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Two types of data compression

Lossless Data Compression in JPEG 2000

Compressed

Image

| |

/Original Image

Double Lifting
of Integer Wavelet
Transform

\

Reconstruc@image

Inverse Integer
Wavelet Transform

)

f

|
\_ Encoding part Decoding part -
Reconstructed image = Original Image Low comyre@
ratio

Lossy Data Compression in JPEG 2000

6rigina| Image

Encoding part

Compressed Imag}

9/7 Quadruple Lifting |

of Integer Wavelet
Transform

Compressed Image Decoding part

Inverse Integer
Wavelet Transform

Reconstructed Image

Reconstructed image # Original Image

High compression
ratio




Rounding Noise in Lifting Structure of

Integer Wavelet Transform
(example in double type)

Forward

nput Wavelet

"O" denotes "rounding" operator
z . delay
! 2 : downsampling by 2
A4, A,: coefficients of filter bank

Inverse

~ Inverse Wavelet —

recovered
signal

recovered
signal

.

are reduced
in this research

" Rounding operators )

J
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Rounding Noise

Evaluation of Coding Performance

integer integeri integer real number
P - ~
X1 ¥ "Viox % V1 R Quantization |
| ?7 > Noise (both) Rc;\luqdlng
= ’ oise
<>: Rounding ©
operator e/ Proposed
, s i
/) : é‘g S Existing
|
=
X2 © *V2 Xy @ >3, —

Compression ratio

Rounding noise=y — J
* The lower the rounding noise, the
EﬁeCt higher the compression performance

r? By introducing the ‘non-separable’
HOW . structure
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Two Lifting Structure
(example in 2D for double type)

Separable

> YL
TAI $A2 §B1 §B3

¢ ] 3

; b
B %B
l 1 2 Y,

T T 7T
A14,B,B;

4th

x-dimension y-dimension

Non-separable

< : rounding operator

(A142B1B3)2p

x & y-dimension (simultaneously)

_ Separable | Non-separable

Rounding Operators

8

4 Reduced!
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Quadruple 1D IWT A,4,434,

& @ rounding operator k=12-F

°—o—-|EXo . i . —Do— Y,

@

A A Az Ay

k+12—F
Po— Yy

7 le:Xl

)
- T
Ist 2nd

z . delay
I 2 :downsampling by 2
A, A,, Az, Ay coefficients of filter bank



Quadruple Separable 4D
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Quadruple Separable 4D
A A,A3A,  ByB,B3B,

== AS Bl 83

, By
>4 W
4

s o
L 4 "G
Ay
g
\ 4 ';-.:‘
A, -
L
Ay
v
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&
|
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—
A,
&
A,
\ Y J \ Y J \
1st 211d
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Quadruple Separable 4D
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i T
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Quadruple Separable 4D
AA,A3A,  ByB,B3B, (,C,C5C,D,D,D3D,

- Gt C3 Ds k~19-F

. . i No—e o >0 ©: : ) ] Yo

\

H
\'Z":‘
KA

3

A |

-

1

i |

k1 B, B B; k1 C e k1 kt1p-F
‘ \ I~ L .
—————{>0— "—"?_ “‘W*ﬁ 1 : 2> Yo
-1 T —1n-F
A3 k Bl == r — k=72
1 H [ o 1 1 Iy ‘ l‘f Y [y 1 (n"-.
> : >o 5 G- s @—> R, o2 © 0 Yoo
A3 k+12-F

YLLHH

YLHLL

YLHLH

YLHI-IL

YLHI“IH

s o

YHLLL

IS &

ad

[y

YHLLH

YHLHL

YHLI-IH

YHHLL

Y‘HHLH

YHHHL

- 3 -
> O : e e —_ G SOt o Y
té );—D‘ , By ’ : HHHH

S S LHLHLHLH WJLH“HLYJ LH;“HLDTJ

3w At 5" gh 7t g o 10% 11™12%  y3mgthyghiet

10/21



Possible combinations of the structures

x-dimension y-dimension z-dimension t-dimension
A A, ALA, B,B,B4B,
A1A3(A3A4B1B3)2pB3Bs 24 Possible

(AlAZBlBZ)ZD (A3A4BgB4)2D Combinations

(A1A2B1B,C1C3)3p(A3A4B3B,C3C4)3p SUSEONRUSSIDIS
@ A1A3(A3A4B1B3)2p(B3B4C1C2)2p (30,

Combinations

A1A2A344(B1B2C1C2D1D2)3p(B3B4C3C4D3D4)3p
A1A5(A3A4B1B3)2p(B3B4C1C3)2p(C3C4D1D3)2pD3 D,

2.092 x 1013 Possible Combinations
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How to find the best
structure from the
2.092 x 1013 structures?

By maintaining the original lifting structure, which is
A1 Ay A3AyB1B; B3B8 (1 (0304 D1 Dy D3 Dy

and turn it into the non-separable structure
AlAZ(A3A4BlBZ)2D(B3B4cch)2D(C3C4D1D2)2DD3D4

12/21



Comparison of the structures
4D DWT (9,7) Quadruple Lifting Structure:

Separable 4D (Existing |):
A14,A3A4,B1B;B3B4C1(,C30,D1D,D3D,
Non-separable 1D and 3D for 4D (Existing Il):
A1A3A3A4(B1B2C1C2D1D3)3p(B3B4C3C4D3D,)3p
Non-separable 1D and 2D for 4D (Proposed):
A1A2(A3A4B1B2)2p(B3B4C1C2)2p(C3C4D1Dy)2p D3 Dy,

Operators
Separable 4D (Existing I) 192
Non-separable 3D (Existing Il) 96

Non-separable 2D (Proposed) 96
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Separable 4D (Existing )

of 1D

192
rounding
operators
e e L L iy
1st ond 3rd 4t 5t 6t 7th gth 9t 10™ 11t g2t 1314t 15t



4D Wavelet composed of 1D and
Non-separable 3D (Existing Il)

Cascade
of 1D and
WO A1A,A3A, (B1B;C1C3D1D;)3p  (B3BaC3C4D3D4)3p
NonSep
3Ds Xaooo —% &
XOOIO :'-‘ g=
Ay
Xoo11 *
XOIOD .
Ay
Xo101 *
Xoi10 .
XOlll :;
X000 N: ?
X001 _3“';:'; :
Xi010 _';g A‘
Xi100 :{5
96 ’ 1
. X101 64
rounding )
operators " &
\ : J :
1= B[h grh 10th

1 lth
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4D Wavelet Composed of 1D and
= NON-separable 2D (Proposed)

of 1D and A4, (A3A4B1B3)2p(B3B4C1C3)2p(C3C4D1D3)p D3 D,
three
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Xooo1 4 & @ « "9‘ é b ; %‘Z X "o Po— Y ik
] ’ D D -29-F
o ~ A, A | 5 x| B oy & | >f Lo o
Xoom b4 *« \ 4 L 4 ;% %5 'qi{. x‘ ? 4 &) iy YLLHL
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Xoon1 * A4 * a4 xt'S e ‘ﬂo R 1. C?_.'() 5 D, ?T Yiiun
A - Ay B . B, C, w C, 4 CD, ¢, D - s k™2
Xo100 f y D | ' g\ 0l Yiaw
_)A 'y ) ¥F y '3 _) I by o o
Ay 3 x 4B, DC, £ ¥ C2 Cs 4 G ¥ k02
Xo101 1 Ny 4 O > Do * Yiniw
5 & - x : D,
Ay - Ay 5 - - 4
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Kot11 vl k, Yiknn
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Input Data

MRI data Random signal Auto Regressive Model

Size: 50 x 224 x 224 x 16 Size: 128 x 128 x 32 x16 (AR)
Size: 256 x 256 x 32 x 16

Example

17/21



The lower the better

Evaluation: Average variance of rounding noise
in each frequency band

RN
N

RN
o

Variance of Rounding Error
(@))

d
|

, ANE HEm @EEE

Random Signal AR Model 4D MRI
Type of data

m Existing | mExisting |1l mProposed 18/21



e HHHH

e THHH
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=g THH
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(c) 4D MRI



b

The higher the better the quality of image

Evaluation: Coding performance in lossy mode

50
T 45
(0p)
Q40
o)
§ 35
%Hso
'<23§25
o 20
8 15
{2
v 10
X
§ 5
0

2 4 6 8
Bits per pixel [bpp]

——EXxisting | Existing Il —--Proposed

Test data: 4D AR Model

10

12
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Conclusion

m
A O
Non-separable 3D (Existing Il) i% i%
Between the Existing | and Proposed methods,
Number of rounding operators: 50 [%]]

Variance of rounding noise: 16.09 [%] |
Coding performance: 2.57[dB]1
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APPENDIX



How to derive the
non-separable?



Derivation of the ‘non-separable’ structure:
Basic properties for modification

Xy IA » Y, Xo * I 20
A
X, I Y, = X I »y, Property |
B B b
X, >V, X . >V,
Xo I > Yo Xo I ’ > Yo
A A
X, »Y, = X »Y,  Property Il
‘B -AB IB
X >V X; . > 1,




Derivation of the ‘non-separable’ structure:
Derivation process for 2D

A1A;B1B;
Xo0 > YL
< Aq Tﬁz IBI IBz Y
01 LH
X10 l TAll TAE Y > YHL
i -
X11 ¢ > Yiu

‘Separable’ 2D

> Y
D0y
> YLH
T~ |
[ I»

Rearranging

AIIBI

T
1

» YuL

2

» Yuy

(A1A2B1B3)2p
Xm] ® L L J r FYLL
AIBI B]_ Al T182
Xo1 * > YLu
A, A, lﬁz
X10 > YL
l I31 B, |-A2B;
Xi1— *—~6 e > Yun
‘Non-separable’ 2D
Xo0 ¢ 3 > YL
J'E""JLB'I T IBI T IBZ
Xo1 »YLn
TAl lﬁu TAE lﬁz
X0 > YHL
[l [ [
X11 - ® » Yuu

Applying property | and |l

Same process is applied to 3D and 4D




How to find the best structure
from the 2.092 x 1013 structures?

Create six Rules”
to exclude Unnecessary structures

)

focus on ONly 7 candidates

¥

find the Best structure
which has the minimum rounding noise



The six “Rules”

AyAyAsAyB,ByBsB,C,C,CsCyDyD,DsD,

1) (BB, A3A{A1A;B3B,C,C,C5C, DD, DD,

2 A3A4B1BzB3B4C1C2C3C4D1D2D3D4
3 AlAZ Ble Cl CZ DlDZ A3A4 BBB4- C3 C4_ D3D4_

Permitted

Original Separable 4D

Reasons

Same rounding noise

Not (9,7) quadruple
wavelet

Large rounding noise

4 (A1A5)(A3AL)(B1B2)(B3By)(C1C)(C5C)(D1D2)(D3Dy)
5 A1A,(A3ALB1B3),pB3B,CC,C5C,D1D,D3D,
6 AyA,(A3ALB1B,C1C,)3pB3B,C5C,D1Dy;D3Dy




7 Possible Structures

A1A2A3A4BleBgB4C1C2C3C4D1D2D3D4 <Original

‘ AlAZ(A3A4BlBZ)2DBBB4C1C2C3C4D1D2D3D4
@ 4.4,A34,B,B,(B3B4C,C,)2pC3C,D1D,D3D,
@ 4,4,4,4,B,B,B,B,C,C,(C5C,D1Dy),pD3Dy
@ 4.4,(A34,B1B,)2p(B3B4CyC,)2pC5C4Dy Dy DD,
© 4.4,454,B,B,(B3B,C,C,)2p(C5C4D1D2)2pD3D,
‘ AlAZ(A3A4BlBZ)2DBBB4C1C2(C3C4D1D2)2DD3D4

@ A142(A3A4B1B2)ap(B3BiCiC5)2p(C5C4D1D2)2p D3 Dy -

‘The rounding noise is experimentally investigated



Autoregressive model

AR model is created to make spectrum random input to
become the same as image spectrum

AR Model

(2):
IZ> W(z) = H(z) I::>p110.99 L

1—pz~

frequency

T~

p=.

p=0.9

frequency

AR Model Spectrum = Image Spectrum



Analysis on Experimental Results

Effect of One Rounding Operator

Rounding noise
is amplified

0 N ©
AN

-

10113 Buipunoy Jo aouelIEA

Ja)ag ay) Jamo| ay |

>

061
€8l
9/1
691
c9l
GGl
8l
Ll
149
LCl

i 021

el

901

Rounding Number

——Existing Il —Proposed

——EXisting |



Tested data: MRI [R-D Curve]

75
70
65

m 60

v 55

5

D 50
45
40

35
0 1 2 3 4 5

Bits per pixel [bpp]

——EXisting | Existing Il —--Proposed



Why Wavelet?

International Standard of Image Compression

JPEG JPEG2000

» Discrete Cosine Transform (DCT) » Discrete Wavelet Transform (DWT)
N\ \ |

: /\/ Long in low : '\/\/\ -long

All basis » gradation
frequency,
sahrsgeletzgth - /\/\V Short in high h ’\/\/\ - small
frequenc
5 /\V/\V/\V quency ‘\Af edges
Data can be
compressed

[M. Vetterli and C. Herley, “Wavelet and Filter Banks: Theory and Design”, IEEE Trans. On Signal Processing, Vol. 40, No. 9, 1992]



Existing 4D Data Compression Methods

* fMRI Image

* Method: Motion Compensation V. Sanchez et al, 2009]

* fMRI Image
 Method: JPEG 2000 [H. G. Lalgudi et al, 2005]

* 4D Remote Sensing
 Method: JPEG 2000 [J. M. Gomez et al, 2010]

* 4D Geometry
* Method: Lifting Wavelet Transform [v. Wang et al, 2006]

EXISTING

| JPEG 2000




Proposal

|| Quadruple(9,7)

oD Separable JPEG 2000
Non-separable ICIP "09

Separable JPEG 2000

i Non-separable APSIPA 13

Separable JPEG 2000

4D Non-separable ICASSP ‘17

[ICIP '09] M. Iwahashi, H. Kiya, "Non Separable 2D Factorization of Separable 2D DWT for Lossless Image
Coding," IEEE Proc. International Conference on Image Processing (ICIP), pp.17-20, Nov. 2009.

[APSIPA ‘13] M. lwahashi, T. Orachon, H. Kiya, “Non Separable 3D Lifting Structure Compatible with Separable
Quadruple Lifting DWT”, Asia-Pacific Signal and Information Processing Association 2013 Annual Summit and
Conference (APSIPA ASC), 0S.26, IVM.11, no.4, pp.1-4, Oct. 2013.



Implementation of Integer Wavelet
Transform in JPEG 2000 with
Lifting Structure

Advantage

Problem §

Type I

* Perfect reconstruction
 Signal is recovered without loss

Rounding noise existed in the
lifting structure

Lossless => Double (5,3)
Lossy => Quadruple (9,7)



Data trends: The increased of
data dimensions

— x-dimension (spatial) ) ] ]
— y-dimension (spatial) ‘ ) Large File Size
z-dimension (spatial) g
— t-dimension (temporal) ‘ Compression
4 ‘ IS necessary
4D
* Medical Image
3D » 3D stereo video
2D e Video * Hyperspectral
» Medical Image Image

« Still Image - Light Field Image
g 0> « Hyperspectral Image

1D

« Text
« Sound LENA still image

fMRI image

MRI Image



