algorithm is essential for realistic visual communication ap-
plications. A successful rate-control algorithm should provide
efficient channel resource utilization and maintain consistent
video quality.

Rate contro] for the hybrid DCT/interframe video coding has
been actively studied recently, where typical research topics
are associated with the quantizer scaling factor adj
The adjustment is made according to the short-term buffer oc-
cupation and variation tendency state, local scene activity, and
the establishment of the statistical rate model from test images
{71-113). In most of the algorithms, the coding parameters ¢ and
B S e s
derived from ¢ rate-contro] strategy,
adaptive scene analysis (ASA), is at mammnm;_a
simooth buffer variation and smaller buffer size. A large buffer
can always result In a smi it stream. However, larger
buffer size usually causes longer delay.

The rest of this paper is organized as follows. In Section IT,
we briefly review the coding scheme of the MPEG standard. A
series of bit-rate control strategies are described in Section III.
Details of the proposed ASA strategy and simulation results
are given in Section IV. Last, concluding remarks are given
in Section V.

II. OVERVIEW OF THE MPEG CODING

A. Primary MPEG Coding Strategy

In MPEG, each frame is coded in I-picture, B-picture,
or P-picture, as sketched in Figs. 1-3. I-picture indicates
intraframe coding, P-picture is forward-predictive coded using
information from the previous P- (or I-) picture, and B-

1051-8215/98510.00 © 1998 IEEE
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A
Iquant.
Yy
frame CT frame
memory memory
Qurcs (coded)

Fig. |. Intracoded picture type.

picture is bidirectional-predictive coded using information
from the neighboring previous and future P- (or 1-) pictures. To
accommodate random access, a video sequence is partitioned
into self-contained groups of pictures (GOP’s) with NV frames
each. Usually, N is between 12 and 15. There are (M-1)
B-pictures between two consecutive P-pictures or between a
P-picture and its preceding [-picture. Usually, the encoding
sequence of the frames is different from the display order as
indicated in Fig. 4.

The I-picture removes the spatial redundancy within the
present frame. This coding type is independent of other
frames. Hence, I-picture is used to. encode the frame at the
beginning of a GOP, and this picture coding type can also
provide the functionality of periodical synchronization within
a sequence 1o reduce the damages from the transmission
errors. P-picture can be coded more efficiently by removing
temporal domain redundancy from the previous I- or P-
picture. On the other hand, B-picture achieves the highest
degree of coding efficiency by using the neighbering previous
and future pictures as reference for the motion estimation
and motion compensation. Consequently, B-picture results in
higher complexity and more delay than P-picture, Prediction is
called forward if the reference frame is a previous frame and
called backward if it is a future frame. B-picture is not referred
to by any other prediction. Therefore, coding errors will be
confined to B-frame and will not propagate. The detailed
algorithm can be found in [4], [5], and [15].

B. MPEG-2 Test Model 5 (TM5) Rate-Control Mechanism [5]

The rate control of MPEG-2 TMS regulates bit-rate from
the coded information of previous pictures. Basically, three
coding parameters are derived and used to adjust bit-rate.

1) Average Macroblock Q ion Step A t and
Readjustment: The bit-counts assignment and adjustment is
performed according to the global complexity, which is cal-
culated based on GOP and is defined as follows:

X =81Q1 ¢V}
Xp=5pQp 2)
Xg =SpQn (3)

where Sy, Sp, and Sp are the bit counts created by encoding
the I-, P-, and B-pictures, respectively. Qr, Qp, and Qp
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are the global quantizer step size for I-, P-, and B-pictures,
respectively. The subsequent target bit-counts assignment is
defined based on GOP

T = max R bit.rate
v 14 NpXp  NpXp’8x picture_rate
KpX, KpX;
)
R bit_rate
= 2 y - 5
Tp = max Not NgKpXp '8 x picture_rate ®
r KpXp
R bit_rate )
Tpi = max Np+ NpKpXp'8 x picture_rate ©
B KpXp (

where Kp and K are empirical constants, & is the number
of available bits in the present group of pictures before
subsequent coding, and Np, Np are the number of pictires
remaining in the present group of pictures.

The number of R, Np, and Ng will be reduced after each
coding, and the number will be reset for a new group of
pictures.

2) Buffer Compensation Factar: The buffer fullness status
is predicted as

B o Trx(G-1)
drd —dI,O * Bj_l MBnumber
Te X (5~ 1)

AMBnumber
Tsx(i-1)
M Brumber

where dy, 0,dp o, and dp, ¢ are the initial buffer contents for
1, P, and B pictures, individually, B;_; is the number of bj
counts created before macroblock j, and M B ymber 15 the
total number of macroblocks within a picture. The quaritizer
step size of macroblock j is adjusted according to

_ 31 x dy
" 2 x bit_rate/picture rate’

@)
dp,j =dpo+ Bj_1 — ®)

dp, j =dp,o+ Bj—1 — (]

10y

Q;
3) Macroblock Quantizer Step Size Fine Adjustment: The
local spatial activity of macroblock j is first computed as

i) =1 i 1 7). 11
act(y) +l§élcr]1([varmnce(])] 1)

Then normalized local activity of macroblock 7 is defineci as

_ 2 X act(y) + averagz.act

= R )
act(j) + 2 x average_act 12

Normalized_act(j)

Last, the final quantizer step size of macroblock j is calculated
as -

mquant; = Q; x Normalized.act(j) (13)
where the average\_act indicates the average spatial activity
of the previous coded picture. Detailed MPEG-2 TMS rate-
control strategy can be found in [5].
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bidirectionally-predictive coded

forward-predictive coded

Fig. 4. MPEG group coding structure in display order.

IIL. ACTIVE SEQUENCE ANALYSIS STRATEGY

As mentioned earlier, the compressed bit stream created
by the MPEG-2 TMS rate-control algorithm is entirely based
upon the coding history. Generally, a video sequence with
complicated variation is difficult to code based on limited
historical knowledge. The proposed technique, ASA, collects
the required coding information to estimate bit counts from
the preceding, present, and future frames. The proposed tech-
nique extends the knowledge collection basis to improve the
efficiency of rate control.

The proposed algorithm includes bit-rate prediction of vari-
able length coding (VLC) and active forward-looking and
backward-looking quantizer.

A. Bit-Rate Prediction Model of VLC Coding

The video buffer occupation needs to be controlled via
macroblock quantizer adjustment so that the desired bit-rate
can be achieved. Consequently, characterizing the bit counts of
different picture coding types is a key issue in rate control. Bit-
rate prediction of VLC coding proceeds after the transformed
prediction error has been generated. Two VLC simulators are
proposed: one to estimate the rate for DCT coefficients and
one to estimate the rate for motion vectors.

Let slice,.p denote the average activity within slice. The
average activity of slice m is defined as follows:

sliceacp(m) =cp x AP(7) mb.width
p
j

AP(j) = {Z block_sumj(k)} / 4
k
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j = [m x mb_height, (m + 1)
x mb_height — 1],

k=10, 3],

i=1, 63]

block_sum;(k) = ({Z abs[blockk(i)]} / es),

(14)

where blocky denotes the transformed coefficient of rie 8
x 8 DCT block of macroblock j, AP(j) denotes the av-
erage activity of macroblock j, ¢p is an empirical constant.
mb_width denotes the macroblock number within each shic{
and mb_height denotes the total number of slices in the inpui
picture.

The first VLC simulator is aimed at imitating the function-
ality of the VLC encoding scheme by using the VLC tables
defined in the MPEG standard [4], which is used to encode the
transformed coefficients. Each 8 x 8 transformed block datz.
is first normalized by slice activity sliceycp as defined in (14)
Both luminance and chrominance components are consiclerec
for bit-counts estimation. The purpose of normalization is tc
reduce the potential activity irregularity possessed amor3 the
slice. As defined in the MPEG standard VLC isble (4], eact
VLC code word is referred to a certain combination of zerc:
run and level magnitude. The bit count for each nermalizec
and quantized DCT block can then be obtained by usin3 the:
MPEG VLC table. Therefore, we can create a code worc.
length reference table to represent the particular zero run and
level combination, For example, the corresponding code woerd
is *“0000 0001 0010 0” for the zero run and level combination
(4,3) according to MPEG VLC table [4]. The bit couat o”
this code word is 13. The last bit in the preceding code word
is sign bit. As described previously, no actual VLC coding
action is performed except for a simple table fookup to obtain
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Fig. 6. SNR of ASA at 1.2 Mbps with buffer size 200 ms.

3) A macroblock coding type decision-making mechanism,
which is used in the MPEG simulation model standard
[15], is used to determine the coding type.

4) Two-dimensional DCT is applied to block data according
to the macroblock ceding type.

5) The macroblock and slice activity information is com-
puted according to (14).

6) Estimate bit counts of each picture coding type from
VLC simulators and calcuiate bit-count deviations based
on {15) and (16).
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7) Macroblock quantizer step of entire picture is deter-
mined according to (17) and (18) and is further adjusted
from (19) after each VLC coding step.

The initial rpy, for the forward-predictive coded frame
is set to one. The buffer fullness variation profiles, signal-
to-noise ratio (SNR), and frame bit counts are shown in
Figs. 5-7. It should be noted that the horizontal z axis in
all figures represents the encoded frame sequence insteac.
of the nature scene order. The buffer fullness is defined as

Unified Patents Exhibit 1004
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Fig. 9. SNR of ASA at 1.3 Mbps with buffer size 200 ms.
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Fig. 10. Buffer fullness of TM5 rate control at 1.3 Mbps,

very close to the assigned number. Therefore, a small amount
of stuffing bits can be used to maintain the buffer content.
MPEG-2 TMS, which is an excellent rate-control algorithm
in the public domain, is chosen to compare with the proposed
algorithm. The target bit-rate used here is 1.3 Mbps. The
coding results of the proposed technique, ASA, are outlined
in Figs. 8 and 9. The coding results of TMS are outlined
in Figs. 10 and 11. The necessary parameters used in the
proposed technique, ASA, and TMS are listed in Table 1. As
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sketched in Fig. 12, the buffer requirement of TMS is slightly
smaller than the proposed technique. However, the resulting
bit-rate of TMS is higher than 1.3 Mbps and is unstable.
The resulting bit-rate is slightly lower than 1.3 Mbps for the
proposed algorithm and is confined within small range. Note:
that under the frame-by-frame-based SNR comparison, botl
algorithms exhibit minor differences. A further comparison
for a 30-frame period containing violent scene transitions with
buffer fullness and SNR is illustrated in Figs. 13 and 4. Thess
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Fig. 12. Resulting bit-rate of TM5 and ASA at 1.3 Mbps.

frames are selected from 360 to 390 in the display order.
As illustrated in Figs. 13 and 14, the buffer variation of both
algorithms exhibits similar behavior. Moreover, the difference
in SNR is minor between the two algorithms.

V. CONCLUSIONS
In this paper, we propose a unique rate-control scheme
for DCT/interframe-based video coding by exploiting scene
activity adaptively. This strategy is MPEG-standard compliant
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since only different operational schedules and minor computa-
tional efforts are neceded without violating the MPEG syniax.
The simulation results indicate that the proposed scheme
results in a more stable output rate and a more consiseent
perceptual quality. In conventional rate control strategies, the
rate adjustment is determined solely by the historical ncord. It
usually results in more fluctuations in decoded picture qua’ity.
Compared with the MPEG TMS algorithm, the froposed
strategy “shows the equivalent or even better quality with
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Fig. 13, Buffer fullness of TM5 and ASA at frame 360-390.
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Fig. 14. SNR of TM5 and ASA at frame 360-390.

less resulting bit-rate. The proposed scheme also results in
well-controlled buffer fullness and alleviates overflow and
underflow problems. Furthermore, the annoying picture quality
degradation during scene transition is greatly reduced by the
scene analysis.
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Image Segmentation and Contour
Detection Using Fractah' Coding

Takashi Ida;_ M@mber,'IEEE. and Yoko Snmb‘onsug‘i

Abxtmct—Fractal mdlllg was applled to Imnge segmentnnon
and contour detection. The encoding method’ was the same as in
conventional fractal coding. and ‘the wmpr-med code, which we
call fractal code, was used for image segmentation and contour
detection instead of image -reconstruction. An image can be
segmented by calculating the basin of attraction on a mapping
lhl(isasdofloealmapslhmthedomalnblocktothemnge

. ctal

wmdmuedwemmpwmdsm
comipressed codes to be tised directly for image me&:lng

IndaTkm:—Clnos,tmchls,lmageM edgennal
ysis, imxgesegmenhﬁon. : ’

e A IN'mooUcnON

UE to the mcmased use of digital image: proc&ﬁsmg, im-

 age compression has become an important technology for
the. transmittal-and storage of images. For lossy: compression
of ‘gray-scale images, the discrete cosine- transform is used
widely, and it has been adopted in some international standards
for image compression. There are many. coding methods. that
have been researched actively, including vector quantization,
subband coding,. and wavelet transformation.

Fractal image coding is a novel method that was originally
proposed by Barnsley (1] as a compression method for binary
images, and applied to gray-scale images by Bamsley [2], 3]
and Jacquin {4}, [5]): Fractal coding has received considerable
attention since it was proposed [3], {4] because of its use
of the self-similarity in images, an innovation that had not

_ been used previously in the field of image compression. Many

improvements in compression efficiency and decoded image
quality have been reported [6}-[3].

This paper presents new functions of fractal coding which
g0 beyond just compression. If imagés have been compressed
by fractal coding, segmented images: and contour-detected
images can be produced directly from the compressed code
without decoding the images [9). The encoding algorithm is
the same as in the conventional method, but the compressed
code (which we call fractal code) is used not only for image
reconstruction, but also for segmentation and contour detec-
tion. Since the image representations referred to above are
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used in many image.processing systems, the new functions
are expected to.expand the applications. of fractal coding.

Fractal coding 'is summarized in Section I. In Section III,
dynamical systems in which .parameters are fixed by self-
similarity information in the fractal code are defined, and
image representation methods using limit sets of the sys-
tems are proposed. The. experimental results arc presented
in" Section IV, and ﬁnal]y. the “conclusions are outlined -in
Séction V. '

T FRACTAL IMAGE CODING

In fractal i image codmg, a gray-scale unage whxch suppms
A C R? i divided into, domain blocks D; (¢ = 1,---, I,
where I is the-number. of domain blocks) as. shown in ’Fig. 1,
and range blocks R; care'found  for every- D;. Replacement
of the ue in D; with the transformed value. {rom.
R; is called fractal transformation- [3] The fractal transform

operator is deﬁned as’
(Fu)(w, v) = vi(plfi(z, v)))

Here, u(z, y) is the intensity at (x.iy) E A, and v;, which is
an affine transformation of intensity z, is defined-as

. vi(z) =
The affine map f; from D; to R; is défined as
fiz, ) = (ri(w — ;) cos 8; — ri(y — ) sin & + 9; + z;
r.(z z;) sin 6; + ri(y — ¥:) cos 6; + ti + 1)
(&)

where z; and y; are the coordinate values of the center of D;.
The following simplified notation is used to represent (3):

£(® [ricos 6y —r;sind;\fz—ux; ]
\y risin6;  ricosb; J\y—ui ti+u: )

@)
The affine map f; performs rotation by 6; centered on (z;, ¥:),
enlargement by 7, and translation by (s;, t;).

Fig. 2 shows the process described in terms of the right-
hand side of (1). (@, y) € D; is mapped to fi(z, y) € R; by
(4), and u(f:(z, y)), which is the intensity value at f;(x, ),
is transformed by (2). In addition, the intensity value at (x, u)
is replaced by v (1( fi(z, y))). The transformation parameters
T4, 01, 8i, ti, Pi, and g; are compressed codes (fractal codes).

When each R, is larger than D; and each v; is contractive

ri>1 (5)

: wlien'(,i; W eD; I

iz + ai: R, v

1051-8215/98$10.00 © 1998 IEEE
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Fig. 1. Domain blocks D; and their range blocks R;.
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Fig. 2. Point (z, y) € D; is mapped to fi(z, ¥) € R; by (4), and the

intensity value at f;(z, y): p(fi(%, ¥)) is sampled in the fractal transform.
and
[pil < 1. (6)
\,'e can obtain an iniage ¢ by calculating
¢= lin F(a) m

where ¢ is an arbitrary image and F™ represents the nth
iteration of F. The distance d(%, ¢) between a given image
% and ¢ is bounded according to the inequality

-5
where s is the contractivity factor of F. This is called the
Collage theorem [3].

Fig. 3 is the decoded image derived from the fractal code
obtained by encoding the test image Lena (512 x 512 pixels,
8 bits/pixel) shown in Fig. 4.

In the encoding process, the size of the domain block, 7y, &;,
and p; were constant as shown in:Table I, :and- the mean-
squared error in D); between the original image and trans-
formed images from R; was calculated for every combination
of si, t;, and g;. The set of three parameters that provided
the minimum error was selected as the code for - D;.- The
points f;(z, y) are not normally directly-on pixels; therefore,
the intensities at f;(z, y) were calculated by averaging the
intensities of -the four pixels around f;(z, y).

®
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Fig. 3. Image decoded by fractal coding.

Test image “Lena”

Fig. 4.
TABLE T .
CODING PARAMETERS

Size of domaim block = '8
r =2
8 = 0

si b € {16-14,-12.--.14.16 }

Pi = 0.9
g e {01.2.--.30}

A flat image with a uniform pixel value of 128 was set as
the initial image in the decoding process, and F was iterated
30 times. . The PSNR of the decoded image was calculated
using the :

255

PSNR [dB] = 20 log /e

(2}

where MSE is the mean-squared efror between the original
image and the decoded image. A value of 26.2 dB was
obtained. - :

Since . the number: of -combinations of s;, t;, and g; is
17 x 17 x 31 = 8959, which is smaller than 2** = 16384, 14
bits is a sufficient code length for a domain block. Therefore,
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Fig. 5. Example of domain blocks and their range biocks around an object S

the bit rate is

SYSTEMS PARAMETERIZED BY FRACTAL CODING

A decoded image can be obtained by the dynamical system
defined by (1) parameterized by 7:, 0;, s:, t;, p; and g;, and
a segmented image and a contour-detected image can be
produced: from another dyna.rmca] system parameterized by
74y 04, s;, and ;. In this paper, p, and g; are not used in the
image representations.

A. Segmentation Using an Enlarging Map W .
‘We propose a discrete dynamical system in which the map

X)—U{fg(z )z € {DinX}} an

i=1

is iterated. Here, z = (a:, y) is'a'point in A,_ Xls asetof z,
and it is assumed. that each r; in f; satisfies’(5). Although each
fi enlarges the distance between any two arbitrary. points in
D;, the mapped points always lie within A bécause all R; are
in A, Stretching by f; and overlapping of R; generates chaotic
loci with the mapped. point' mioving in' a complicated manner.

An ideal examplé of domain blocks and their range blocks
around an object § C A is illustrated in Fig: 5. There are
some texture patterns of intensity, but no distinct edges:in"S:
The backgroimd is flat, and its intensity is:different from the
mean intensity in S. For ¢; = 0, most of the blocks satisfy
the conditions described below because the block which gives
the minimurm distance from the domain block is selected as its
range block. Note that in the experiments, ¢; was.allowed to

Page 240 of 297

Y=L T

Fig. 6. A range block can be found easily when p; = 1.

be a value other than zero because the objects and backgrowad
in the test image had a considerable amount of texture.

C1: If a domain block is in S, its range biock js also in S.
(See Dingide and Rinsige-)

C2: 1f a domain block is outside S, its range black is also
outside S. (See Doutsige and Routside-) (

If the contrast at the edge of S is constant and p; = 1, the
following condition also holds.

C3: If a domain block includes a contour of 3, its range
block also includes the same contour, and the pixel
pattern in the range block is similar to that in the
domain block. (See Degge and Regge.)

A range block which satisfies C3 can be found easily for a
domain block containing a simple edge, such as that shown
in Fig. 6. The contrast of a transformed image with p; < 1 is
lower than that of the domain block; therefore, a part of anotter
abject is often selected as the range block when p; < 1. The
decoded images, however, become worse when p; approaches
one, and this is predicted by the Collage theorem. Thie images
are not reconstructed with p; = 1 because the transformation
defined by (2) is not contractive in this case. We set p; = {+. 9
in our experiments. )

Although some range blocks are omitted in Fig: 5 for sim-

plification, it is assumed.that there is a range block satlsfylru-
conditions C1-C3 for éach domain block. ¢

Setting isolated points [shown in Fig. 7(a}] as the initial

set of the map W, all points-in § are mapped inside S and
all-points- outside S are mapped outside’S: If a point is in a
domain block such as Deqge, the distance between the contour.
and the mapped point i$ enlarged 'step by step: in the ratio of
the range block size to. the domain block size until the point
is mapped into a domain block which does not include the
contour. Therefore, there is a set T such that

Vn >0, wrT)CT (12)

and

3N, 3z € T such that Vo > N, Wrz)eT (3
where T is:the complementary set-of T This is shown in
Fig. 7(c). The set T which satisfies (12) and (13) is called +he
trapping region: [12). .

:Another example of a squarc object S,q is shown in Fig, 8.
All mapped points starting from points.in Syq are mapped into
the block Do, which includes no contours, in a finite number
of iterations of W. even if. the points started from domain

blocks including contours. The points' zq, 2y, 7, and. z; in.
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Rourside
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Fig. 7. (a) Initial set of the.map W, (b) 2ll points in S are mapped inside
S, and (c) there is a wapping region T within the object S.
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Fig. 8. - All mapped.points starting from points in Saq are mapped into the

block Do in a finite number of iterations of W..

the figure are such points. For every D, (¥ =K, L, ---, §)
W(Ro N D.) € Ro- a4

Therefore, Ro is a sufficiently large trapping region, and there
may be smaller trapping regions within Ro.
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Real images are more complicated than the examples:
therefore, we cannoe sho uappmg regions for a real irnage
stage. However, the results of the
experiment descn in Secuon IV-A show that ths limit sit
with W forms groups of mapped points.

Since points starting from different objects go to different
trapping regions,’a segmenied- image is made availablz by
coloring the initial points according to theé group with which
the point gets clustered. In other words, the object is equal to
a set B, where

B ={z[3n >0, W(z) € T}. (%)
The set B which satisfies (15) is referred to as the basin o7
attraction [13].

The segmentation a]gont.hm is as follows.

Step 1: Place points z3 (7 = , J, where J is the
number of pixels) at 'the pixel positions.

Step 2: Perform iteration of the map W 7 times, and get
z’J G= 11 ey J)

Seep 3: Ciassxfy ;:J mto 7 clusters,

Step 4: Put a color on’ zf] for each j, depending on the

cluster of z’

B. Contour Detection Using a Contractive Map M
We also define a map M as

Uls@)lz € {RinX}}

i€EE

M(X)= (15)
where g;(z) is the inverse mapping of f;(z) such that

cosf; sinfy

A(z _ T4 i (1:7:1:‘-)
9 y)_ sinf; cosb; Y-
n
8;cos B; + t;sin 0;
._____—.Ti —+

;8in 0; — ¢; cos 6;
8i 81 ‘r't‘c t+'yi

i

an

and F is the set of indexes i such that D; includes the contour
of an object such as Deqge in Fig. 5.

Since g; is contractive (r; > 1), M™ converges to a linut
set when » =+ co. Fig. 9(a) shows the results of the mapping
for a region covering the whole of S in the example of Fig. 5.
The result is equal to the union of D; for z € E, and Fig. 9(b)
shows’replacement at Degge of Fig. 9(a) by the twice-mapped
image. The width of the black area narraws in the ratio of the
domain block size to the range block size, and converges to
the contour of S shown in Fig. 9(c) as n — oo.

We propose an algorithm with a reasonable coraputational
load, in which the number of mapping points is fewer than or
equal to the number of pixels in A.

Step I: Place points at the pixel positions and call the initial

set Xo.

Step 2: Tterate the map M « times and get X .. Here, round

off the position of each of the mapped points to the
position of the nearest pixel in each iteration.
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. (©)
Fig. 9. (a) Result of a mapping, which is equal to the union of D; for
i°€ E, (b) replacement at Dggg. by the twice-mapped image. (¢) The limit
set is equal to the contour of g‘

Step 3: Show the pixels of X, obtained as a result of
contour detection. v

In general, the number of mapped points increases as 2
result of the mapping M because there are points which belong
to more than one range block. Divergence of the number of
mapped points.is, however, avoided because some points. are
unified in. Step 2. -

The proposed method requires an accurate determination of
E because, if E does not include a part of the contour, the
limit set might be a broken line. The method for determining
E is described in Section IV-B. '

IV. EXPERIMENTS
A. Segmentation

The fractal codes used in the encoding and decoding ex-
periments in Section 1T were also used as parameters of W in
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©9 (1 0y (511,0)
(0.5:08) TV Feeres (5115,-05)
pixel
(-0.5,511.5) S - (511.5,511.5)

£ .
(0,511) (S11,511)

Fig. 10. Coordinates in the experiments. The pixels are placed al positions
(z, y) such that = and y arc integers.

Fig. 11, Tteration of the map W results in the mdpped point; forming grougs.

this experiment. Fig. 10 shows the coordinates on image plane
A. The pixels were placed at positions (x, y) such that z and
y were integers. When the mapped point was or the borde(
between two blocks, the right side or lower side block was
selected as D;. . .

Since ; = 2 (Table 1) and =) were at positions on pixels

z) € {(k+05, [405)|0 <k, 1 <510}, (n>1). (13)
The loci of mapped points are limited as described by (18),
and are, thus, not chaotic. This state is a resuit of the pixels
being on singular points of the dynamical system when r; = 2
[14]. This is not a problem in this-study. When required, the
locus can be made chaotic by just adding a perturbation, e.g.,
ri = 1.99999 because the singular points are unstable. The
perturbation allows zJ, to take various positions.

Fig. 11 shows 3, 73, - -, o}, After several iterations, the
points form groups. The points move within each group. but
they never jump to other groups due to the mapping. It scems
that there are trapping regions around every group, as is to be
expected from Section II-A.

Fig. 12 is a segmented image with = 30 and v = 64.
The value of 30 for 7 was found to be sufficient by trial and
error, Iteration greater than 30 times provided almost the same
segmented  images: as Fig. 12. The K-means algorithm [15]

" was used to classify the mapping points in Step 3. Initially,
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of the segmentation-based coding method. It is well recognized
that there are no satisfactory segmentation algorithms for
application to a wide variety of general images. Most of the
available segmentation algorithms are sophisticated and give
good performance only for specific types of images.

‘We propose a segmentation-based lossless image coding
(SLIC) technique for radiographic images, especially for dig-
itized or digital mammography and chest radiography. To
overcome the problem mentioned above in relation to segmen-
tation, we propose a simple region growing method. Instead of
generating a contour set, a discontinuity map is obtained durin
the region growing procedure. Concurrently, the method also

roduces a corresponding error image based on the difference
between cach pixel and its corresponding “center pixel.” In
“our study, it was observed that the international bilevel image
compression standard Joint Bi-level Image experts Group
(JBIG) [13], {14] is very efficient for coding the discontinuity
map and the error image. The following sections provide
details of the SLIC algorithm and results of coding digitized
X-ray images, which are also compared with those obtained
by directly using two international standards for lossless still-
image compression, namely JBIG and Joint Photographic
Experts Group (JPEG) [15], as well as adaptive Lempel-Ziv
(ALZ) [16], 2-D Burg prediction plus Huffman error coding
[8], and the HINT methods.

II. SEGMENTATION-BASED IMAGE COMPRESSION

A lossless compression method basically includes two major

stages: one is image transformation, with the purpose of data
Jecorrelation; the other is entropy encding of the transformed
data. However, in the SLIC algorithm, image transformation
is achieved in both the region growing procedure and, later,
in the JBIG coding procedure, while entropy encoding is
accomplished within the JBIG algorithm. The JBIG algorithm,
defined in the International Telegraph and Telephone Con-
sultative Committee (CCITT) recommendation T.82, uses an
adaptive three-dimensional (3-D) coding model followed by
an adaptive arithmetic coder [13], [14].

A. Region Growing Algorithm

1t should be noted that the aim of segmentation in image
compression is not object identification or analysis of features;
its aim is instead to group spatially connected pixels lying
within a smail dynamic gray level range. Our region growing
procedure starts with a single pixel, called the seed pixel (#0
in Fig. 1). Each of the seed’s four-connected (neighbor) pixels
(from #1 to #4 in the exact order as shown in Fig. 1) is checked
with a region growing (or inclusion) condition. If the condition
is satisfied, the neighbor pixel is included in the region. The
four neighbors of the newly added neighbor pixel are then
checked for inclusion in the region. This recursive procedure is
continued until no spatially connected pixel meets the growing
condition. A new region growing procedure is then started with
the next pixel of the image which is not already a member of
a region; the procedure ends when evi ixel jn the image
has been inciuded in one of the regions grown.
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U‘I T \
(itia s,aée)

S O O N

Fig. 1. Demonstration of a seed pixel (#0) and its four-connected neighbe ™ 5
(#1- #4) in region growing. :

The region growing conditions used in this work are tha:
the neighbor pixel not be a member of any of the regions
alread w1, and that the absolute difference between the
neighbor pixel and the comesponding center pixel be less
than error level (to be defined later). Fig. 2 demonstrates the
relationship between a neighbor pixel and its center pixel: at
the specific stage illustrated in the figure, pixel A has become
a member of the region (3) being grown and its four neighbors,
namely B, C, D, and E, are being checked for inclusion (E
is already a member of the region). Under this circumstance,
pixel A is the center pixel of neighbor pixels B, C, D, and
E. When a new (neighbor) pixel is included in the region
being grown, its error-level-shift-up difference with respect
to its center pixel is stored as the pixel's “error” value. If
only the first of the two region growing conditions is met,
the discontinuity index of the pixel is incremented. Therefore,
after region growing, a “discontinuity index image data pa’
and an “error image data part” will be obtained. It is clear thay”
the maximum value of the discontinuity index is four. Mcst of
the previously reported segmentation-based coding algorithms
include contour coding and region coding; instead of these
steps, we use a discontinuity index map and an error image
data part. '

The error level is determined by the preselected error bits as

)

error leve] = 2°7or bita=1,
For instance, if the error image is allowed to take up to S
bipixel (error bits = 5), the corresponding error level is 16;
the allowed difference range is then {~15, 15]. The error value
of the seed pixel of each region is defined as the value of its
low error bits bits; the value of the high (N— error bits) bits
of the pixel is stored in a “high-bits seed data part,” where V
is the number of b/pixel in the original image data.

The above three data parts are used to fully recover the orig-
inal image during the decoding process. The region growing
conditions during decoding are that the neighbor pixel under

Unified Patents Exhibit 1004



SHEN AND RANGAYYAN: SLIC METHOD FOR HIGH-RESOLUTION MEDICAL IMAGE COMPRESSION

L

—t

il
I
i o

| 1 L

° 7g. 2. Demonstration of a pixel being checked for inclusion (B, C. D, or

) and its center pixel (4) during region growing. .

consideration for inclusion be not in any of the previously
grown regions, and that its discontinuity index equal zero.
When the conditions are met for a pixel, its pixel value is
restored as the sum of its error-level-shift-down error value
and its center pixel value (except for the seed pixels of every
region). If only the first of the two conditions is satisfied,
the discontinuity index of that pixel is decremented. Thus the
discontinuity index generated during segmentation is used to
guide region growing during decoding. The “high-bits seed
data part” is combined with the “error image data part” to
recover the seed pixel value of each region.

Fig. 3 is a simple example for illustration of the region
growing procedure and its result. The original image is a
section of an eye of the 512 x 512 Lenna image with a size of
eight rows by eight colurins as shown in Fig. 3(a). The value
of error bits is set to five in this example. Fig. 3(b) is the result
~* region growing, The corresponding three data parts, namely

'._.scontinuity index image data, error image data, and high-

bits seed data, are shown in Fig. 3(c), (d), and (e). The full
512 % 512 Lenna image and the corresponding discontinuity
index image data (scaled) and error image data (scaled) are
shown in Fig. 4.

B. The Segmentation-Based Lossless Image
Compression Procedure

The complete SLIC procedure is illustrated in Fig. 5. At
the encoding end, the original image is transformed into three
parts: discontinuity index image data, error image data, and
high-bits seed data, by the region growing procedure. The
first two data parts are then Gray-coded, broken down into bit
planes, and, finally, JBIG-coded. The last data part is stored
or transmitted as-is; it needs only (N — error bits) b/region. At
the decoding end, the JBIG-coded data files are JBIG-decoded
first and then the Gray-coded bit planes are composed back
to binary code. Finally, the three parts are combined together
by the same region growing procedure to recover the original
image.
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Fig. 3. A simple example of the region growing procedurz and its result
with error bits set to be five. (a) Original image with a size of eight rows
by eight columns {a section of the 512 x 512 Lenna image); (b) result of
region growing; (c) corresponding discontinuity index image daia part; (d)
corresponding error image data part; () The corresponding high-bits seed
data part {from left to right).

[I. EXPERIMENTAL RESULTS

A. Image Data

The X-ray film images used in this study were digitized
using an Eikonix-1412 camera capable of digitization with
a resolution of up to 4096 x 4096, 12-b pixels. To maintain
minute structures (such as microcalcifications present in mam-
mograms) visible and detectable after digitization of X-ray
films, the pixel size should not exceed 100 pm which leacs
to huge datasets of the order of 10-16 million pixels/image.
Efficient archival and transmission of such images cafls for
lossless coding techniques with relatively high corfipressicn
ratios.

The five mammograms and five chest radiographs used ty
Kuduvalli and Rangayyan 8] were employed in this study.
We first tested our algorithm using 8-b versions of the inages
which were mapped directly from the original 12-b iraages.
The reason for this step is that most medical images as well
as natural images used by other workers in the field have an
8-b dynamic range. Therefore, this step of our investigation
would demonstrate the performance of our method with 8-b
images in the context of other methods in the field. The: SLIC
method was also tested with commonly used 8-b nonmedical
test images. Finally, we tested the method with 10-b versions
of the medical images, which were obtained from the origiral
12-b versions by discarding the two Jeast-significant bis; this

Unified Patents Exhibit 1004



©

Fig. 4. Hlustration of the 512X 512 Lenna image and jts segmentation
results {error bits == 5). (a) Original Lenna image; (b) corresponding dis-
continuity index image data part {scaled); (¢} corresponding error image data
part (scaled).

step was adopted as tests with gray scale test images indicated
that the 12-b Eikonix camera data were contaminated by noise
to the extent of the two Jeast-significant bits [8]).

B. Comparison of Results

Two international, lossless, still-image Eomprcssion stan-
dards, namely IBIG [13], [14], and JPEG [15]), as well as
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Tllustration of the SLIC procedure.

Fig. 5.

ALZ coding [16], HINT [7], and 2-D linear predictive coding
[8] were used to encode the images for comparison with the
SLIC method. In using JBIG (for direct coding of the image
or for coding the error image data part and discoatinuity
index data part), we parameterized the method to use three
lines of the image (NLPSO = 3) in the 3-D model and
no progressive spatial resolution buildup. The lossless JPEG
package we used has features of automatic determination
of the best prediction pattern and optimal Huffman table
generation. The UNIX utility compress was used for ALZ
compression. For the 10-b test images, 2-D Burg algorithm-
based linear prediction followed by Huffman error coding (7- .
D-Burg-Huffman or 2DBH), which was previously reportea
give the best performance among other combinations |8], was
utilized to take the place of the JPEG package for 8-b images.

1) Resuits for 8-b Images: The SLIC method has a tunable
parameter, which is error bits. During this investigation, we
found the compression ratio to be almost the same for most
of the 8-b medical images by using four or five for error
bits. Therefore, we fixed error bits = 5 for the following
experiments with the 8-b versions of the medical images.

The performance of the SLIC method is summarized in
Table I along with the results of JBIG, JPEG, ALZ, and HINT
compression (Note: ebits = error bits). It is seen that the SLIC
method has outperformed all of the other methods studied with
the test image set used, except in the case of one mammnogram
and one chest radiograph for which JBIG gave negligibly
better results. On the average, SLIC improved the bit rate by
about 9%, 29%, and 13%, respectively, compared with JBIG,
JPEG, and HINT.

While the SLIC procedure performed well with high-
resolution medical images, we have observed that its
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ALTHOF er al.: RAPID AND AUTOMATIC IMAGE REGISTRATION ALGORITHM

read images
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of entire image
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Fig. 1 Flowchart of the registration algorithm.

computationally intensive for large image matrices such as
{760 % 2140 CR images. Other, more popular, methods are
vased on structure matching [9]-[11] or control point matching
[12]. The first technique will work well if there are high-
contrasted structures available in the images. These structures
can be found by thresholding or edge-detection routines. The
second technique uses edges to define control points. The
success of these techniques depends on the ability to isolate
the structures of interest satisfactorily in the presence of image
noise.
This paper reports on an algorithm that is fast and accurate
enough to use for large medical images and does not rely on
fiducial marks or specific anatomical landmarks.

1II. DESCRIPTION OF THE REGISTRATION ALGORITHM

Fig. 1 is a flowchart of the various components of the
alignment algorithm. Local correlation of pixel data between
Image [ and Image I is computed at specific regions of interest
(ROI's) scattered throughout the images. The coordinates of
these local correlation peaks are then fit by a least-squares
method to a rigid two-dimensional (2-D) grid pattern to deter-
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Fig. 2. Location and size of the cluster array in a 1760 x 2140 digitat chest
radiographic image.

mine the angle, displacement, and magnification differences
between the two images. Each component of the algorithrn
will be described in detail in this section.

A. Sparse Matrix of Pixel Clusters

The main reduction in computation time with this algorithm
is due to the sparse sampling of image data before doing the
pixel correlations. We wish to find small ROI's, or clisters,
that contain enough local information for reliable correlation,
at spacings sufficient to adequately represent the extent of
useful information in the image. These clusters need to he
distributed over as much of the image as possible to provide
the best overall accuracy. If the clusters were all located near
the center of the image the error in determining angle and
offset would be greater than if they were at the periphery of
the images.

Since we desire the algorithm to be as general as pessibe,
it is important to have the clusters distributed uniformly over
the image so that the likelihood of identifying significent
image information will improve. There is, however, a tradeoff
between improved generality of the algorithm with a greater
number of clusters and the increase in computation time with
more clusters. For the chest CR-images (1760 x 2140) used in
this study, we found that a 6 x 8 array of clusters, eaca be'ng
64 x 64 pixels in size, proved to be sufficiently general znd
provided an acceptable number of valid clusters.
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Fig. 3. Elimination of background trends in the cluster data: (a) profile of pixel values across a digital chest radiograph; (b) detail of the profile across the
chest radiograph, showing the background trend in the region of one cluster; (c) detail of the profile in the cluster after highpass filtration.

The 64 x 64 pixel size of each cluster is also a compromise
between speed and accuracy. If the clusters are too small, there
may not be enough anatomical information te provide reliable
correlation data. If the clusters are too large, unnecessary
computation time will be required. We determined in initial
experiments that a cluster size of 64 x 64 was a good com-
promise for chest imaging. The 6 x 8 array of 64 x 64 pixel
clusters means that only 5% of the total image information
is processed in each iteration to determine angle, offset, and
magnification values. Fig. 2 shows the location and size of the
cluster array used with CR chest images.

B. Elimination of Background Trends

The maximura value of the correlation function for each
cluster identifies the approximate displacement between struc-
tures in Images I and II at the location of that cluster.
However, the correlation function accurately determines the
displacement between image structures only if the image
background in the clusters is flat. Any npnuniform shading
or ramping of pixel values in the background causes the
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correlation function to be influenced more by the shading than
by the desired anatomical structures. U

Fig. 3 illustrates the effect of shading on the results of
the image comelation. Fig. 3(a) shows the profile of pixel
values across a digital radiographic image of a chest. Note the
small-scale anatomical structures and the overall background
variation in intensity. For a cluster size which is small relative
to the background trend {Fig. 3(b)], the correlation function
will maximize the overlap of the background trend rather
than the small-scale anatomy. We eliminated the problem of
background trend by performing a highpass spatial filtering
(11 x 11 box kemel) of each cluster before calculating the
correlation. Fig. 3(c) shows the cluster data after highpass
filtering. The algorithm now registers the fine-detail anatomy
rather than the background trends, since it is more important
to have proper alignment of fine-detail structures.

C. Correlation of Cluster Information

A spatial correlation of pixel data between Image [ and
Image II was performed for each cluster. The correlation was
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anatomical information (mainly noise). Note that (a) displays a very prominent correlation peak, but (b) does not.

performed in frequency space to save computation time by
using simple array multiplication of the Fourier transforms of
the clusters

Ay{u, v) = FFT{a;(z, y)} M
Bi(u,v) = m{bi(zry)} 2)
CORR(u,v) = A- B" 3)
corr(z, y) = FFT™'{CORR(u, v)} @

where a; and b; are the pixel values of cluster 7 out of Image I
and II, respectively. A; and B; are the fast Fourier transforms
(FFT) of a; and b;. The correlation function corresponds
to a matrix multiplication of the FFT of one cluster and
the complex conjugate of the FFT of the other cluster in
frequency space (3). The inverse FFT is then taken to obtain
i correlation function in Cartesian space (4). The correlation
procedure and FFT are adapted from a published source [13].

D. Determination of Valid Clusters

Image noise can give esroneous correlation values in regions
where the noise is large compared to the amplitude of the
anatomical signal. This was a particular concern for the
application of this alignment routine to imaging with multiple
CR plates in a single cassette (as in dual-energy imaging).
The image noise in the rear plate is considerably worse (two to
three times worse) than in the front plate in this case. In regions
such as the subdiaphragm where the anatomical information
is fairly uniform or where a cluster does not contain any
anatomical information (such as outside the patient), there is
not a significant correlation peak from the desired signal.

Since the noise is largely Poisson distributed, one would
expect that the noise in the two images would be uncorrelated,
and would have a uniform (and zero) correlation function
in areas without anatomical information. Such an argument
would be true for infinite cluster sizes, but the finite and
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reasonably small size of the clusters used here did give a
correlation function with specific peaks in clusters containing
only noise, although the peaks were randomly distributed. In
such clusters the size of the local maxima of the correlation
function was approximately the same amplitude 2s the noize in
the correfation function, since the pixel values were approx-
imately uncorrelated. Fig. 4 shows the correlation functicn
for two sets of clusters, one with very prevalent anatorrical
information, and one with essentially only noise.

It was necessary to develop a procedure for evaluating
whether the correlation results from a particular cluster were
due to reliable image signal or were mainly due to noise.
First, the peak value in the correlation function was determined
for each cluster. A small region just including the correlation
peak was then isolated from the rest of the cluster correlation
function. The standard deviation (S.D.) of cluster correlation
values outside the isolated region was calculated to deterinine
an approximate measure of uncertainty in the correlation func-
tion. The correlation peak was excluded during the calculation
so it would not influence the approximation of the uncertainty
level. The amplitude of the peak was then compared (o the
S.D. of correlation values outside of the peak region, and if
the ratio were greater than a certain threshold the cluster was
considered to have valid, reliable data. Otherwise, the cluster
was discarded from further analysis. The determination of the:
optimum threshold value is discussed in the Results section.

E. Interpolation of Correlation Data

1f the cluster was found to be valid, the correlation function
was next interpolated up sixteénfold and convolved with 2
matched filter to allow for partial pixel accuracy. Bilinzar
interpolation was used. The up-interpolation allowed the us:
of noninteger sized matched-filter kernels (with respect 1o th2
original pixel matrix). Since only the peak of the corrélation
function contained useful information, we up-interpolatect only
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Fig. 5. Convergence trends for (a) z offset, (b) y offset, (c) angle, and (d) magnification with increasing iteration for one clinical image pair. For all images,
adequate convergence was reached by the sixth iteration based on the desired level of registration accuracy.

Finally, an estimate of the accuracy of the entire algorithm
s made by comparing the results with those from a center-
\_-mass fiducial mark registration procedure. The registration

accuracy was measured using ten patient images acquired for
a digital chest radiography study that uses two CR plates
in a single cassette [3]. Each image contained two lead
fiducial marks placed at opposing comers of the images.
(The fiducial marks were not in any of the clusters used
in the present algorithm.) The images were registered using
the new automated algorithm, and then the center-of-mass
algorithm was used to measure the residual misalignment of
the two fiducial marks. Residual errors in offset, angle and
magnification were then computed.

V. RESULTS

A tradeoff was found with respect to the threshold value for
determining valid clusters. Below a threshold of approximately
three, many clusters were selected as valid, but some were
in fact erroneous. On the other hand, if the threshold value
were placed too high, some acceptable clusters were needlessty
discarded, occasionally leaving too few clusters for robust
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performance (less than three). We found that a threshod
value of six (i.e., ratio of correlation peak to correlation S.C.)
performed well as a good compromise betweer sensitivity ard
specificity for finding valid clusters. After the thresholding
step, one is left with a number of presumably valid clusters. A
further step is then included in the test for valid clusters. The
S.D. of all &, and &, values (being the diffzrence, between
the cluster centers and the correlation peak coordipates) are
calculated, and if a given cluster’s €., ¢, values are morc
than 150% of the S.D. values, then that cluster is regarded
as being erroncous. This additional test impreved the overell
specificity of cluster evaluation.

The evaluation of the size and shape of the matched filter
revealed only gradual dependence of registration accuracy on
matched filter kernel size, and only a small dependence on
filter shape. The rms error in registration accuracy was 0.153,
0.128, and 0.230 pixels for the 29, 59, and 119-pixel FWHM
kernels when using the box convolving function, and 0.118,
0.104, and 0.222 pixels error for the comparable FWHM
Gaussian functions. As a result, a simple box furction of wicth
59 was adopted. The results with different kernel sizes for the

Unified Patents Exhibit 1004



Page 260 of 297 Unified Patents Exhibit 1004



ALTHOF er al.: RAPID AND AUTOMATIC IMAGE REGISTRATION ALGORITHM

the algorithm is always used for a single imaging modality
(e.g.. chest imaging), since the general location of useful image
information is somewhat standard. But for a fully automatic
algorithm that adjusts to any possible type of image, such an
intelligent determination of number of clusters would enhance
the generality of the technique.

APPENDIX

Once 2 number of maxima of correlation have been found,
the corresponding locations of the maxima can be used to
calculate the angle of rotation &, the offset, and the factor of
magnification difference between the two images. We have
developed a way to do a 2-D, least-squares fit of the located
maxima to a rigid 2-D grid. Fig. 6 shows how the rigid grid
is fit through the set of correlation maxima data points. The
eITor (€4i:,yij) at each grid point can be described as

/:mj) _ (Igj) _ (IgDJ]) -d-T (6059 -sinﬁ'). (Z)
i) AW 90,0 “\sing  cosf ) \j

(AD
where ¥ is the factor of magnification between the two images,
d is the distance between the grid points of the fitting grid,
z;; and 1;; are the coordinates of the found maxima, and
40,05 ¥g0,0 1S the unknown vector of displacement of the (0, 0)
element of the grid.

Nor. every found maximum is reliable, as discussed in the
text. Therefore, we introduce a factor M;; to describe whether
a grid point may be taken into account or not. Making M;;
zero for a nonvalid grid point causes the data for that particular
cluster to not contribute to the least-squares fitting routine

1
M;; = {0’

Applying the least-squares method, we now find the sum of
all squared errors E(6,Zg0,0,%40,0, ¥) '

if cluster is valid
if cluster is not valid.

Qr-1Qs—1
E=Y" Y My{lwi; —2g0~d- Y(icosd - jsin )]
i=0 =0
+ [t — Yg0,0 — 4~ ¥(isind + jcos )} (A2)
where Q; and Q are the number of clements in the 2-D grid
in the ¢ and j directions, respectively. The minimum sum-of-
squares error can be found by calculating the partial derivatives

315

("g 00" an,o)

Fig. 6. Rigid grid used for least-squares fit to correlation pzaks of individual
clusters. For each coordinate (i,7) in the 2-D grid there is a discrep-
ancy (€z,€y) between the grid location and the detected correlation peak
(25, ¥35)-

of E(f,240,0,¥g0,0,¥) and setting them equal to zero

OE _ QE __ 8E _ _ 8E _
90 = Bzg00  Bygo =0 g =0 A3

We can now solve the equations for angle, offset, and
magnification that minimize E(8, 40,0, ¥g0,0, ¥), after intro-
ducing some abbreviations for the partial sums in our equations
[(A4)—(A6), shown at the bottom of the page), where

ET BT
A izj,:M*’ g Mpp = iiMij(iQ + 1%
e iiM""m"; Yo = iz}:Mi:"w;

yt=iiMﬁ.m,~i; y’:iiM""y‘;*"
TG — 2

¥ =

_ N . N

0 = tan-1 $J+$;T\f’+yf y'N'ﬁL (Ad)
Ty — TNty — v N

_sinb(-zy+z B +yr - v ) +oosf(ay - 2, BE +ys - v i) ’s)

2 N? 13
d[Mpp - (M )]
Zg00) _ L {fz,) _, yfcosf® —sin@\(N;
(:cgg‘o)_N[(y,) dw(sine cos® /] \ Ny (A6)
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Finally, if the block is a fast-motion block, the pixel
elements of the block instead of the MCP eror will
be encoded using a vector quantizer.

The displaced frame difference (DFD) of the block
reflects how large the motion of the block is. If the
DFED is large, it means that the motion of the block
is large. Therefore, we use the DFD as a criterion to
classify the block into different motion classes.

We refer to a block of mxm (m=4) pixels by
co-ordinate (k) of its upper left comer. For the
present frame n, we denote the intensity of the pixel
with co-ordinate (ij) by F,(i, j). The DFD is then
calculated by

1 meim-

DFD, = o % 2

‘|F‘ (ki +j)—F, _, (k+xi, 14y 4)]
)

where the offsct (x.y) is the motion vector of the
macroblock. The block X is classified as a
slow-motion block., a mcdium-motion block or a
fast-motion block by inspecting the value of its DFD
as follows :

slow-motion block  if DFD<T,
X is { medium-motion block if T, <DFR<LT,
fast-motion block  if DFD>T,

where T, is the lower threshold and T, is the upper
threshold. When the block is classified as

slow-motion biock. the MCP error wilt not be coded
and the block will bc reconstructed by the
motion-predicted block.

— Base Layer
Classificr
Side Inf i

- motion Enhancement

Input

i L Base Layer
Motion Vector

Figure 1 Block diagram of motion adaptive
classified vector quantization

A simple classified vector quantization scheme is
proposed for coding the MCP emor of the
medium-motion block. In our proposcd mcthod, each
block is classified into different types of edge classes
by a simple edge classifier. Given a block Y, a
two-level bit-map B(i,j)} is first generated by checking
the MCP eror of the block.
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Motion Adaptive Classified Vector Quantization for ATM Video Coding

[ 0 if MCPG4) <0
BAD=1 | ctherwise

where MCP(i.j) represents the MCP error value at the
(i,j)® location. The bit-map reflects the gray level
transition information or the edge information of the
block. The Euclidean distance between the bit-map
of Y and the bit-map of cight prescribed edge classes
as shown in Figure 2 is then calculated. Y will be
denoted as E, class when the bit-map of E, has the
minimum distance to the bit-map of Y. Since the
bit-map only contains binary information, calculation
of the Euclidean distance for two bit-maps only
involves exclusive OR operations. Different edge
classes will then be vector quantized by different
codebooks. Three extra bits are required for each
edge class to indicate which codebook is used.

L] 1j1io]o 141 i
NN 1jijojo ofifi]y 11
0{0]g 0 1{1j040 ofofil 111]0
9jojo |0 t|1jo}0 ojojof: 1lo}to
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Horizontal Ventical Dingonat (1357 Disgonal (45))
ofo|ofo ofof1fr 0{010 0 0 (o fo [0
0{ofofo 0jolr} Liojofo ofojo 1
t{s g LRCAERE! 1|1 {00 0l0f1 |y
11 s |1 0f0{1[1 {1 jo 041t
Class2 Class 4 Qass 6 Class 8

Figure 2 Eight edge classes

The MCP error of the fast-motion block is large, it
implies that the motion prediction of the block is not
good enough. Therefore, there is litle coding gain
for coding the MCP error. Instead of the MCP error,
the original pixel elements of the block are encoded
using a vector quantizer. Extra bits are required to
send 1o the decoder to indicate which class the block
is. As most blocks are slow-motion blocks, one bit
(0) is used to represent slow-motion class, and two
bits are used to represent medium-motion (10) and
fast-motion (11) classes.

In the proposed method, the two-layer approach is
adopted to minimize the cell Joss problem in ATM
environment, The image information is divided into
two categories, each carrying part of the information
needed for full representation of the original image.
The motion vector and side information for decoding
the MCP emor of blocks are packetized and
transmitted through the base layer which guarantees
no loss. The encoded MCP error data stream is then
transmitted in the second or enhancement layer.

Unified Patents Exhibit 1004

323



324

II1. Simulation Results

Computer  simulations have been performed to
comparc the performance of the proposed MACVQ
coder with the MPEG DCT interframe image coder.
The test image sequence Football® of size 352x240
pixels/frame is used and the simulation is performed
on the first 50 frames of the sequence. Although the
block size for motion prediction in MPEG is fixed at
16, we perform simulations for motion prediction on
the block sizes of 8 and 16. In our experiments, the
two thresholds T, and T, are set to 8 and 20
respectively. For the purpose of fair comparison, the
overall bit-rate of the two systems is set to a similar
value. The MSE performance for the ‘Football®
sequence is shown in Figure 3 and the average
performance is listed in Table 1.

Mean Square Error (MSE)
@

(mcro 16 DCT-16 MACVQ'S m:u

— ,.W\/J‘“

£} B}
Frame Number

Figure 3 MSE performance of the MACVQ and
MPEG DCT interframe coder

Method MSE Rate (bpp)
DCT (b=8) 177.19 0.428
MACVQ (b=8) 163.82 0.427
DCT (b=16) 258.47 0.404
MACVQ (b=16) 182.20 0.401

Table 1 Average performance

It is shown that the proposed MACVQ coder has
better MSE performance than the MPEG DCT
tnterframe coder for both cases. When the block size
is &, the MACVQ coder performs 8% better than the
DCT coder. In the case of block size 16, there is
about 30% improvement in MSE performance for the
MACVQ coder. It is therefore revealed that the
MACVQ can code the MCP error more efficiently
than the MPEG DCT interframe coder. It is also
noted in Figure 4 that the accumulation of the
prediction error in the MPEG DCT coder is more
serious than the proposed MACVQ coder especially
in the case of block size 16. The MSE performance
of the MACVQ coder remains quite constant over a
number of consecutive frames. However, the MSE
values of the DCT coder become larger when the
frame number increases.

Page 265 of 297

TEEE Transactions on Consumer Electronics, Vol. 41, No. 2, MAY 1995

Rate Characteristics of the MACVQ Coder

The bit-rate of the proposed two-layer MACVQ
coder can be adjusted by varying the lower threshold
T,. When T, becomes larger, more blocks will be
classified into slow-motion blocks and need not be
encoded. The number of bits required for coding the
medium-motion and fast-motion blocks will be
decreased. Figures 4 and 5 show the bit-rate
characteristics and MSE performance for different
settings of T, and Table 2 summarizes the average
results. In this case, the upper threshold T, is fixed
at 20 and the block size is 16.

T MSE | Rt } Ripez | Rua
8 18220 | 0.167 | 0.234 | 0401
14 23528 | 0.089 0.115 0204

Table 2 Average bil-rate (bpp) characteristics

It is notéd that the portion of the bit-rate at the base
layer and enhancement layer can also be adjusted by
the lower threshold T,. When it gets larger, more
percentage of the information will be packed into the
base layer. As shown in Table 2, the bit-rate of the
base layer is about 37% and 45% of the total bit-rate
when T, is set to 8 and 14 respectively.

MSE Performance with Cell Loss

The codewords of medium-motion and fast-motion
blocks are packetized into fixed-length ATM ceils
and transmitted via the second layer in ATM
networks, When packing into cells, it is important to
assure video synchronization in the face of data loss
and to localize the impact of loss of encoded data.
In our proposed packing method, the following rules
are utilized :

(1) Blockis the basic vnit for packing encoded video
bit-stream into cells. When the number of bits
left in a cell is less than that required for an
entire block, the bits are left blank (i.e. putting
zeros on them).

To locate the first block of each cell in the
picture. The block location can be identified by
two fields : the absolute macroblock address in
the picture and its location in the macroblock.

(v))

Figure 6 shows our proposed method for packing the
encoded video information into AAL-Type 2
information field. There are totally 48 bytes in the
information field of an ATM cell. Excluding the
overhead information for maintaining celi sequence,
error detection and locating the beginning of encoded
data, there arc 43 bytes left for encoded video
information in each ATM cell. Simulations have been
performed when there is cell loss occurred in the
second layer of the coder. In our experiments, the
block size for motion prediction is set to 16 and the
two thresholds T, and T, for the MACVQ coder are
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8 and 20 respectively. When the cell loss rate is equal
to 10%, the MSE performance is shown in Figure 7 l - f" ‘

and the average performance is listed in Table 3.
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Figure 6 ATM cell format
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Figure 7 MSE performance with 10% cell loss

. , . . ; It is shown that the MSE increases about 13% when
. » P et - » there is 10% cell loss in the second layer. The
degradation is not serious since most of the important

b. T, =14 information is encoded and sent in the first layer.

Figure 4 Bit-rate characteristics
sure IV. Concluding Remarks

s In this paper, a two-layer MACVQ coder is
ﬂ”““‘"‘“‘s"‘”‘”m developed for interframe coding in ATM
MACVQ(TI+8) MACVQ(TI-14) environment. In our system, image blocks are
pr———— classified into three motion classes by comparing the
. T e AT DFD of the block with two thresholds. A simple

v \ad classified vector quantizer is developed 10 encode the
- oo B MCP error. Simulation results show that the proposed

o e MACVQ coder is more efficient than the MPEG-type
- {f{‘, oR, g DCT interframe coder.

) " Frame Number - " [1] G. Mormison and D. Beaumont, 'Two-layer
Figure 5 MSE for different thresholds video coding for ATM networks,’ Signal

Processing . Image Communication, vol.3,
pp.179-185, 1991.
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High-Pass Spatial Filtering

High pass spatial filtering is performed in a sirnilar manner.
The final image in Frame Store Three produced by the
previous technique is subtracted from the original frame in
the Input Frame Store with the result stored in Frame Store
Two. Frame Store Two now contains the high spatial

Input In outf—p| Digital Resampler
Frame

Store " o P
Frame In Cuy ‘I
Store MUX |
Two | Multiply :

Frame
Store
_Three
Figure 3 - Adaptive spatial filtering architecture
frequencies previously removed in the low-pass filter stage.

These high frequencies can be boosted by muitiplying the
frame with a fixed value and then adding the data back to the

original image. The overall effect of this is to sharpen the

edges in the original image. .
Bandpass Spatial Filtering

A bandpass filter is implemented by repeating the low-pass
operation twice with two different cut-off frequencies and
storing the two resuiting filtered frames in Frame Store Two
and Frame Store Three. The bandpass image is achieved by
subtracting the images in Frame Store Two and Frame Store
Three. This configuration allows a user to select an exact
range of frequencies present in the original image.

This architecture has many benefits. [t is flexible and can
implement low-pass, high-pass, bandpass and notch spatial
filtering without any FIR design or filter coefficients. The
amount of spatial frequencies to be removed must be
specified. The entire architecture described above relies on a
digital resampling technique that removes a precisely
specified amount of high spatial frequencies.

Digital Resampling

Real-time digital image resampling independently and
arbitrarily changes the number of pixels per line and number
of lines per image. Proper image resampling bandlimits the
output with digital filters to eliminate visnal artifacts. Figure
4 illustrates a multirate digital signal processing system for
achieving high-quality digital resampling.
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Suppose an original signal x(n) with a sampling rate F' is
changed by an arbitrary factor L/M to an output signal y(r1)
with sampling rate F’.

F=t.F
M

Changing the sampling rate is a two stage process. The first
Sample Rate Expander stage increases the original
sampling rate by a factor L to produce an intermediate rate 1,
This increased sampling rate is implemented by inserting L-1
zeros between input samples and then interpolating the zero
valued samples with a low-pass digital filter h1(k).

The Sample Rate Compressor stage decreases the
intermediate rate I by a factor of M to produce the finzl
sampling rate ', The decreased sampling rate is implemented
by band-limiting the intermediate signai s(k) by a factor of
I’'M and discarding- M-1 samples to prevenr aliasing.
Typically decimation is implemented by a linear phase inin:
impulse response (FIR) filter.

Sample rate Sample rate
expander s(ky ~ COmMPressor
x(0) § : y(m)
— tL o nw [He n ™
F I=LF F=IM=L/MF

Figure 4 - Changing the sampling rate by a rational factor L/M with
cascade of an interpolator and decimator,

The correct implementation of video resampling is critical to
image quality. Figure 5 illustrates how the first repeat spectra
of the original signal is shifted to the right as the sampling rate
is increased. The shifted spectra leaves behind residual
frequencies that must be filtered out to prevent imaging
distortions. Figure 6 illustrates how the first repeat spectra of
the intermediate image s(k) is shifted to the ieft as the

Original
N e B
|o 3 1 A
e Resizer Without
s Y _{ Preihering ’
. iR Nwwmma !
Propar
e | Scaimg
{ \ / \
° PP [ '

Figure S - Increasing the number of samples shifts the
repeat spectra to the right leaving behind residuzl
frequencies.

Unified Patents Exhibit 1004



wvel, Chan and Mandl: Pre-processing for MPEG Compression Using Adaptive Spatial Filtering 689

Video Teleconferencing

A second example of enhanced compression requires digital
resampling hardware in both the transmitter and receiver.
Consider a desktop PC video-conferencing network where
each computer has an encoder and decoder to transmit and
receive compressed digital video. The encoder can improve
compression throughput by digitally resampling to reduce the
amount of transmitted data. At the receiving end, the decoder
uses the digital resampier to restore the original data rate.

Digital resampling provides a simple compression rate
control to allow users to allocate video bandwidth as required.
During the course of a meeting, a participant may wish o
share information across the same network used to transmit
the compressed digital video. Digital resampling prior to
cormpression allows participants to vary the compressed video
bandwidth allowing other types of digital data on the same
network. After the data has been transferred from one station
to the next, the original video bandwidth may be resumed.

HDTY Video Server

Figure | illustrates an advanced video server that stores and
transmits MPEG-2 compressed data across networks of
various capacities. The data is stored on the server as
uncompressed video in the maximum HDTV resolution
(1920x1080). As each client requests service, digital
resampling prior to MPEG-2 compression is used to vary the
dimensions of the encoded video to match the resolution
supported by the client. This technique ensures that the
personal digital assistant has %o support only a display
resolution of 320x240 while a digital theatre must support full
MPEG-2 encoded data resolution of 1920x 1080.

i1, Spatial Filtering Prior to DCT

The key to the proposed MPEG enhancement lies in
adaptively attenuating high spatial frequencies prior to
performing the discrete cosine transform (DCT). Figure 2
illustrates how the DCT is performed in an 8x8 pixel grid to
produce 64 frequency coefficients. The low-frequency
coefficients are positioned in the top left comer and the
high-frequency coefficients are positioned in the lower right
comer. After the frequency coefficients are quantized, many
zero values are produced. These quantized coefficients are
entropy encoded in a zig-zag pattern to increase the number
of consecutive zeros. Attenuation of high frequencies ensures
that many zero valued quantized frequency coefficients are
efficiently encoded by subsequent entropy coding stages.
These zero valued coefficients are then -efficiently
compressed and encoded by subsequent entropy coding
stages. The following section presents a spatial filtering
architecture that adaptively attenuates high spatial
frequencies prior to MPEG compression.
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Enhanced MPEG  Enhancod MPEG  Enhanced MPEG  Enhanced MPEG
19201080
with Video Capability Desktop PC Digital Thoatre

Television Set
Figure 1 - The digital video server uses enhanced MPEG
compression to adapt bandwidth requirements for
each client.

Architecture of an Adaptive Spatial Filtering System

The proposed spatial filtering architecture is presented in
Figure 3. It is composed of three frames stores, a central
multiplexer, digital resampler, multiplier and subtractor. The
basic function of this system is to use the digital resampler to
remove the specific amount of spatial frequency requested by
the user. Digital resampling is the key to the proposed method
of effective spatial filtering and is explained in the next
section, The multiplexer and frame stores hold intermediae
values generated during filter processing. The multipiier and
adder/subtractor are used to combine intermediate frames to
produce low-pass, high-pass and bandpass spatial filter
configurations.

N

is
i
I

& v .

Figure 2 - Spatial filtering prior to the ber stage increases
the number of zero valued coefficients to improve
entropy encoding.

Low-Pass Spatial Filtering Configuration

The original input frame is read from the first frame store and
digitally resampled to remove high spatial frequencies. The
resulting intermediate frame is written to Frame Store Two.
This intermediate frame is restored to its original sampling
rate by the digital resampler before it is written to Frame Store
Three. The combined effect of reducing and then restoring the
sampling rate produces a frame that is low-pass spatially
filtered to the amount specified by the user.
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the whole data within one vertical line. The
horizontal projection (Ph) and the vertical
projection (Pv) are defined as follows:
M-I
Ph =(Pho,Phi,Ph 2. Ph ) Phy=) ACy) (2.1)
x=0)

. sum of data in one horizontal line

al
Pv =(Pvo,PviPv2. Py ) Pv,:i Aly)  (2.2)
y'-‘(]

: sum of data in one vertical line

where A(x,y) is a pixel within a MxN block.

Figure 1 shows the two projections made from
MxN block when M=N=8. The MAE of the
horizontal projection and vertical projection
are calculated and used for the matching

criterion.
MxN Block
YA
M
| o8
dpipMmembers X YWYYWA "“}' X

Horizontal Projection [l NN SN RN

(1p-1p:N members)

Vertical Projection

Figure 1:  1p-1p Method (M=N=8, 8x8 Block)

In order to reduce the number of data used for
matching, adjacent projection data can be
summed. We are going to denote these methods
as the Sp-Tp methods { $>1,T>1) where S
adjacent horizontal projection and T adjacent
vertical projection data values are summed. In
the 1p-1p method, N horizontal projection data
and M vertical projection data are used. In the
Sp-Tp method, the number of horizontal and
vertical projection data is reduced to N/S and
M/T respectively. The two projections are
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-_—N—H
Y |
M
X X

{2p-2p: M/2 mcmbers) Pv

Ip-tp Method

2p-2p Method /
(2p-2p: Nf2 members)

Figure 2: Sp-Tp Method (M=N=8,5=T=2)

defined in equations 2.3 and 2.4 and Figure 2
shows an example of the Sp-Tp method when
S=T=2 and M=N=8.

S§-1 M-l
Ph =(Pho. Phi... PhL1 ). Phy=Y ¥ AxS.y+) (2.3)

70 5=0
:sum of data in S8 horizontal lines

S Nt
Py =(Pyo.Pvi.. Pvi ), Pv Fi i A(Tx+iy) (2.4)

=0 y=0
:sum of datain T vertical lines

We performed several simulations to compare
the performance between full search block
matching and several Sp-Tp methods. Figure 3
compares the loss of luminance(Y) SNR of the
1p-1p methed and the several Sp-Tp methods
using MPEG2 simulation at 6Mbps, with a 16x16
block. A full exhaustive search and frame
based motion vectors were used. Zero dB is the
reference value of a full search block matching
and each point represents the mean value of
seven MPEG test sequences. The figure shows
that the coded picture quality decreases as the
number of the data used in the matching is
reduced. Considering the tradeoff between the
estimation accuracy and hardware cost, the 1p-
2p method was selected.
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o] 10 20 30 40
0 T v - v
@ O ®1p-1
% ®1p-2p p-1p
g 02 ¢ @ 2p-2p
03 ® 2p-ap
©
e -04
S
-0.5 ® dp-ap
-0.6 &
Number of data used in the
matching

Figure 3 Loss of luminance(Y) SNR vs.
number of data used in the matching

3. Chip Architecture

In this section, we will explain the chip
architecture which has been developed. Figure 4
shows a simple block diagram of the motion
estimation (ME) processor. Both frame and
field based motion vectors are estimated in
half-pel precision. The motion vectors are
estimated in two stages. First, integer-pel
precision motion vectors are estimated. Next,
the MAE of the eight points around the selected
integer-pel precision motion vectors and the
integer-pel precision point itself are evaluated.
Finally, the vector which has the minimum
MAE value is selected as the final motion
vector.

3.1 Integer-pel Precision Motion Vector
Estimation Block

The 1p-2p method was implemented in the
integer-pel precision block. It contains 32
processor elements (PE) to calculate the MAE
and operates at 27MHz which is twice of the
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Integer-pel
precision block
8
st
= vy
— ;E
Half-pel
precision block

Figure 4 Block diagram of the motion
estimation processor

0Odd reference block data Search frame data Kven reterence block data

Odd Reference Search
projection projection
—J

Even Reference
projection
—

—&
PvO[ [PvS Pvs| [PvE
PhO| |PbS PhS| | PhE

even field vector

odd field vector
frame vector

Figure 5(a) Block diagram of integer-pel
precision block

pixel rate of ITU-R601 video.

The details of the integer-pel precision block is
shown in Figure 5(a). All the calculations are
performed on & field basis, The horizontal and
vertical projections are calculated for 16x8 odd
and even reference blocks. PhO and PvO are
horizontal and vertical projections for odd -
reference block, while PvE and PvE are
projections for even reference block. The
number of the projection members are eight
each. This means that the number of PE is
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Summation

PE  (Processor Efement)
R iRegister)

SUR (Subtract block)
ABS (Absolute block)

PYeojection MAE

Figure 5 (b) Detail of the 8PE block

Figure 5 (¢) Detail of the PE block

reduced by 1/8(=(8x2)/(16x8)) compared to the
FSBMA. Two projections for both search field
are also calculated in a pipe-line manner. The
8PE block contains eight PEs and two
summation circuits as shown in Figure5(b).
The detail of the PE block is illustrated in
Figure 5(¢) and it contains two pairs of subtract
(SUB) and absolute (ABS) circuits for
processing two adjacent reference data using
the same candidate block data. The eight
outputs from the PEs are summed at the
summation block and each projections MAE
are computed. Two MAE for horizontal and
vertical projections are obtained for both odd
and even fields as shown in equations 3.1 to 3.4.
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Next, the sum of both projection's MAE are
summed and the MAE of the odd and even
reference blocks ( DO and DE) are obtained as
shown in equations 3.5 and 3.6. DO and DE are
used for the matching criteria of the field based
motion estimation. DO and DE are then
summed and used for the frame motion
estimation as shown in equation 3.7. This
integer-pel precision ME block is capable of
performing motion estimation in the search
range of -16 to +15pel in both horizontal and
vertical directions corresponding to 1024
search points.

7
DhO=Y" [PhOG)-PhSG) | v 3.1

=)

7
pvo=Y [Pvo)yPvsiy | (3.2)

i=l)
DhE=Y" [PhEG)IPRSG) | o (3.3)

i=l}

7
DvE=Y" [PvE(h)-PvS(i) I (3.4)

=)
DO=DhO+DvO -wee- (3.5)
DE=DhE+DVE oo (3.6)
DFr=DO+DE ... (3.7)

PhQ :Horizontal projection of Odd refercnee block
PvO :Ventical projection of Odd reference block
PhE :Horizontal projection of Even reference block
PvE :Ventical projection of Even reference block
PhS :Horizonta! projcction of candidate block
PvS :Vertical projection of candidate block

DhO :
DvO :
DhE
DvE

MAE of Horizontal projection {Odd ficld)
MAE of Vertical projection (Odd ficld)

:MAE of Horizontal projection (Even ficld)
:MAE of Vertical projection (Even ficld)

DO :MAE of Odd reference block
DE :MAE of Even reference block
DFr :MAE of Frame reference block ’
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Figure 6 Timing chart of the motion estimation

Figure 6 illustrates the timing chart of the
motion estimation for both integer-pel and half-
pel precision motion vectors. For reference
block RO, the search area is S0+81+S2. For
reference klock R1, the search area is S1+82+83.
In the integer-pel ME block, 1024 MAEs have to
be calculated and evaluated for each reference
block data within the 512 pixel period. Two
MAEs for two adjacent reference blocks are
computed with two simultaneous operations and
evaluated every clock cycle. RO_Integer is the
period when the MAE for block RO is computed
and R1_Integer is the period when the MAE for
block R1 is computed. As shown in Figure 6, all
the circuits are in constant operation and there
is no time loss in the pipe-line operation. The
half-pel precision motion estimation block is
explained in the next section.
3.2 Half-pel Precision Motion Vecior
Estimation Block

Half-pel motion vectors are obtained using the
data surrounding the corresponding integer-pel
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motion vectors. First, eight candidate search
blocks surrounding the integer-pel motion
vector are obtained by interpolation and the
MAE of each block is calculated, Finally, the
position of the candidate block with the
minimum MAE is selected for the half-pel
motion vector.

In a conventional configuration as shown in
figure 7(a), two kinds of data transfer are
necessary. One is the data transfer of reference
block data RD1 and candidate search data SD1
to the integer-pel precision ME. The other is the
data transfer of reference block data RD2 and
candidate interpolating data SD2 to the half-pe!
precision ME. The ME chip thus has to access t
external frame memories twice, which leads to
a very high data transfer rate. To overcome this
problem, another configuration has been used[3]
as shown in figure 7(b). The data RD2 and SD2
used for the half-pel ME block is provided from
the integer-pel ME block, so that only RD1 and
SD1 data for integer-pel ME block has to be
transferred from the external frame memories.
However, the SD2 data has to be read out from
the buffer memory2 during  interpolation.

Buller

Reforence Momoryl

Fame | wm ,
Memory o kn

Tntegor-Pel Hull-Pel
P MF MF
Framo gl
Memory

Refu 3
i

- w2
teer Tt Moo Hull-lat
s ME snz MFE
-
Frame Memory]

Moraory

(b)

Figure 7 Conventional Configurations
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For a block with the dimension of 16x16, 18x18
data must be read out from the buffer memory2.
On the other hand, the integer-pel motion vector
is obtained within (16x16=256) pixel clocks.
Therefore, pixel data has to be read out from the
buffer memory with clocks of 1.27 times
(18x18/16x16=1.27) of the pixel clock which is the
data reading clocks from the external frame
memory. However, it is inefficient to operate
with clocks that are irrelevant to the pixel clock,
thus a better configuration is desirable.

We developed a new efficient architecture
which enables the half-pel precision block to
operate at the same clock rate as the integer-pel
precision block and thus no extra data transfers
are needed from the frame memory. The new
configuration is illustrated in Figure 8.
Integer-pel matching errors (Int_MAE)
corresponding to positions in the search area
are output from the integer-pel matching circuit
in sequence with every clock. When an
Int_ MAE is output from the integer-pel
matching cirenit, a pixel necessary for
interpolation of its position is output from the
FIFQ. The delay of the FIFO corresponds to the
time necessary for determining the Int_MAE of
the first search point after entry of the SD1 data
into the projection circuit. The interpolation
circuit uses the output data from the FIFO and
outputs data of a half-pel position. Computation
of half-pel matching error (Half MAE) begins
using the interpolated data and the reference
block data RD2. The minimum detecting
circuit (Min) detects the minimum MAE. If a
new Int_MAE with a smaller value is output
from the integer-pel matching circuit, the Min
circuit in the integer-pel ME block outputs a
control signal to the half-pel matching circuit to
initialize it. Then, the calculation of
matching error between the data of half-pel

Page 276 of 297

Refuron o kb2
Framo uffir
Huddrel Min
- Mymoey, — Matching| /
Interpolato! Har MaR H t
%
— Haslfpel ME I
un -
- <
- Inger-1el
2 Mutching Mim
£
s
lnteger-pel ME Iat MAF J

Figure 8 Proposed Configuration

position and the data of the reference block is
restarted. In this manner, the integer-pel
matching circuit and the half-pel matching
circuit operate in conjunction.

As shown in Figure 6, at time TO the first
Int_MAE of reference block RO is obtained and
the operation continues until T2. This period is
labeled as RO_Integer. Half-pel matching
operation for obtaining Half _MAE of reference
block RO also starts at time TO and can restart
at any time between TO and T2 if a smaller
Int_MAE is obtained. The half-pel matching
operation may occur between TO and T3 and is
denoted as RO_Half. The period for computing
Int_MAE for reference block R1 is labeled as
R1_Integer. As already mentioned, two
operations for obtaining two Int_MAESs run in
parallel in the integer-pel matching circuit. On
the other hand, three operations for obtaining
three Half MAEs run in parallel in the half-pel
matching circuit. In summary, by using thisn
proposed configuration for half-pel ME, buffer
memory for SD2 is not necessary and both the
integer-pel ME and half-pel ME circuits can
operate using the same clock and 100% pipe-line
efficiency is achievable.
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8.3 VO Interface

The horizontal search area can be easily
expanded by cascading one or more ME chips.
The specially designed interface allows
several chips to be cascaded without the
additional hardware required when using
conventional ME devices. Figure 9 illustrates
the case of using four conventional ME chips to
expand the search area in the horizontal
direction. The search data has to be delayed
between each ME chips using FIFO memories
and the several MAE values have to be
evaluated at the external minimum circuit
(Min). Figure 10 shows the case when four of
the proposed ME chips are used. The FIFO
memories to delay the search data and a circuit
to compare internal MAE and external MAE is
included in the interface.

3.4 Characteristic of the ME Chip

The motion estimation processor LSI has been
developed as a 0.7 um CMOS chip using gate
array technology. Table 1 shows the
characteristics of the motion estimation
processor LSI. The chip size is 14.7x14.7Tmm
and has 185K logic gates and 33K bits of RAM.

4, Conclusion

A cost-effective motion estimation processor
LSI has been developed using a simple and
efficient salgorithm while maintaining the
estimation accuracy of the commonly used
FSBMA. A new efficient architecture for the
half-pel precision estimation block is also
implemented. Only a single chip is required
for performing field and frame real-time
motion estimation at half-pel precision in the
search range of -16 to +15 pel. The search area
can be easily expanded by cascading the chip.
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Figure 9. Cascading four conventional ME chips
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Figure 10. Cascading four new ME chips

Block Size 16x16(Frame) , 16x8(Field)
Search Area -16.5/415.5 (at half-pel precision)
Process 0.7 m CMOS

Chip size 14.7x14.7 {mm)

Frequency 27TMHz

Gate count 185K gate of logic, 33K bit of RAM
Power 4.5[w] at 27MHz 6V

Table 1 Motion estimation processor
LSI characteristics
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ABSTRACT

An improved minimum _disi metho
called predi mean 'MS) m is

sed jor image vegior ?mmrizarion in _this paper.
With the proposed method, the minimum distortion
codeword can be found by searching only a portion
of the codebook and its relative address to the origin
of search is sent instead of absolute address. Two
schemes are proposed to transmit the relative address
of the minimum distortion codeword. Simulation
results show that a significant reduction in both
computations and bit-rates is achieved by using the
proposed methods.

KEYWORDS : Image coding, vector quantization
1. INTRODUCTION

In the past decade, vector quantization (VQ) (1] [2]
has been proven to be effective in image

compression. In_vector quantization, compression is
¢ maiching Ean Tnput_sequence o
; i S - ;

- tries
Jataba K110

. Wi ces
" chosen its index is transmitted to the receiver.
2 Simpe able Togk-vp_ procedure. Comparcd i
a simple -up . Com, wi
other techniques such as transform coding and
subband codini VQ has a very simple decoder which
is much suitable for broadcasting video services like
video on demand (VOD) and high dcfinition TV
(HDTV), However, the large computational load at
. the encoding process is the main problem to apply
VQ in real-time image compression systems.

Many research works have been carried out to reduce
the computational complexity of the VQ encoding
process. One kind of works is to limit the number of
codewords to be searched in the codebook. However,
_ the criterion of minimum distortion can not be
guaranteed. Typical examples are tree-search VQ,
classified VQ and various hybrid methods {1] {2].
Another kind of works is to improve the computation
effectiveness of the full scarch VQ scheme while
gnalql‘iiniqg the minimum distortion crite::r(i)?‘g1 3147
y either incorporating a premature exit ition in
the search process or re-ordering the codebook
according to some criteria.
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In this work, an improved minimum distortion
encoding algorithm ¢ predictive mean scarch
(PMS) algonithm ﬁgmposed for vector quantization
of images. The PMS algorithm is based on the fact
that the mean value of input block is similar to the
mean value of its representative codeword. In other
words, the minimum distortion codeword will have
similar mean value to the codeword having the
closest mean value to the input vector. In the PMS
method, the codebook is first re-ordered according to
the increasing order of the mean value of the
codeword. To exploit high inter-block correlation, the
mean value of the input vector is icted usil;s
surrounding pixel elements of neighbour encod:

blocks, The codeword having the closest mean value
to the predicted mean value will be acted as the origin
of the search. A condition is set to restrict the search
in a portion of the codebook and maintain the
minimum distortion criterion. Once the minimum
distortion codeword is found, its relative address to
the origin of the search is sent instead of absolute
address. Two schemes are to transmit the
relative address of the minimum distortion codeword.

In the rest of the paper, the proposed PMS VOQ
encoding algorithm is ted in section 2.
Simulation results nsing real images are discussed in
section 3 and some concluding remarks are drawn in
section 4.

2. PREDICTIVE MEAN SEARCH (PMS)
ALGORITHMS

2.1 Fast Minimum Distortion VQ Encoding
Method

Vector quantization (VQ) is a generalization of scalar
quantization to the quantization of a vector. A vector
canbeusedwdescﬂbealmostanytyfeofpancm
simplty by forming a vector of samples from the
waveform. In vector quantization, an image is diviced
into subscquent blocks of size k=NxN. Each block. is
linearly scanned to form a k-dimensional vector, Let
Y ={vy,i=12, ... M } be a codebook of size M
where the codeword y; = ( Yu, Vi -0 Y ) IS 2
k-dimensional vector. For an Input vector x = ( x),
X3« Xg ), it is required to find the minimum
distortion codeword from the codebook Y under the
Euclidean distortion measure defined as

0098 3063/95 $04.00 © 1995 [EEE
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It is obvious that the minimum distortion codeword
will have similar mean valuec to the input block,
otherwise, there will be large reconstruction error. In
other words, the minimum distortion codeword
should have similar mean value to the codeword
having the closest mean value to the input vector.
Therefore, if the search starts with the cedeword
having the closest mean value and proceeds to the
next nearer ones, there is a high probability of
arriving at the minimum after only a few steps. To
utilize this property to effect a fast searching
algorithm, we first sort codewords in the codebook
according to the increasing order of the mean value,
or equivalently the sum of elements. Consider the
squared error of sum of the vector dy(x.y;) as below

k k
dy(x,y) = [E g-jg yﬁ)z (v}
Once the minimum distortion codeword is found, the
following inequality {7} that holds true for any
codewond y; facilitates early termination of the search

dy(xy) < k-dglx,y) 3

That is, any codeword y; further in the search whose
dy(x,yy) is larger than k imes the minimum Euclidean
distortion dg ., found before can safely be rejected
because, from eqn.(3), its own dg(x, y;) should be
larger than the minimum dp .

Gxy) = dn(i,y) S
Furthermore, the remaining codewords further in the
search can also be rejected because their d should
be even larger. When the q® codeword in the
codebook is found to have the closest mean value to
the input vector x, it will be acted as the origin of
the search for finding the minimum distortion
codeword. The search will be performed up and down
alternatively as shown in Figure 1. If the condition
given in egn.(3) is valid in either direction, searching
will be skipped in this direction and continued in
another direction until the best match codeword is
found. _

2.2 Predictive Mean Search (PMS) Algorithm
In the above method, if the origin of the search can
be identified by the decoder, we can send the relative
address of the minimum distortion codeword 1o the
starting search point instead of its absolute address.
In our proposed PMS algorithm, the mean value of
the input block is predicted by averaging nine
surrounding pixel elements of previous encoded
blocks in the left, upper and upper left directions.
This pradiction can be performed in both encoder and
decoder, The search will then be started at the
codeword having the closest mean value to the

. @
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predicted mean value. Two schemes are proposed to
transmit the relative address of the minimum
distortion codeword to the origin of the search.

15t codeword
2nd codeword

(g2™" yh codeword

(g-2)th codeword

{q-1)th codeword R of
qth codeword relative addressing
for PMS-B
(g+1)th codeword
(g+2)th codeword

(q+2»'-1 )th codaword

(M-1)th codeword
Mth codeword

Figure 1 Searching Procedure
hem -A

Since most of images are of high correlation, the
magnitude of the relative address is non-uniformly
distributed and concentrated in some smaller values.
Therefore, we can apply a Huffman coder to encode
the difference of the address and a number of bils
will be saved. However, the complexity of the
decoder is increased that it requires to perform the
Huffman decoding and the prediction of the mean
value beside the table look up procedure.
Scheme B (PMS-B)

In this scheme, the region for relative addressing is
fixed to be [q+2"'-1, g-2™"), where q is the origin
of the search and N, is the number of bits to code
the relative address and smaller than log,M. It is not
g d that the minimum distortion codeword is
within this area, Therefore, one extra bit is required
to tell the decoder whether the minimum distortion
codeword is fallen into the range or not. In other
words, one bit is to indicate whether the absolute
address or the relative address is used. When the
minimum distortion codeword is out of the range,
absolute address is used. Otherwise, relative address
is transmitted to the decoder.

Selection of different values of N, will affect the
overall bit-rate requircment of the system. Two
factors are considered : the saving of bits for relative
addressing and the proportion of the codewords using
relative addressing. Obviously, these two factors are
contradicted. When the saving is large (i.e. a small
value of N,), the proportion of the codewords for
using relative addressing will be decreased. To
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Scene-Context-Dependent Reference-Frame

Placement for MPEG Video Coding

Austin Y. Lan, Anthony G. Nguyen, and Jenq-Neng Hwang, Senior Member, IEEE R

Abstract--The MPEG video-compression standard eﬂ‘ectlvely
eglohs spatial, temporal, and coding redundancies in the algo-
m. In its peneric fnrm however, only a,minimal amount of
2 {urther_compressed

by

amaze w_mmmmw
m%ﬁ%uﬁ.ga&t This paper ‘proposes the
use of motion ysis ) to adapt to scene content. The

actual picture type [intracoded (I), predkted (l’), or bidirec-

of temporal decorrelation structure according to the amount
and magnitude of object and background motion. Intuitively,
high motion requires more frequent placement of refereace
“P” (predicted) frames to uphold quality. Low motion, on the
other hand, ‘allows larger distances between references since
the correlation remains high over a larger span of frarres.
The frames in between reference frames are coded as “B”

My coded (B)] decision is made by. ining the

lation of motion measurements since the last reference frame
(either 1 or P) was labeled. The proposed MA-based adaptive-
reference frame-placement scheme outperforms the standard
fixed-reference frame-placement and adaptive schemes. based’'on
histogram of difference. When compared with the standard fixed
scheme, depending on the video contents, this proposed algorithm
can achieve from-2 t0.13.9% savings in bits while maintaining
similar. quality ™ )

Index Terms— Block-mtching algoﬂthm (BMA), context-
dependent reference frame, mean square prediction error
(MSPE), motion nnalysis (MA), motion vector interpolation,
MPEG, scene changes, scene context, variable bit rate (VBR).

I. INTRODUCTION

HE MPEG video-compression standard addresses many
A of the important issues relating to the exploitation of
redundancies in video. Spatial, temporal, and coding redun-
dancies are all taken advantage of in the algorithm. In its
generic form, however, only a minimal amount of scene
adaptation is performed. Indeed, a fixed arrangement of picture
types, or temporal decorrelation structures, is the most widely
used encoding method.. Encoding in this manner reduces
complexity but does not allow for changing temporal statistics.
Video can be further compressed by taking advantage of
scenes where the statistics allow larger interreference-frame
distances. The additional compression over the fixed picture
arrangement style comes from the reduction in the number
of reference frames spread throughout the coded ‘sequence.
Reference frames, by nature, hiave a more significant allocation

of bits in order to provide high quality for prediction.
Scene-context-dependent coding requires sensitivity to the
changing motion content and to abrupt changes. Bach scepe in
a video sequence demands a different bit rate and organization
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(bidirectionally coded) frames. Abrupt changes in content, or
temporal discontinuities, require prediction dependencies to be
reset to “I” (intracoded) frames in order to avoid severe codling
errors.

To take advantage of scene content, one needs to perform
sequence decomposition based on identifying 1) scene chanjzes
and 2) significant changes within a scene that would require
reference-frame placement [4]. Scene changes require a refer-
ence frame that does not depend on temporal prediction. Since
each scene decides the bit rate differently, it is important to
be able to effectively identify where a particular scene begins
and ends. The typical strategy for handling scene changes is
to examine the current frame and the immediate past fraroe.
If there is a significant change in statistics, then this is labeled
as a scene change.

The need to track gradual changes within a scene reflects the
ever changing levels of motion in all image sequences. Lirnits
must be imposed on consecutive reference-frame distarices
due to the inverse relationship between temporal prediction
accuracy and distance. As the natural progression of images in
a sequence reveals significant changes in correlation, reference
frames should be set accordingly. The typical strategy is to
analyze the current frame and the last reference frame, which
could be several frames in the past. If the chosen measure
exceeds some threshold, then the current frame is labeled a
reference.

A. Existing Methods

Large interreference ftamc distances and tempcral masking
in the human visual system (HVS) are taken advantage of
by Lee and Dickinson [2], [4). Their dynamic, scene-adaplive
MPEG encoder defines three picture types as the standard
dictates, but each can have either full (I1, P1, B1) or reduced
(12, P2, B2) bit allocation. The reduced-allocation frames
exploit the forward and backward temporal masking efiizct
in human -vision by coding the first frame of a new scene
as-a coarse independent I2 reference and the last frame of
the previous scene as a coarse causal prediction F2 reference.
For scene adaptation, they use a difference of histograms
(DOH) distance metric on the luminance frame as a measure

1051-8215/99$10.00 © 1999 IEEE
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LEE: CONCURRENT-PUSH SCHEDULING ALGORITHM

between server % and server k for st:ripg: J can be expressed as

(to +d; + (v, +2 +])T;;-)
- (to +dy + (vk +2-|-])Tp):

61 kg =
(46)

Substituting (45) into (46), we have

bk = (d; + [—tmw —(to+ di)-J TF)
Tr

- (de+ [%@Jn)

Without loss of generality, we can assume d; > dy and let
H = tnew — (to + di)/Tr. Then we have

Sikj = (di + LH|Tp) ~ (d,ﬁ-l L T:“J )
= (d; = dx) +Tp([HJ - {H+ %J) (48)

|z| + |y]s we have

@7

Noting that |z + y| >

g < (di = di) +Tp(|_HJ | H ] [%J)

Last, making use of the resuit that |z/y|y > (z ~ y), we can
then obtain

Sip;=(di—di)+Tr [(—d‘;I—Ch‘)-J

— (- d) - TF[ 49

<fdi — d) = ((d: — di) — Tr)
=Tp (50)
and the result follows. l:l

Proof of Theorem 2: 1et the new-session request arrive at
the admission- scheduler at time ¢ during group vpew =
|tG/Tr]. Then due to clock jitter, the current group at other
servers can range from | (¢ ~7)G/Tx) to ({t + 7)G/TF|. To
guarantee that the assigned group has not started in.any of the
servers implies assigning a group larger than the largest current
group in any of the servers, i.e., Spew = [(t 4+ 7)G/TP] + 1.
Applying the inequality [z + y| < |z| + [y], we have

Snew < |1G/Tr| + [1G/TF] + 1. &30
Substituting into Ugew, We have spew < Unew + [7G/TF] +1,
and the resuli follows. a
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I -A [ Bitstream
10011010...

Frame Type

Selection

Algorithm

A
Input Video
MV’s
Fig. [. The frame-type sclection algorithm embedded in the MPEG encoding scheme.
l x-1 x x+1 Frame Number
___’.l Get
@onAn&lysis
Back
BMA MVs
Picture Type Decision Forw To Picture Type
r MVs ¥ Decision R
Calc
Forw Scene
MSPE = Change
Statistic

| .
Motion Vector »
L——-— n ) lntell-polalion To MPEG
Fig. 2. The flowchart associated with frame-type selection.

where O and P represent the original and predicted (compen-
sated) frames, respectively. N and M are the frame dimen-
sions.

2) Picture-Type Decision: The scene-change statistics
gathered in the MA stage are thresholded to determine if
a change exists. If scene change is detected, the current frame
is the first frame of a new scene. This situation is handled
by coding the current frame an I-picture and the previous
frame a P-picture to reset the prediction dependencies. Coding
the previous frame a B-picture would allow the old scene to
reference the new scene, which should be forbidden since the
content is completely different.

Significant changes within a scene that require placement
of a P-reference frame are detected by using the forward
motion vectors from the MA stage. The first step. involves
locating the motion areas of the image. The niotion areas are
the macroblocks that have a motion-vector magnitude greater

Fig. 3. The motion vectors are obtained from the current frame to the
immediate past frame and also to the immediate future frame.

than a threshold. The threshold is adaptively determined for
every video frame according to the number of detected motion
areas. The number of motion areas must be greater than a
user-defined activity threshold for the algorithm to continue.
The motion measurement for the frame is calculated as the
average motion-vector magnitude from all the motion areas.
The decision to code the frame as P or B is based on the
accumulated motion measurements since the P- or I-frame. If
the ‘accumulated motion exceeds a maximum value, then the
current frame is labeled a P-reference.

'Fig. 4 demonstrates these principles in flowchart form with
MSPE as the chosen scene change statistic. |[M V| represents
-the magnitude of a motion vector. The major algorithm vari-
ables are scene-change threshold, accumulated motion, motion
threshold, and activity threshold. The scene-change threshold
can be easily set to a value suitable for most abrupt changes
in content. ‘This is a highly desirable characteristic since
the ultimate objective is to have .an optimized, autonomous
encoder. The accumulated motion is the sum of all motion
since the last reference frame. This value is
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Signal scene change
Reset accum_motion |

Initialize
T = max | MV

Motion Arcas:
Find all macroblocks
with |[MV|>T

Moticn Arcas > Tsctivky

Motion Measurement:

Average |MV| for
all motion areas

)

accum_motion =
accum_motion +
motion measuremen

Reset accam_motion

‘ Fig. 4. The prnciples in flowchart form with MSPE as the chosen
scene-change statistic. *

compared with a user-defined maximum magnitude of motion,
referred to as the motion threshold. The activity threshold
affects the sensitivity of the motion measurement to the
amount of motion. A high value means that only global motion
is measured since the algorithm wil! loop until the motion areas
will cover most of the image. A low value, in general, aliots
more significance to prominent local motion. The ideal value
for full-motien video will place emphasis on global activity
and diminish small regions of movement regardless of the
magnitude. ' :

3) Motion-Vector Interpolation: In addition to picture-type
labeling, the motion information that is obtained for every set
of adjacent frames is useful for the tracking of object and
background motion. This will assist the MPEG ME/MC stage
by placing the search center for a macroblock in a reasonable
location, Furthermore, the number of calculations performed
by the ME routine can be reduced since a large search range
is unnecessary when motion tracking is performed.

Normal MPEG motion estimation defines the search center
to be the original macroblock spatial coordinates and a search
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Fig. 5. An ple of moti ctor pol
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MB in Frame 2
MB Grid for Frame 1
Fig. 6. Interpolation of onc X

range surrounding this location. This implies that the sezrch
range must be increased as the current frame is rnoved farher
away from its reference. The typical strategy is to multply
each search-range dimension for adjacent frames by the frume
distance. This motion-tracking scheme does not suffer from
the same increase in complexity, but it requires repeated
interpolations which, may incur some error. Inierpolation is
required because only the motion between adjacent frames is
known. MPEG motion estimation requires the path of mozon
from the current frame to its designated reference, which coul?
be many frames away. An example is shown in Figs. 5 and ¢

The problem of tracing the motion from frame 2 in Fig. 5
to frame O is solved by using repeated applications of bilinear
interpolation. Using the notation defined in Fig. 6, bilinear
interpolation is defined as

MV =affMV; + a(1 - B) MV,
+(1-a)BMV3+(1—a)1- MV, (2)

where the fraction numbers o and [ are determined by the
pixel distance to MV;. In Fig. 6, a macroblock in frame
2 is portrayed using a dashed square. Its projection into
frame 1 is shown as the solid square pointed to by the: dashed
motion vector. Typically, the projection will not coincide with
the nonoverlapping grid of macroblocks. Therefore, bilinear
interpolation is used to determine the next motion vector that
will generate a projection in frame Q. Tracing the mation
in this manner will create an extended motion vector for
each macroblock in the current frame to its reference. This
extended motion vector is used as the search center for the final
MPEG motion-estimation stage. The same procedure is used
to determine both forward and backward interpolated motion
vectors.
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: . The q

4) Adaptive O ion of .B-pictures

is adaptively changed: according the mtcrmferenw-frame dis-

tance. Long interreference-frame distances -cause.a double
coding penalty for B-pictures:- the number. of bits: increases
while the SNR decwases “Thiis i is due to the degraded predic-
tion performance and reduction in correlation due fo increased
distance from the reference“ﬁ'ames For these reasons, ‘an
alternate quantization parameter Qg for B-pictures is used
to keep the SNR at adequate levels when reference-frame
distances extend farther than a certain length. Otherwise, the
normal quantization - parameter Qp, is used. The cost of
upholding the SNR in a video segment is an increase in the
number of bits for B-pictures. However, a bit-rate reduction
can still be attained at a minimal reducuon of SNR, as shown
in the simulations.

! I, SMMULATION RESULTS

This section describes the design and results of the simu-
lations used to demonstrate-the effectiveness of the proposed
MA-based adaptive. MPEG encoder. The simulations in this
paper were ‘based on the MPEG-1 'standard {6}, [7]. The
simulation results of a-HOD-based adaptive method. in plac-
ing the reference frames: will also be compared with - our
adaptive method. The principle ob)ecuve is'to compress raw
video more than a fixed GOP arrangement while maintaining
quality, as measured by SNR and human perception. SNR is
defined as the signal variance divided by the variance in the
quantization noise, The standard fixed arrangement of picture
types is defined to be IBBPBBPBBP - --. In areas of high
motion, the proposed adaptive encoder is defaulted to the
fixed arrangement to prevent an unnecessary increase in bit
rate. VBR coding is used since the goal is compression. A
different constant quantization parameter is defined for each
picture type, ie., @, Qp,and Qp,. B-pictures also require

¢ alternate value Qp, for video segments that have a large
“interreference-frame distance.

- A. Performance Measures -

Since the frame-selection algorithm operates only based
upon th¢ Juminance (Y) data, SNR is taken from the lumi-
nance component for comparison purposes. When comparing
the performance of the scene-adaptive encoder to the fixed
arrangement of picture types, three measures are scrutinized.

1) Total bits spent on coding all video frames (luminance

and chroma).

2) Average P- and B-picture SNR (dB).

3) Average local B-to-reference SNR ratio, which is defined

to be

Bsxr 3)
(Ri,snr + Ra snr)/2
where Bgyg Tepresents either the minimum B-picture
SNR between two references or the average SNR. Ry
and Ry are the past and future references for the B-
pictures. These can be either 1 or P. A local measure is
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g

Fig. 9. Tennis sequence with motion sample.

necessary in order to capture the information that is lost
in global average measures, such as measure 2).

B.. Parameter Adjustment

The motion threshold and alternate quantization parameter
for B-pictures must be adjusted to trade off bit savings with
SNR. The user-defined maximum magnitude of motion :s
thresholded against the accumulated motion since the last
reference frame, as explained in the algorithm description.
Adjusting this parameter yieids different interreference-frame
distances. Long distances mean fewer P-reference frames,
and therefore higher compression. As the distance increases,
though, the number of bits for the B-pictures in betwecn
the references increases while the SNR drops. The alternate
quantization parameter can be used to counter the degradation
in quality at the cost of increasing the number of bits. ‘

Long di between refi can also cause diffi-
culties due to object occlusion, acquisition noise, and ob-
ject/background dissimilarities. Therefore, the  interreference-
frame distance should be kept as short as possible, which
will facilitate motion-vector interpolation-and MPEG mo-
tion estimation. The alternate quantization parameter Qp,
should be kept as close to the normal value Q g, as possitle
to prevent overcompensation in video segments with small
interreference-frame distances. This situation can. sometimes
cause the number of bits to increase dramatically, with the
SNR increasing to unnecessarily high levels.
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48¢

) TABLET )
CLAIRE SRQUENCE RESULTS FOR FIXED REFERENCE-FRAME, HOD-BASED ADAPTIVE ENCODERS AND OUR PROPOSED MA ADAPTIVE ENCODERS

Quantization Premes | Ave. P Ave. B Ave Local | Ave. Locsl |- Ave. P Ave. B Total
Q7. @p. QBy1 OBy No. | SNR (dB) | SNB (aB) | B/P (min) | B/F (ave) | Sise (bits) | Siee (bits) | Sime (bits)
Pized 2,387 . 8 34.09 33.28 0.844 . 0.548 08,511 7,148 1,369,520
HOD 2,387 18 34.28 32.09 0.959 0.942 65,840 2,880 1,282,93¢
MA 21387 46 3427 32.2¢ 0,038 0.940 70,177 10,428 1,170,880
5000y 5 T
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Fig. 12. Scene-change MSPE measure for the test sequence. o 0 10 20 - 30 40
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Fig. 13. Scene-change MSPE measure for the Tennis sequence.
the most degradation in the MA method and the HOD method SO e M ®
is the minimwm B-SNR to reference SNR ratio. Nevertheless, )

these drops are very insignificant to human perception when
considering the viewing distance and expected frame rate.
Fig. 14(a) displays the fixed and MA-based adaptive frame-
type arangements, along with the motion measurements that
are created using the MA-based algorithm. The number of P-
pictures is reduced significantly for Claire when our proposed
MA-based adaptive encoding is used. Fig. 14(b) displays the
HOD-based, frame-type arangements, along with the. HOD
measurernents. The number of P-pictures is also reduced
significantly.

The Garden sequence was tested using:20.0 for the mo-
tion threshold and 16 macroblocks for the activity threshold.
Table 1L and Fig. 15 hold the results for this sequence. The bit-
rate savings is only 2.0% for an MA-based adaptive encoder
and 0.2% for an HOD-based adaptive encoder due to the
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Fig. 4. (a) The fixed and adaptive frame-type arrangements for Claire
sequence, along with the motion measurements that are made using ths
MA-based algorithm. (b) HOD of 46 frames from Claire sequence. ,

significant: global ‘motion involved. The high image detail
also works against-the adaptive system. The details contribute
to high: variance in the prediction residuals, and therefor:
a higher yield of bits. The number of P-pictures cannot be
reduced as much as in Claire. The frame bit rates increass
more dramatically than in Claire as the reference frames
are spread farther apart. This can be attributed to the global
motion, which affects the entire image ratber than a small
focal region. .

In the Tennis sequence, the motion threshold was set to
1.4, while the activity threshold was set to 100 macroblocks.
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TABLE I

GARDEN SEQUENCE RESULTS FOR REFERENCE-FRAME, HOD-BASED ADAPTIVE ENCODERS AND OUR PROPOSED MA ADAPTIVE ENCODFRS

Quantisetion Frames | Ave. P Ave. B | Ave Local | Ave. Local | Ave. P Ave. B Total
Q1. Qp. By, 2B, No. SNR {dB) | SNR {dB) | B/P (min) | B/P (ave) | Sise (bita) | Sise (bits) | Sime (bits)
Pixed 18,20,35,33 37 18.08 15.03 0.e74 0.1 102,682 13,408 1,868,440
HOD 15,20,38,93 37 17.99 16.87 o.an 0.880 104,478 24,127 1,861,418

- MA 18,20,35,33 E1s 13.08 18.91 0.889 C.ATO 110,955 23,728

The acrivity threshold at this level measures global motion.
Four I-pictures were used in this sequence at frames 1, 23,
68, and 98 (for both MA-based and HOD-based adaptive
encoders). Frame 23 is the beginning frame of the global
zooming action. Frames 68 and 98 are the first frames of
new scenes. This arrangement of I-pictures temporally de-
composes the Tennis sequence into its component segments,
as discussed in Section IH-C. Encoding in this fashion yields
the results shown in Table II and Fig. 16. The circled picture
types represent how scene changes are coded: I-picture for
the first frame of the new scene and P-picture for the last
frame of the old scene. The bit-rate savings for the MA
encoder is 4.88% over the entire sequence, with an average
B-picture SNR gain of about 0.01 dB (while the HOD-
based adaptive encoder achieves only 1.7% bit savings with
an average B-picture SNR degradation of about 0.74 dB).
The overall perceptual quality of both schemes, however,
remains similar to the fixed arrangement. Fig. 17 shows the
savings achieved by the MA-based encoder calculated for
each video segment separately. The second segment cannot
achieve further compression’ because of the zooming out of
the camera. This global activity causes prediction perfor-
mance to become significantly worse as reference frames
are spread apart. The encoder correctly defauits to the fixed
arrangement of picture types in this segment because the
measured motion is high in both magnitude and amount.
The final two scene-change segments were able to achieve
reasonable compression despite the fact that a constant motion
threshold was used for the entire sequence. Under ideal
conditions, the parameters would be changed to reflect the
nonstationary statistics, especiaily after significant changes in
content,

3) Results for Default I-Pictures: The need for defaunlt I-
pictures to facilitate random access is acknowledged as an
important requirement for MPEG video coding. Typically, an
encoder will force I-frames into the coded sequence at regular
intervals. This allows a VCR-like “random search and video
halt” fe which is impl d.by simply decoding the
next I-picture. Decoding I-pictures when the video is :stopped
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Fig. 15. (a) The fixed and adaptive frame-type errangements for Claire
sequence, along with the motion measurements that are made using the
MA-based aigorithm. (b) HOD of 37 frames from Garden sequence.

For the Tennis sequence, the comparison is made betwzen
fixed structure encoding with no consideration for scane

is the most effective. impl tion since reference-frame
reconstruction delay is avoided. Results are presented here
using default I-pictures every 15 frames. In the event of a
scene change, both adaptive algorithms function by coding
an [-picture as usual and then resetting the frame: counter for
the default I-decision. This is in contrast to coding I-pictures
every 15 frames without deviation and also inserting I-pictures
for scene changes. Tables IV-V] show the results for Claire,
Garden, and Tennis, respectively.
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har and adaptive encoding with scene-change detection.
The savings on these sequences for our MA-based adaptive
encoder are 6.72, 1.44, and 3.66%. The Claire sequence has
similar SNR performance, but the bit-rate savings is reduced
dramatically. Garden does not truly save any bits at all. With a
1.44% savings, the B-picture SNR is down 0.3 dB on average.
A more acceptable SNR level will make the savings negligible.
The savings from the Tennis sequence is also reduced as
default I-pictures are inserted. However, the adaptive schems
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TABLE I
TENNIS SEQUENCE RESULTS FOR FIXED AND ADAPTIVE FRAME PLACEMENT

Ave. P
SNR (4B)

Ave. B
SNR (48)

Quantisstion Premes

Qs Qp. @By VBs No.

Ave. P Total

Sise (bits)

Ave. B
Sive (bite)

Ave. Local
B/P (min)

Ave. Local

B/P (ave) Sise (bits)

Pixed 7,10,20,18 112 10.82 1770

0.858 0.902 81,287 14,061 4,823,876

HOD 7,10,20,18 113 20.48 18.98

0.081 0.876 105,238 30,821 4,741,424

7,10,20,18 12 19.60 7.1

0.888 0.893 86,552 18,071 C,“T,D'Il
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Fig. 16. (&) The fixed and adaptive frame-type measurements for Tennis
sequence, along with the motion measurements that are made using the
MA-based algorithin. (b) HOD of 112 frames from Tennis sequence.

has better average SNR for P- and B-pictures, The local SNR
measures show a small degradation. The fixed arrangement is
unable to code the scene changes effectively. Prediction error
increases significantly when the scene changes occur. The error
propagates to subsequent frames, increasing the number of bits
and decreasing the SNR. The savings is reduced in all three test
sequences because true scene adaptation is prohibited when
using default I-pictures. The entire frame-type arrangement
is changed since the accumulated motion is always reset
after default I-pictures. When the accumulation of motion is
allowed to be cut short, a frame can be defaulted to “I" even
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Tig. 17. Bit savings for cach segment of the Tennis sequence.

though the following frames are still highly correlated. True
adaptation would allow the sequence to continue without a
reference since the prediction quality is still high. Another
effect of inserting default I-frames is a considerable increase
in the bit-rate level for the entire sequence. The bit savings
is calculated as the difference between the total yield of bits
for the fixed and adaptive encoders. When the bit savings
is expressed as a percentage of this new bit-rate level, the
value is much smaller. Claire was affected the most since the
bit-rate increase caused by inserting default I-frames was the
most dramatic.

It is also interesting to see that the HOD-based adaptive
encoder performs better than the fixed arrangement encoder
only on the Tennis sequence, which contains scene changes
that are difficult for a fixed arrangement coder to encede. In
summary, the number of total bits is increased-1.3% for the
Claire sequence and 2.2% for the Garden sequence.

The simulation results show that the complexity of our MA-
based adaptive encoding is quite similar to that of Lee and
Dickinson’s HOD method. The CPU time for both methods
increases approximately 20% when compared to that of us-
ing fixed-reference frame placement with full-search motion
estimation.

IV. CONCLUSION

The proposed MA-based method for MPEG video coding
has been shown to be an effective scenc-content adaptive
technique. Further compression over the conventional fixed
arrangement of picture types is possible while maintaining
similar quality. Our adaptive encoder is also shown to produce
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