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DOIFENZ LTH 5V 10/23 11:00 [T H,
ER-0913 (f5 B~ 228},
11/12~13 | ER-0917, ER-0921, ER-0922 (1 /X— | = v I )b— X ZsHfafE 3
AT A H—)
11/19 ER-0108 (1f i HEERT) Ty V—H kB
DSR-0900 O 7 7 A T U 4 —/LH—E
11/22 AFTa— V(A=A Ak | X=T g 0T v SEE
I H =)
MR LAN YE3E S 2T L AP (AR, =
VR AGHHIEE | ZonEE, WA |, o . .
12/ 3~26 %E\ @ﬁ:%gg;ﬁf;\»—w\ f’jﬁ; HERL LAN JEE S 2 7 A AP i B3
AT 4 T HE WS
L/93~24 | TAINS #E48 LAN & %5 A ;1?‘%57 AHEHAR Y b T =27~ AP )1
B A
2/21 ER-0803 (& 1-1&# * J&¥%) Ty U— F AR
3/ 1 TAINS MEfR LAN 3 2 F A LERSAREIA N =7 0 AP G

BEA

-47 -




/%DD

3/ 5 ER-0702 ([ E4E) R— MEE DT D O HVEH
3/18 ER-0103 GEiF) R— MEE DT D DR HVEH
3/95 ?)0900(%4}/\b—%4i/;<ﬁ/& W MO 7= o DA RIEE
3/29 ER-0913 (f& @A =728} AR EA
cH—E 2
AR e - EES S N
4/19 TAINS A —/L Z KL — OB
5/21 TAINS HIES 257 & (FREFERET) FERENLIRIGE DO T2 D OSB3
5/22 TAINS HiF5S 2T A f{//;;g%” FAT R E DT =2 DR
5/22 TAINS HIGE Y AT A FERENLIR D 7= O DU ENEZE
6/ 5 7 DNS s iﬁk%@ﬁﬁf:&)@‘/—/774ﬂ/@ﬂ§fm’ﬁ
6/11 TAINS HiGES AT & (BRFEERED) FEREIE IEMGE DO T2 D OB
6/12 TAINS HIFES AT A FEREEIE D 7= D UENEYE
6/12 EA7 DNS H—1 S =T ANDE SRR
6/12 EA7 DNS H—1 BIND D JfEgs kit EZE
6/14 A7 DNS H— BIND O MagstE st E3E
7/ 4 TAINS BG5S 27 & (WaEsRE:) BEREIBINEE D 7= D O BB
7/12 TAINS HIFES AT A FEREBIN D 7= D DA E1ESE
7/31 A7 DNS #—/3 (obara2) BIND O JfEgaE st e 3
8/ 2 A7 DNS H—/3 (kamasaki) BIND O Egst: i fE2
8/17 Fh - J1 2 ) DNS (ns3) FHE T &) DNS H— B R IRAERR 4G
9/ 3 VE—hKT77EA RADIUS H— 3D — NGEBH E O EE
9/18 DNS H—3 BIND O EgaMExT I ESE
10/ 1 TAINS A —/LH—x Faf =3 | S — R GERHEO B FEE
10/ 4 StarTAINS FERpHh— N Apache DX—2 5 T < TR
10/ 9 Hh A —LH— £ 2 (Yahoo!) T A NOHARETIC L HELTIEE
10/11 A7 DNS #—% (obara2) BIND O JfEgaE st e 3
10/16 A7 DNS H—1 BIND D JfEgs ki EZE
10/17 StarTAINS DNS #— BIND O a5 Mk i E3E
10/22 [H~>7 v %% —/3_ netnews J— P25 |
IH7 & 23— 3 [H EAZ DNS $— 8 | s, ik
10/26 .
(onikobe)
10/29 TAINS HIGE Y AT A HEREIE IE D 1= 0 D% ENEE
12/17 TAINS HELR LAN % v 77 4 7 iR—Z )L | - — SGEHEE R
12/25 A2 DNS H— /X (obara) N— R = 7 A ESE
12/27 A7 DNS Y—/3 (kamasaki, obara2) | BIND Mag9tkehic/E3E
5/12 RAT 4 T —E RS A B L— | S A N L — VR E SR
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3. IREH

3. 1 WIERBRE
3.1.1 B=

O%y bT—Y HHREAB

FALRFER AR Yy N —27 AT A TAINS 13, REOF ¥ /XAy hT—7 L L TREMR
HRRES 2 VB2 —T 0 VOB THY | REmROR Y MU —7 O, Z&E LT @EHER, KO
AN DT DI LB IR BN OB R L ERA R CTH D, Ry N =7 HRHIE, ZOX 5 7%
TAINS D% - BB - HFFEBII ISR D LA TV D,

(1) FRHBFHREROLE - EFREE - FIAREES

2008 FHERICE AN SN/ HIAHEARO TAINS TH D StarTAINS (X, ETRGHENEZ 2 RO 16bps
TARAZ—MRICFHESTHRR Y 8T —7 TH Y | PRNEEFRSEORBEZ LT O TH Y | HIHIHE R
R Y N =7 RZBHP0LE 7o GERB I OERIZH - > T\ D, ZDOStarTAINSOEMSHIH %
BHEALT 5720, 2y MU= REHENNICKIEE L, SRE Y T —27 ORNZRIUERCHRAT v
7P —E ZOR AR, D500 TAINS R LAN S 2T ADHLKA SICHEBR L2, $RHC. BBEHHR
e o —NEBT DIINERIOT 7 2 ARA v b0, HRBEHFEROF LT 7B ARA

MZxF LT, Skl &7 L. TAINS HE# LAN & 27 A~OEHNA % FBL LTz,

2013 4E 3 HEIEDMER T 7 & AR A v FiRESAT

Xy R RESPT

FoE | RREPRIGERT 2 E L B  - AaE  o e
7l F o B R

ERIBEMEAT T A v KR
Al b1 A1 by iR
M2 4 B R - KR

T AT v a CHEMIEML B R RS

ELBA—L1 B F—1
Al b2 B &g

AFRIR

F oy LSRG
TURRAESERT 2 A M=
Z LB MESE

JIN B X EAE AR 1 SAF
A |2 BfE

ST AT 4 THENIR 1~4 B, 6 B
AR (A, B, C)

EE it & —1 B

JINAE S v o 7SR JE A i

4 BT 7 L A )— A

e
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SRR

W= BE T INT AT TT
Al E 2 M =

BB |WOBBIEE A A
Bl

FIE | WOBBIE e
I/ Bl

FEHEILL | BB LTI 9

Al B T2 IHEE
Al b rhE

YA rahay - FUFTAY h—T b X— Pq s a2 B SE

FERFEE SR —1 B KEIF—=

YA NR—H A= A Z—1 B FIFMRE

Al k5 B Kzig=

(R IR R

F72, DNS H—r32 NTP Y —"Zhgd & T HHEA 7 TP —=NTONT, Xy T —ZM%EEHT
E, Xy T =R EBEL TIND DO —"OLEEM DT O DHEINBRFE 2175 & & HIZ, TAINSD
Xy N =27 —E X &R HTAINS A —/ L VPN (PPTP, OpenVPN, SSL-VPN) #—t Z  wA /LR
XY 7 MR — B A e A — Y — R[S AR LA — L R T — H _R— 2 O 7 BTN
B 3E 211\, b—E2OREERICEBN L 72, & 5IC, MEEEICBWCTRAITEE « #7582 %
B AK — K L=~ eduroam 77 2 M —E RICHOWTC, BEHRIEE % — L #8ICH
BURLE DN D O - BUFERHI X 2 — B AR T CTEE 2 7,

EBIC, R FP—EBEOTICEINIZR Y NI =2 U =% 7 7 )—TIZB W THRLNEE &
K7L, TAINS OFEEEEZ1T->72, o, *y hU—JFHE X2 ) 74 Il T LEE S
. JEHAL TAINS ==2— 2 41 S ORITIEEO T LI RER ZH 0 FRICBIT 5

WAy HZ LTk,

FEhid s E LB

T b U =7 5 OBSETE ) & RIS T > TV 5,

TAINS = = — R 415
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(2) FEEROEMARR Y FT—Y DEB~OHEHK

TOPIC 1Z, HALHIKIZISWTHITHIZE « BTG A T 2 a0 a—F Xy N =V BREOR R
WCEERT D72 O TH D, 1> MU —Z BRI TIE, TOPIC /R A # v 7 0fdfritard & LT,
HESLHHES OAH - B, HHWVITHRIEHX O KR « SHEECKT D%y U — 70 R A A
VRS ORISR e £ Al U B AL X Ok~ R U — 7 OFBICEBAL T 5, Fiz,
SINET #8535 / — K& LC, ENLIERFAIIIEAT & i U, st o x » b U — 7 SR & MERE
LHELHIT, BRFEED SINETE F—F o X —~DOBITEEZ Xy hT— 748 L LI R—FLTZ,
Q) REMBMEBREBROBEICRDLIAREAR

RERHEICBIT DR Y VT =T FHIZONT, BX 2 U7 ¢ & ERMELOHLECHI BT 2 [
BNEBEL > TS, TEEBERBEICBT2EREX=2 ) 74 R Y —HitE ) (23817 5168
TEHEZMRAEZEN L, FRY TP —HBEO T ICEINIHRE X2 ) 7 0 BERAE Y —% 2 77—
TEoOWENZE Y, ZnE T

MENZKRFIEARAER LSBT DR AT A OEH K OEHLIZB 2

M 27 AOEH K OV BRIZ B9 5 HEHI

M 27 AOFRFICEE T 2 AHH

ME S AT AOIEF RATEIFH % (2B 2 M

T8 R D AT 1 B ORI BR (2 B 3~ % Al
ERELTCE D, SEBIMEEIC EHE, I T L—20 0 LEERTIESCHA RT7A4 DK
T COEEEITRoT2, S HIT, FFHERE, HRFAW, REY 78R« 7 A L 2AETET
DTSN A Z — DR OERIZEBR L 72,

F7o. REBo@EEER Yy N —7 OfIHEINE . ooy Ea—T 0 U7 OANE. & B IS
WETHY, Yo ¥ —FITBT 5 IR S N TV D, KIRFEE &b, KM &S
Xy MU =7 Th% SINET4 & MW oZRE S TR D7D DR v h U — 27 F5R O FERIIFFEE1T 9
& BT AEREHMER S ORENE & OWENC LV | KB - RIS E O v b T —
7 R CRIIRANER LIS T 272007 7 U 77— a ARERLE & BRI oL T, A
B SHUSEE . HRIER AR EDY 2T K% % LIEM T 2 EiFmise s LT\ 5,

T, BHALHIX O R & SINET Z#EET 2/ — K& LT, L2 #iSe [Pve B/ & omE b
ZRELT 2 EMAEMNORE LB E2ERT 2 & L b, T ey =2 MRE D RMIEH T
X 55N LAN OGR AR L T 5D,

Mz <, REXAFAERSREE X —RaSEob s, arCa—¥ - 3y MU= RS0
WEicsmL ., HEFREEZFER L T\ D, Eio, RPEERS TV —HICE NIRRT —F v 7
TN—TRRN—=FZNT—=F 7T N—TFIZBI L, FACKRFIZBIT DR AT L& G &3 5 1R
FAE OReNTIZ T T A LT,

4) HERAry b7—H OBEEH TS (ENC) ICBE L 2 EE MM S & UEHAIA K

HHE Y NT—27 225 KB NT, B A XL D EDOT DI RIGEOEEMEN B bh
LTENHD, BHEEFEOMBI OO, BESCHEMIEE 2 & ORAEJ EARET — T V78 & OEHE
DL ZTAE L., EHEMETMN E G REE LT 5, £7-. IEHEE T 2T L O ERAIE RIRI
O ZIRIAT 5 L &b, BEREREF =2V 7 ¢ BE~REBE L, B 2EESS PC FOFHRY AT A
D3 B O IR 2 FEERI)SZRE L OB L, Hrosr 288 L T b,

AAEFEIIRRC, TEWEBHEIFEROR R T, RULEBE RO EHE & OIFEIFRIZ LD | K5 —
R =7 HRETERAEST £ TRANT S A= X LDMBHRCET 21TV, R 2w G
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F LIz, o, BBRERBAWIZT TR, BMEZEATLZ LR, e n— U =7 DR
EZET S, BMSN TV D RERR EOWEREREZ BT 2 BBICEAT 578 21TV £ Ox%f
WREMT 72 & Ot & A fil D T2,
6) HREF) T ICEATHERNHAR

HRA Y =27 VAT AZBNT, EX 2V 7T A EROMEITmO CTEETHY . EX2 V7T 4
PR DT DR FIH SN TV DRE I OWT, BRI 21T > T\ b, BERIROFHERE N %2 &2
W0 L CO LRGSR OMEL HIF L. EBNWRER 2O ORMOMI 72 E A RERVE CH
ol

FICAEEIL, 1— FEMWEZRRF AL EBT 570 b a/L OB BICR Y A, ZhE T
P Z 3R T 2 b ENZ S DOIX19894E (Zden Boer A3BA%E L 726K D h— RCEHRT L7 ha LT
HoTeM, TOME, TRbHLMLO T — RIZED5HE T2 haLoBREz &0 F&H, 2005045
D OYRZEB L, B2 5B O E RS2 T o HASTACRYPT 2012128\ CTak Lz,

| Our 4-card secure AND protocol ’
1. Apply a random bisection cut:

268 — [(BEIEE) — BEEE
a b

2. Apply a random cut to the two cards in the middle:

BEEE = B(ER)E — BERE

3. Reveal the 2™ card; there are two cases.
(a) Reveal the 4" card:
BeRER = BeBe - BB

alAb=1 alAb=0
(b) Reveal the 1* card:

BvEE = BB - o-EE

alAb=1 alAb=0

B L7-7 o ba LBl ELZI—F

(6) =ity

Xy MU —Z BT, Ry T — 27 O72 ORI L OV R v b U — 7 REICET
DWFFRFEZAT 5 & & bl REPEE M AR ER OWIGE L L THBICHTZ>TWD, £z, A—
N—a B a—T ¢ 7R L OGSl E R 77 & L LFET ek y bV —27 &a v
Va—T 4777/ uy—U—sav7] ZRMELE,

OR—IR—aAVE1—TFT 4 V5THEE

A—N—ara—7 ¢ MR, EERFERMA B & LTt Rm 7 7 2 ORBUERSEHR 2
TLOMEM - FHE | R AT LR KPITERN Lic 7 v 77 AoE#EEERCH LV I 2 b—33
HEIROWIE - AR ET o T D, S6IC, WA —"—aEa—T 4 V72T L EZDIEMIC
B 2% %2 7 —X%7 7 F % LNANGIGH L~V O JRFPHIZIE > TIT>Tnd, £ LT, BFHNToK
R [ENA O Fflvam GG L. EFR RS0, MfrmE, BorS e LTREL, HRI0EL LTV,
LTI, AR OALEE ORISR BETEEIC OV TR~ 5,
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(1) KIREHZEHE LR TLOEG - ERICETIRYEH

KRB YRR S AT L 0@/ 23l LT, IS 27 AREHIT I BEF O REUL T 7 r— =
YOREETE . 26O T T = a R EAIRICETAIRER VAT AMRROBEREHIE T L
7o F 2 SCHRFAE OSBRI I AL FIRI R - R RIS 2 D v 2 — A /X7 o —
YU RAYE a2 —T 4 A 7T HPC) ORERMLE E L COTESH), Yo —0AFFECLIR
IR FEHE 2 (B D A, KRR PR R S 2 7 A OB 72 R FRAE, HillRIHE ORI DT,
BT, PRR2AFIHICIE, INE O v & — L OlfED ¢ & 3G HE 2D T 7ZHPCIO
AIIER BT 272 & BBEORMRO SRR FIMEBEICER L T b, 2, R RH
BEOEFEEFESCI2IC BN T, KBRS R Y 27 2B 5 - AFZER S RS 0 /R 72 EIEFE Y
RINRIEER 21T o7 (1),

X1 :SCl2izRIT 5T — AR

(2) REEHNZEHECRATLICE TS0 5 LOERILICET SR - K

INFETEREINTAY Mk, BEOWIHRIZET 2 7 0 77 Akl 2 3ic, A S —+
ATV AR H = A== Ea—T ¢ 7R OBE T, LFEFH SRR, LR SR
FROFRE L 2 — P BL O AT AEAEEZTHDHNEC KT R PR — R B a—
X (SX-9) LiAfsla v B a—H (Express 5800-D) 7SRk &5 KA A E Y 2T A& HW iz
RBUE « @l - SREY R =2 L—3 3 VEIROBIE - BAFE 21T > T\ D, Rk 24 FE1E, BifEY kv
A —TFITESNTWDLT U — 3 ORBIBEIFHRIZID #iA, & 1 IORTHEY 6 (o7 m s F
Lkt U CHEAMRETIE 2 HITOVTTEHH 19 5, HHMEETIE 4 HFITOVWTEHR 16 FLMRET
Efz, £z, JHPON PO HPCI HRBREF L H L T, SHEHNEFLOXARAR R ZEBMICHEL =,

IHIC, A= —arta—T 4 7T L EBREN R FENE 2 G L S S 58 & LT, 2013483
H12H (K) —3H13H (&) O H, %517[EWorkshop on Sustained Simulation Performance (HA 73—
PA T AR H— e oy YV MREEMERRH R ¥ — - HARESIERE M, HPCl= Y —
T A, MSEATEOE NVEERFZEBH R B ) Al - Bl L7, AR, A—R—a B a—%%2H
WEBASE - IS, HBERBRER . B el b OO < 0 e E AT, FERAFR DA R S D AR - BT
MEOBMLIZE T =T 7V r—vay BROMERIPCY AT LAOH Y FaxidgmdT 2B E
LC, RHEHAYB L OGRS CEBEMICTER T 2 BN O EE - HiiZ23a 2B L. o
WA B % HWFTRE - HE - A GR~16048) O[] CIERS 7eiim 2 & b iz,
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F 1 20124 P kAl I3

G S A PEgE) - b
s LA S E———s
(16 1))
1 WRITE XD bic L5 7 7 A /L 1/0 kil 3. 11
I RA)NVA T 3 N KD Eom b ot
5 MPI (2 & %351k 9.6 %
(32 W 41)
3 MPI (Z & 250k 17.6 f
(32 37 41])
4 N—T R L DT NV 34.5 i
JL—TREIZ LD AT ) T 7 AEREIE o
5 MPI (Z & 250k 30. 7 %
(32 37 51)
U2 M7 VOB
6 FErATIC R B ML L— 7RO LRI 4.9 %
FETRATIC L D AE D T 27 & ZEIHEHEIE

X2 #17mWorkshop on Sustained Simulation Performance®ik—+

QR) BAEVNVFE7ZTUr—2 a0z 0FKROHPCIICET 2HE

PFANR—P A T ABE L H— e A== Ea—T 4V THIREAF LT D | KRR EREE
ERBFZEAT . B R SE R EERGERIE MFSERT OWF e & WA JE B A A (JAMSTEC) . H A#E A (NEC) |
FRORS:, RIORSY:, B AOESeT. M2 e B s sns . bRl H i e K. sk~
ATy 7 R EFHNORERY: SRR OMEE - BIRE O E2F e 5, 2018 FEIZFES]
WRO B, FREOZRLZLBRIERIED & FEEROEERH G ORI R 72 deli b 0-3< 0
MOEHICETDHA—N—a L Ea—F L AT AT a7 b [EAEY AN RNIET 7Y
r—3a OIS OFROHPCIS AT LD H Y T OFRAEMIE] 2B L, Z ORENCRE OABESE
% DEESEOHPCIY AT A0 H 0 TiHAiF7E) o158 LTEIREN, BIERFEELZ FEiL T\ 5, K
HYT, TSV =g VISR, A= RX—a L Ea— X T —X T I FRE. TN AFREN
T YRy — )V A—=R—a s Ea—F VAT AOFEBUTANT TEREIGEE L TR MT b D TH Y,
FICHEBMET oY 27 bl oTWD, ZOHREO—ERIT, BALKZE & WELERF 28 BH & HEAE
(JAMSTEC) & O GRS IEN 7o FEHEIE I E CEMT 2 EEH T n Y =7 hO1oE LTHREIN T
ol
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4) cEHERMAXRBHERE 2—MBI ) Y FICET S2HE
A—R—aA B a—T 4 R TCIE, ERLE R & b LR 6 7V v RICBET 5
WFFE - B & 2 O EM OBHFICE D A TN D, REE T, Ao ¥ — L RIRRFE A R—A T ¢
TR E =D NARE RN OB SN ONANRNT =< AT T ROy MU — 7 ORETR
RIZED AT, BRI, Ry BT — 27 BREEOHIRICELY #74, SINET, JGN-X&2-5OLFN
(Long Fat Network) %7 77 R CEITEND T 7 U 7r—3 3 G U ClEYNEIR AT HE Aotk O BR
FKEATO, T, "A R T =~ AaLEa—T 47077 ROEFREMNEZHIEL T, K
BMEREHE Y AT A ETEITENTWD Y 3 7 OFEITBEICIE-S < E4TREM P Ilc B3 2 858 %
Tolz, BT, PROZ Z 0 REREREOSEMEZRIEL . #8027 70 RERARZHEIESES
TebDA 52— T 0 NEERINICET D at 21772 > 72,
(5) EHREHELRTLEZDOERICET 2HE
AWFFEEM ORI, RKFEGHE BT R O W )GEE Dl m RGOS 288 L, R¥EERT
HEDOWTE « HEHEET D & &b, TREEHONGE - fi2 TR A7 A7 A v a— Y
BELE L TEBABICHLEMRL TV D, LUTFIC, AEEOHFFERREZ =T,
> KRRy M ABIT a7 —%T 7 F v L 20T 5%t
THEFEH 28D TV ADTSY (Through Silicon Via) 2 W23 0@ i &R L, 3Socfgil~7
M7 ety b OFEPERE - ARTHEERRGHI I A TWD, 3kociEEEiiZHnwsZ T, 7
By hRRAEY VAT A EEEICERT AN TE L0, iR EOEEL 2> TS L
AT U UREIOWMEE RIS 5 Z EBATRRIC R D, TERDBAFIET D CADY — /L% VW C3YRT
B v v 2 AT ORFEITH, 3SRTCHEREHAEY &F v I~ NFXT7 L7 aty i
BWBFMEZ A L, =RV EROFmNT 0 7T LETEEBARER 2 AR LTz, T ORE
Z, 3DICY —7 = v FIREEN L3R eHEEMN 2 HWie 7 at » Pk EHI BT 5 EFR S0,
iH&EEII~A 7 v 7 at v BT 5 EBESECOOLCHIPS, A —/S—a U B2 — X (ZB§ 5 E R
SHESCI272 BN THE L, mWiHiiZ =i Tnd,
> SNAFRAT AT TV r— 3 AT ORY S OERIZEE T B e
A== Ea—ZTHbNXT Mvarva—T7 4 U7 OEFHNE, 257 47423
o= X CRICHAESN TV DA TF AT 4 777V r— a VST 2RI fA T
W5, BET 4T 4 AL a2 —FIZBWTEITRIVXHRLRT Mrary Y a—TF v 7 2R
HIZOIL, S VF AT AT T ) r—2a ATRHELTF v v L a7 7 N7 A —F T b
NRBZITE L TV D, T OR7 MARRE# Z I 7 2ty IR IATY Z LT, v /b F A
TATT TV —va rOMREELSHE-2GM ETEX5 2 L ZH LN L, ZNHORED—
MEEFO2 L 2—T ¢ T A EPBEES#Computing Frontier’s E THFL TV 5D,
> EMREEEE Va7 —%T 7 F X O
~NFarFaut oo EXR vy v 2 XY DD ORRA G EE BT IEICOWTER D M
ATND, ZOL) REFREHIT, v v ia AT ETRETLIAL Y NEEEHAIC X DMERE
KT OIFIR, Fx v o AT Y GIROBICH) Z2F ST L 2 HEEIIORREZ EE L, 7 'H
oottt - RIEEREIMICHF ST 5, BIREHEEEOEY RO AL B L LT,
Xrvvra AT HPOHMHINLWEEOT —X ORIFEIHIT 5 A S 2SS R 27BN
MLEITH 7T — X EHEEIC OV TV A TS, TR OREO—HBIXREEEH 72t >
(ZBF9" 2 COO0L Chips XVIZIB W TIRBH RN A 7 —H 2 H L7230, FHERICEE ¥ 5 [E N 23ESACSTS
201272 L TR L, 22T T\ 5,
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> EVERERHEL T U r— 3 U BARSERET ISR AP gE

SRR | AL . = v K (Graphics Processing Unit., GPU)72 ¥ D7 7+ F L—% & CPU &
IREDE ST R D oD T ut v ¥ 2l 2 @AM E S 2T L2 RICHMT 572
OIWIE, 77T V—FOTa 77 I FRnEERD, THE, BRBICEEMNHE T AT L%
FHATHId0T0 s T 0 75EEE L TRHICE & L7z OpenACC X4 & LT, TOEMAMESH
FYE, FRFUCOWTCHHI L, BEOHAR TR T2 Z &N TERWA Ly FRIOFREZHAWS 2
LT R LUV SRETH D OpenCL OO RVWEREZ R TE 5 Z L 2W LT LT, £,
T I I T BT A0 T s 2 T — )V OMFGEE BT o TV D, TRy T A
THEREFTEPE O BN & 5D 5 72012, BRMIERE R L 21T 9 RN & YV — A 2 — ROREAT & RE T
HZENTED, BT, KEBEHE VAT AMCBWT, §HtEMT AT AR EitHEa—h L) —
RO 2 Bt IS PEEH R F = v 7 IRA  h AT L& L, ¥ AT 20EmEMkEN EaJ28 L
77

> EERESCERM Y AT AT D FgE

AR EFRICRETOH 5D 5 LFERE 2 Ea— 2 PNVESTE 5 L9 72, WHERE CILAMZ
B AT AOFEB A HIF LT, CERFRICET 24 2 FIEOWE - BREZ{To T\ 5,

W24 1T, R RS OBT - CEERFIASARA~ORRICEREZEE, v 7 77 V73
FRAAL AT A ZDFEBRZ B L T, BROXLFFEO L —LFO Y T2 A LR b
7 vx 7GR, U 7 A LEGESCFRRER & OBEREHIN ORI A D T, YIOIZ, mitE
JEE CICBAZS L= SCfhit - F T o3 v VY REICSB AL (ERFE L il LT, 60O T4
BB U A LB OB AT Z oo, FKISEOMELZER L-, kY, #HE
L7 ER DY . SR T A ZOFEER EICEIRTE %,

MR EEE DS E I CRETOFER L &% o0, ki L7z CTmg 2 RkE TE 5L 51275
T2, CFONLE 2 FEE5IC K o TR 2 FIEA AT £ CICBRS Lead, AL Z s
TR E FFE AR EMA GO [SUFHA LTI AT ) OFa N2 AT 2R LT, TBEFZD
TRIZED, SCFALEOEOIEESR98.8%) & 137-, K7 a2 ¥ A T ERREEZR T A X2 [
A FU—/R2012) IZHEL, EERIIZORFEEFRICHRALTEH 9 2L T, SBROURHE
JBICORN LA A L NOMAE LGS Z R TET,

BT AL — DU TNH A LLFREREFBRT 572012, %7 7 AP LDA) & 5 HEEAR
ZHAWT, BAREXFREOEERMCTFIEOG B2/ LD 7=, AitFEERBO FETIEFES LT
7 — 2 (ETLIB) CHE « B E & b RE KT LTV, ZRBOFIETIEZ OMREIR T &8
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Abstract

This paper presents a faster phase-only correlation (POC)-based method for
estimations of translations, rotation, and scaling in images. Conventional POC-
based methods for translations, rotation, and scaling estimations are computa-
tionally expensive since these methods need the two-dimensional (2-D) discrete
Fourier transform (DFTs) seven times. To reduce the computational cost, we
propose a new method that decomposes the 2-D POC of images into two one-
dimensional (1-D) POCs of image projections to estimate the translations be-
tween two images. Combined with a log-polar transform, the proposed method
is extended to scaling and rotation estimations. Compared with conventional
POC-based methods with complexity of O(N?2log,N), the proposed method
performs in a lower complexity of O(Nlog,N). Experimental results demon-
strate that the proposed method is capable of estimating large translations,
rotation and scaling in images, and its accuracy is comparable to that of the
conventional 2-D POC-based methods. The experimental results also show that
the computational cost of the proposed method is much lower than that of the
conventional 2-D POC-based methods.

Keywords: image registration, translations, rotation, scaling, phase-only
correlation, log-polar transform
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A Faster Phase-Only Correlation (POC)-Based
Method for Estimations of Translations, Rotation
and Scaling in Images
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Background 1

m Image registration: align images of the same scene

m Critical task is to estimate translations, rotation, and
scaling in images.

m Phase-Only Correlation (POC)-based method

Registration of aerial images

Contents 2

m Bac und
m Previous Work

® Phase-only correlation (POC)

® Translations, rotation and scaling estimations using 2-D POC

m Proposed Method
@ 1-D POCs of image projection for translations estimation
@ Extension of 1-D POCs for rotation and scaling estimations

m Experimental Results
m Conclusions

Phase-Only Correlation (POC)

m Fourier shift theorem
Spatial domain: I; (ny, n2) = Iz(n) — 71,19 — 72)
Frequency domain: Fy(ki, k2) = Fg(kl,kz)e'jz"(%?#ﬁ?)

m Translations estimation using 2-D POC
Fi(ki,ka) F5(ky,ks) }
|Fv(Key, k2)| |1F5 (ks k)|
— IDFT Ieﬂ"(tﬁ‘#ﬁx)]

_1‘
=

Translations (11, 72) can be estimated
by locating the peak of the 2-D POC
of two images.

g(ny,n2) = IDFT

(n1,n2) = (=71, —T2)
otherwise

Sub-pixel Translations Estimation 4

m Extension of POC to sub-pixel translations estimation’
g(ni,n2) = IDFT [ejzn(ik?Jr%?)]

=~ sinc(ny + 71 )sinc(ng + 72)

Sub-pixel translations can
be estimated by locating the
peak of a continuous sinc
function fitting to the discrete
POC.

(r1,72) = I(O.d, 0.4)

ion to sub-pixel " IEEE Trans. on Image Process, 2002.

Translations, Rotation and Scaling in Images 5

m Spatial domain:
Li(ry,n2) = I3(Snycosfly — Sngsinby — 71,
Snysinfy + Snacosly — 72)

$ :scaling factor @ : rotation angle
(71,72) : translations

B Frequency domain:

ICRSE

Fy (%(‘mgn - %sin B0,

ky ke
E’smﬂu + Egcasb‘n)

|F1]is a rotated and scaled replica of |F2| with rotation angle f and
scaling factor l/S , and both spectra share the same center of rotation
regardless the translations are present in images.
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Convert Rotation and Scaling into Translations 6

[ Log-polar transform

|Fy(k1, k)| =

b 1
32 [P (Gooto — i || 17y (0,0)1 = 5 1Pt~ 5.6 )
Can be solved by POC.

ky ka
~Lsinby + —=cosfy

S S

Estimations of Translations, Rotation and Scaling 7

m Computational procedure

I I;
| 2-D Hann window | | 2-D Hann window | M‘T‘T? B Hann windows are
A 1] i used to truncate the
v B images for preventing the
T 153 “le edge effect in the DFT.
| Log-polar transform | | Log-polar transform | & The 2-D DFTs are
l Myp: lMLM performed by the 2-D fast
Mup, [ Estmate (5.6) vsng 2.0 POC 4z Fourier transform (FFT)
l(‘”"' algorithm,

‘m Computations of 2-D

| Compensate rotation and scaling in 2 | i
| { POCs involves the 2-D ;

A

/ Convert the rotation and scaling into translations by Estimate (71, 72) using 2-D POC | ‘ FFTS i tmes:
= 2 4+ k2 71, 72, - L e e
{ﬂ log( At 2) representing the spectra|Fy| and |F2| in log-polar £
8 = arctan (kz/k;) grids (i) (5.60)
Decomposition of 2-D POC into 1-D POCs 8 Decomposition of 2-D POC into 1-D POCs 9

m 2-D POC of images

Fi(ky k2) F3(kik2)
sm2) = IDFT | = e =
g(n1,n2) [‘pl(kl,kq)HFi(khkaﬂ

_ )L (ng) =(-m1,-72)
0, otherwise
@ Case 1: k1 =0

F1(0, k2)
[F1(0, k2)| |FZ(0, k2)]

gv () = IDFT 2 =T
otherwise

F;(O,kg)] _ {1.

Na=1 [Ny=1 -
Fi(0, k) = Z [Z (s ”.z]] i
nz=0 Ln; =0
Na=1 [Ni=1
Fa(0,k2) = z Z Iy(ny,ne }c jentg
n2=0 Ln =0

gv(n2) is the 1-D POC of the image projections along the vertical direction.

m 2-D POC of images
Fi(ki,ka) Fi(kika) | _ {L (n1,m2) = (=71, —72)

y1ia) = IDFT |=tiih ottt
g(n1,m2) I:‘Fl(khkq)HFz‘(khkgﬂ 0, otherwise

@ Case2: k2 =0

F,(L. ) F5(k1,0) (k1,0) n =-7
;) = IDFT L
gu(mm) |Fa(k1,0) | ‘Fg (k1,0)| 0, otherwise
Ny=1 [Na~1 5sx10°
Fi(k;,0) = Z Z Li(ny,mz) "’2"'*71 % 5
n1=0 Lng=0 s
Ny=1 [Np=1 B g 4
F(ky,0) = z Z I(ny,nz)| 7327 K i
n1=0 Lug=0 Jl e

L

gn(n1) is the 1-D POC of the image projections along the horizontal direction|

Estimations of Translations Using 1-D POCs 10

m Computational procedure

I(nu, ma) I(ny,ma)
Image projections Image projections .
‘ ‘ J ‘ B Hann windows are used to
‘ D Tk ‘ J 0 Fiah Wadsow ‘ truncate the images for preventing

e ! [t Jrany e edge effectin the DFT.

[roFer] [roFFT] [1DFFT] [1-0FFT]
Fa(ka)|  Fu(ka) Firz2(ky) Fya(ks)

W The 1-D DFTs are performed by
the 1-D fast Fourier transform
(FFT) algorithm.

Normalized cross ‘ ‘ Normalized cross

power spectrum power spectrum
Onti) G | B Computations of 1-D POCs
[ o ][ wore | involves the 1-D FFTs six times.
gu(n1) ‘ yv(nz)‘
[ Transiation ‘ J Translation ‘
estimation estimation
Y 1
T1 T2

Estimations of Translations, Rotation, and Scaling 11

I I

| 2-D Hann window l | 2-D Hann window |

[ 2orrr ][ 20FFT |
I VI
| Log-polar transform | | Log-polar transform |
] Myp, | Mipy

Estimate (S,6y) using 1-D POCs of
image projections

‘(S, fo)
| Compensate rotation and scaling in I
17
Estimate translation in 1; and f;
using 1-D POCs of image projections

v

(71,72)

Extracte two slices:
Fu
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Analysis of Computational Cost 12 Analysis of Computational Cost (2) 13
Table 1: Theoretical numbers of arithmetic operations (additions, multiplica-
tions, divisions and square roots) involved in POC computation.
2-D POC-based Propesed Table 1: Computational cost when N = 512. Logarithmic scale
methods method 2-D POC-based | Proposed for y-axis
PW“T‘"" Add 9 6x (N - 1 methods T | method O e ol ]
Hann Window | Mul 3x N? 6x N
= = = = 23, 592, 960 49,146
FFTs Mul | 3 x N%log,N 6 x FlogyN Add (100%) (0.21%) 2
) Add | 3 x 2N?%log, N 6 % Nlog,N 0 ciabh ﬁ;
Mul 2 x N? AxN Mul 13,107,200 28,160 ;a
NCPS Div 2x N? 4xN (100%) (0.20%) = ol
Sqrt 2x N? 4xN Div 524,288 2,048 *zé 5
— Mul | 2 x Nlog,N 1% Ylog,N (100%) (0.39%) L |
FTs 2 £
Add | 2 x 2N?%log, N 4 x Nlog, N Sart 524,288 2,048 ; ; i
Mul: Multiplication, Add: Addition, Div: Division, Sqrt: Square root. i (100%) (0.39%) 2 s12 slu’z:‘ 2048 4095
NCPS: Normalized Cross Power Spectrum. The numbers of multiplications as functions of N
+ K. Takita, et. al, Hig y subpixel i based on pi y correlation, IEICE Transactions , 2003. + K Takita, et. al, Hig y subpixel image based on p! ly correlation, IE/CE Transactions , 2003,
Experimental Data 14 Experimental Results 15

Original image Rotated, scaled, and translated images

Lena
(512 x512)

Pentagon
(1024 X1024)

Head CT
(1024 x1024)

B Lena (512 x512)

Table 1: Experimental results on the image Lena.

Actual 2-D POC-based Proposed
parameters method method
5=0.875 §=0878 S§=0872
0y =120° b = 119.82° o = 119.74°

(11, 72) = (0,0)

(71,72) = (—0.51,0.05)

(#1,72) = (~0.18, -0.45)

S =0.500
0 = 60°
(11, 72) = (10,20)

S =0.498
Bl = 60.13°
(F1,72) = (9.78,20.48)

S = 0.5000
o = 60.16°
(F1,72) = (9.69,19.59)

5 =0.350
0o = 30°
(r1,72) =(3,9)

5=0.346
fo = 29.91°
(#1,72) = (2.72,8.16)

5§=10.350
o = 29.90°
(#1,72) = (2.78,8.19)

+ K. Takita, et. al, High-accuracy subpixel image registration based on phase-only correlation, IE/CE Transactions , 2003.

Experimental Results

16

m F16 (512 x512)

Table 1: Experimental results on the image F16.
Actual 2-D POC-based Proposed
parameters method i method
$ =0.900 $ =0.905 S =0.808
8y = 95° B = 94.67° fo = 94.68°
(r1,72) = (0,0) | (f, %) = (=0.43,0.31) | (71, 72) = (—1.22,0.45)
S =0.700 §=0.697 8§ =0.697
0o = 25° B = 25.02° fp = 25.08°
| (.7) = (3.15) | (71.72) = (3.10,15.65) | (71, 7) = (2.58,15.37)
§=0.500 S =0.498 S =0.499
0y = 10° 0o = 10.09° 0o =10.13°

(n,m2) = (20,5)

(1, 72) = (19.68,4.80)

(%1, 72) = (19.69,4.80)

T K. Takita, et. al, subpixel imag

based on pi

ly correlation, JE/GE Transactions , 2003.

Experimental Results

17

m Pentagon (1024 x1024)

Table 1: Experimental results on the image Pentagon.

Actual 2-D POC-based Proposed
parameters method f method

5 =0.800 §=0.797 §=0.802
0o = 80° fo = 80.24° fo = 80.22°

(m1,72) = (0,0)

(#1,72) = (0.23,-0.50)

(#1,72) = (0.16,—1.01)

S =0.600 S =0.599 S =0.600

= 45° fo = 45.11° By = 45.12°

(r1,72) = (7,25) | (F1,72) = (6.73,25.76) | (1,72) = (6.81,25.15)
5=10.300 §=0.299 §=0.299

0 =5° fo = 4.77° o = 4.77°

(r1,72) = (18,6)

(#1,72) = (17.72,5.54)

(#1,72) = (17.14,5.78)

T K. Takita, et. al, y subpixel image

based on pl

ly correlation, IEIGE Transactions , 2003.
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Experimental Results

18

B Head CT (1024 x1024)

Table 1: Experimental results on the image Head CT.

Actual 2-D POC-based Proposed
parameters method t method

S =0875 §=0877 S$=0871
B = 110° o = 109.86° 8o = 109.81°

(r1,72) = (0,0)

(F1,72) = (—0.62,0.23)

(#1,72) = (0.16,1.14)

S =0.700
6o = 50°
(11, 72) = (8,22)

5 =0.699

6 = 50.06°
(%1,72) = (7.93,22.11)

S =0.698
9y = 50.07°
(1,72) = (7.50,22.57)

S =0.400
6o = 20°
(1, 72) = (20,5)

S =0.400
o = 19.87°
(1, 72) = (20.10,4.92)

S =0.400
9y = 19.83°
(#1,72) = (19.53,4.30)

+ K. Takita, et. al, High-accuracy subpixel image registration based on phase-only correlation, JEICE Transactions , 2003.

Checkerboard Alignment 19

Computational Time

Cost

20

m Computational Time Cost
u MATLAB 2012b with Window 7 Pro
m Intel(R) Corei7 @ 3.30GHz

Table 1: Average computational time [sec./image pair] in rotation, scaling, and

translations estimation.

Image resolution 2-D POC-based method| Proposed method
(Lena, F16) 0.22 0.10
512 x 512 (100%) (45.5%)
(Head CT, Pentagon) 0.44 0.19
1024 x 1024 (100%) (43.2%)

on phi

F K. Takita, et. al, High-

ibpixel image

nly correlation, /EICE Transactions , 2003.

Conclusion 21

m A faster POC-based method for image registration

® Decomposition of 2-D POC of images into 1-D POCs of image
projection for translations estimation

@ Extension of translations estimation to rotation and scaling
estimations

@ Reduction of computational cost from O(N?log, N) to O(N logy N)
m Experimental results demonstrated the effectiveness of
proposed method in terms of accuracy and computational
cost
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