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Design and Performance Analysis of the Linear Phase Para-Unitary
M Band Filter Bank with Application to Image Coding -
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ABSTRACT

The para-unitary (PU) M band filter bank, which can be used for M band decomposition, has many useful prop-
erties. In this paper, attempts have been made to design and analyze the linear phase para-unitary (LPPU) M band
filter bank, which is appropriate to the image coding application. First, we derive a unified coding gain in terms of
the correlation in the band, as well as the energy compaction. And M band filter bank has been designed,
maximizing the new coding gain. Then, we analyze the image coding performance of the LPPU M band filter bank,
such as the energy compaction, the correlation in the band and the entropy. From the analysis, it is shown that the
coding gain for LPPU M band filter bank improves, and the coding gain for the LPPU 4 band filter bank
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approaches very closely to that for LPPU & band filter bank, as the length of the filter increases. This fact is also

verified by the coding results on the real images.
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o] goh Ayt R Wy FolM WPy B
%3} (transform coding) ¥HH[1]3 ) 2 253}
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transform){3]& o] &3 W& WEe 1% dyHE
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HEE) o] AgFo]l ¥ o v AA By
o] ol 78 & (blocking effect)7t A7) = wha
of slch. & djod Ha Hashe] Aol W
sstoll WiafA FH3 AL ¥ £ U FY &
F= A2A e Aol Ak whHo| g Bai/3t
8L A3 UE g o B ol Aitako) WS Fa sl 1
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9] 3}4=¢) DRF (distortion rate function)7} o] A}
S vHI3, 14]. VQollA] sk wEe] 7 F&3] W
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distortion measure)7} Wo|] A Au). 2R =A
2} (distortion measure: DM)E MSE (mean square
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Elo] 47k Nl 2 -9-2] 3 x]2] A &bt A Algh
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matrix) 241 [det (R)]'Fe 8o ALt £84
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1 r«-——v—~

Mag. (dB)
&
2

60 80 Lco

Pi/100

8! 5. 9E] o] 3221 4 ) BE| 9] Fupy B4

E 1.4 tdigolx " Zolrt 329 "WE 9 HE AF
(1, 334 HE= dA(symmetric), 2, 4434 YE =
wiof A (anti-symmetric)

19 294 3dg 49

0.00421 -0.00012 -0.00012 0.00421
0.00012 -0.00421 0.00421 -0.00012
-0.00882 0.00026 0.00026 -0.00882
0.00026 -0.00882 0.00882 -0.00026
-0.01885 -0.00968 -0.00968 -0.01885
0.00968 0.01885 -0.01885 -0.00968
0.03217 0.02048 0.02048 0.03217
0.02048 0.03217 -0.03217 -0.02048
0.02198 0.04442 0.04442 0.02198
10 -0.04442 -0.02198 0.02198 0.04442
11 -0.09242 -0.07392 -0.07392 -0.09242
12 -0.07392 -0.09242 0.09242 0.07392
13 0.01664 -0.20433 -0.20433 0.01664
14 0.20433 -0.01664 . 0.01664 -0.20433
15 7 0.39950 0.52907 0.52907 0.39950
16 0.52907 0.39950 -0.39950 -0.52907

O 0 N R W N =

sl=E LPPU M i Hej& AAstdrt WA
&g A AS 0952 12 Markov A5 & 714 8t
Ak tgoll 28014 &% LPPUM e " &
o] At E ol gste] Y& WPt ojn W
BM UG ANE FoA i WA AEE yE s 4
(18)~(20) 2. & Fo|X GpoE ATEIAL o1& Hdis
st= M 9 98 dE AS5E Taan. HAgs

Al A IMSLIT7Ie] #HA st Z2aye A3t 4
o, 8 g dejtel e A+E F3dv 4 did
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3291 YEjref Fuby SHE EAE
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BAEiar dA Fd NEE Fastsde 49 dE
R chias
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YE g AHE3lA 16 F9 4 WS 3 HE
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o LPPU HEFol) Hls|A W& $353) o]He] 2w
gg o7t FhEel wel ME KR53} o] o] F}
e APe wh 234 8 Y LPPU HEF9
734 Noj 3 o]/do] S| WM& H 353 o|5o] 23]
7HaEe A8 Holud olv dUE Zols gy
7t ol AA™E shthe] ¥E A 85 H el o
o] edge Aol Beol XFHI A Ao A7}
dr}.

kol A AlS 0.959 13 Markov A& o o] &
G.9 F& FQ GrgE 7814 o1& 29 99 =48t
Ak 2yolA gE Holvt FEFE Gyt 71
a3l 4 Y YEIF 2 Gypst 8 Ul FEIZ 2] Grgot
Aol ZotAle AL & F Ak oA E oA Y
3 G 9} Foo] Aol mE Zolth
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s '/‘///"—’"-*—__d_——‘
Ge for 4 band filter banks ==
Ge for 8 band filter banks =
Fs for 4 band filter banks -=
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==}
-
4
2
. -
............................
[
0 2 4 6 8 10

8 7.4 09, 8 UlY HEHFES F, G

16
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Ge 'Ol sls band -
1S5 b e
7
rd
15 V4
./
a
2
T 145
H
]
14
13.5
13
[ 2 4 6 8 10

T3 8. 94 A5 HE B o] 51649 94 AME)

Govad e had Blis bunk - -
G NQ e 8 burd flter banis - -

16 A

G_VQ (dB)
©

A 9.4 WY, 8 Y HE 2 Gyy

2 MY MSeo| HEZT]

LPPU 4 ti9 7} 8 Wiy HEFE 288l ¥igd
AZE 7pd Zo] $ &3} (variable length coding: VLC)
2 Rsgete 45 MUY A5 AELNI FQ
g #A7F ®ok M g A5 dERNE 5]
Azt A ANEE A FLOE FAES F
YAtetE AEe] AEZ G Fats 2xE FIA
Beru} o]k A& (discrete signal)e] dEZ T He
e A 22 Aol ETiel.

k
H= =3} P;log, P; 2n
i=1
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o] 10¢1 1& Markov A1 200,000 /| & AR F
°)2 4 U, 8 MY BE|F& AHEEHA WA
oFAst £7HE 22 8oy zh el N B E Fatstd ¥
o zt o Mg AEZu) el @ ape] EAHE
Fated Botrh dEzuel Pt @ akel WAk @ g
A ol oA Pt g Feka Mot dE ke
s "E o] M ule] lE e} Futst 92
o] Bk groz Ayrast Aakd 1y 100 WABH
o} = M djel Feje] "e) Aok Ml e <l
Ezyet st 9319 ¢ ¥ 200 AlA T 2
g 10e04 ¢ & Aol HE ZojE FUHAR oﬂ u}
A AEZ e 4B} A7 BT FAde
g wolv} &3 dEzyel vt e 4
% 4 ot

oﬁ.

A%
9.

2. Ag A4 0.959] Markov A&l gk ol 15 ) o}
oF2}al e.zpel HAHIE Zlo] M 2 of)

o\lf‘frv} %U}ﬂ e.akel ¥4
e (H) SYH“‘ (H) aojel | gdel
1.633 { 1.429 0314 0.303

Normalized Entropy & Error pawer (for Markov (0.95). step size 2)

1.04 Entropy (4 band) ——
Error power (4 band} =

Entropy (8 band) ~®--
1.02 Errar power (8 band) -

Normalized Entropy & Error power

098
0.96 - -
0.94 . .
0.92 T
0
0 2 4 6 8 10

N (filter 1aps. N x M(the number of bands)

AR A4 0.959] Markov Al&of ek A3ty
A 2 “Jﬂlg} o g Al HAl

el 9E Zolrt Z7gel wet AEZ st 7
sz paste] Bul s ol A%
2 zbe Alzo] disis Ayzreich A4 8

Zbe Al3e 2% AEZEY (differential
vhEbdE = QluHi6)

h(x)=— [m px(x)log, px(x)dx 22)

Rl M odle] gEf o s wgkE AgeA DC
*-i= Gaussian, AC Y= lLaplacian ¥ & o]l
7FA W, Gaussian ¥ ¢} Laplacian ¥ ¥ 8 2t Al
To] Ay oy oy Ao g opepd 4 2l

[16].
1 b .

At aussian (%) = 5 log,(2neq?) (23)

hLuplu('iun (X) =

1
5 log,(2e%c?) (24)

Wb Mt N so) HaF 5 b,

1

. 1 ,
havr: M ;h(y,): 2M (Ing(ZTCeU;())
M-
+ ¥ log,(2e? 63) (25)

1=

olui, 4 Q9%
9 4 Q.

1atel kg, Cha 405 L)

M-1
Ba = log, ((2me (2 )1PM (TT )Y (26)
i=0

2 6)ell A M the] Mg o] Hat abs AERME 7
ol Algo] Wik sa dqtel nleist=A S o
Art. 1edd) oF Ao Al AR ¥ upe} 7ro} o
ol 1| e Ao Y&} ¥ qto] THAElILE o
wiash gashe deg dad F gk

wak Aol Uxp3t QAE 16 49 G AT
o WAL Fate] Motk M ul e HE Lol o s A
] zlo] Mol wje) ME g9} s} Qb A4
shgh dabs 21 11 RASEY D M gi o] HE]ee
AHe] ol7k M 2] wo] lE el fzist 9 gk
S 3 30 AHelagch 2y el B5o] 4 gl e

N
) h

E 3 16%e] g gl dist A el gapsl 9o
WK 2ol M 9l of)

Mg ﬁ1 ‘W}i} ‘?401 L4
4u]@' (H) xu}oﬂ (H) 4 | s; <
0.852 0.691 30.986 29.023
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& 105
: 4
= .
< .
> ! \ ‘ .
= -
= A
2 095 ) °
5 3
= . -
3 \
2 09 —
0.85
0 2 4 6 8 1o

T2 0. 16%e] 94 Aol e Yirstn dEve
Azl A zel 24
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Mo Fise AL ®AT 2 8 o AE
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I MY HE{Te| FA 2535 H 24

o] olMe B4 NEE LPPUM W9 GEi 9
oA N East 2} Yo} AEE 358
2 B%E FAHRAT UA B =Fdx] AMEE LPPU
409, 8 g HEFE o] &3 Fo F58 71
date] Mgttt 48 94 LPPU 4 ¥ (£&
) Y& AFS 8l 16 U9 (F& 64 )z
el go. 2ald e 2394 DC 28 (LL )
S i o F#EAgo] ARE o] & o] 857 YA
2-D DPCM (2 dimensional differential pulse code
modulation)[18]-8 ©] &3l ¥ 53} 3 AC 32
zh o A S E oo B2 Foli Mandela 138 (block)
£ wEolA WE gxigdint. oju) 4 1 HEFE
AHE-3F Aol e zF digelA 2] 49 WEE 74
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7] 49 HE & AME-SHHE HE §ZA] A5 dlo
of g HEVE §F =o)X E3tse A7 ¢
st g 29 129 o] 10 /9] el 27] 29 ¥
HE AR 2 2 gidele 2] 491 WHE A}
g-gict e g 7T Fo HE YAEE s e
HE o] ¢]Fojzfof g} WE FFL A e

Z} gie o] W Qoo HE FEHAL 9 9
s ALt of dted B =dolA e (14]9 My d
= 3+ (distortion function)& AFL3gG ). 183
HE 89 daelEoie doe Frre dsiA
% & skt 48 A Shoham Gersho?] o432
#5 (1918 AHE-stct 2 =8dA] A3 gae
8 HIER gatstd 512 x 512 £ o). W F
2718 ZERE HAB] feix e FagsiE e
g EFEA Z& 16 Fo FH A (training
images)& AME-St S, H35.3 A 4L A e
Lena @74-& AHEatd el B P35 7o ¥
& Hrtetr] AsiA SL5uh Eo] wie ©-S Bridge
Gdel M dEstdnt ¢ B33l 4 A E
BA o 2 o= A o)H= PSNR (peak signal to noise
ratio)-S A& &}

2552

PSNR=10 - log,, ey 7

r

s AelA g2e U B HAE B Hol, = 1
4 2.2} (reconstruction error) o] K-AHS VERAT).

=<
>
>

X | ypoter
dimension 2
vector
dimension 4

02 12.8 x 8 t Y 9] WE A4

ool A Mg Wylos REHI AHE 2y
13~22¢ 160] =A QA WA 29 13 4 th
BEjFoM HESS 3355 PE] Lo)& wshA
ol W& Lena J49 #33 A#AE x=Ast4h
YA & g Qlke] "E Aolrt Fotshel] apaby
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B33} o] So] Frlele AFE Holwd ole St
A a A AE e Svtel A dke Aol
No| 201 7397} Noj 191 7% ua|A of 0.7~1.1dB
=715 PSNRS Ho| No] 891 -5 Noj 29 A%
o vla)A] v}s|A PSNRo] 2F 0.6~0.84B7} 57tk
t} 1Y 149 8 th ol th g 23538 AE w3
A, » 3 y & 7tz 25887 PSNRE
Ebiich 4 x4 0| SF ;T_—EHO]]A-] ¢} 7ho] a3 R S A
o] LAlEA ¥e ALS AC AFe WE A7t 2
4% e A5y i) ME & N gl ot
A Bsshgol a4 gl 7] fiolrt 8 X8
Bafol Ag No) 18] Aol nlsiA Nof 23] ZH$-7h
e e W3l AE HolA ¥ No| 2 0149
R
o =

o] PSNR Z7h i e} 53] Nol 3 o]l
PSNRo| 3 Zaste A%S Boledl o4

=)
E e
= 30 JEES
P e
~
» // 0.313 BPP -+
L 0.5 BEP -
78 o 0.656 BPP e
27
26
o 2 4 6 8 i

T8 13.4 i HE g AR EA Lena G438 F 28 g
A%

PSNR (dB)
w
&
ta

025 0.3 035 04 045 035 035 06 065 07 075

BPP (bits per pixel)

14.8 ol BE S LG8 A Lena S48 F 583
A7

H
o
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2 el A 73 oA HFE Aot At A
ojrt, ¥ 4 A § o) F-us HAAE vws}
of Ryl 7+ HESA o Nol 19 BS- 8 Uy &
sle} A7t FL AE HolAut WE 9] o7t F
Zh3tel mekA s e A 2 g

LI M EZS U 5] HHAM dERS 35
3} (entropy coding){20] & A}-8-33 & o] A2 B
Mstddvh dERy Y esha Abgsg o 7} A

ol s gehe 2 16 Fe) T e s Y
A ol e e FEo] pr(DYd 9 A=
HE o] Aol e vh o2 ANt

(D) =log, — :

Pr i) (28)

4 28)e2 25t 5= WE] ol o] &HQ FLol

[N EE S G
Qant BPE -
PR 1780 BPE e
@
oo 26
c
re
v 28
24
e T T
23 e 7
22
0 2 4 6 8 10

T2l 15. 4 Ty HE
Bl

% AH8 & Al Bridg 9748 F235#

28

N=1
275 N=2

=22
Pt

N=

27 N-

26.5
26

5.5

PSNR (dB)

25

03 0.35 0.4 .45 0.5 055 0.6 0.65 0.7 0.7

BPP (bits per pixel)
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K}

. 28} Huffman code[20]1} arithmetic code[21]} 103 o
7he B X5 3] (noiseless coding) 7] & AF8-3t 05 bpp
W 3= WE 9] Aol AL 4 (28)9) [N +H T !
the Abado] 42 A et

ol 4 i HEjFolA T Y o] ¥ 5 &
& AH$Ete Lena 94€ #3538 o e Zo] 3

0.95

Ratio

ol ME (e WBFE Fohod FsE AsHE "
29 179 EAS 2 17914 BE Lol 3
sherel meta AEZTI} 8~9% FE 22T I oss

4 gtk ole AEEWS A Aze YA
o2 RE WE] Zo|7t Erlstd B35 o]5o] &}

s AEZ st 2aste] shd o] FEstE A4S 3% 17 Lena B4E 4x 4 B0 e We) i
e W WA FE3 4% ds 5Y F USS Fd deen
o 4 slek

(a) (b)

© d)

%118, B9 9 Lena 94 (4 x4 i, 7bH 2o} 2353}
(a)0.348 bpp (N=1) (B)YE & (N=1) (c)0.329 bpp (N=8) (d) J ¥ F] (N=8)
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(a)

(c)

(b)

(d)

712019, 90 Lena G4 (8 x 8 thol, /b (o] dsh)
(2)0.241 bpp (N=1) (b)AdY g (N-1D (o)
0.226 bpp (N=4) (d) ¢ & (N =4)

=99 940 744 37 vng dst) 19 18
29 199 4 Y WEE 8 B WEZ tsh
A} zbzt DCT (N= 1)<t 9 Z ] 32¢) LPPU WE|
@ el A5 N=8, 8 theje] 3¢ N=4)& 1183
o Lena 34& F333% e o) £9¥ 9474 54
d 9ol g i d 9¥E wAls s DCT
Agele 78 Ayt Hele whd HE o] 329
LPPU HEZ S AHE® Atdle 78 a7 3%
3] ZradhE A% AY & vk £ J9 edge
Foll Wish exte de o] 3291 Wrjwtel A9t

DCTe| ZA ol vl @ol fadte AL AT +
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3toll watA dEZN 7 Ak AE &A8 F 3
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