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Learning-Based Design and Implementation of Non-separable Oversampled Lapped
Transforms for Multidimensional Signal Restoration

Muramatsu, Shogo
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In this project, we proposed a multidimensional transform with the
redundant, non-separable, overlapped, symmetric, compact-supported and tight property. We also
conducted the theoretical analysis, design, implementation, and application development. First, we
extended the existing non-separable lapped orthogonal transform to redundant configuration and
clarify its properties. As well, we proposed an example-based learning design method and showed its
effectiveness. In addition, we showed the possibility of real-time processing through GPGPU/FPGA
implementation. Besides, it was applied to image/volumetric data restoration and validity was
confirmed. We also extended the proposed transform to complex coefficient type as preparation for
application development to complex image restoration processing.

GPGPU



B X C—19. F—19—1, Z—19.
1. WFFEBRME S P D 5

(1) FEmBEE#IZ DN T

B IR R b 7 JPEG X° JPEG2000 T
HEN T\ R =1 2 (DCT) SO 1k
U x—7 Ly R (DWT) 1%, AKFI L EE
FmZESEEL T, ERIE0BE L0 0 LS4
TRAVER AT D, T ORI A BT, 1R
BNCEE BT v DR T 7 AF v 12Kt
L CAHRE 2 0 S, BEGTERBEO M
Hr bz cLE), ZORAEZHEZ LN
<L 2000 FFELARE, U= —T Ly MENTE TR
SHTANR—ARBNER SN, FOEBF
Bt L U CHEBER A DR IE N AT T Tz,
e bR, EEME, BN, REEEET
DR A E A (DirL0T) 72 K2R L.,
g E TS EZ LB L TEORIMEZHEZE L
TWwWi=[1, 2],

(2) JLEZE#HIZHOWT

Fo. BHREZ BB OBEFER LY S
K G525 EEELRFHIER STz,
TURZAHT, BBERIUCEROME 525 2
EMD . Bl LT & OMAEDEIZLY |
FVBRWANR—2AFH]EEZDZ ENMLR
TW3, Fx b, L0 Dirl0T ORI 72 &
DILEALZITWV, ZOEIMEE R L Tz,
L L72R B, 2Ok TTEEBOBEIL,
TR ENEEMEICRON, 260 RICRET
DVENH ST, T ORITE A E Y HBEN
L F DA AR FIALER ~ D)5 FH O
F & o TN,

(3) FEor BT EAEZ M (NSOLT) DFESR
2T, Frax, HEoEEP L HE & EM
TILEER = P/M > 12158 OF BEAF 10 7%
ETEDLIRTT 4 NE N7 D—FEHE,
Sy B R A A (NSOLT) #2272,
NSOLT 1, si®rdh, BB, JRTEME %[RRI i
ToIED, BRI ORI L ek
EHETAHIENTED, IHIZ, N—EL
2 A MEZREEICHRT N TE, VU —
BRIZ LRSI & 7=,

(4) FErBETCE EAZ L (NSOLT) DOFE

L L7, WFZEBIEA S I BV TR,
NSOLT De&FHIARD 5 2 J7 i b FIE O
MR+ ThoTe, Fiz, ERFEEIRSCH
WItE BB~ DYLEOFRE L I TV =,

(5) ¥l FiE

TLRZA# (FEE) OBRGHFELE LTK-SVD 72
EHEFNFE S FEEFHIEDRE I TV,
K-SVD 1%, Bl {5 oD /X FHEIZ R LT A/ R—
ARBUCHE U7 EFEEG (7~ L) BN B
A KL CREEZRET 53], ZOFE
AR ER 72 R 2 < BHNCRT D EN
TEEEARITED, — ., REINT A
BB\ NED>, BEME, SR, 2 A ME Y
U — kDL SICREN H - T2,

CK—19 (Jtm)

2. WEOEM

1. CHBREZHEEZHONZITILEND
STz, &I TARMETIE, FHICES FFEE
S DE 2 NSOLT OFBEHIEATHZ L &
BRI E L2 NSOLT X T 7 4 AERIZ LV 5 %
HiLd, Z O EFEEOREENHK & LT
FIA L, BELFEREIL. TORMEL
BEBHZ e Lz, £, WmEERSCEHGE
TGO ME LR 5 2 & & Lz,

NSOLT Dk gt & S8, SIS L TANIZE T
BAGMZILE D ELTENFRZLUTICELED D,

® HPNZEES SRRV eEREHE
® EHEILE L T ONEMERE
® BB UORY = — A7 —FETERE

(1) NSOLT D% FHCRI LTIk, MR 2 g
FHEIZB W THUEL 72D A=A AT v
T EFREERH AT v T ORI DO ZRA) 1
FEHINHE & 7p o 70, Y7 BB ORE
L FIEOBRENNLE L o772, K
eI o n b0z B & LT,

(2) NSOLT »FEIUZEI L TiE, FPGA ERB X
GPGPU L TORNRI7pEZIENFRE L 7o 72,

NSOLT & ZDFEERNL LD T T v Flh— A
DFRFE 2 IED LT @ EBUE OB B L O
NHOMWREEHLNZITAZEEBRNE LT,

(3) NSOLT OJtAIZBI L ik, mgE Tz
ALEBEOMREHONITHZEE LT,
W) e A= 2 EHUE DR E EEe T TV
A LOEE, BLOEE B, ERY 2—27F
— & Z R U= EReRrii 2 B & L7z,

3. WDk

AT, 2. TRREZAMEERT ST
HIZ, NSOLT DFXFEF & S8, WG 1E oI H OFE
i 24T > 72, NSOLT D FFNZFS < R FHE % 17
R, BEEMEHROZ OO FPGA FRE N v 7 7
FedEs L OVE R BRI mE 81 GPGPU 323k 21T
ST, £72.NSOLT Z BB L =AY =
— AT — X OE TR Lz,

(1) NSOLT @R EHZ W T AEE DR T T
TT 4 AERNEHTE 5 2 L 2 HERICE
L7, F77. FHNCES S FEEAREL
7o X1 ICHEFNCH S FHEFOWEL R
T K Ox 3= A O FHmE, y 1 TR
X7 RV, OIEERETNT A —HF | Do 1337
A —H O THHES T B D NSOLT fE, DIdiE
L LTHEOISD NSOLT fEE4A R, A/ S—
REPAT v 7 TIHFEEDg 2 HE L, 720
JEBARBCCEHEifx, 2Tl L. F DORazEN
NS 72D KO BHRRy, DL EIT O
AWFZETIE, Bk Lo~— FREEE (THT) 7 v = )
ALEBRA L, £7-. HEEHAT 7T



SilA RERE )
CRuAmERA == 5 R AT
B {x;}
£ uN NFE
,lilsl_lﬁl'lg a
R 78— Z AL
(B Ry} D EH)
| &)

HEEH
(185 X —2ODFEL)

DEDEEE
DEEEEE .
EEEEnNE HED
NEEREE (BEZREGE)

K1 FHHNHED < FEEEE O

XA ERY, A [ E LT NSOLT 77 4 AHE%
W2 X AHEERHO T, FHEE & X — R
ITLE R DFRZEN /N E 72D L 9D IZDg D%
AT A= Rl T D, AR T, F
T BT I R EHE= o — FED
MAECRE(LEIT o7z, WIZ, BREHK®
AT ABL 2 L, MR AR Tk e o
OF TR EF 2 2=k L 7z, MathWorks LD HfiE
VI a2 L—HF—MATLAB ZHH L., &%& 72
U R LD FEHE L PEREFH 21T - 72,

(2) NSOLT DEBIZ WL, FPGA EiE L
GPGPU S22 D — > D L Trdfb &z #at L7z,
[X] 212 NSOLT D7 7 ¢ AERDO—B 2R,
FREGR (7 h L) BIEDBETHY e’ H | R
U 7 = — RFEER TR E BEOLEIZ0T
NAEMAE o, 202 L5, FPGA i
BWTIEAETY 727 B RAERH T2 DIHRE
Ny 77 2RHAT @R ERE LT, 2.
GPGPU F22E |2\ CiE BREWMBREIC L 5 A
P JE R AR R B~ A L, miE
— U =28 4 (FFT) & B BRI X 5 @ik o1 5
54T > 7, FPGA, GPGPU JL T S 12 L A
RERT 24T - 72,

(3) NSOLT ORI W TIE, Bl LU=
WA a2 — LT —H x5l L EgE T
ZATol-, BgETE LT, /A RRE Ry
brs, REBEE, BA#HGZ1T -7, X 3 ICHE
BT NO—HlZ T, SIEBIHLEREP & 0
EHRGAT Y R ) A4 AwWIiZ LBk EZ T
B x> & R0 O R G a % #EE 9 5 [
EoTe, ANR—=AHKOT, REiux 5 2
DBy HeET A MEICRE ST, &
BNZ IS < FHEERFH THE G2 NSOLT % &fE
DELCHIHL, #viklL Y7 NEE ST 7
NTY AL HEEETALTY A nE LTEH
L. 1EIC/BR E Z ORI 24T - 7=,

4. HFFERHE

ARWFFETIE, 3. TIR~72HEIZ L Y  NSOLT
OF%Er, EBL, EBETTICHOREE NS
DOPEREFHM 21T o 7o WFFERRIZ DV TIX,
WE., ENIME TRERRE2IT o7z, 2, i
HBLOEIAOT 0 /T 02 —WARL, £
WICIE 5 « WD RICERER LT,

(1) %3

1TICARTREEEEIBICLY®RELE
NSOLT D ESEM{GHEDH| % X 4 12779, NSOLT
O FEFH BT O W TIHEH .. FIW R
X ” Multidimensional Nonseparable
Oversampled Lapped Transforms: Theory and
Design,” IEEE Trans. on Signal Process. &
LC RGO I2FE DTN D, — DS
TR EZDRIL LIZFIEIIONTH (A
#EO) (FaREQ) & LTENSTREL
Too FEFE LT, mMERE 70 BB G 3 v EE
7potm, K4, BB OMNTH AR &
R AECRE FIEEZFIE U720 T, U
1 barbara % FpH L LTV 5D,

(2) FEHL

[X] 51 GPGPU [T NSOLT D T T 4 AHERL
(Lattice) & J& B g3k IF 514 5% (PFB) D ALBE
W el O — 1l 29 (FREFRD), AHT
— X OB OEMIZ)IE T T PFB @ 5 RN
Lattice XV HIEE N\ L4 2L A2 MR T

a

- 1/2

27t
Ei 2;1 2 T
/ U,{1d} £

DEnEEE|
DEEEEE

NTA—=L
751

6y 6,

HEEEEE

HHEHW

_Lnn b s
0.
Bk :%&%%%
NTA=2 : L L bp-1)/2 Sp-2
< . J\ o K Sp-1

2 NSOLT ®» 7 7 4 A% (x = Dy)



0 e P
LB @

—>E|—>®—> x ﬂ
;[b— BREEH (HE) ’——@

ZIN—2RER

3 WgETTET ILOH

(9 = argmin [lx — PDyI + llyll,)

% 7z, FPGA ¥ ZEH L Ci%. ITC-CSCC2016 7%
FEWNICTHEEREREITHo T2 (FEEEKO),

(3) A
PR ERENC L VS D172 NSOLT OF %)
ﬁ%%mTétb HW@%/4X%£\K
TR, @G, EBEE 2 L mERE T LB
WA Uiz, A TRIECIER S & oN— L
#al O E & B L CIREIEOA M 2 R
L7z, 6T NSOLT & IST I KA R7RED
5 % 7R3 NSOLT Z R L7z ST A Y = — A
(B Y isl e L AN N Eﬁ@@//?/?A
x> APSIPA ASC2015 72 EENADF2ITTHL
RBEEEITH-T- (FERFEO),

(4) =R
AHFFEIC LD NSOLT O%eEt. FEH, JSH O
HRIZEORREHD Z ENTE, 2B,
/J%%W@ﬁ4m FHES K& 24 XD
k3 BB, AU —I U5
EN WﬁM7w:)zA@%ﬁm&kﬁﬁm
THLELRENK D, 5%IF. 77 AT x5
ﬁ%iﬁﬁﬁul_A?~&@ﬁ®£mmm
CREBTHIEN, SV L—FHEBEDO LD

HEEG x5 & T HHEFELREL NSOLT DiREt.

Processing time of 2-D NSOLT

—+— Lattice-NSOLT(sec)
25

~#-PFB-NSOLT(sec)

Speed Gain
776.15%

SEC)

PROCESSING TIME

X 5

4 12X12 B 24 FE O FEHREHGEE,
B barbara \Zxt L CTE, (Fo¥Fk
©®) Fig.3 LV #kF:, © 2016 IEEE.
Reprinted, with permission, from S.
Muramatsu, M. Ishii and Z. Chen,
"Efficient parameter optimization for
example-based design of
nonseparable oversampled lapped
transform,"” 2016 IEEE International
Conference on Image Processing
(ICIP), Phoenix, AZ, 2016, pp. 3618-
3622. doi: 10.1109/ICIP.2016.7533034

EHL, JCHICRRAT 2 TETH D,

(5) EWNIMZEBT HALE ST EA 87 b

FEOTHENE, EAENE, RHFRE, RPETtE, A B
P BT 5 ZIRICTCEZHITMIZFI A 220,
EANIMZIBN T, RFEDRME— DR TH 5,
AWFZE T D |G D A R— AR, HExil
ORI B W THEICRI A s NS, —
HoOEE{L T /LI Y XATIE, ZA MERE
HAEEICT 208355,

AR D FAE L 72 5 Eisim L) 1%, B 5
SUERSY BFIZ 35U T b MBI D 85 % 1736 TEEE
Trans. on Signal Process. (Z¥g# 4172,
IEEE Xplore {Z L AU, 2016 4% 11 A OB
E»fﬁﬁ%im if 200 AR 5 PDF 57‘7/13
WTh, W@Lﬁ’\%’ :}bb\’C%@ZGDﬁél
PR ICIP2017 IZERIR S 47z, 2L H 0 FE
O, AR 7T m Y =r FEREROERIT, EN
FMZ BN TR DA ENETH O .
BB B O RICHEBATE 2 W R D,

(6) ShORE
BEETH D NSOLT 1%, BigE iz » T
tﬁibm%’fﬁ%ﬁ#é”ﬁ W DOEHTH D,

Processing time of 3-D NSOLT

—+—Lattice-NSOLT(sec) —#—PFB-NSOLT(sec)
30

Speed Gain
593.58%

ssssssssssssssss

IMABE SIZE(VOKEL)

GPGPU(NVIDIA Tesla C 2075) = TH T 5 1 AKERL

(Lattice) NSOLT & J&# # sl 5114% p (PFB)NSOLT s i

b, A=

WL Roe A, HIT SR oA (F

RRKD,



(b) BLHIEIR
PSNR: 23.84 dB

(o) fRICHIE
PSNR: 27.21 dB

X6 NSOLT & ISTIZ X B AR EREDOH

TR TR E FF o720, RIS
U= ENAIHE T, =Rt LD Z R ITHkik
LAETH D, B, EMIBILEST v & LA
P, RERIIMEDORE D EELBETH D,
NSOLT D &A= = —F LR v kT —2 (CNN)
& ORI S BLRZE W, RIS HIZ OV T
BatZa 90, ON & 7= BR oS A HIH
DEBEZWSNTT B 2 & ORI 7T
R RHN T — & O S HERFRETH 2,

<5 3Tk >

[1] S. Muramatsu, D. Han, T. Kobayashi
and H. Kikuchi, Directional Lapped
Orthogonal Transform: Theory and
Design, in IEEE Transactions on Image
Processing, vol. 21, no. 5, pp. 2434-
2448, May 2012.
doi: 10.1109/TIP. 2011. 2182055

[2] N. Aizawa, S. Muramatsu and M. Yukawa
Image Restoration with Multiple
DirLOTs, IEICE Transactions on
Fundamentals of Electronics
Communications and Computer Sciences,
vol. E96.A, pp. 1954, 2013
doi: 10.1587/transfun. E96. A. 1954

[3] R. Rubinstein, M. Zibulevsky and M.
Elad, “Double Sparsity: Learning
Sparse Dictionaries for Sparse Signal
Approximation,” in IEEE Transactions
on Signal Processing, vol. 58, no. 3,
pp. 1553-1564, March 2010
doi: 10.1109/TSP. 2009. 2036477

5. FrpRFIRLE
UdesEamsC) RS

(D Shogo Muramatsu, Kosuke Furuya and
Naotaka Yuki: Multidimensional

Nonseparable Oversampled Lapped
Transforms: Theory and Design, IEEE
Trans. on Signal Process., Vol. 65, No.5,
pp. 1251-1264,
DOI: 10.1109/TSP. 2016. 2633240,
2017, &HA

@ Kosuke Furuya, Shintaro Hara, Kenta
Seino and Shogo Muramatsu: Boundary
Operation of 2-D Non-separable
Oversampled Lapped Transforms, APSIPA
Trans. on Signal and Information
Process., Vol.5, pp.1-9,
DOI: 10.1017/ATSIP.2016.3, April 2016,
A

® Chen Zhiyu and Shogo Muramatsu:
Multi-focus Image Fusion based on
Multiple Directional LOTs, IEICE Trans
on Fundamentals, Vol.E98-A, No. 11,
pp. 2360-2365,
DOI: 10. 1587/transfun. E98. A. 2360, Nov.
2015, EinH

@ Chen Zhiyu and Shogo Muramatsu:
SURE-LET Poisson Denoising with
Multiple Directional LOTs, IEICE Trans
on Fundamentals, Vol. E98-A, No. 8,
pp. 1820-1828,
DOI: 10.1587/transfun. E98. A. 1820, Aug
2015, EinH

® e B TUREHE Z O mgE TS
H AR g 2#243E, Vol. 53, No.4, pp.290-
300, DOI: 10.11370/isj.53.290, 2014 4F 8
A, &t

March

(=R] G2 54F)

@ Genki Fujii and Shogo Muramatsu:
Adaptive Learning Rate Control for
Nonseparable Oversampled Lapped
Transform Design, Proc. of ITC-CSCC, 3
July 2017, Busan (Korea), ##iH

@ B ohl, M EE  EROAERET
EIZ X DI R EEE RGO PR R
I OREE, 1578, 508, 4 TK

(AEE), 201745 H 26 A, ZApilk

® El 7w, A EfE, (LH EE, I
w— BRI REELRE - L
— Xl ) A ABREOKRE, E5REW, 15
TRLER, 2017 423 A 1 H, PhEPEZESHE
vE— (BhER), AHE

@ Kota Horiuchi and Shogo Muramatsu:
Fast Convolution Technique for Non-—
separable Oversampled Lapped Transforms,
Proc. of APSIPA Annual Summit and
Conf., Jeju (Korea), 15 Dec. 2016, #it
2

® A BKR, M EL EENEECLD
LB TR BEE A OMIAIA R EYE BEA
158l (E P E-ECG RS, RMERK (E
i), 2016410 A 8 H, #Hifk

6 Shogo Muramatsu, Masaki Ishii and
Zhiyu Chen: Efficient Parameter




Optimization for Example-based Design
of Nonseparable Oversampled Lapped
Transform, Proc. of IEEE Int. Conf. on

Image Process., pp.3618-3622, Phoenix
(USA), 28 Sep. 2016, ##iH
@ El 7], Hi Ef . ERIESEETREE

%ﬁw@@uxﬂ’ {n %Tﬁ?& {n ﬁ@fi :F%
TR (HER), 2016 428 H 26 H, AHilE
Keita Imai and Shogo Muramatsu:
Embedded Implementation Model of 2-D
Non-separable Oversampled Lapped
Transforms for Video Processing, Proc
of ITC-CSCC, Okinawa Pref. Municipal
Center (Naha), 11 July 2016, ##Hif
© Zhiyu Chen and Shogo Muramatsu:
Multi-focus Pixel-based Image Fusion in
Dual Domain, Proc. of IEEE Int. Conf.

on Acoustics, Speech and Signal
Process., pp. 1736-1740, Shanghai
(China), 24 Mar. 2016, &EHA

Shogo Muramatsu, Samuel Choi and
Takumi Kawamura: 3-D OCT Data Denoising
with Non—separable Oversampled Lapped
Transform, Proc. of APSIPA Annual
Summit and Conf., pp.901-906, Hong Kong
(China), 17 Dec. 2015, #Fif

@*WEEE,E#F%ﬁ B R EE
LR DOFEFFHEFNB T 2 RAFFER
%,%SMIEH@E//T/WA,XA)
V= MNTALT X (WDE), 2015 4 11
H4H, AFHE

<DﬂW{Mt$ﬂ ES - ZRICIHESTHET
o B S HA 0> FRT fEISRAE 41 e ik, 55 30 [A]
BEENHEY VRO T L, AN Y — kD
AT VA (Wb&), 2015411 A4 H, &

e

@T%tﬁ%,HMIH%$N<$E,HE
Ser, BN BE: Br A=A h AT EH
w%$ﬁé@%1@§yx%A@t@@$
BEEEIC X D WA R, 5 30 [B1E 5L
B LURY TN, ANRY S — AT T
R (WipX), 20164E 11 H 4 H, EHiE

@ FARA®, M Ef, SAFES, FH St
B, B2 ErdR— b AT EHW-
TR BEIN TRAE S AT A E R EREICR

T 55, B HIHREEFEEETT RS,
B TR (JpRy), 2015410 A 3 A, #&
,,_,4]{[5

"

@ JIFHRYE, i EE, RN EBorIM
Sl IESBELEEEARIZL D 0CT 7 —#
J A AR, ﬁ%%ﬁﬁm%xmtiﬁk
2, BB TR (FA), 2015 4 10 H
En}b

@ﬁ%%& Ain EE R Rk A
X 2SR EE A o 8 EdEA L, %

FIEHBEFREBESGH RS, s TRX
(FIRF), 20154F 10 H 3 H, HiE

@Juﬁiaﬁ,aﬁ'ﬁ,@i%ﬁi$ﬂm1E
L, RN SRt OCT 7 — & ) A RRE
~OIESBE LR BRI OME, %

B, 1550, =@ AR% (H), 201545
H 15 H, Tk
@® #x M, Aia EE : MSIST IS < ISy

BECREELS AR Lo mEE T, 55
i, B, AT LI e T (FHH)
201543 H 3 H, At

O 158 K, B EH, Al ES Eﬂ 57 e
m%ﬁ@ﬁﬁmmmwﬁﬁ% B 5
ﬁf®ﬁd,ﬁiﬁﬁ,mﬁﬂﬁ,ff
LI¥YeST (HEE) , 20154E3 H 3 H, &

=
EI#LS

@ Kenta Seino, Kosuke Furuya, Shogo
Muramatsu: “"Transposition—based

Architecture of 2-D Non-separable
Oversampled Lapped Transforms, Proc. of
APSIPA Annual Summit and Conf., Siem
Reap (Cambodia), 10 Dec. 2014, &E#HA
@ i EfE, HEOE, R ME AR
22— LT —H ANRN—=AFKHDIZ DD =R T
IEBETC R EME AL, 5 29 [\ SIP v R
T A, pp. 1-6, B U AR R CGRER),
201445 11 H 11 H, #aile
@:ﬁam,*m}Eﬂ'gﬁ%” K5Ik
SEEREEL AT LI B ) A R
%, BFHEREETFRE-EENRE, BN
K (E¥), 2014410 H 4 H, &t
@%ﬁﬁﬁ%yééﬁ,HMEﬁiﬁ THE
TLREEEHRZFA U BEEfg IS < &
R BAH, AT 47 LY, ARk
5 (llfs), 201448 H 20 H, E:
@ HE SEH, fﬁ%’ xR, Min EE 'n‘ﬁa_
ﬁt/a/ EIvREE S, %m%i@w@@
%#é@ﬁ,#v~ﬁ +—2014,
%mm%,%x&%,x?471#,%m
i (&), 201448 H 20 H, #wt
@ Shogo Muramatsu: “Structured
Dictionary Learning with 2-D Non-—
separable Oversampled Lapped Transform, ”
Proc. of 2014 1IEEE 1Int. Conf. on
Acoustics, Speech and Signal Process.,
Florence (Italy), pp.2643-2647, 7 May
2014, EHA

(£ D)

T B —

O FEoBETRE EEEH P
http://msiplab. eng. niigata—
u. ac. jp/projects/imagetransform

®@ MathWorks #t SaivDr Package HP
http://www. mathworks. co. jp/matlabcentr
al/fileexchange/45084-saivdr—package

6. WFFEAHRE

(1) WFoefdss

s TEE (MURAMATSU, Shogo)
KR - BB R - IR
et s: 30295472


http://msiplab.eng.niigata-u.ac.jp/projects/imagetransform
http://msiplab.eng.niigata-u.ac.jp/projects/imagetransform
http://www.mathworks.co.jp/matlabcentral/fileexchange/45084-saivdr-package
http://www.mathworks.co.jp/matlabcentral/fileexchange/45084-saivdr-package

