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1. 81

TR PR AR D Z ST B PR ol B A Y SR 1 ke A - SRR R DUE R T R
#8 & B (logic synthesis)[1][2] » F flir W& (technology mapping)[3] FIAF £ L ¥ (Boolean
matching)[4] %% » Ft— @AV EEREEE LRI EENY - T RFECE]
BT % R E R MEATRT AT 10]-[15] - 40 : BHERHEH A SR (rewiring) B9 F
A HTEREME (11, 14] - AEEAEMEE LT REMER2 [10] - BEEA SAT TRMBRIE
WY 12] EARAY ST (13, 15] - EEE - MR REEE R ES
i [8] + SEME 7R LAMIFR IS T Ml S SR S a7 2 E R BRI SR L - G 2 —(E3k
BRI, E o (HERS IR ECE Z R ER 8 AREE - §ESRMYITE (8] &t
BRBE MRS RIE T - R T OGS ERE - s AR TE P L R i S
TTHUE S AP R -

A FE E SCHE H (5 [ 1 B 2% (Graphics Processing Units-GPU) “E 17 (b A1 5 1A
fIF 22 /978 525 [8] © {F ICCAD (International Conference On Computer-Aided Design) Al
DAC (Design Automation Conference) HJHHFH » A DHF5E [16-26] =B H GPU %
fi i}t EDA (Electronic Design Automation) SEIKATHIEE < fRY% NVIDIA 8IF T [9,10]
FR B4 GPU R B EGERAE T O A8 L CPU S 8 57545 - NVIDIA #£{:  CUDA
(Compute Unified Device Architecture) #2={GH 5 - B EER S H GPURLERS
R R P R AT E R - JF T R A GPU I LRI 2 AV EE % (8] » B
Global Memory and Shared Memory Optimization (GSMO) {1 Global Memory Optimization
(GMO) FafEIELfiT - 3% GPU BESIR DA AR IGCIERE AT R EL » DRI 2 FPaiT 3R -
EEEERNEEERMEEE - £ CUDA ¥4 Ll GSMO #1 GMO mfE#fir -
EIRFE A RAY -

fEfe TARAER L. H - BB E S g B AGR SCH B < FERE G - 58 =" /g M
FRHAY GSMO 1 GMO Rifditifly  SBNERZR MV E R R o &k - -fTE
A i ARG -

2. =0

AE—BHIA S e T AR R B R A B A E 2 A S RA AT Y oR B R 1 e A v
B (8] Al GPU AY#K R FIARE L0 -
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2.1 RHHFEUEENE

e E—EAA MR /(X0 FIEERRIER A x f x ({x, 5} CX) ¥ /I x
GHIERRT ARG A PR FTREME IR S £, S S T A BBV OTEAA A EVRRER T
A DAE R A [RIER L B S AR R AR A0 T

& foo=foo BOLEF - BUERIR S (X) $TETER A X F X PAE S RCH B ERGR - R
E(xi, ) e

B fon=Sos IOLIF » BRFRR (X)) $HEEA x 1 x TR IR SRR S RERALR - Rmak
NE(X;, x.') °

B fos=Fos s St fo= Sy M fog=K BRILEF - BRFOR /(X) SHEEA X f X, F/7E
B SRAREIERGR - 2RI SV(x %) S X ,x) ~ SV % , %) FTSV(x, x,) °

DIESEE & 5k - RUGHESRETFROMHE M - PLOFEE RS A B E B
R - FREEIEE RERIGHER o FrLARISEsTagitst (8] S LA AR BT A
17 on-set fil off-set FE 4 FUTHIAECES - MR & Z09im AT - & T &knvEm A ¥
Ve - 72 T /NS SR AR R R ERC R B A S R A RS RO ¥ -

(1) ERBIER IR E FMMIFFLE BN

IRIE R FIERTRIRAFZE (8] IB AT & LR H B IE R & £ R IR 2 INBITETE
BoEtd - P AR R E e B EEEAE 2 DINBIRUAERCA AL T - —Bta st a8 F
BEFRYTTERANT

@ Distance(u,) : 355 u fll v F{EFEERIAYEEREE - 41 : Distance(u,v) = 1 » §t s u fll v
FR{EFETE IR EEREZ 1 -

@ Disjoint(u,v) : o u F v R{EFEHEB T HZ TS » U0 Disjoin(u,y) = {x} * T
o u M v R {EFEER] x, FICTEES -

@ [-lit(u) : FARTHE uw BFT0R 1 BB AZES » [Z 0-li(n) T u #5702 0 /Y
AT -

O (u): ZrEEHu B i ETITHIEE W u=x % TFx, @=1-

@ Non-ENE-Symmetries(u,v) : 7577 u fll v ﬁﬂ{ﬁﬁlﬁi@d“ﬁﬁ%[’?z;r BRI IEE R
HIEMERHES -
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fe e — B MR ER L f FIRIEREE v € /™ Fvef” (RT3 R R ETEEED
HACH IR RS - 20T ¢

Rule 1: Distance(u, v)>2, BAFETTAEGEBNEREMSE, il

Non-ENE-Symmetries(u, v) = ¢
Rule 2: Distance(u, v) =2 f Disjoint(u, v) = {x;, x;}, BEFE AL GENHMERY,
{x, %3+ if x(w) # x;(u)
o, %} if () = x;(w)°
Rule 3: Distance(u, v)=1, #&HFELEIEHHBENACS, U
AX(BUC):if x;(w) =0..(1)
AX(BUO):if w) =1..2)
(X} B=S(X—0-it@w) ) N ( X— 1-lit(v) ) - A F C = ( X = I-lit() ) 0 ( X — 0-1it(v)) - A
B FIC REMZ B C A FTH M AU 15 (complemented) .

EL Non-ENE-Symmetries(u, v) ={

Non-ENE-Symmetries(u,v) ={ & A = Disjoint(u, v) =

BER BEy = (@R » BEATLARAMOGRER f(0) hAERRERECE e E - R’
AN EERH B MR - & TR e AR -

(2) EFARIRECHH IR B B — S HHEM

fRIZHRMTCHTIVISE (8] Rl A G E — S EH I R G E A EIEEEE 1 £
BIRETERCHIE - ArDAR M RS A e IR | ERYBERC AT AT « —BtasesmiE
HAIGE FAIFFSRADT -

@ Non-SV-Symmetries (u,v): 7o u Fl v FU{EETEECEH 0] f2FR 2 N Eikn) H— B BT
HRCHES

faE—EAMKRE fFRERE e e/ Fve s’ BRTY 2 RRARERERK
FHGHHIRA R IERCE - 20°F

Rule 1: Distance(u, v)> 1, BAFFEAEFASEEMARRENE, FTL
Non-SV-Symmetries(u, v) = ¢
Rule 2: Distance(u, v)=1, #EHEEZEENBHEMRE, U
Non-SV-Symmetries(u, v) = AX(BUC), & A = Disjoint(u, v) = {x}, B =
(X — 0-lit(u) ) N (X - O-lit(v) )- 4 F1 € = (X — L-litw) ) n (X — 1-lit(v) ) - 4. B I CHRERM
& B M CEAEFHMANIRME,
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s Ll AR {E AR - g LSRG IER £ (X) AT REIRRCH e & - #Fr
HAGEAEHIERCEME: - BT &R T WA -

2.2 CUDA {RIZZR1E

CUDA V5 2LLCUDA CEESHER - B C/CH ESHYIEM - B FHHRES (nvee)
JETTHREE - CUDA 18 CPU & EEHEIR (host) » I GPU & fEFEE I (device) * £ GPU L
TR P B BUENRZ L (launch kernel) © — %455 CUDA Y2 - 2NME 1 - HAgEE
MR HEAE R A GPU 2% - 3 EEATTEIEBE (block) FIEATT#E (thread)
HYSLEG RUEIRE L - BT 0B CUDA B & f4 5% iE Fir A A S AL s TR E A% e — (7
% (grid) * GPU & LANG 1T HY 7 U B A A4 N & SHAEFS - 20[E H Kernell W] DLZETT -
TEEITRLOET - IR E —(EE M 4 ERITHRMALE o (FMEM - ETRLLE
CUDA §EEHE 6 (B BHAE AL Gridl AT -

GPU IRH EHEDEBURER - (HEME L GPU EEEHEN 25T - &R
ITHE LA 32 (B B B0 - )RS T warp - (R —(HEBRE 58 [E#{T#E + GPU 1EI&
EE S - S 2 VB R/ warp  ATLA GPU B S _EIEH (TR AL LL warp 5
B e

l / Gridl
Kemell
Block Block Block
a5
Block | Block || Block |
(1.0} {1.1) (2.2)

Kemel2

h

End

\_ CPU/Host ) \ | GPU / Device /
' Block(lL.1) |

11 CUDA RYimmfEaY




5 #£ CUDA & kv i oy SEHE M09 1000

2.3 GPU CIEEET 48

GPU fI i HRLIER U S Y rss - BINIIERE - ==  2EEE - W
el eV S L ER - 1 CPU M LUE B 20 B « H e B E S REEE
FEHEIRAG GPU » LTG5 BaEME -

(1) 57783

BEPTHE A S BNEES - EFENEE 2R CEE PR RERN - B
BEHENFERE R EIEGETER - B S A ERE A S SRS -
(2) EfFzciERE

BENTHOTEESHNESLER (2 EFIEEZIEHE 1217 (400-600
clock) * FILIEETEEFRHE -

(3) H=roIERE

F—EERETEHE S HOLELERE - TUGEEEARSRITHEFE iR
AT ERE F SRR E R EREAGER - HENEEERRY
745 (4 clock) » AN —qla & B Ay L S EC R Y A N R A 48KB -

SRR 2 32 (EREF AT - FEREFEIYA/NVE dbytes » WTHRE warp
P — B T A a7 R — (B R T R - PRy 3% AL eI (E 28 - ERE PRI BE T [ -
AT AR REFE L S0 TR BENS - AT 2 warp N THEEETE AN FI AR SRR EETERE -

(4) ZHECIERS

TEMEAS R A A R RS AI TR 80 n] LA FE I B A ERS - TR NERERE
P EARY - SBE CPU &2 %@ 2 Al B i & BHE S GPU » (HE2FEIN2EEE
i Y A2 R 121 (400-600 clock) + FTLA GPU 2 —1{E & OF B - #E s i
BECRREAY R B - $R AT AT EE -

B warp WEYEHIT#E T BL 2 I EC IR RS HORE 1% - GPU & S TR B 2= B FE 1E AE DA
128bytes HYA /M3 B + 2A1% warp & i FH A/ [Ny 128bytes BY L1 (REVEFIE G E
fig FAYSTEY - tELRRR— R L1 PREA] DAGEE {73 B (128bytes) BYEH} - 2N E warp
KR TRE S I 2 (R R A — (M 5 ER N E R - ADESE (E warp HRFE BT —X
HIRT » #am)GhaRiE (B warp HFRZF I BAC RS — 20 » ZETHE 128bytes HYE RIEINGE
ik RZ3EE warp AR THETEIN R0 (B RS L im— (B BT E R - st &4
E— KA TR AR IREUR B R Bk 2 - T EE (8 warp fREL ZEE EAERY KB
I FLE AR R AT B TR R TR - AT AT & warp IAISRTT Fe e 28 A]— (8
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SERITEDRL -
(5) HBTHBRE

R BSR4 A B SR (T T DL
B - R RIS - AR - SRR A 4 clock © (R
SR+ ELAIR I T 400-600clock - THIA/NTA + SEH R ETE AR B
B+ DR RIS -

(6) t1ERCITES
T RBEREAFC RS - RS M AT A R BRI TR AT DL RO A
fEfE - CHURFE A R RSN - R RO TR R R FE N 22 SRR R -

3. FT B RANESEE

B T A (B AT (LA B — 25 R B S SIORD F S 5 A v B B — B G
TEMEG B {F{E CUDA AL HMINFEEENER TR GPU R EEIER - R
18 F—EA B RS A GPU IS i R R 2R E 180T - AR GSMO
1 GMO Wi fE GPU 01 LAY H T - DLR 43 B A CENES 1 CSVS Tl B
FiE o {15 GPU Besi ) sEE 28 50 B O B - DURFHIEFFRIEITAAE « fEEHIFE
SRS PO TR ER: - & GSMO Bl GMO Z i fl CENES Z B ik » 1EH
B B TR RS - S GMO ZHlTFRl CSVS 2B Ak - TELUT /NG - g
TS R SE T LA BLERR AR B - ALE TR 28 « GSMO Fl GMO ARG [E#S
R E{bH LK CENES f1 CSVS MfEE R f: -

3.1 BEEREENTA

(1) (FRFE SR ERE B 2 RAE
B ARANE 2 R o R E RS RS B IR R ER - (R -
— . i
ST E A RRRE S0 1Y f FL T 2k 0 HOPERANT ¢
Step 1: THICHE



8 f£ CUDA -F & _Efm ik o 2L HHARME 69 14 0]

BB fx0) 7 M r ZEEHE - SlilE GPU iR I EC ERnIREF
Z2fE  BIEIER NSNS FEATEGER - REFRE SO HSRRE 2
VRS - IMERBEEREER N 2 » (V) IEES - IHFEA GPUHY
PR -
Step 2: 2B Z5EEREL (GSMO)
fFH GSMO Z ¥l - 1% f B U E Fimb 7 A GPU B2 EC R R -
Step 3: B EE(L (GMO)
A GMO Z £y » #F £ BOEEREEF iR BRI A GPU RYZIEGECIERE A -
Step 4: 3EHTTH%(» (Launch Kernel)
K (0 IR EEVEEE ST - B A EREE - shiTH
EEMALZIIEAIA/] - 2T GPU $UTHTE IIEHS -
B
Step 1: Al 7 (X) B9EREME R S EMSE 240
NE () WHEBEREEREES - HIRFRGEETEETEEE -
G SR H TR TR R BBk D=t - RCZ B8 T LA T = (B8 -
Step 2:f*on fEIHE A L0
B AR TRE TR TR AY fron BTRTEIE 2 A0 EM S A Z B -
Step 3: FI| FHIETENC S FR T EE R A
FHETEEBETE 2 DA R TR TE RS Sk G B & ik A B R A -
Step 4: f & 7(X) FUE 4% (CENES)
@A FTE TR SR =% ol EANATR TR EE E
ERATARFRERIE (X)) B8 A BB IERRAS - WE0 SRR B A SRR AR RE -
GPU TESATTHE » B A RB TR BT EIYELE B - EEFTE EERETI TSR
GPU 7 & i (2 A4S R [E & CPU -
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i ——— '
e /

i = svm-tautology ,L N

¥ |7 Globalto Shared( f°*) l
I GSMO( f°") ] ¥

l = Non-ENE-Symmetry

Y=y .w

l GMO(folry ]

i ‘

| | CENES() ’

I Launch kernel I——'
=
K Host / \ Device /

2 T RAIKEFXANFEF M A2 E

4 I
[/ F: / / fiﬁ / / v Y\

v-9
GPU Prepracess (f°", foffy
i = svm-tautology N
} w = Non-ENE-Symmetry
=y -w
[ GMO( ", fF ) J 5§
) J CSVS(y) |

| Launch Kernel II
e
K Device /
Host /

3 RAINE E — BB RIZE

(2) 1ERIE —SHEE M RE
FLRETAZANE 3 AT > B E IR RIS B R R S B A -
— ., F i -
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T HEIRTERR AR BB (X) B £ FILF7 205  ELBFT45 B (e S R et
WIEEAR/NER - TEEFITERFIEA GMO [FIFRFE £ # £ BHEERETTE
MEFREEITEA GPU M2 I8 B -
= BEE g
Step 1: FIER f(X) THETEER T T HTE 2B
R f(X) FHEERBERZEES - AR TEBMERTFEEETEHEE - &
AT TR B LR - RZBIG ST T RAE S8 -
Step 2: FI| IR IEAC MBI E S AR 1RO 2
St ETEEREAE | FUTEIEECE - MIBRFRAE T & ka0 B — B -
Step 3: &2 £ (X) FTEHEFRAS (CSVS)
WS PTE BRI TREAR B 7258 AP B 2 1% - FRE A ETTHELL warp Ry BE(
T EAe AR ARREL f (X) SR MESRAR - R0 EReR B (i A B
PERIRRE -
GPU {ERITHR » @I Z ATREE BT DAL = (B8 - B EIFTE S IREIT5ER -
GPU A & ¥ ik 1% #%5 =8 CPU -

3.2 E¥553EC

ANEPRES AT AT 4 B i TR S A S M SRR B TR BC - A0 4 B -
6 E — (BARAREREL S (X) - REH: on-set B off-set 5751 m Fe n (BFEME - #EILEh g ES:
m > n (618 SE AC ¥ - P A AT A Y TR TE BC S R R — (8 ARV - R
on-set FRIE(EEY » el (U5R off-ser TAIE(REL - (RE%— (& B T EEEL p (B on-ser FEIEF] ¢
{E off-ser FEIE » FEFT—(H @I E

q

off-set (n)
|
1
p — ©.0) ©.1) ©.In/ql -q
(1.0) (HE. ... (Lfn/q] - IL
on-set (1)

¥ 5 (jm/p] -1

" (Im/pl - 10) | (m/pl-11 | ... dn/ql— ¥

4 1 GPU BUEFSECE E
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H pxq (BRIERCE - TS — BT TR —EREEY - - AEEEE pXq
TR - A B Ak B ATE R REIERCE - A LIEEE—YEE [n/q ] ([HEH -
FB—1TEHE [m/q) HESH - FIEREE [n/q] * [m/q] HEHR - HETEHE
—HIFIE—TRE—EEREEE S LS - SRR NENAEEEBRATA/NE
SECEER AR EE R TR - Il —EE 6 LERITHIES - T EEEHIT
s AR T g o B AR S - SEER GPU WETHRIRE - FrLAERLEEILAT
KN - BFEBRAD T DERITHIESE

3.3 IR A SRR E (GSMO)

AR SRR S Ao R - & A E on-set TETRHIBT BERERIB LA &150Y
EIREE o (R I FT1E40 on-set BiTETFHLAY R BUR G LL off-set THIEE ARAYZ » AT AR A]
DATE & SR R B R TEEC S 2 R > $1 on-set FRIERE(FE L Z L EREN - DURA GPU FEHE
R E IR A B - FEOT IR A B TR - RATRBEA on-set FIEE BT B IR
R & ettg it - PR B A S ETE T AL 23R -

GSMO & 5 #5k 2 B A E R e Rl EE S AL EZERAREE - 1 H GSMO
BA SR SRR ERNMBRITRI®E - RS H GPU K
B IEE Z O R A B (B L1 BRIV s hER ) - SE=BERLE GPU fEIRES
ASZ ORISR - g R4 (A RGEEEEZE -

HATEE GSMO HYSE—{E4BF » Sofr T BIREE A s Ui - S5 P88
Bl 77 26 B b R T T S T e e S (R R iy O Ui - AR T 1) o S (e 38 — {182 BB
TAMTAE 35 B R R — (5 B PR R B A (75 B EECE T B (B0 BR P L HUBRES -
B S (EfEIETEE 32 {H word WEETEZEM] » SR EEEERNE 1024 BT - FHE
SRR 32 (AREIERCE - SR AERFEE 32 {f on-set FIEE RIHGEIERE AL
EEEREA - A8 S Fn 0 BRARRFESE IR 32 [EEETE AR R EEC R ]
c0 fl ¢l SrBIFETHE(HREEME —EEE - LTIk - #2455 1024 words HY
FZeR - ER/ERNFBITRER NS THRETE - 0 1o SRR TERA T
HAmE 0 F1 1 > DUTR I AEHE « F M5 B warp FIR9SATT L4 R 3B A — (& R -
3 warp NAJETHE G IEEICEEN 2 EE0REMLL - e —RIITHE R A RE—(F
word HJE R} - SEMEHESE N RIBITHB T2 34 ME - M BE S warp IREEAVE R
#iEE LE 32 {f word LA » A] LA 54 warp RFEEIN SO ERE —2k » BLOTHE 32 (1



12 7£ CUDA -F % _Ehoih 8 1 #HR M 60 1857]

word HRTZERIEE A DRI + ELAB TR AT B 2tk A BRI O + o] AR T
PRI RS » FRLABE PR = R « MBI 32 AR AR - ST
#BAR/INES 1024 words HTRUBAE ASE S MR « (77 A SEEIIEFIR 218 6 Fr: -
ERIVEEI BT AT T DO RERTRS - RN T AR B RUaEsE -
A1 c0 BIFRRES 0 (RNIE - o1 IZE7ss | (AR « T fbAE - BIAET - IR
PAGETRRRAREE (91) 4O - AImio i R A B AP IO = SR A fr 1 » AL DS
R (17) A » %67 32 (HRUERT BEEIURLIEIR AL - %06 warp FIVETHGIE
55 0 {8 word FI%5 31 1B word FINIZTRHE A SE TR IEA + 55— 18 warp PR E
5 32 (6 word 155 63 {8 word PNATERHE AL TELEAER « DL T GRILATE - £ fat
AIS AL - SERREA TR AT DL warp IR0 TREAD M AT E R IR RO AT T
DA% % B B 2 2 -

J 0 > 0
o [T | 1 [ e
t31 » 31 ||
132 32
warpl — |1 I
163 63 A
164 » 64
warp2 —J — 2
195 » 95
196 > 96
warp3 c3
1 t127 » 127
1992 » 992
warp3l<| ¢3l
11023 » 1023

5 REmAMITHEEVRIEAMER
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bank

0 0 32 64 96 992
1 1 33 65 97 993
2 2 34 66 98 — 994
3 3 35 67 99 995
31 31 63 95 127 | . 1023

T T T i T T

cl(] cl €2 c3 ci}l

1

cube number
6 17 EATEH BRI H ZE0EREMMLE

1284 /e fm.

\
f | !
MPIR WAk WEIK

7 BRI EERIARIECIERE R B

1284w 7% 48
- Nl N B
- t A
! | |
WEIK WEIK E E.SES
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FRAM LA (e T o B S R IR S g e B B — B R R A B T LE E R E
{ESERK » EEFR{F FH BV SE & 5y 64 (T 4ERE09 18 » CPU /2 INTEL Xeon E5-2620 2.0
GHz 358 - 5 FHEH 6 {@t%L - FHMacEsE 1t 32GB « BR /2 NVIDIA Tesla
C2075 * 'EF& 448 %050 14 {# SM - ZEFLIEHE L 5GB - {FZERH KA Cent-0S
B 6.4 fRA - BB PE R UC Berkeley KEAFTBHFEN — M@ IE & (£{L LA Espresso Ef
[13] F1 NVIDIA FrBfZEH) CUDA S5 5 5.0 BRA - RIMEFERHAERES F—HE
B& s MCNC benchmark » R L EFE G R —RE R B - Hig AFIEEEEEVE )
S E s R ML BRI M AR B A 2 S T B i A R A (2B - ArDLEMIE B C
BZER) T BBERS A4 28 A RIELERS . BE K& AFEEEE AR ErE (n ABH
>1000) + HE &SR Al E BRI T bR rayme vl (B ERRERE A -

4.2 FHAESFVHBEIEZRE

(1)MCNC benchmark Z ZEg4E5R

B E B2 A R A S RN IEE RO M - B0 MCNC benchmark » 55T ¥
ABEMEHETHBEE FENNER - AEREmEHEHEE 2 EEARFET
{LBYTTIELE CPU E#47T [8] » SE 2 IRAR A T FE GPU LT » HAHE
FE GSMO 1 GMO FatE{flr - £ GPU _E#NTTHF » FeE < @B A/ VR 1024 REATTHE
EEERITE 1 A o B9 0 WAL #in 7 #out 43 BT B IR AV ES AFE H (E % - #on
il #off 53 B FEEREHY on-set K off-set WITETE(EEL - #pair (LRBEEHAVTEHERLLHEE -
symm X KB ESFEHBEN O TR ERGFEHEE - X IR AR B -
i CPU » GPU #1 OURS 3 BIRTE—H - B MM A EAE R - o8
LA R BERT o DITERK fre2 {8 » CPU ~ GPU K OURS Fif{E%E 2 BFRI4 H ks 0.44 F
0.08 K 0.03 # - L CPU BB Lb#i B HE » GPU MUSNTTREE Al FEFF 5 %5 /245  {H OURS
BIBITRREFTHE £ 14 (554 - #8{7 Total Time F2/FiE B RS 2 ST TR RFROFER -
LA OURS BI3RITHE RS & (E B HE (1.0) » AH#SL CPU #1 GPU RYJ7 1 » OURS MY 7
WEER 43 BUFRTF 12.7 5 K 3.3 5 - EEgib RE R KM AR E T EH W% - FLRgH
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P 5 R R < (B B B R A 2 K B A RO L
TR TELH -

F* 1! MCNC ERZIGESFWAIESNH B BEER

# of cube time(sec)
circuit #in | #out product CPU/OURS | symm
on off CPU GPU | OURS

cordic 23 2 1206 1191 1436346 0.08 0.01 0 0
dalu 15 16 2344 1484 3478496 0.17 0.08 0.02 8.50 (0]
too_large 38 3 1075 541 581575 0.05 0.01 0 - (6]
frg2 143 139 4377 3942 17254134 0.44 0.08 0.03 14.67 0
i2 201 1 214 256 54784 0.08 0.04 0 - 0
apex2 39 3 1038 541 559935 0.05 0.01 0 - (6]
apex5s 117 88 1227 1622 1990194 0.05 0.01 0.01 5.00 0
ex1010 10 10 810 2154 1744740 0.07 0 0 - X
i8 133 81 3544 986 3494384 0.09 0.04 0.01 9.00 X
9 88 63 2268 1576 3574368 0.1 0.02 0.01 10.00 X
pdc 16 40 2406 987 2374722 0.03 0.01 0.01 3.00 X
Total 1.27 0.33 0.1

Ratio (%) 12.7 3.30 1.00

2 KBERZBEFHMIFFNH B 2 MITE R L

Input Number
Method

500 1000 2000

CPU 389.73 765.00 1420.96
GPU 42.35 63.63 114,51
OURS 7.25 14.37 28.65
CPU/GPU 9.20 12.02 12.41
GPU / OURS 5.84 4.43 4.00
CPU/OURS 53.76 53.24 49.60
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1000 £ 2000 HY# A A/ NYERS b+ S BIRIFEEF 5.84 ~ 4.43 K 4 % - FHE CPU B9
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R HEPTREMEEEYNE - fEBER A LUERERFEH CUDA FET{bim LM
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43 E—SHHBEMRE

(1)MCNC benchmark Z EEfi#E R
o = FH B B (e I ol B B — S B R 4 - (3 MCONC benchmark » 5By T Ba3E TP
RHZ S ETHE B E TERR - AERBE WA EHEE - HESERARETEN
J3EFE CPU L#AMT [8] » 58 ZH B R AN AT {LIfE GPU L# (T » B H
GMO YT - £ GPU E#THY - ATER B @ A/ N E 1024 fR#TTHE - B 5 S B0
3 FRFEMEH » B #in ] #out 43 B2 BB BE A AR H (H B > #on F #off 5351
RETREBEHT on-set Tl off-set HITEIE{EEL » #pair (X R EEE P OYEER S EE » symm (€
RENBEHFEHEDE - O RRNBHEEHBN - X AIERTIFEERSETEME - #A2
CPU - GPU fll OURS 53 plIFRaE—il « 8 MMy EREESR - fosk 2 R
DIFY B BET - DAEERK frg2 {5 » CPU » GPU F OURS FR{E2 2 R4 78 0.71 # - 0.16
PR 0.02 7 - DL CPU R Lbf BL4E - GPU RYBRITXUAE R IR T 4 5724 + {H OURS HY#h
TTEERTEE T2 35 (5 A2 © M1 Total Time Fn T B REIERTAEFI - LL OURS A%
1THF[ET & TEHEHE (1.0) » FHEZ Y CPU il GPU YA - OURS Y2 E 3 hER] 45 BIHR F
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43.75 5 5 9.5 & - AR ERRME TR R — B RCA T MRy - T i
BARIIET I%L%%%ﬁfﬁmmwﬁmﬂﬂ)ﬂﬁmﬁ R R R B R
FERTERE S o T —(EE R 6 A RE M L 2 oK Bl AR RETHACE 0B RRAE T L -

3 MCNC BERZHEE —SHHFEIEIERER

# of cube time(sec)
circuit #in | #out product CPU/OURS | symm
on off CPU GPU | OURS

cordic 23 2 1206 1191 1436346 0.08 0 0 (0]
dalu 75 16 2344 1484 3478496 0.11 0.08 0.01 11.00 0
too_large 38 3 1075 541 581575 0.06 0.02 0 6]
frg2 143 139 4377 3942 17254134 0.71 0.16 0.02 35.50 o]
i2 201 1 214 256 54784 0.12 0.03 0 0
apex2 39 3 1038 541 559935 0.06 0.02 0 o]
apex$ 117 88 1227 1622 1990194 0.09 0.01 0 0
ex1010 10 10 810 2154 1744740 0.03 0 0 X
i8 133 81 3544 986 3494384 0.14 0.02 0.01 14.00 o}
i9 88 63 2268 1576 3574368 0.06 0.01 0 o}
pde 16 40 2406 987 2374722 0.12 0.01 0 (0]
Total 1.75 0.38 0.04

Ratio (%) 43,75 9.50 1.00

(2) REIMBREZERER

B T ERE R AMBE A AR - EVUHE RS A TRES REm AFREE
H’J BRI T (R B — B TR MR E B - A B BRI = E B H R R SR -

B P 5 FE A BB IR RO EAN T« A 3 HERES S A E 100 (HER - Hig ABH
%%'Jf—-b 500 ~ 1000 K1 2000 * F{EBEEEH on-set Fl off-set &4 2 BE{HFEE » HpxdE
5000 {[EFEERCH BEEE VL 2 - HEERAIFETER don 't care B A BYEE S B ASH ARTT
73 Z— o EERFERANFE 4 iR - FTic# 2 FF DR AT A BRI BT R i ( DARY B
{7 ) o B Bt SRR GPU 1Y 7 HE1E Bl AR /NEy 500 ~ 1000 F12000 HYEE B » HETTRL
tiL — CPU W IT 4 B AT HETF 40.92 « 44.82 K 48.93 fi5 « M FMIHEH 2 GMO HIFL
T — SRR T » RS EERAT 500 ~ 1000 K 2000 Al A A/ NG ERE L+ 23 BIATH
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A 2.59 « 2.17 F2 1.9 5 - MHEHL CPU B9 AR - MBI B Eiral#27F 106.15 »
97.38 2. 93.03 % - MM A E® AMBAMMEHEE - HEITHMN2EMHIEE - (TS
R LUE R R CUDA ST bin &M B R E(L ST R IFE B R
Y -

I 4 | RAER InE B —EREEE TR B LR

Input Number
Method

500 1000 2000

CPU 383.88 686.83 1292.96
GPU 9.38 15.33 26.43
OURS 3.62 7.05 13.90
CPU/GPU 40.92 44.82 48.93
GPU /OURS 2.59 217 1.90
CPU/OURS 106.15 97.38 93.03

5. fhEm

AR AT H GSMO T GMO RIFES Tl 3 CUDA SEA LA I A HY ol 4
HIEIREE - GSMO RESH VIR IF I 2 BEC IR AT R B - M B eI EE E D E RS
Al DA Ot R R EE T 28 - (ES 2RV T RURERESEE T - GMO HI 2 3ERIE 1 /H
FAFZEEIEEA - REHESRD FIE T IEEA X E - IREEARUEE - E]
TRV SR IEF RO 1 A GSMO H1 GMO &Rl - DARFEEfTE %
Brt P PR B A GMO B0l - fEfR B R B S R RAR B R R A - IRt Sl
iFZERY 75 [8] EEFTRA R » AG4-BIEH, CENES H1 CSVS FRfEi L 71k - (e S E S
RIGH - e AR o~ E £ B A A B NIEESEN L E - HRITR
REAN B R H A AEY -

HRTEAF 1 HARIE DA C2075 58 iRERR RREMERET + anE G H M i

Aot L

EEATREERENIETF L SUEERER IR R R - B HEEHEEE
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Accelerating Functional Symmetry Detection
on CUDA Platform

Kuo-Hua Wang and Huan-Hsu Lin

Department of Computer Science and Information
Engineering, Fu Jen Catholic University

Abstract

The purpose of this paper is to parallelize our previously proposed
functional symmetry detection algorithm and implement it on CUDA
(Compute Unified Architecture) platform. We propose two memory
access optimization techniques — GSMO (Global and Shared Memory
Optimization) and GMO (Global Memory Optimization). Both
GSMO and GMO are applied for non-equivalence (NE) symmetry and
equivalence (E) symmetry detection, while only GMO is applied to
the detection of single-variable (SV) symmetries. By the experimental
results, for those Boolean functions with 500 input variables and 40,000
products, our parallel detection algorithm can acquire 50X and 90X
performance improvement over the serial one while checking NE&E-
symmetries and SV symmetries, respectively. It shows that our parallel
symmetry detection technique is indeed effective and efficient for large
Boolean functions.

Key words: Symmetry Detection, CUDA, GPU, Parallel Programming.
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Computer Simulation of Three Dimensional
Bead Threading

Jian-Wei Syu and Chin-Ho Cheng

Department of Computer Science and Information Engineering
Fu Jen Catholic University
New Taipei City, Taiwan 24203, R.O.C.

Abstract

Threading a string of beads is an art. If we want any string shape
of beads, it can be threaded by hand. In this thesis, we focus on 3D
bead strings by using the rules of bead stringing. Based on the rules, we
simulate the construction of the 3D handmade bead strings step by step.
An algorithm is proposed to show that, for a given shape of bead strings,
its corresponding 3D beaded polyhedron is constructed first, and then
place one ball on the midpoint position of each edge of this polyhedron.
Finally, it forms our desired 3D bead string. In our experiments, we test
five strings of beads which are the cone, cube, ball, miniature schnauzer,
and traditional rabbit shapes. By using computer graphics techniques, the
constructed 3D model of each tested bead string is rendered. From the
experimental results, it shows that computer simulation of bead stringing

can be easily made by using the rules of bead stringing.

Key words: Bead Stringing, Computer Simulation, Computer Graphics
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Application of Molecular Imprinting for
Improving Odorant Detection by Peptide
Libraries

Heau-Shan Gao*, Jen-Yu Chen, Yi-Shan Chien, Chuang-Fu Ha

Department of Chemistry, Fu-Jen Catholic University, Taipei
County, Taiwan, R.O.C.

Abstract

A novel method for odorants detection is developed by integrating
the functional peptides from combinatorial chemistry and molecular
imprinting technology. The molecular imprinting technology is applied
to enhance the sensitivity and specificity of binding ability of functional
peptide with the target odorant. In the study, the hexapeptide library was
prepared by using the combinatory chemistry. The peptides were mixed
with the target odorant to prepare the molecularly imprinted peptides,
then were coated on a piezoelectric quartz crystal. Based on the
positional screening strategy, the imprinted peptides with high binding
ability of butyric acid odorant was determined then the best amino acid
candidates of each position of hexapeptide were identified. The binding
affinity of the odorant with the imprinted peptides and non-imprinted
peptides were also determined. The result was shown that the imprinted
peptides had higher sensitivity than the non-imprinted peptides. The
binding ability of imprinted peptide was 1.2~5.5 fold higher than non-
imprinted peptide. The sensitivity of binding between the peptides and
the odorants was significantly enhanced by the effect of the molecular
imprinting. The combination of peptide library and molecular imprinting
technology can be used for development of odorant sensing tools.

Key words: combinatorial chemistry, peptide library,
molecular imprinting, odorant
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1. Introduction

The mammalian olfactory system can recognize and discriminate large number of
different odorant molecules." The odor discrimination occurs during the association of odorous
ligands with specific receptors on olfactory sensory neurons. The receptor protein plays an
important role in odorant recognition and cell signaling. The literature reports suggest that
the extracellular loop and transmembrane domain might be the major part of the odorant-
binding domain in olfactory receptors.” The design of functional polymers that can selectively

recognize molecules has become an active area of research in recent years.*’

The recognition and subsequent complementary binding between a substrate and an
odorant molecule is the key step in the odor discrimination process. To mimic the olfactory
sensing system, a series of synthetic peptides as sensing materials were designed and studied.
The peptide library that is composed of thousands or millions of peptide sequences offers a
high throughput for drug screening or compound screening.”” However, the peptide library
screening approach may have low selectivity and sensitivity to the target compound. Since
the conformations of peptides are considered as one of the key factors for absorption effect
between peptides and odorant molecules, integrating the molecular imprinting technology shall
create the selective recognition sites for the template molecule™” These recognition sites have
a complementary shape and size with the template compound which can enhance the sensitivity
and specificity of binding ability of functional peptide with the target odorant. An imprinted
functional peptide can form a specific configuration with a complementary target odorant and
increase the binding ability with the target odorant.

The objective of our research is to develop a novel method for odorants detection by
integrating the functional peptides from combinatorial chemistry and molecular imprinting
technology. The butyric acid is selected as a target odorant to investigate the sensitivity and
specificity effect of imprinted functional peptide and non-imprinted peptide on their sensing
ability for odorant detection. The imprinted peptides with high binding ability of butyric
acid are selected by the positional screening process. The potential amino acid candidates
corresponded to six positions of hexapeptide are identified.
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2. Method

This study integrates the peptide library and molecular imprinting technologies. The
hexapeptide library was synthesized by solid phase peptide synthesis method.10,11 Based on
the positional screening strategy, = the 114 hexapeptide combinatory libraries were prepared

(Fig. 1).

CO,XXXXX
CXO0,XXXX

CXXO, XXX
CXXX0, XX —_— 114 hexapeptide libraries

CHXKKOK
CXXXXXO,

Fig. 1 Positional Scanning of Synthetic Peptide Combinatorial Libraries

O: “Known position” represents a known amino acid which is one of the 19 natural
L-amino acids (cysteine was excluded).

X: "Mix position” represents an equimolar mixture of the 19 natural L-amino acids
(cysteine was excluded).

C: Additional cysteine residue provides a thio (-SH) group to form a chemical
adsorption between the peptide and the gold surface of the piezoelectric crystal.'”

These hexapeptide libraries were mixed with the target odorant to prepare the
molecularly imprinted peptides then coated on a piezoelectric (PZ) quartz crystal,”™"

Imprinted functional peptide preparation:

(a)The hexapeptide was dissolved in the butyric acid solution to form the covalently
interaction between peptide and the template butyric acid.

(b)The hexapeptide - butyric acid complex was coated on the surface of piezoelectric quartz

crystal.
(¢)The template butyric acid was removed from surface of piezoelectric quartz crystal.
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Non-imprinted peptide preparation:
(a)The hexapeptide was dissolved in the 75% ethanol solution.
(b)The hexapeptide solution was coated on the surface of piezoelectric quartz crystal.

The PZ crystal was served as a signal transducer to determine the binding affinity of

synthetic peptides for odorants (Fig. 2).

Basic of Quanz Crystal Microbalance (QUM)
piczoelectricity

Fd

m quart: wafer

(s metal
\“‘_’/ electrode

(Au)
=
m ‘*‘ mass loading
: ¥ S

for e

Saugrbrey equation AF = K* AM/A (in air)
Fig. 2 The Piezoelectric Crystal Served As a Signal Transducer

The sensitivity between peptide and butyric acid on a piezoelectric quartz crystal was

determined.

The change of frequency AF [Hz]

Sensitivity =
Coating amount of peptide AM [ug]
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3. Results and Discussion

The conformations of peptides are considered as one of the key factors for absorption
effect of peptides on odorant molecules. The molecular imprinting process is applied
to enhance the binding ability of peptide with the target odorant (Fig. 3). An imprinted
functional peptide can form a specific configuration with a complementary target odorant and
enhance the binding ability with the target odorant.

paptide

a b <

= e ——)
& & 9

Butyric acid

Fig. 3 Schematic Representation of Peptide Molecular Imprinting Process

The binding affinity of the odorant for the imprinted peptides were studied. The
imprinted peptides with high binding ability to butyric acid odorant were selected by the
positional screening process. The best amino acid candidates corresponded to six positions of

hexapeptide were identified.

On the basis of the positional screening approach of the 114 hexapeptide libraries, the
result was shown that His and Thr have higher sensitivity to odorant butyric acid in the first
position of hexapeptide library (CO,XXXXX). Therefore, the best amino acid candidate in
the first position of hexapeptide library is His or Thr. In the second position of hexapeptide
library (CX0,XXXX), the best amino acid candidate is The or Val. In the third position of
hexapeptide library (CXX0,XXX), the best amino acid candidate is Leu or Trp. In the fourth
position of hexapeptide library (CXXX0,XX), the best amino acid candidate is Pro or Val.
In the fifth position of hexapeptide library (CXXXXO:X), the best amino acid candidate is
Gly or Tyr. In the sixth position of hexapeptide library (CXXXXXOs), the best amino acid
candidate is Tyr (Fig. 4). The top two amino acid candidates at six positions for hexapeptide

are shown in Table 1.
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Fig. 4 Binding Ability of Imprinted Hexapeptide Library with Butyric Acid
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1* amino acid candidate HI| T L P G| Y

2" amino acid candidate T \Y W |V ¥

Table 1 The best amino acid candidate in hexapeptide

Based on the data of the amino acid candidates in Table I, it was shown that the butyric
acid molecule was interacted with peptide through the hydrogen bonding between the
hydroxyl group of Thr/Tyr and butyric acid.

Assessment of the selectivity and specificity effect of imprinting functional peptides on
the odorant, the binding affinity of butyric acid for the imprinted and non-imprinted peptides
were studied (Fig. 4). The less sensitivity peptides (1-P, 2-G, 3-D, 4-H, 5-K, and 6-F) at the
sixth position of the amino acid candidates were served as a negative control. The result
demonstrated that the imprinting functional peptides (red bar) have higher affinity for odorant
butyric acid than the non-imprinted peptides (blue bar) at each position of the best amino
acid candidate. The sensitivity of imprinted peptide is 1.2~-5.5 fold higher than that of non-
imprinted peptide in those position of the best amino acid candidate (Table 2). These data
indicate that the imprinted peptide have selective recognition.
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Fig. 5 Binding Affinity of Butyric Acid for the Imprinted and Non-imprinted Peptides
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Sensitivity of Sensitivity of Sensitivity Comparison
Imprinted Peptide Non-imprinted of Imprinted and
(Hz/ug) Peptide (Hz/ug) Non-imprinted Peptide

1-T 624 134 4.7

1-H 557 102 53

2-T 725 119 6.1

2-v 536 222 24

3-L 640 226 2.8

3-w 338 227 1.5

4-p 652 438 15

4-v 660 536 1.2

5-G 855 409 2.1

5-Y 843 447 1.9

6-Y 655 547 1.2

Table 2 Comparison of The Sensitivity of Imprinted and Non-imprinted Peptides
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4. Conclusion

The result showed that the molecular imprinting process can enhance the

binding affinity of peptide for the odorant and improve the selectivity and

specificity of peptides. The combination of peptide library and molecular

imprinting technology can be used for development of odorant sensing tools in

environmental, food, and medical sample analysis.

10.

Reference

Buck, L., Axel, R. 1991. A Novel Multigene Family May Encode Odorant Receptors: A
Molecular Basis for Odor Recognition. Cell., 65, 175-87.

Pimple, Y. and Lancet, D. 1999. The variable and conserved interfaces of modeled
olfactory receptor proteins. Protein Science., 8: 969-977,

Freitag, J., Ludwig, G., Andreini, 1., Rossler, P. and Breer, H. 1998. Olfactory receptor in
aquatic and terrestrial vertebrates. J. Comp. Physiol. 4., 183, 635-650.

Sellergren, B. 2001, Techniques and Instrumentation in Analytical Chemistry: Molecularly
Imprinted polymers. Elsevier Amsterdam, 23:126-138.

D1" az-Garc1” a, M. E. and Badi" a La1" no, R. 2005. Molecular Imprinting in Sol-Gel
Materials: Recent Developments and Applications. Microchim. Acta, 149, 19-36
Houghten, R. A., Pinilla, C., Blondelle, S. E., Appel, J. R., Dooley, C.T., Cuervo, J. H.,
1991. Generation and use of synthetic peptide combinatorial libraries for basic research
and drug discovery. Nature., 354(7), 84-6.

Batra, D. and Shea, K. J. 2003. Combinatorial methods in molecular imprinting. Curr:
Opin. Chem. Biol., 7, 434-442.

Hart, B. R., Shea, K. J., 2001. Synthetic Peptide Receptors: Molecularly Imprinted
Polymers for the Recognition of Peptides Using Peptide-Metal Interactions. J. Am. Chem.
Soc., 123(9), 2072-3.

Haupt, K., Mosbach, K., 2000. Molecularly Imprinted Polymers and Their Use in
Biomimetic Sensors. Chem. Rev., 100(7), 2495-504.

Merrifield, R. B., 1963. Solid Phase Peptide Synthesis. 1. The Synthesis of a Tetrapeptide. /.
Am. Chem. Soc., 85(14), 2149-54.



11.
12.

13.

iSRS 48 1) 69

Merrifield, R. B., 1986. Solid phase synthesis. Science.,232,341

Pinilla, C., Appel, J. R., Blanc, P. and Houghten, R. A. 1992. Rapid identification of
high affinity peptide ligands using positional scanning synthetic peptide combinatorial
libraries. BioTechnigues, 13:6, 901- 905.

Dooley, C. T. and Houghten, R. A. 1993. The use of positional scanning synthetic peptide
combinatorial libraries for the rapid determination of opioid receptor ligands. Life Science,
52, 1509-1517.

. Zhou, X. C., Zhong, L., Li, S. F. Y., Ng, S. C. and Chan, H. S. O. 1997. Organic vapor

sensors based on quartz crystal microbalance coated with self-assembled monolayers.
Sensors and Actuators B., 42, 59-65.

. Skladal, P., 2003. Piezoelectric Quartz Crystal Sensors Applied for Bioanalytical Assays

and Characterization of Affinity Interactions. J. Braz. Chem. Soc., 14(4), 491-502

. O'Sullivan, C. K. and Guilbault, G. G. 1999. Commercial quartz crystal microbalances —

theory and applications. Biosens. Bioelec., 14, 663 - 670.

Recevied Oct 7, 2014
Revised Mar 3, 2015
Accepted Mar 10, 2015



70 Application of Molecular Imprinting for Improving Odorant Detection by Peptide Libraries

FEFAS BB BATN 93 F ENAR Y Sm A BH 2 Z T 58

SEALY RAK BEM PAHF
AR (LR

wm R

AT IE A &L 220 E B 73 FEEE (molecular imprinting)
HITENE » B at R EUE— RV B H A RS PR JTaIRERR o A FELA
LR G EE M S E AR EREEEAH S FEKE (combinatorial
peptide library) © DARERKEE Rt 73 B EAR > IR & » BHRARIEAR
kAt A MR A S RS AR R ST R R A A L - (R SRR o T
HIFF ST o JEMERET RERRA] B A SRR 50— RIS BT REE Jig T 15 F R it
SR A ENEKEL B R o T IR R E RS - REERURS
AV HRER S FEBIAVEERUE: - BEE AR - AR R
TR TG i B 1 ek AR R [ A S 2T B P ) A A o i oA A
EIV5E g BE R AR AT 1.2~5.5 5% « BH7R 73 B0 e 8 5 Rk {0 B
TR THIBEE - AR TER R AW S Tl TR
g -

T : oL WEIE - o TEIE - Rk T -




fifi{ B EEEE 48 HA
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Abstract

There are many approaches in capability analysis. Among them,
process capability index has been proven useful in many industries to
provide information on process performances. The evolution of the
theory and application of process capability analysis depends largely on
the inventions of new indices. There has been conformance comparisons
among competing indices in literature. Very often, when a new index is
proposed, authors emphasize the consistency between the new index and
the percentage of conformance in order to support the superiority of the
new index. However, the power of the consistency between an index and
conformance is suspectable. In this paper, based on nine popular indices,
we quantify the level of consistency. We also find and discuss regions of
consistency under various restrictions of parameters. The main purpose
of this paper is to warn index users that even the results from index and
percentage of conformance are consistent, it does not mean they are
telling you the real quality of a process.

Key words: Symmetric tolerance; Asymmetric tolerance; Consistency;
Percentage of conformance; Process capability index.
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1. Introduction

It has been four decades since Juran er al.(1974) first proposed the idea of process
capability index which connects the relationships between the actual process performance and
a preset level of production tolerance. From then on, there have been a huge amount of articles
about capability indices (PCT), whilst proposing new indices and studying their inferential
properties are the main issue. For example, articles about the index for process with symmetric
tolerance (i.e. when the target is at the midpoint of the specification interval (LSL,USL)), are
Sullivin (1984, 1985), Kane(1986), Chan et al. (1988), Pearn et al. (1992) and Greenwich
and Jahr- Schaffrath (1995). For processes with asymmetric tolerances, (i.e. deviations from
target are less tolerable in one direction than the other) many researchers proposed indices by
extending those existing indices which were designed for symmetric case. For instance, Kane
(1986), Chen et al. (1988), Boyles (1994), Viannman (1997), Chen (1997, 1998), Pearn and
Chen (1998), Chen et al. (1999), Pearn et al. (1999), and Pan and Lee (2009).

There is a great and still growing library of literature for process capability analysis. For
those who are interested in the field, see the books by Kotz and Johnson (1993), Kotz and
Lovelace (1998), Pearn and Kotz (2006). And the review articles, see Tang and Than (1999),
Palmer and Tsui (1999), Kotz and Johnson (2002), Spiring ef al. (2002), Spiring et al. (2003),
Yum and Kim (2010), Mohammad (2012), Nandini and Saurav (2013), Nandini and Dwivedi
(2013), and references therein.

Very often, for two processes with different quality, when the contribution of a research
is about providing a new index, authors emphasized that the value of traditional index remain
the same while the new index can tell the difference. The conclusion is based on percentage of
conforming. For example, Pan and Lee (2009) and references from there in. However, using
the consistency between index and percentage of conformance (POC) to support the superiority
of the new index may be unreliable because the true quality may be completely reversed to
the concluded result (as we can see in secion 4). In this paper, we first quantify the level of
consistency. Then, we find and discuss regions of consistency under various restrictions of

parameters for nine popular process capability indices. From the discussion, we will see that a
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high percentage of conformance may not correspond to a high quality process.

The rest of this paper is organized as the following: In section 2, we will present a brief
review on some existing (in)capability indices which were proven relatively better than other
indices. In section 3, based on nine popular process capability indices, a numerical study will be
conducted to investigate the consistency between PCI and POC for normal processes. In section

4, major findings will be given. Concluding remarks are provided in section 5.

2. A brief review on some existing indicies

There are very fruitful discussions on process capability indices in existing literature.
Based on the conclusions from the existing research, we study only those relatively better

indices described below :

Coulu,v) = %ﬂ, u,v=>0 (Vinnman (1997));

Spi = 107 (1Bt + L (4L (Bovles (1994);

Cp = L4 (Kane (1986));

C;m = ﬁ (Ch(‘)]’l_ (1997))

Come = 74 (Pearn et al. (1999)),

Cop = {0 = TY DY +{o I DY (Greenwich and Jahr-Schaffrath (1995) )
Cop ={ 2P+ &) (Chen (1998))

Cpp(s t) = 2250 +( £)? ( Pan and Lee (2009))

where g is the process mean, o is the process standard deviation, @ is the distribution function of

the standard normal distribution.
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Moreover, d = 5" is the half length of the specification limits, d " = min{D,, D,}, D

=d’/3, A= max %. ﬂ% Y, A" =max{ 4 (‘gn_ D 4 (gf_w V. here D,=T—LSL,
D, = USL—T m=-""% is the midpoint of the specification limits.
Furthermore, the modified desirability function md(s, #) (Mayer & Montegomery (1995))

is defined as

2
:D[_;(T—,u)s if p<T

md (5.t )=
2

d- I 3
D;,’{,H—T) if u>T.
5

. . . . d- 5
The function md(s, 1) can be treated as a piecewise loss function, where py(#~ T) and
2

d* ; ¥ v o
pr(T-# ' represent the monetary losses incurred at the lower and upper specification limit,

respectively. Pan and Lee (2009) suggested that the two parameters s and 7 can be found by

USL — LSL USL — LSL S v
= D and’ = D, 2 ,suchthats > rif D> D, and s <tif D, < D,.

Notice that Con(2 ,2)=C,» , and Cy(2 ,2)= C,, if the target T is at the mid-point of the
specification limits.

Among these indices, C,, (u, v), S,x and C,, are designed for processes with the
symmetric tolerance, and the rest are for processes with the asymmetric tolerance. C,, (1,
3) and C,.(0, 4) are most sensitive to process departure from the target value 7 among all
possible u, v (Vinnman K. (1997)). The index S is a one-to-one transformation of percentage

of conformance which represents the actual process yield.

Notice that the values of C,,(i1,v), Cpn and C,. decrease faster when the process mean
shifts away from the target to the closer specification limit than that to the farther specification

S, b z " 3 i g
limit. Indices Cyi , Com , Come and C,. (, v) obtain the maximal values at u = T, where C,,., Cyy
7 I( Pr

and C,, (5.f) achieve the minimum at x = 7.

3. Consistency between POC and PCI

Given two-sided specification limits LSL and USL and target value 7T, consider two
normal processes 4 and B with different process means s, and y; with common standard
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deviation o.

The percentages of conformance for processes A and B are defined as

USL — LSL —
_J—W}_@{—g#i}

POC,y = @ {

and
B} (D{ )UB}

POCy D {
respectively. It is obvious that the values of POC, and POC, are not affected by the target

value T.

To calculate the process capability indices, let r = ,%f be the level of asymmetry of
tolerance, then LSL = T— % and USL=T+ % , where d is the half length of the tolerance
interval. Throughout this study, we assume that ¢ = | and the target value 7 = 20 from
which the values of LSL and USL can be determined. Moreover, 6 levels of asymmetry are
considered, namely » € {0.25,0.75,1,1.25,2.75,4}. See Table 1 for these preset values. Notice

that when » = 1, we have the case for the symmetric tolerance.

Table 1: Specification intervals (LSL, USL), T= 20

F. 2 g5 1 125 275 o

LSL 19.6  19.142857 19 18.89 18.53 184
USL 21.6 21.142857 21 20.89 20.53 204

Since PCI is considered only for processes which are under statistical control, we need

the process means y, and g lie in [LSL, USL]. Given » and hence LSL and USL, we choose

different g, and g from {LSL + k-(0.05), k= 0,1...., % }. Therefore, for given r , there

will be totally 41 different process means to choose from and 1640 (= 41 - 40) combinations
of (14 , us ). Moreover, to cover the cases from small to large deviations, the process standard

. 111 1
deviation o are chosen from { 3. 3. 7. 5 }.

Notice that from the definition of C,.(1,3), if the distance between a process mean and
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the target is larger than the half length of the tolerance interval, then the value of C,.(1,3)
will be negative, which is not acceptable. We will exclude these cases from our discussion
when this occurs and the total number of computations will be adjusted accordingly.

Based on the above settings, the algorithm for the calculations of rates of consistency is
descibed below :

Step 1. Choose level r from {.25, .75, 1, 1.25, 2.75, 4}, two different means of process /i, /s

from {LSL,LSL+0.05,LSL+2(0.05),....., USL—0.05,USL},and the common o from
1111

(223851
Step 2. Compute percentage of conformances POC, and POC; for process A and process B,
respectively.

Step 3. For each index, compute the values of process capability indices PCI, and PCI; for
process A and process B, respectively.

Step 4. Let
Si = {(,“,tl ) ,“B)I(POCA 2 POC,’,’ and PC]I = PC]_{,\ ) or (POC/; < POC,{; and PC[] < PC[B)}

Let # (S,) denote the number of elements in S,. Define
n(S;)
number of pairs ( z,, 4,) leading to nonnegative index

rate of consistency =

P » " " " "
for process capability indices C,, Cu ,Cpom »Crmt sCot sCom sComic 55 and Cpa (1, ).

Step 5. Let
Sy = {( pta, 113)|(POC, > POCy and PCI, < PCly) or (POC, < POCy and PCI, > PCly)}.
Let 7 (S,) denote the number of elements in S.. Define
n(S>)
number of pairs ( u,, 1, ) leading to nonnegative index

rate of consistency =
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for process capability indices C,, , Cy, and C,, (s, 7).

The region of inconsistency consists of elements outside S; or §, for r = 0.25, 6 = % and
r=4,o= ;— are given in Appendix A and Appendix B respectively.

The rates of consistency for the indices studied can be found from Table 2 to Table 10 in
Appendix C. Averaging the 24 entries in each table, we obtain the average rates of consistency
for each index. The results can be read from Table 11 in Appendix C.

4. Major findings
Based on the results obtained from Appdices A, B and C, major findings are listed below.

There are two cases where rate of consistency is 1. (i) When » = 1, the rates of
consistency are all equal to | for all indices studied (see Table 2 to Table 10). (ii) The rate of
consistency of S, is 1 ( see Table 5 ) for all choices of r. It is not surprising since

1

Spk Zg

@ {%(LL “ Ay L
2 o 2

u— LSL 1

) = 5@‘{; (1+POC )},

Thus, large POC produces large S,..

When » < 1 and T is close to LSL, then LSL is more important than USL. In this case,
good processes will produce g, and 5 such that

(ua.ug)ESs = {(papp)| LSL < py < TLSL < pp < T}

For example, if r =0.25, 0 = % then S; is located in the regions of consistency (i.e. the lower
left corner outside the region of inconsistency, see Appendix A ). Thus, process capability
indices and percentage of conformance work consistently in S;, crucial parameter spaces of
processes under investigation.

When » > 1 and T is close to USL, then USL is more important than LSL. In this case,
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good processes will produce s, and g such that

(. ug) €Sy = {(pa pup)| T < uy < USLT < up < USL }.

" 1 s . s - .
For instance, when r = 4, o = 5 then S, is located in the regions of consistency (i.e. the top
right corner outside the region of inconsistency, see Appendix B ). Thus, process capability
indices and percentage of conformance perform consistently in S,, crucial parameter spaces of

processes under investigation.

Consider the parameter space
Ss = {(pa.u)(ua—TY +(pup —T) <c?}.

It is expected to have 1, and p; lie in S5 for small ¢ > 0 since then process means will be
close to 7. When r=0.25, ¢ = 2L , for figures in Appendix A, it ¢ < T then the northeast part (
where both 1, and x; are greater than 7") of Ss is located in the region of inconsistency. The
other majority parts are located in the region of consistency. When » =4, o = % , for figures in
Appendix B, if ¢ < T then the southwest part ( where both s, and ; are smaller than 7") of S;
is located in the region of inconsistency. The other majority parts are located in the region of
consistency. In other words, if Ss is of major concern, then the majority parts of the parameter

space is located in the region of consistency.

It is easily seen from Appendices A and B that in the region of inconsistencies, most
inconsistencies occur when the target value lies below or above both process means,
respectively. Furthermore, even when both means are almost the same and are both close to
the target value 7, the inconsistency still exists. Which means either PC/ or POC will lead to
the wrong conclusion about the real quality of com- peting processes. The more the difference
between two process means, the less the inconsistency.

It is interesting to see from Tables 2, 3, 4, and 9 that the rates of consistency of Cy, Cri,
Cp and C,y, are all the same. This is reasonable since Cpi, Coi, Coni are decreasing with A and
A" and C, is incresing with 4. Consequently, large values of Cyi, Coi, Ci is equivalent to

small value of C,,,.
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Among the indices studied, the order of indices listed from strong to weak consistency
with POC are given as : Sy, Co, (5.0), Co(0,4), Cot », Cos s Comr » Cp 5 Cios Coa (1,3) (s Table
11). The relatively new introduced index C,, (s.7) shows its potential power by high rates of
consistency.

For each index discussed except Sy, the rate of consistency is decreasing with [r — 1|.
Thus, the level of consistency is decreasing when the level of asymmetric is increasing (see
Table 2 to Table 10). This suggests that modifications of PCI and POC are needed to make

them consistent when the level of asymmetric is high.

5. Conclusions

Process capability index (PCI) is a successful invention in process capability analysis.
Improvements have been made constantly through new proposed indices. The consistency
between the new index and the percentage of conformance (POC) is often emphasized to
support the superiority of the new index.

In this paper, we first quantify the level of consistency for nine popular indices. Then, we
calculate PCI and POC under many settings of parameters base which regions of consistency
can be obtained. We also discuss properties of regions of consistency for nine popular indices.
From Table 2 ~ Table 10, the closer the target value to the end specification limit the worse
the consistency between process capability index and percentage of conformance. That is to
say, the larger the level of asymmetry the higher the risk of wrong conclusion from process
capability index or percentage of conformance.

There may be many " conformance comparisons’ among competing indices in lit-
erature, however, the contribution of this article is giving practitioners an warning that there
may be strong inconsistency between percentage of conformance and process capability
index. People should not use the value of percentage of conformance blindly to claim that a
new index is better than existing indices.
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Appendix A i

Regions of inconsistency for r =.25, ¢ =2

Clipk

19.5 20 20.5 21 21.5 22
| mu_A

cllpm

19.5 20 20.5 29 21.5 22
mu_A

C"pmk

22
21.5 +

23

mu_B

205 |

20 +-

19:5 " A ISy > ; ? i
19.5 20 20.5 21 21.5 22
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Cpa(0,4)

22

19.5

20 20.5 21 215

18.5

mu_,

Cpa(1,3)

22

21.5

19.5

21

20.5

20

19.5

Cpp

21.5

21

20

19.5
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mu_B

20.5

22

21.5

21

20.5

20

19.5

cllpp

20

20

20.5 21 Z1:5 22
mu_A

C"pp(s’,t)

20.5 21 21.5 22
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Appendix B ;

Regions of inconsistency for r =4, ¢ =3

cllpk

18 18.5 19 158.5 20 20.5

18.5

18 18.5 19 19.5 20 20.5

18 18.5 19 19.5 20 20.5
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Cpa(0,4)

18 18.5 19 19.5 20 20.5
mu_A

18 18.5 19 19.5 20 20.5
mu_~A

mu_B

18 18.5 is 19.5 20 20.5
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Appendix C
Table 2: Consistency rates between C,,and POC

a

r

0.25

0.75

1

1.25

275

4

5
1/4
173
1/2

0.7243903
0.7256098
0.7243903
0.7231708

0.9439024
0.9451219
0.9439024
0.9426829

1.000000
1.000000
1.000000
1.000000

0.9597561
0.9585366
0.9585366
0.9585366

0.7902439
0.7890244
0.7890244
0.7890244

0.7256098
0.7243903
0.7243903
0.7243903

Table 3:

Consistency rates

between C. and POC

pi

r

0.25

0.75

]

1.25

275

4

1/5
1/4
1/3
1/2

0.7243903
0.7256098
0.7243903
0.7231708

0.9439024
0.9451219
0.9439024
0.9426829

1.000000
1.000000
1.000000
1.000000

0.9597561
0.9585366
0.9585366
0.9585366

0.7902439
0.7890244
0.7890244
0.7890244

0.7256098
0.7243903
0.7243903
0.7243903

Table 4:

Consistency rates between C,x and POC

r

0.25

0.75

]

125

273

4

1/5
1/4
173
12

0.7243903
0.7256098
0.7243903
0.7231708

0.9439024
0.9451219
0.9439024
0.9426829

1.000000
1.000000
1.000000
1.000000

09597561
0.9585366
0.9585366
0.9585366

0.7902439
0.7890244
0.7890244
0.7890244

0.7256098
0.7243903
0.7243903
0.7243903
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Table 5: Consistency rates between S,, and POC

r

G

0.25

75

]

1.25

2739

4

1/5
1/4
1/3
172

1.000000
1.000000
1.000000
1.000000

1.000000
1.000000
1.000000
1.000000

1.000000
1.000000
1.000000
1.000000

1.000000
1.000000
1.000000
1.000000

1.000000
1.000000
1.000000
1.000000

1.000000
1.000000
1.000000
1.000000

Table 6: Consistency rates between C,, (0,4) and POC

4

r

0.25

0.75

1

1.26

279

4

1/5
1/4
1/3
1/2

0.7268293
0.7329268
0.7451220
0.7780488

0.9463415
0.9487805
0.9500000
0.9560975

1.000000
1.000000
1.000000
1.000000

0.9621951
0.9609756
0.9634146
0.9707317

0.7914634
0.7939025
0.8036585
0.8280488

0.7280488
0.7317073
0.7451220
0.7792683

Table 7: Consistency rates between C,, (1,3) and POC

2

r

0.25

0.75

1

1.25

275

4

1/5
1/4
1/3
1/2

0.3300000
0.3350000
0.3500000
0.3750000

0.9463415
0.8350000
0.8400000
0.8600000

1.000000
1.000000
1.000000
1.000000

0.8800000
0.8800000
0.8750000
0.9050000

0.4350000
0.4350000
0.4500000
0.4800000

0.3300000
0.3350000
0.3500000
0.3750000

87
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Table 8: Consistency rates between C,, and POC

G

r

0.25

0.75

1

.25

2. 79

4

1/5
1/4
1/3
172

0.6091464
0.6103659
0.6091464
0.6079268

0.8350000
0.8884146
0.8871951
0.8859756

1.000000
1.000000
1.000000
1.000000

0.9073171
0.9060975
0.9060975
0.9054878

0.6597561
0.6585366
0.6585366
0.6579269

0.5963415
0:5951220
0.5951220
0.5945122

Table 9: Consistency rates between C, and POC

r

0.25

0.75

1

128

2: 79

4

1/5
1/4
1/3
12

0.7243903
0.7256098
0.7243903
0.7231708

0.8871951
0.9451219
0.9439024
0.9426829

1.000000
1.000000
1.000000
1.000000

0.9597561
0.9585366
0.9585366
0.9585366

0.7902439
0.7890244
0.7890244
0.7890244

0.7256098
0.7243903
0.7243903
0.7243903

Table 10: Consistency rates between Cy(s,7) and POC

o

r

0.25

0.75

1

l..23

2.7

4

1/5
1/4
1/3
1/2

0.8109756
0.8121951
0.8109756
0.8097561

0.9439024
0.9743903
0.9731708
0.9719512

1.000000
1.000000
1.000000
1.000000

0.9829268
0.9817073
0.9817073
0.9817073

0.8768293
0.8756098
0.8756098
0.8756098

0.8121951
0.8109756
0.8109756
0.8109756
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Table 11: Average consistency rates

PCl S C,,’j, (s,t) C,(0,4) C,ﬂi. C,ﬁf..
Average 1 9077977 7751524 8568597 8568597
PCI el C, Cpe (1,3)

Average .8568597 .8568597 .7739176 .6500559
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Generalized-Impedance Converter Using
Differential Voltage Current Conveyors

Yung-Chang Yin and Hong-Yu Liu

Department of Electrical Engineering, Fu-Jen Catholic University
New Taipei City, Taiwan, R.O.C. 24203

Abstract

A generalized-impedance converter (GIC) circuit using two
Differential Voltage Current Conveyors (DVCCs) and three passive
components 1s suggested. The main features of the GIC are its ability
to realize synthetic floating inductors, floating capacitors and floating
frequency-dependent negative resistors (FDNR) with grounded passive
components. The use of the grounded components simplifies the etching
process for monolithic or hybrid fabrication. Moreover, the proposed
GIC can be used to construct the simulation of higher-order impedance.
The inductor in the LCR passive filter circuits can be replaced by the
proposed simulation floating inductor from the GIC for the application.
Thus, the advantages of these new active RC filters without an inductor
can include low component sensitivities and utilize the extensive
capability of the primary LCR filter design. Further, the sensitivities of
the active inductance, active capacitance and FDNR of the proposed
GIC circuit were derived. In order to show the performance of the
proposed GIC, a simple biquad filter is experimentally demonstrated.
The experimental result of a passive RLC bandpass filter confirming the
theory is included.

Key words: differential-voltage current conveyor, inductor simulators,
analog circuit design, active filters
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1. Introduction

Many active tuned filters have been widely used in signal processing. Several circuit
configurations for current-mode filters, voltage-mode filters, sinusoidal oscillators and
admittance function simulators using the second-generation current conveyors (CCII) or the
four-terminal active current conveyors as active elements have been reported in the literatures
[1]~[14]. A recent publication introduced a circuit building block termed differential voltage
current conveyor (DVCC). It is a universal building block that was constructed by Pal [15] and
then was developed and realized in CMOS technology by Elwan and Soliman[16]. The DVCC
has become very popular because of its high signal bandwidth, great linearity and large dynamic
range, so it has been used in many analogy signal processing applications for general all-finite
linear circuits and applied in the areas of oscillator design, active filters, and cancellation of
parasitic elements [15]~[22]. For example: Elwan and Soliman employed two DVCCs and
two capacitors to synthesize current-mode bandpass and lowpass filters [16]. Ibrahim, Minaei
and Kuntman used three DVCCs and six passive elements to construct current-mode Kerwin
uelsman ewcomb biquad [20]. Yin employed two DVCCs and some passive components to
construct bandpass, lowpass, notch, allpass and highpass filters [21]. Yin used a DVCC and
some passive elements to realize lowpass, bandpass and highpass filters [22]~[25]. Chien used
some DVCCs to construct the square and triangular wave generators[26].

Simulated admittance can be applied in the area such as oscillator design, active filters
and cancellation of parasitic elements. [t is a problem to implement inductors, large-valued
capacitors and negative resistors in integrated circuit technology. For this reason, Yin used two
DVCCs as active elements and three passive elements to synthesis the one-order grounded
inductance, grounded capacitance and negative resistor simulation circuit [27] [28]. However,
the DVCC-based higher-order floating inductance and floating capacitance simulation circuit
have been not presented. In this study, a new circuit configuration for the simulation of floating
inductance, floating capacitance and FDNR using two DVCCs and three passive components
is proposed. The proposed circuit employing grounded passive components and requiring no
passive component matching conditions simplifies the etching process for monolithic or hybrid
fabrication. Meanwhile, the proposed circuit can be also applicable to higher-order impedance
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simulation using additional DVCCs. On the other hand, the floating inductor is frequently
required for the design of analogue integration circuit building blocks. The area of active filter
design and inductor simulation has attracted considerable interest, because the advantages of
designing active filters by simulating the inductor of a passive LCR realization of the filter
include low component sensitivities and the ability to utilize the extensive knowledge of LCR
filter design. Therefore, the main contribution of this paper is to present DVCC-based circuits of
simulating floating inductor. Finally, a passive RLC filter using the proposed simulating inductor
is experimentally verified.

2. PROPOSED CIRCUIT

The circuit symbol for a DVCC is shown in Fig.1. The port relations of a DVCC can be

o

characterized as V.= V,;- Voo, [;+=1,1,=-I,and I,=1,,=0.The + and - signs of the

current i. denote the non-inverting and inverting, respectively.

V I .
: b L > L T Z =V z-
Vi Y Z- < |, T, ox oz Y2 X ZH——
Zin )
g i
\'A
Fig.l. A DVCC symbol Fig.2: The proposed generalized impedance converter circuit.

The GIC circuit is shown in Fig.2, where Z,~ Z; are impedances. By routine analysis,
one get, for the circuit of Fig.2, the input impedance of the GIC equation is given by

By choosing suitable passive components from the impedances Z,, Z, and Z; in equation (1),
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the floating inductors, floating capacitors and floating frequency dependent negative resistors

can be obtained as follows:

(H)IfZ,=R,, Z;=R;, and Z,= (1/5C>), are taken, the impedance of the floating inductor is
obtained as
bR Y 6 % T ——— (2)
where L., = C, R, R;. The sensitivities of the active inductance are
Ser =Sgr =8y =1

(2)IfZ, = (1/sC)), Z;=R;, and Z.= R; are taken, the impedance of the floating capacitor is
obtained by

_1 _ R’
Zn= sC.. sCR,

where C,,= C;R,/ R;. The sensitivities of the active capacitance are

8§+ =88 =1, S5 =-1

(3) It Z; = (1/5C;), Z,= R,, and Z,= R; are taken, the impedance of the floating capacitor is

obtained as

_ 1 R
Zn=5C. = SCR

where C.,= C:R./ R,. The sensitivities of the active capacitance are

S& =8k =1 8g*=-1

(DI Z;=(1/sCy), £, = (1/5C)), and Z,= R,, are taken, the GIC circuit realizes a floating
FDNR given by

Z, = . (5)

SD%, 2C] C_zR_?
where D.,= C;C,R. The sensitivities of the active capacitance are

SEe=S2v=Sp"=1

The theoretical characteristic of the FDNR, shown in Fig.2, is given for Z; = (1/sC5), Z; = (1/
sC)), and Z,= R.. Let C,=0.ImF, C;=1uF and R.=10082. The Matlab analysis is proven to
be effective when the optimum curve of the FDNR circuit, shown in Fig.3, is applied. It is
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observed from the equation (5) and Fig. 3 that the impedance of the FDNR decreases with
increasing frequency.

&0 =
- \ -

&0 \‘\\_ —¥a Z+
— o DvCC
3 40 ™
i\% \\\\ ) . 1\"27%(777 ,,Z:J

20 ‘m\_\ Zin B

10° 10° 10 '
Frequency (Hz) |
Fig.3: The ideal curve of the FDNR for Fig.4: The floating input impedance Z;
Cy=0.1mF, Co=1 UF and R,=100Q). is equal to the grounded impedance Z.

In Fig.4, the input impedance Z;, is equal to Z. After replacing Z: shown in Fig.2 into
Z., , the GIC circuit contains three DVCCs and three passive components, all of which are
grounded. On the other hand, in Fig.2, after replacing Z, into Z,, the input impedance Z,, ~ of
the GIC circuit shown in Fig.4 will be equal to below:

N AVAYA

Z. = ﬁ ................................ (6)
Replace Z; in Fig.3 into Z, in Fig.2, then the GIC circuit contains five DVCCs and five
passive components, all of which are also grounded. Given the above statement, by replacing
Zs in Fig.4 into Z,, in Fig.2, the higher-order impedance simulation circuit can be also
obtained. The GIC circuit with grounded passive components is constructed. Clearly, by using
additional DVCCs, this proposed GIC can be easily expanded to higher-order impedance
simulation circuits, which is one of the important properties of the proposed circuit.

| e m=f ZHm U
L- DvVCC DvCC 25; | DvVCC DVCC ‘
N iYZ )‘( Z-_f- Y2 X Z;—r tﬁL:YZ X Z+} j'Yz X ZH‘!
5 = — |
Zinea 1| ‘Zz! Za ' 7 '
L - . ‘ )
| = Zin |

Fig.5: The new GIC circuit construction
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3. APPLICATION OF THE PROPOSED SIMULATOR
CIRCUIT

The DVCC is implemented by three ICAD844s, three 1C op-amps and five resistors.
From the Fig-2, if Z,=R, Z;=R;, and Z,= (//sC;) are taken, the impedance of the floating
inductor is obtained. The proposed floating inductor simulated was experimentally tested
using R; = R; = IKQ, C, = IuF and AD844s, so this is equivalent to an inductor with L., =
{H. Then, this simulation floating-inductor can be used in the realization of the series RLC
passive bandpass filter as shown in Fig.6 and the transfer function has a biquadratic bandpass

characteristic with

.4
S (L‘g)s (7)
T -
SR I
PRy S S R
the central frequency: w, = ( L C) (8)
the quality factor: 9 = R( L"“)"f ............................. (9)

¢
The sensitivities of w, and ¥ according to passive components are:

V1, — 3, — w, = eW,— o, — _ ,,l,, = ¢, = ¢, = _] 0, =
Sgu = Spe= Spe =SS SE= -y, S =S50 = SE ; S=]

all of which are small.

In Fig.7, a second-order bandpass filter was constructed with R = /KQ, C =/uF and
L.,=1H. The Matlab has simulated the ideal curves of the bandpass filter. The measured
values were found using a Hewlett Packard network/spectrum analyzer 4195A. The
resonance frequency was monitored and measured and the corresponding inductance value
was calculated and compared with the theoretical value calculated using equation (2). The
experimental results for the gain and phase responses shown in Fig.8 (a) (b) demonstrate
similarity between theoretical calculation and actual measurement. There is a high correlation
between the theoretical analyses and the measured results with only minor errors due to the
use of passive elements.
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Fig.7 The bandpass filter circuit used to test the
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(a). The gain response curve of the banspass

filter using simulated inductor.

inductor realized using the circuit of Fig. 4

(b). The phase response curve of the banspass
filter using simulated inductor.

Phase (deg)
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Fig.8 (a): The gain response curve of the banspass filter using simulated inductor.
(b): The phase response curve of the banspass filter using simulated inductor.
* 1 Experimental result for banspass gain
+ : Experimental result for bandpass phase

- : |ldeal curve

4. CONCLUSION:

99

Using the concept of the DVCC, a GIC circuit has been presented. The proposed circuit
can realize synthetic floating inductors, floating capacitors and floating frequency-dependent
negative resistors. By using additional the DVCCs, the proposed GIC circuit can be also
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expanded to higher-order impedance simulation circuit. Owing to employing grounded

components, the GIC is suited for IC implementation. The advantages of RC active filter
transferred by the proposed circuit include low component sensitivities and the ability to
utilize the extensive capability of the LCR filter design. Therefore, the experimental results
on floating inductor utilizing a passive LCR bandpass filter confirmed the theoretical analysis.
The DVCC demonstrates itself as an adaptive active element.
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A Note on
the Number of Odd Dominating Sets in a Tree

Hong-Min Shaw

Department of Mathematics, Fu-Jen Catholic University
New Taipei City, Taiwan, R.O.C. 24205

Abstract

An odd dominating set of a graph is a dominating set that dominates
each vertex of the graph an odd number of times. Sutner showed that
every graph contains an odd dominating set. Galvin proposed a graphical
algorithm to construct a family of odd dominating sets of a given tree.
Later Chen ef al. proved that every odd dominating set of a tree lies in
the family that is constructible by Galvin Algorithm. An inductive proof

of this result is proposed in this note.

Key words: odd dominating set, Galvin Algorithm
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1. Odd dominating sets

Let G =(V, E) be a finite simple undirected graph. An odd dominating set (od-set in short)
of a graph G is a subset of vertices C so that | N [v]C |is odd for every vertex v of G; where N [v]
denotes the closed neighborhood of v.

For complete graph K, N [v] = K, for every vertex v, so OD (K,)= {C:| C|is odd }. For
an od-set C of a cycle C,, | N [v]NC | € {1,3} for every vertex v. If | N [w]NC | =3 for some
vertex w, then | N [v]NC | =3 for every vertex v; thus C =V (C,). If | N [u]NC | =1 for some
vertex u, then | N [v]NC | =1 for every vertex v; thus » is a multiple of 3 and there are three od-
sets of this form.

Denote the set of all od-sets of a graph G by OD(G). Sutner [5] showed that OD(G) + @
for every graph G in matrix terminology; from the fact that OD(G) corresponds to a subspace
over Z,, consequently | OD(G) | is a power of 2. Eriksson et al. [2] proved OD(G) # @ for
every graph G in graph terminology. In terms of matrices certain algorithms to construct an
od-set (or all od-sets) of a graph are known (cf. [4]). It seems natural to seek for algorithms, in
terms of graphs, to do the same job. Galvin [3] gave a graphical algorithm to construct an od-
set of a tree. In [1] Chen ef al. showed that in fact Galvin Algorithm generates all od-sets of a
tree We recall Galvin Algorithm in the next section and propose an inductive proof, in the last

section, of that Galvin Algorithm produces all od-sets of a tree.

2. Galvin Algorithm

Given a tree 7 = ( VE'), pick up an arbitrary vertex z, and consider the rooted tree 7.
(rooted at z). We call a vertex in a rooted tree a node. For a node v in a rooted tree, its parent and
children are denoted by p(v) and K(v) respectively.

Galvin Algorithm [3] takes 7. as the input and consists of two phases: bottom-up and top-

down.



LG 48 1Y) 105

The bottom-up phase divides the nodes of 7. into three types (original name is
parenthesized): out-node (outcast), odd-node (oddball), and even-node (rebel); denoted by O, P,
and R respectively. The classification goes, level by level, from the bottom up as follows.

BUI. All leaves are even(-nodes).
BU2. vis odd if K(v)NP =@ and | K(v)NR | is odd.
BU3. viseven if K(W)NP=0 and | K(v)NR | is even.
BU4. visout if KW)NP# Q.
To classify a node v, all nodes in K(v) have been classified already; hence BU2, BU3,
and BU4 forms a trichotomy. As a consequence v is well-classified.

The top-down phase constructs a subset of nodes C as the output. The construction goes,
level by level, from the top down as follows. (z is the root and v is not.)

TDI1. Ifz€ O, thenz&& C. IfzER, thenz € C.

If z € P, then we may set z € C or z & C. (There are two choices available in this case.)
TD2. If vE O, then v C. (So ONC =0.)

TD3. If vE R, then v € C if and only if p(v) & C.

TD4. Once cach even-node in the working level has been determined to be a member
in C or not by TD3, those odd-nodes with the same parent (which is out) could be
chosen certain of them to be members in C so that the closed neighborhood of that
parent contains odd number of nodes in C.

Next we state a proof (omitted in [3, 1]) that the output C is an od-set of T..

According to TD4, | N [v]NC | is odd for every out-node v (including v = z).

If z € R, then z € C by TDI and K(z)NC = @ by TD2 and TD3; thus N [zZ]NC =
{z}. If z#)v € RN C, then ( KU {p(v)})NC = @ by TD2 and TD3; again N [z]NC
= (v If(z#)vE Rand v C, then by TD3 p(v) € Cand N [v] N C = (K(»)NR)U{p(v)}.
Since | K(v)NR | is even, | N [v] N C| is odd.

For v € P, p(v) € Q or does not exist. Again K(v)NP = @. When v €C, K(v)NC
= @ by TD2 and TD3. When v & C, K(v)NC = K(v)NR; by BU2 | K(v)NC | is odd.
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Hence | N [v]NC | is odd for both cases. Therefore C is an od-set of 7. (thus, of 7 too).

3. The number of odd dominating sets in a tree

We just showed that each output C of Galvin Algorithm is an od-set of the input T..
Denote the set of all possible outputs of Galvin Algorithm by G(77). So G(7.) C OID(T.). Later
we will show that G(T.) 2 OI(T.). Thus OI(T) = OD(T.) = G(T.) (independent of z).

First let us compute |G(T7)|. For each out-node v, K(v)NP # @. Suppose there are p odd-
nodes and g out-nodes in 7-.. The odd-nodes with the same parent forms a block. All odd-
nodes are divided into ¢ (or g+1) blocks. (The root z itself forms a block when z € P.) A
block of k odd-nodes with the same parent has 2 choices available by TD4. If the root forms
a block, there are 2 choices available by TDI. In total there are 2 choices. (No matter what
the root is an odd-node or not.) Therefore | & (77) |= 2.

In [1] Chen ef al. introduced the quasi all-ones problems and studied whether the root
is in the solution to the quasi all-ones problem. Together with the study on whether the root
is in the solution to the all-ones problem, they came up with the following result: Suppose
there are p odd-nodes and g out-nodes in 7%, then there are exactly 2”* od-sets of 7-. Since
G(T)COD(T.) and | G(T.) | = 2" their result | OD(T.) | = 2" implies that OD(T.) = G(T.).

Our proof of that G(T.)20D(T.) does not depend on counting |[OD(T.)| but on
mathematical induction. Roughly speaking our proof goes as follows. Given an od-set C of 7,
we delete some subtree(s) from 7. to obtain a subtree 7".. For convenience the subscript z will
be dropped out. A node ( in J"') is stable if it receives the same type after the bottom-up phase
on both T and 7", To make the argument simpler, we use prime to stand for stuffs in 7. So P/,
Q', R' are the odd-nodes, out-nodes, even-nodes in T"; p'(v), K'(v) stand for the parent and the
children of v in 7". Consider an od-set C" of 7" derived from C. Since | V'| < | V|, by inductive
hypothesis OD(T") = G(T"); thus C' € G (7). The top-down phase of Galvin Algorithm to
construct C"on T is essentially kept the same and we show it can be extended to construct C
on T; thus C € G(T). Therefore G(1) 2 OD(T).



The following lemmas are easily verified.

Lemma 1 Suppose C is an od-set of a rooted tree. Assume x is a leaf and y = p(x). Then C

contains either x or y, but not both.
Proof. | N [x]NC | =| {xy}N C|=1. Q.E.D.

Lemma 2 Suppose T' is obtained from T by deleting a subtree rooted at some child of a
node v. If y is stable, then x is stable for all x € V".

Proof. Every leaf of /', except posssibly v, is a leaf of V. By BUI, they are stable. Also
for every x €V, x # y , K'(x) = K(x). Thus all nodes of level lower than that of y are stable.
Since v is assumed to be stable, all nodes of level the same as that of y are stable. Afterwards
all nodes of level higher than that of y are stable too. Q.E.D.

Lemma 3

(a) Assume x € K()NQ. If T' = T-T,, then y is stable.

(b) Assume u,v € P.u# v, and p(u) = p(v) =w. If T'=T-T, (or T' = T-T,), then w is stable.
(c) Assume u,v € R, u # v, and p(u) = p(v) = w. If T' = T{(T,UT.), then w is stable.

Proof.

(a) Note the type of y depends on whether K(y) N P is empty or not and on the parity of
| K()NR |. Since K'(y) = K(y) - x and x € O, y is stable.

(b) Clearly we Qand we Q.

(c) When K(w) N P # @, w& Q and w € Q'. When K(w) N P =, note the parities of
| K(w)NR | and | K'(wW)NR'| are the same. Therefore w is stable. Q.E.D.

Next we propose an inductive proof of the main theorem.
Theorem 4 For any vertex z of a tree T, OD(T.) = G(T).

Proof. Since the root z is specified, we drop the subscript and apply the 7 and 7"
terminologies. Let 7(x) denote the subtree of T from the root z to all nodes of the same level
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as x. We have shown OD(T)2G(T) in the previous section. Next we will show
OD(TCG(T). First verify it straightforwardly for trees with at most 4 vertices. Then let 7 be a

rooted tree with more than 4 nodes.
Case 1: There are two different leaves v with the same parent w.

Let 7=T-{u,v}. By Lemma 3(c), w is stable. By Lemma 2, all 7"-nodes are stable. For
Ce OD(T), eitherwe Corwé C.

In case we& C, by Lemma 1, u,v & C. Thus C € OD(T"). By inductive hypothesis
C € G(T"). Since all T"-nodes are stable, the top down phase to construct C in 7" will produce
C N T(w) in T when it reaches down to the level of w. Go down one more level, u,v & C due
to TD3. So Galvin Algorithm will output C eventually. Hence C € G(T).

In case w & C, by Lemma 1, u,v € C. Let C"= C-{u,v}. It is easy to check C'& OD(T").
By inductive hypothesis C' € G(T"). Since all T"-nodes are stable, the top down phase to
construct C"in 7" will produce C N T(w) in T when it reaches down to the level of w. Go
down one more level, both # and v will be included in C due to TD3. So C & G(T).

Case 2: Every node is adjacent with at most one leaf.

Every node in the lowest level of a rooted tree is a leaf, called a bottom leaf. Let u be a
bottom leaf of 7. Set w = p(u) and s = p(w). According to the above condition, K (w) = u,

subcase 2.1 K(s) = {w}.

Note s 7 z, otherwise 7 has only 3 nodes. Hence s has a parent, say ¢. Let 7= T-{u,w;s}.
Clearly n € R, w € P, and s € . By Lemma 3(a), { is stable.

For C & OD(T), by Lemma 1, either # € C or w € C, but not both. Since N[w] = {u,w.s},
s & C; otherwise | N[w]NC(| = 2, a contradiction. Let C N T"= C"and check C' € OD(T"). By
inductive hypothesis C' € G(T7).
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Since all nodes of 7" are stable, the top down phase could construct C' N T(7) (= C N
1(z)) on both 7" and T. After the level of  was examined, Galvin Algorithm on T will set s
& Cduetos € Q. By TD4we Cifand only if 7 ¢ C. By TD3 w € C if and only if u & C.
Therefore either # € C or w € C, but not both. So in either case C € G(T).

subcase 2.2 K(s) = {w.x}, where x is a leaf.

Note s = z, otherwise 7 has only 4 nodes. Hence s has a parent, say 7. Let 7'= T - {u,wx,s}.
Clearly u,x € R, we& P, and s € Q. By Lemma 3(a), ¢ is stable.

For C € OD(T), by Lemma 1, either v € C or w € C, but not both. Since N [w] = {u,ws},
s ¢ C; otherwise | N [w] N C|=2, a contradiction. Hence C contains either {x,u} or {x,w}. Let
C N T"= C"and check, in both cases, C' € OD(T"). By inductive hypothesis C' € G(T").

Since all nodes of 7" are stable, the top down phase could construct C' N 7'(7)
(= C N T(f)) on both T and T". After the level of 1 examined, for the deleted nodes s,w.x,u,
Galvin Algorithm on T'sets s € Cand x € C due to s € Q and x € R. By TD4 w € C if and
only if 7€ C. By TD3 w € Cif and only if u & C. Therefore C € G(T).

subcase 2.3 K(s) consists of at most one leaf-child and at least two children that each has
a leaf-child. (s could be the root.)

We divide the od-sets C in such a rooted tree 7 into two classes: C contains a bottom leal

or no bottom leaf is contained in C.

In the former case, let x be a bottom leaf in C and y = p(x). Since x € C, by Lemma 1,
Y& Cithus | N[y] N C|=1, as a consequence s & C. Let 7" = T-{x,y}. Clearly s € Q. Since
s has another child that is odd, s € Q" too. Thus s is stable. By Lemma 2 all nodes in 7" are
stable. Let C'= C-{x}. Check C' € OD(T"). By inductive hypothesis C' € G(T).

Since all nodes of 7" are stable, the top down phase could construct C' N T(s) on both 7"
and 7. By TD2, s & C"and | N' [s] N C'| is odd. Since N[s] = N'[s] U {y}, when we choose
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the same odd-nodes in the level of ¥ to be members of C”, y will be excluded to be a member
of C; by TD3,x &€ C. So C € G(T).

In the latter case, by Lemma 1, all odd-children of s are contained in C. Let y be an odd-
child of s, v=p(x),and T'= T-{x}. Since N [y] = {s,yx},x & C,y € C, we get s & C. Hence C
contains K(s). Therefore C N 7,= K(s). Check C'(=C) € OD(T") and 5 (€ Q) is stable. Thus
all nodes of 7" but y are stable (v € P and y € R"). Note that s contains no out-child in 7 and
in 7. By inductive hypothesis C”is constructible on 7" by Galvin Algorithm. At the level of y,
Galvin Algorithm first include all the even-children (v € R") of s due to s & C and TD3. Next
all odd-children of's could be included since C"is constructible. It means | K(s) | fits the parity
condition in TD4. When Galvin Algorithm runs on 7' : Since v € P, the number of even-
children of s decreases by one, but the number of odd-children of s increases by one. Hence,
by TD4, we could take all odd-nodes in K(s) into C. Namely C M 7(y) has been constructed.
Finally no bottom leaf is contained in C"and in C, by TD3. Thus the given od-set C would be
obtained as the output. Therefore C &€ G(T'). Q.E.D.

As a consequence | OD(T) | =| G(T.) |=2"".
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Algorithm 1: (assume executed at peeri)
if CI<LOW
if NumofNeighbors > Threshold
Remove neighbors with smallest Potential until NumofNeighbors <
Threshold
Get peer list from all neighbors and put them into a candidate list
Calculate Potential for each peer in candidate list
while candidate list is not empty
Remove peer p with maximum Potential from the candidate list
if P(p)=P(j) (where j is in i's neighbor list and P(j) is the minimum)
SendRequest(p )
case Accept: AddNeighbor(p ) and disconnect

case Reject: trv next peer in candidate list
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Algorithm 2: (assume peer m receives a connection request from peer i)
if NumeofNeighbors < Threshold
Accept ( Peer 1)
else
if CI = HIGH
Accept ( Peer 1)
elseif LOW = (I < HIGH
Reject ( Peer1)
else
Calculate P(1)
if P(i) >P(3) (where j is in m's neighbor list and P(j) is the minimum)
Accept ( Peer 1) and disconnect peer j
else
Reject ( Peer 1)
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423 HMEEGENINEZE

6 flIlE 7 RrE R ATE AN T - MIEHPFEELE Cl FERGERE R E
RIEBRAS IR o E ik @&/ NMENIRE - FIALE EE A B Rt 8o W DL AT B A
PRERHIET - TEE 6 A1 7 FhR] LASRIR — AR U7 iR AE #E T R/ NGNS C1{EHF Wi Tt
T BB R BN RE 5 IR AL AR @ & A/ N CLERMEL—# 72 - 5 R R R iR & A/
FES B AR F BRRUEBG A » MRS A ER A BRI E AR T8 - W —# 5%
HEFERE AR SR I SRS T8 - EITE AR E T — M 7R Cl
([ERMER - (EREREEHEA/NZEEmE - EEEETESHEAZHERT -
BIREAIFRENRE ST IER) Cl {ERL & AMRIE A - (HRAEREE BB A BN T » CI{EX
S R - S5 B AR AR A =R E —(E2FEET - BE R A ATRE
ERREREEEOE - R IRAMERER B - Huis Raem Eikas T & - Sk C1 (ERE
1§ - FiRaz BT =EHR SR -
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/ — —+— Dynamic

~—i— Non-dynamic

[ i Random

0 L SSSE ST S——
5 10 15 20 25 30 35 40 43 30
Buffer size(pieces)
6 : 15 CI LeEeE (R ER A/
28000 — -
£ 24000 |
£
2 20000 — A
\ ~
I 16000 : e
£ M // —+— Dynanuc
= 12000 V "~ —@—Non-dvnamic
i;. _— Random
ES
£ 4000
0 =0
5 10 13 20 23 30 33 40 43 30
Buffersize(pieces)
7 {RARZRARIEE KB LLRE (S EEH=EA/)
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5. FEcm

7 R AR S TE B BT TE R SR VB AR B - A5 B Bh 2 il e T2 B ep AR
7 ECREAR R eSS - R EEEAH - ALV oeis RERHGE R I Y
A —(E 8 B AR A - [HAMFERGER R B ER - B ERER
& SRS ] RE DB A R BN EG R (B0 SR R R i B 2R - AR BN B AT o TR
PR T AR S B E BB RE A R - R BN EG E R A R B R R
HITRNE o E&2 A SVE TR - BB RIEH AR E CEE R E SR RN
MKE B ER - BB EBE K S ERE - LB EERREH
JEEAEG o MEPKEATREFE A5 K g (BB ERtEk el B A KAy EiRisEx - &
Fr e # RN EE R B B AN A S RS SR A e AR ES - EEREUEE R - RMeAELL
— AR I L CL S 18% A AR - I HAF R 250y & d b i i
VTR 20% A o
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Dynamic Peer Selection Based on Buffer
Availability in P2P VoD Systems

Chun-Hsien Lu and Ching-An Tang

Dept. of Computer Science and Information Engineering
Fu Jen Catholic University
New Taipei City, Taiwan, R.O.C. 24205

Abstract

Traditional client-server model has become inadequate for video
streaming due to its bandwidth and efficiency bottleneck, and it has
been an inevitable trend to apply peer to peer technology in video
streaming services. BitTorrent protocol has been the most widely used
protocol for file sharing, but it requires modifications, especially in
neighbor selection, before it can used suitably for video streaming. In
this paper, we proposed a dynamic peer selection algorithm based on
buffer availability. Each peer calculates other peers' availability based on
their bufter overlap and load, and will give priority to peers with higher
availability when sending a request. Simulation results show that this
strategy can improve the upload utilization between peers and reduce the
server's load, hence enhance the video quality that the user perceives.
Our mechanism can improve about 26% on the continuity index, and

reduce about 24% of the server's load.

Key words: Peer-to-peer Network, Video Streaming,
Dynamic Neighbor Selection
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£ CUDA & _EMEARB R Z AL ET

ITRE REL
i AR TR

B B

Fri bk LS 0 P R A ot 18] o B (R i A HRS & ARG EE
% BE% o AR RSO FE T RE R LR AT A E (2 2 Ty
V1] R BME IR T EREN L - BIRANEEE
L DASI R S R S o S M S AT AR PR L R B BT I
RO EEETE AND ;EEEI Reduction ;2 {ETEFF L » ARamSCHFFEAN
{45 AR FE B T - HES LA LR ET eEA =@ EE « R
ZER S FUE N AND GERZRERE - R ARSI GPU Ad
(SR M E IR S OHEIUT] (Memory Coalescing) %]
GPU SC{ERe SRR A E - $H8 LA E=(EMRE - MR =T
M REN A « MEERHETE A - FIF CUDA Sl
GPU CIERe(H F B R E AR RFE T B EE & 0 F HURH A
BRI EIAR - RIEERER  MEHEEEERLEARRT 2.6 &
A - B SR RIE R (IR R B B R E R AN
B PITLEBREZINEER - BEMES - HERERERRT
BAR BT AEARIRER 5 FINE - ReEbikz)
HEAKIAT LUE S 30 AN - AR MR HTEE R R
RUKEERAR LSBT - AOREIEH A REER -

A= : fithLL¥ -« SSE IR EL ~ CUDA ~ GPU -
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1. i@
1.1 TatkEL ¥ R RE

46 7 (1 5L HE 0 A0 1 475 BR GRS 46 B EL 21 (Boolean Matching) [ 12
b6 4 #5038 — £ J 91 L3 (input permutation) 72 3 A / # H 7% 5 (inputioutput phase
assignment) % + SEFI(EENBUL IS + 1755 NPN-equivalence FJRE - 754K RIREE.
BTV F 36 5 (logic synthesis) - B35 (verification)[ 1] RIS L (technology
mapping ) [2] ZH < (% —(E5A n (&% A BB —dn 0 AREREL - NPN-equivalent 1f7
PRECH RIS Fy 02\ mr+1) ) » BEATATHERT SR & R ni2ne 1) T -
EEHIFERRIGE n2nn+ 1) AV &GF - RERTIAE - (LR RIEMHHY
TR AT A R -

B T RES B BER R BRI M L E RARE 1R 2 AYFHRBRATECIT S AR el it i F2 H [3-9]
Hepa E1E4E (Canonical Form) » F#{E({E (Signature) DLz 5l ik: (Spectral Method )+
TEHER 2 (E i B M R B RS R AR R - B R REEHEE
T A AR E FHRRAI S 7 R R Y - R (B R Ry an 5L — (8 pR Bt B mT A
EeEipyh « H B ARG IREEHRNARHERE - # RS ARHERR T T RERYH FER 12
A H e/ Mg ZeREIRELE] (10] - SRR ALE S B E LR AERFERTHAB 2 GHEE
HEMLAFEBERENGEREAE - LRI - A58 R reH w2l
R B R B - U (8] AT LAFEAH E 158 = Hl R By LL ¥ L - 1994 F1F DAC(Design
Automation Conference) _& [9] £EH T FI A on-set £ off-set {FFEIE AL ¥ 2 4 & 77 £ FERA
Rz mtk b EERE - WL EEERE T T 2R L -

1.2 HRZEEN

fE [ o BT (9] MR HIETR 52 S s o 2 A b L BT - 246 PR
BB AR ROERT S - B R B (8 BT b T AEHY B R P LA
NHEE R - TR LB ARSI - 1707 BT 277 B - KRR SERURE -
¥ T WEREAE A L BB TR 8 o 5 (B2 BB 2 R > SR FTMIEL T 90 4L MCNC
benchmark R4 - FHBIHERREAIZ 1| S - HHIIE 79% D L AOISRATERHE £ i
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H& 75 Yfeasible cubes checking) £l % B FETE RS % (redundant cubes removal) AYEIE L © £
S AR TR MR R BV LR - AR TEh AR S - ok A RS L AR TETE
B GRS R LB BE 2 3R » BRERF S LS B P T(L - I ImEAAM LA ZRR -

# 1 1 MCNC benchmark TRk LE ¥ 2 HERAFET BT

Redundant Mapping Feasible Redundant
Pre-Processing Run Time
Pair Checking Covered Cubes Check Cubes Removal
4.02% 1.52% 15.18% 33.03% 46.25% 100.00%

ST44E > NVIDIA £ T CUDA(Compute Unified Device Architecture) ;E B 325
S fifi F % 7] DA% GPU(Graphic Processing Unit) FEFITE— A ERLER E - GPU HYZLHE
b B354 | BT4E (SIMTSingle Instruction Multiple Threads) « TEILAHEZ T - #{T
(RIS - BT T RIS AR RHEER - I’ CPU ML - HIFEBeERRE )=
HZ5 % » BT H K CPU F1 GPU 2 RIGH BB BUHE ) 72 BE BB OA » DA e & v P
B 1 T 22 GTX680 il » E 47 8 flil Multiprocessors (MP) » & MP f 192 {ld#%
0> (cores) * 2 1536 %L » ILARIFEREEE 1536 (HEATT#H (threads) - BEZR GPU E{E
R0 T IR L B B i 7 8T CPU » {HFEAS 2GR GPU B CPU E ST BETH

Ll
He J

H1iA GPU 3 R ELE Wi At 24 » 7€ EDA(Electronic Design Automation) B3 - #5%
Frgeth FIF GPU B8 AHISE(T:EEAE ST » HaF 2 RN LIE T L - FELUINENRER [12-
17] » ZFSCE1E [11] Frg HEEEEILA AT - 10 E AT EIT LA B R4 GPU | -
FE LSRR ATEAR o

TEB R AREY/INE o B S AR UER 2 R AR A ER
SRS INLAET (LR (L ; SBNETR EBRAER KT - B E RS 4w
P FERk R BRI FE A -
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2. S E S

ARETF S BRSO B - B SN 5E B o B AR EL R
AEBE 2 Hi - CUDA f2FEHI K CUDA fHREATE S ZaH# % -

2.1 AEE R B Ttk L ¥

@ 50 R
— (A SE R AR BE =S - on-set ()~ off-set ( /") A& don't care-
set( )+ H. don't care-set T~ Al BZEHEE « AGHSUPEEA f= (f f7) KFR—ET
5 4 fi bR

@ FE 3%
W{EE A HERAEEN A TR ERES f e - BRFMZ " Ng=0 87
Ng”= O EMfHEMER - HMHLRERBES 8% (consistence) < Fl f= g %
Tz

e AE R {52 il s B (0 B g (1) » HA X = {xx0,) T Y = i) @
HWASE R RS g (EARR LY - %‘fﬁiﬁu)\fEA{fﬁﬁF&JTEAE&%JK%tHH’]}FEu S{E
% ' e EREREETWE 2 - B - PR REC kLA R E—H
HIERR v » (FEE—Ex AR EIME—HERN »,(5) B =g Hif=f(w (X)) -

@ DL{E R B EARAR L E

fa EMEAMMREE S (X) Bl g (V) HF X = {x,x...x} M Y= .y 0 M
AJAH — 2 E R 8 F = nlgERYHn A B FERIR © F: PixPyx..x . xP,>B (1)
Hhp=pPy=-=P,={1,2,...n,n+],...2n} » T B ={0,1} - FHAEE | (EEEY
FEE f iy x, i A - P, HLAZRT x, PR WTREST FERN Y y, 5K 3 - S8 x, BB SUE
JRE—Em AHERR - ERRRAT - &j<n o x HERy Bj>nb -
= x, HIER 5., o R %Fiwﬂ@ﬁfu %(H (input phase assignment) HJ1E I » H
A DAREILER Po= {1,2,...,n} » BT ERIR HERE S iz /NE (minterm) -

B 2.1 - EEEZMEMAZES X ={xxnn) B Y=,y - Z{EHNERYFEE
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Fehy 0 F-NxNxN—B » 21 N={1,2,3,4,5,6} * Tl B={0,1} » % y By b —H ¥ ER A&
INE Ry x, B ys 0o By oxs B o B/NE X 0 s AT DA TGE SRR o

o — (R NE R R — 35— ERRRk 2 STERIR - SR 2 R & AR (feasible) fz/]NE
FSHIER 2 & (infeasible) 140 (1,1,2) B2 (1,4,3) BB & EHR/NE - ARE
g x, B x, EREHEE] po( 8% 7)) » Tl e — B — B Hp s B ERI (R - E—E S {EREA R
GETE & ER R/ NE - 5.2 B2 (totality function) ©

@ 57534 0E ( partial assignment ) AR HI|
ANHGTSTRRER » RE(E A58 il R8s Adk LU S - B TR PR R B — EUE R AR
o B AX) B g(Y) {ELLEING » AREE—HEHER R y 0 FlG =/ Hb S =f(wX)
R s L psh - B A EREE w By, RIEER () Bl g”(g") - IR
PR EENER (faNgr=0 B7 oy Ng,=0) £ [11] 7+ FEH=EEEE (
partial assignment ) FEE I BIZTT

Rule 1:&—{flx, & 1- lit (u) * B F—1{Ey,€ 0 - lit (v)) » G A= —tHE 57 HIERARR (partial
mapping ) By x, ¥HER] y, - FH > H—#x, €0 - lit () Flye 1 - lit (v) theg
EE—HER 5 HFERARR -

Rule 2 : §—{f x € 1- lit () » BF—{8 y,€ 1 - lit (v)) GESE— 57 EHERIE S x, ¥
FEE 3, - [F3E » F—11 x, € 0- lit (w) » F1y€ 0- lit (u) ey —/H a5 % E
RAGR -

Rule 3 : & (u;, v) TEIEECE 2D TFE— 8 B HERR (R 2 A £ 0E -

Rule 1 FTEE A2 &0 50 H HERAAA 00 2 T 2 R B—301% - 177 Rule 2 HIIZ1EH [ A
{H Cinput phase assignment ) BB N4 2 5 S ERR (% - Mo 2R {EFT A Rule
1 fH - 2 Rule 1 B Rule 2 AJEE4 & 9 FERAR - 6 Him)e — 2% - Rule 3 AR
HH S BT ) R TR S 24 [ i . — 2501 - AR DA = (BB - mTDUER 38 TR 2 bR B
—HERIRTHR T - BEETEESERMF v HE v @) -v=0 REZ - REHES=
Fly (X)) B g iR —F0E - w B—%AH cover » FL{F MvCube (u;,v;) * AN R 2l HiFz
{8 (output phase assignment) WITEIT + BISEEL £ f°" ) FRAITETE o, B2 g™ ( g”) HHITE
TE v, $ER S B TERA LR -
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BBH 2.2 : SHEEMAESG X={x, x5} M Y= {00 EREEEu=x Hx By
=nysc M EEABF: PxPxPy— B BZ(EE A » Hf P=P,=P;={1,2,3,4,5,6} °
0 - lit(w) = {x} » 1 - lit@)={x,, x3} * 1 - lit(v) = {3} * 0 - lit(v) = {10} ° 2% Rule 1 Bt
Rule 2 AJ15E] » MvCube (u,v)= x,'"2% + x4 4 x, 1126 o

2.2 EENBBZFIE

{EME 3R 22 (machine learning) W18 24 T o] 3 By S (B P B - — (B R 2 G i R
(learning phase) » F—{E S TERIRGE (applving phase)[17] T2 RSB P 15 27 7)1y
HIgk (knowledge) T - GEARTER BB AR EL S - 10 RSBk v] LAFI A B2/ 0
s DU R EEAGTE - W6 RIEAYHE MES R InPUSSaEE - WE{EE s
Atk ENERETL AR S - B EARZ AL EHEE L (9] (PR - DUTF S hiEE
EIEREH -

#5318 minimum supercube & JA@ A x; » FF5% Map1(& x) F1 Map0 (& x) 73 B
x; ¥HHE v, Fo x; BHHE p HIERIRZ BEES - EREEREE @,v) » w f v, SBIHE £
Fl g v » FI]FHFTERZ B minimum supercube & BLEE 4= E {5 EHFERRE » LLUTF B2 E Rule
1 k2 Rule 2 Z{i{##HE] :

Rule 4 : 5[ 1 - lit(u,) FHY x, 0T EHE 0 - Jit(v) N Mapl(&, x,) Yy DUE 4 —HLER 4
HHE BAGR o [F1H » 51 0 - Jit(u)) TPAY x; OTEFE 1 - lit(v) N Mapl(&, x)) FHY)
y; A — B S TERAR -

Rule 5 : &—1{[ 1 - /it(u,) F¥) x, AT EHE 1 - li(v)) N Map 0 (&, x;) 0 7, DUEE &= — R4
JERAGR - 3R+ F—1{& 0 - lit(u) AT x; TTEFE O - lit(v) N Map 0 (&, x;) FHY 5,
DA A —fH &R 57 #1 HERE 17 -

@ EEE AR L EE

TEMETMEE S 2/l - et B BUE - BRI RENYEE - DLE £ WIIAHE IE
BAtR w » BEE T Partial-Mapping HEFE » SK1G £ 8L g T4 2 HIERAGR - A0SR 2
HAE R - RIS MK Partial-Mapping BRI » B—k f~ Bl g” R
Ry foU Bl g o DUKIG R R VMR - LI | Fi7R + By Partial-Mapping [T » % v R HAT
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B Wy & SRR - —BAIa4eK1E w 1Y supercube &+ $2E 14 £ g ¥RATHEIE o, Bl v,
FAENIMEREFE (don't care 2 FIREEHERTI ) « MARER AR don't care ZHITETEFNE
A H Y S FE R (R 22 S & FLa /) » it — Ak ] DAPGE BY#E/NME= 220 - o B I Rule 4
T Rule 5 #8H u, Bl v, FETEED B AT A OS2 HIERARR - R o 2RESHEEERN
MCDB (MvCube Database) 1 HIl Bkl Tl 2 8 - LHIGL & INA MCDB 1 - #:F 5 o
Fl w {FE AND EE (v = v N o) DAE/NEESZER - WeE RGNS R ER (%

IR A G I FERI AR & e bR - 2 1R3E A Reduction TRF7 » 12 BREUHLBL S HT#
TERIETEIE » SxfR P T supercube &+ TN HIFIFRS -

Algorithm Parrial-Mapping(f, g. )
Input: f, g are Boolean covers to be matched
Output: i or @
Began
E=&@p); MCDB = 0; /*Initial Leamning *
Sort the cubes in f and g by the cube size:
for cach cubes u; € f do
foreach cubes v; € g do
w = SmartMvCube(u;, v}, §): *Apply Phase*/
if (wis @ or w < MCDB)continue:  *Apply Phase®
Add w into MCDB: /*Leamning Phase®
if (i € w) then
P =yno: *AND operation®/
Reducrion(yr).
if (i is @) return Q:
E=E(n: *Learning Phase™
endif
endfor
endfor
return 1Js;
End

1 ¢ BERXBE Z Partial-Mapping TEEIE [11]
2.3 CUDA ZF18E!
CUDA (Compute Unified Device Architecture) By NVIDIA Fiitg 2 EHZ4 - HiEH
ﬁ'_

B T REERF T (serial) I3 22 CPU BT » GHEERREK B AESFTIE (parallel)
HYER 43 220 GPU BERY » DABMERHGE R -
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CUDA BAGER BT FEIFE LETT [21] - EGK CPU E{F EHn (host) » 1
GPU EfF4< BT (device) - TERBIRHITRIIEFIEZ LY kernel - TEEATT CUDA T2 -
& e e LI (F MR E BT - I E RS E R E IR (T - F BRI fFE
{T5e8 - AT B RS SRR M

@ CUDA #{THERERE AR (A0 2)
1. $UTHE (thread) : 15 GPU WHETTH » f/NYEEABE T -
2. & (block) : A T{EETTHEFEL » kernel TEERTHE 2 DS IR AT -
3. {EtE (grid) © A T{EE SRR - EEE EBUE kernel 5 -

2 1 CUDA $ITHEREEBEIEE

@® Warp
CUDA E 5% warp size 132 » 52 » —{lH warp &1 32 {HETTHE © 7F kernel 31T
HIREE - RE L RDE BN HERE - FIEE L cUDA G ITRIEBELL 32 (A
{THE B B Y)EIRY 2 (8 warp » V)BT 53 BCFINE R 2 DL TRE I3RS [E(ES 5 -
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= = (A TEIEE E A BIE 5 + 35 K 80 SELBITRIR S HITESE 0~ 1 K3 (E
warp 18 - #55 CUDA 1250 11 58 (5 P BE 153 52 (branch) BN EERFRIEE - &
— (] warp BT EES I AR EIRE - GPU @1 FTA I SUTH AT il
warp divergence * THERL & AR T -

@ CUDA £

% CUDA TS + 518 kernel # 52— (BITHS (task) » FH (B - E AR
Mo+ CUDA $RE T BB (Stream) + BT DL HEE (i (£ BB ACRAGELT » CUDA &R
Fs— A FETRI T B R B —(EE A (Evenr) » e a] DAY E R RS TR AT Y E)
1 IO B  kernel ST » 53 Fy n B » FHIHIE LLE) (EHCE — (ARFIRAY
(51 (queue) T + SEMERATLL—B 0 - —REH - WETRH - BHEME page-
Jock host memory = — TS + HhEHIFR matloc() BUE TR - CUDA HREET — (A
] cudatostAlloc() »  GPU th AT DABTELE B A0 S RS - A b B RIRC B RORCIRE
B (R AR RTINS - R RS EAIB(E - LI
1 e AT e 2 R -

2.4CUDA TEEEZR1E

CUDA a0 BT B 725 (Register) » &I EC 18RS (Local Memory) HEE
B4 (Shared Memory) ~ Z=IRGCIEHRE (Global Memory) » GRS (Constant Memory)
1 S0 B (Texture Memory) FATFR Y ( Z011E] 3 A7 ) F-EERTE T ERE
LLF (4513 AR 6 F A SRS IO DA TR -

St » 2 BRI - AERURREGRE - SUBRETTS - AR
D H A - (R GPU T EISIRHE « —E TR R 2 T
s GpU Tt 2T IS S EIERHEE - IS ERTEEREA - GPU HEAE
2 % (R R IR EC e - BTSS0S B R Y+ CUDA ric ERE YRS
AT —e e — RO RS B EAT R (row-major) qZERE - CUDA RYECTEREHI
SEE LT B E (column-major) WI5EHE » b T RESTHREATEINE R - CUDA HEH—
R 20 2 1 B T 2 5 Memory Coalescing « 1F 2.3 A EE] - CUDA 1EE(THY
1 22 DA warp B EEAT - 1 warp size By 32 A LATE SV ZC S RS A B (2 - /2 LA 128 (0T
#H (4 Bytes X 32=128 Bytes) {F—{fEEL - FELLE R 128 (ITCAHAY L1 ST R
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FCIEHE B warp WHEYSTREFINOVE R /E 2 A0 A i A — (A @ B b - FRrg it
warp HEEHIN—K LT BREGE AP e -

3 ! CUDA TEES R IB 1B E

3. FiTb ML EER A

AR BT E AP P B P i U SRR LA A MR LA BB BT BB PR 7 ik - B
FHERE BTG R = TRERRELN A -

3.1Weighted Partial Mapping jB&;%

PP AR S AR MR L —E TR LAMEIE » SR ST a /Y (u, v) FETERD %
St — (B EE (weight) - PERERREEMERT - WESE A0 REIEID B 2 28 4 500 03 S FE
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1% A — AR TR i S AR A B FERR (R 2 R & ELi/ | - REER G EARBUAT MR

Rule 1: HEIEZMERRFCAMENM - FCR o1 K ER 1 FITR don't
care Ff » FEE £ 2 -

Rule 2 : fEIERI S fEE - B (EEEMERR ISR -
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Accelerating Boolean Matching for Large
Functions on CUDA Platform

Kuo-Hua Wang and Feng-Ming Chang

Department of Computer Science and Information
Engineering, Fu Jen Catholic University

Abstract

Boolean matching is to check two Boolean functions are equivalent
or not under input permutation and input/output phase assignments.
In this paper, we propose a Boolean matching algorithm based on a
previously proposed incremental learning approach [11]. Firstly, we
analyze the incremental learning approach and then propose a weight
computing method to accelerate the matching process. By our analysis,
most of the running time is spent on two parts - AND procedure and
Reduction procedure. Therefore, we parallelize these two procedures
on CUDA (Compute Unified Device Architecture) platform. Directly
parallelizing the above two procedures has three issues: (1) Using the
original design of data structures results in the performance degradation
on AND operations; (2) There is not enough GPU memory while
matching large functions; (3) Being unable to implement memory
coalescing leads to the reading GPU memory very inefficiently. To solve
these problems, we propose three techniques to optimize the native
parallel procedure, i.e., redesigning the data structures to improve the
AND procedure performance, using CUDA stream technique to reduce
the memory usage, and transforming the data storage to realize memory
coalescing. By the experimental results, the weight computing method
can acquire 2.6X performance improvement over the original one.
Besides, we took experiments to verify whether our parallel matching
algorithm can expedite the matching process or not for large Boolean
functions with different input size. Compared to the sequential matching
method, the native parallel method and our optimized parallel method
can acquire 5X and 30X speed up, respectively. It shows that our
parallel Boolean matching algorithm is indeed effective and efficient for
matching large Boolean functions.

Key words: Boolean Matching, Incompletely Specified Functions,
CUDA, GPU.
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RE % & AR ) 5% R B PR A Y R P - RS R RS B B 5 IEE (HE
(BREERAG W KSR EEENE - T R - rJaeE IR E s R Y -
At - A ERER - EAARRE A - EE—ER TR - RS2 Al
R R PR B & B AR (B - 2 {E S 2 E -

AWFFCERA (¢ n) BV FEB RS R > Shamir [1] B2 Blakley [2] & 5Ch2 1979 4
B BIRR IS FRREE LR R EER B (D ERR ST HA (7
Al e RSB REE R ERE VR « (0 - EEGBFRINVEER - R ES =5
EEEAER I R EERHEREGESL  BERENETE - Rt EE T2
FIA (r, n) B85 5 =R DURGERRE & B EE - U H B Ei#fr 3 B/ (Secret Image) B
B2 (o on) B K S0 -

EHAM (1, n) A Fr > 5 0 B —RER FER B AR n aREEELTT
BHERNSZEB R (3 - 5] #EATHEREIRE &R - Tt A5 HEIEATE
TR - HEEERNSERF - B55 RMATE - g =B Aok e oy B
DEREEHEERWEERE - REFEEHRERTIEL - NENWEER R 72%
FE S — R R B B ik A n ORFEEE B F (Cover Image) * AR E4: n iR EEE - (Stego
Image) * 1k 2% i Fr i S e AP E &Rt - YNEIAI R BB AL e &kt - B [ A
ML > TEE M AEE » BEsmZE 25 -

2004 £F Lin B Tsai [6] * F A RE GF(251) ZIiEEL (¢, n) VRS (BEEHE
Frié B b i@ A 4 6% 0 RS 251 SEEEFERYE A [0, 250] - KPS E A& EE
HiE R [0, 255] » ATLASERE AL EBIFRAAVEE F - 2009 4F Su, Chen, il Lin [7], FIFF&E
&1l (Vector Quantization) -+ {5 E F AVARIEZ (Codebook) » L7 ATIERE Ly (B2
B AR E IR L BAREESER A e EBFRAL B /- 2010 £F Lin ] Chan [8] $2
HRIFIIRE =18 ERE—REEE FEL v R BEEEF - I n R IR SEE i
FHEEE AL HERBEERAERSRETR - Bt ARERE &R TE -
B R IREE - ¢ iR (REEHE R Rl DRSS RS R MR E - B s R R il & 2P
EANEEER - N3 Lin f] Chan [8] AR AR GF(251) SEER (1, n) WE T FiE
B DL G B R IR (R T R BB R AR -

HAETE A% T SO R H 5 2 A BB [R AR B A 8 77 - BIan - 5w [9] A [10]
{0 F (i BC — R A R (Power-of-Two Galois Fields) ZEREGL (1, n) VS 53 - Bl
GF(2™) BIEE - m BEEEE - "R ERE A FAEER - 55 BT RIERX
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[11] #0[12] » BEFH (7, 4) ERHES (Hamming Code) #wfls » A5 5055 ] Fr & e A a8 8] Fr
B R (EARIESEZLITT (Least Significant Bits) F - i {5 {B4EE F HE KRR - H2
e [11] A [12] Bl (1 n) MBS EIERVEE -

WEEFSEENEENE  EESnBihERE - KEEZETEAHER
MR FEvFREE - BRIt AN B —EEGENEE - AIRIEREE FEE - D
AR AR E A RASE - SECEREIER AN I - BRIRLE IR BEiR
¢ QIERSE (6] (#H HEI 27T (Parity-Bit Checking) » &3 [13] I HP & [5] 6 aE #E (Chlnese
Remainder Theorem) 5328 » {Haf 3 [6] F1[13] - &1 fd FEEL 251 5EE - RIICELE B Fr #
FERRFGER ¢ G [14] R Hash-Based Message Authentication &% - SR 77 11
MRS (TR - R (R e -

FRERRTL - AR AEERE @ ¢, n) BEEHF ST - BEETEE2 TEEERNE
B AR TGRSR RS - DL R R R A E AR A E RS - A H S
228 MBI - BYh  FEMRE A - WG REE F ERrD6E
TEEERE R i - o] BeRghdEE 2 SR E Y - Dl @R g e e -

2. HHEAE =AE

AWHFEERA (1, n) BEE Fror F AR RE R - ILE R E SR AREE IR ANE R
R P o [FEL o RESL TS (7 n) R AR ISR

2.1(t, n) MWBRE;

TAEE LT R R 2 il BRI — Yl - (BRE Bl B e -
FERFEMEEER © 1979 4F Shamir[1] $2H T (4 n) B S ZEE - BHEEEEER -
FEFE n (7 TBIEIE R n (TR iy Fr]EiRERFEMEER ; BEUE
DI ol EIEREEWEER © (1 n) WESEEEA SEAEIES, - RIERE
B2 E Y o BER (¢ n) BRE SRR - VESEE S EZER F(x) 0 TR -

FR)=S+tax+mx +..+a.x" (1

Hep S RIEER © a), s au R fEEGERRAREIREL -



154 I A A2 R E AL E Ak

FHIh - TERE S E R AE R ﬁﬁl"ﬁf"cd%zf:n{l% BEH ki, ko, ke THIRA S
ZLIER, B Fk) =y, Flk ) =ys, ..., Flk) = y. » FE 015 n H & e EHEH B EE
B (ki » ) » Hedri=1,2, .., n e Bl EFES Tvﬁfelﬁi Lt - EISEIRT  H SR E R
FIEE (kv p)r i=1,2, .., ¢ BIWT{ERR7#% B H4E{E % (Lagrange Interpolation) ;&5
BIRZEA Fx) - ITf ¢ (EREE - FIHCKRISWEER S - BEMRDH r S
(EEIEL S FE(ERS » (EMEEFH Flo) 7Y ¢ 8 5R 8L lﬂtﬂﬂ{ifﬁﬂw.ﬁ%% oS

2.2 iEBBNS

VERH R — A 50 M (E EI Y SEER B IR0 - — M JE I 7 e A 2 A {3 iz
TR IEHE « b T EHE AR E R THIE - M EEC TTIREE T -
BN :1E (7, 4) HERAEEH - 4 [ EHEH A THFYI D =[ds ds da d)] I E3ERETTREY [

¢, ¢ ] TUEE 1 {E51% (Codeword) C =[d, d; ds ¢5 d, ¢ ¢/\] * Fi C2HEGTFY
Hi 4= B FEH (Generator Matrix)G FITsR1S - 205 HER (2) ¢

C=(G#*D") (mod2) (2)
1 0 0 0]
0100
0010
Hhc =[1 1 1 o] T 2#E (Transpose) #HH -
000 1
110 1
1 0 1 1

2] :D=[ds ds d2 d\]=[1101] FHAFER (2) KE C=[ds d5 d> ¢5 d, ¢ ¢)]
=[1100110] - BN 3 EEERITFY] [csc.c]=[010] °

FHCEEER M THERENT K EE « B & 7T B - C ABUR
(syndrome) 5 [000] " - 75 Rl & e~ @ (T RAI I E © BoRARHREAZATT

H = C"=[000]" (mod 2) (3)
1111000
HpH=]1 1 0 0 1 1 0 | 2/FEHEFZIEEE(Check Matrix ) °
101 010 1
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flan - CLEFFR C=[1100110] fRAFERX 3) » 75 [000]" - XfEk C H—E
TT ﬁ%‘%ééi&' Hd, BB RIAERTEAECE 15FIC' =[d, di' diesdica ci] =1
0001 10] gtz cfl ¢ REEAMEAENNITAE @ oal# ¢ FriE TR

C'=C®E @
HAHE=[0100000] » ®FEIFaL (Exclusive Or) SBHT » FHUCHIE C'FF +
ERLEEGRE - QTR

H*(C')' =H#*(CBE)'=(H*=C")®(H+E')=(H=E") (mod2) (5)

HAGR S [110] T+ B [110]" fZ7CREFI A A - C’?’éﬁ{lﬁ“ﬁﬁ’ﬂfﬁﬁ%%‘é - BEEE AS AL
BHIALT » (FEIEIETH C - H C FFIIERALITREYI D

DA 3500 — R R S (S T+ ER A SO F B4 B G+ FITIA 2
C HIBRRLLE [000]" + {2 & B IS ML it 5 A0 4 + FHE TR rE R 2 A
g -

3. HE

AIRFETET 3 A e - BP0 F - BERBEAER - 55—
FEEEE = TERMWEB A o REERF - 153 0 RIBEEF - REEEF
SMEREE R FrAR (L - ATDGERRS RN E ERAIERY - B SRR E FER 0 E2E
i 1R - RSB R R R A -

3 ER2E

& Fr o3 SR » ESRTRE (1 n) B SEEZ PTG AE Al n - A053E4E n (EAAE E R 1E -
ks ko ., ko SRS TE A RTEE) n SRAGIEE P - RIOTLASERESFZHA » WEH
R E G R EMHK - ABRRASHEL > SHEESFEZEA F (k) H
Hi=1,2,..,n° FEBEIE F (k) EpERGT - FIFERBFIE ITF 83—



156 RN OR i W PR A R

NE | R G R ERERTE AT - SRR EEE Fr - RS B A SR RE = R RA (iE H
iy BIRRE o LU A (R el Frg R H -

{RE S — R F I F K n SRFERER Frie R IR B Fr - (RIBL I A — 35S 8 i
T © LA RGHE o> F A B

1. AR E Y (5% - BESFLEAUT
F(x)=potp x+ - +pux" (mod2% (6)

HEfpo,pi o, po BMEEA (EEE - RKASKEL - SHEESEZHEN
Flky i=1,2, n° K F—HEEATSESREE Fk) - RELTF
DL F(k) BRrE—HEER S REE LA ERETR - BE] [ss 57 56 85 84
s5 82 8] 8{ERLITC

2. etERINAEIAITT
p=s:BPs, BscPs;:Ds.Ds:Ds.DPs, (7
HPPHEEFRIGEE T  [p ss 57 Se Ss 54 53 52 8] AT G R AR FHER
7 (&= -

3. RFIUH G 7 (BEBRC » j=1,2,, 7 HEEHE C R EH - AR
C'&H 8{BOITT [c)ciclclcicielel] » THBERTHAZENMIT - EEERTR
BijEGEC j=1,2,-,7°

4. % LSB, B 7 BERFREEULITTFY] - BTLSB =[¢f ¢ ¢ ¢ ¢ ¢ ¢ FH
B REMATERFS] - S —83 O S BIZEEUEE = AT [c) ¢l el clel el el el]
o ATFHR -

| = (1 AP S R W= M (- |
C=[gee &0 ]

2 _ 2 A2 A2 A2 a2 a2 a2 Ad
C=lgeeaegd el
3o 3 ad a3 a3 a3 a3 a3 o3
C=le g e ]

¢ 4 4 4 4 4 o4 ad o4
C=leeetaee el
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C—[%%Hhhﬁﬁﬂ
6 A0 A0 O 6 L6 L6 6
=l gee]

T AT AT A7 T a7 &7

o [cs € G €5 6 6 € c:]

5. BER(7,4) R EZEMHFE L LSB, Y WEE  r=123 & & — LSB,
FPAIEIBOIE [ vi" va" v 1" TOFART

H*[LSB,]'=[v;" vy" v,"]" ,r=1273 (8)

6. #HABE2 P15 O MEGITE [ pss 57 86 S5 84 83 8 8] FRZH - 4 3 BT » 18
# [pssss]’[se ss sa] ' [ss s sl]ZﬁﬂfﬁﬁFT:%ﬂJ

7. B =MAITCHYI Bl A S =18 LSB K41 - H 8% 5 BAI= {8 LSB FEFIAY &Ik s
[va" ¥:F vy"] r=123" r{—fij/EﬂJL,\gff‘ﬂf TR Y& B WA FekEE - 5
B ={& LSB Y& E# B (7T [bi by by [ (UE » r=123 » A1 FALT: -

[b B B} 1=[v) v, v']@® [psgs7] 9
[b,% b:;'! ]:’12]=[V32 sz v ]@[Sa 5
[bJI bzl b;]z[\"3] Vzl Vi ‘1 [53 5,8 |]

8. DA% LSB, FYIHE [byb, by | {UBEMIAITT » 5FILSB, " r=123 » #i4 :

[bsl bzlb:]=[l]l]=71o (10)
L5B,=[&] & € ¢ e! ¢ ¢ ]
[BI b bj]=[100]=4,
L8B=Te] el ol ef'e] ¢ ¢l]
[b:: bzi b:]:[() 1 0]:2|0
LSB;=[¢] &] &, ¢ & ¢’ el ]
9. HHSFIFI=F LSB. ' FpHIMAIEH B F 1555 C I LSB, ¥ r = 12,3+ Rk {ELE
@AE 7 E&EED  j=1,2,,7

D'= (¢} el clelclcciel]
D'=[cccclelelcel]
D=[daqgaaada]
D'=[cielectetelel et ]
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= [e; ef o el o) el ¢ e ]
D'= (el ¢ o] ¢l 5] el ¢ ¢]']
10. RHiAEEE 1 9 - AIGAREE Y ¢« (5 - RAIRBERE A 7 [&F - B -
HELSE I ELE  BEEWEE TG GZE i ADIMERR PR A il
DAL ESER - RIS EE i ARE—ERF - 0TEE » K T n RIARBE
EF - B R B =R E -

O RO EZIHIF (v) OfRFFHLLIFEEE H 7 [E&ER
M EE R AR T TrEEE —HEHIITT
@5t R FE kLT @HY = {1 LSB f#

A

. OfE A% B L ={ELSBf*5
Sy ={EfrT—4 sTE={# LSB FF7IaEIE

|

@FFHE ={# LSB F5I& B Emfrtir &
@M LSB, 38| ={#LSB; 575l r=1.2.3
OLSB,’ FEHIIE (&R E 2 C HILSB, F5l» r=1.23

R S fY 7 EEED j=1.2...7

®1F [ p s, s,5,5,5,5,8,5,]

E— BRAEREE  OF#FHTERRNE
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W B GERHS A BT
1. 5% F(k)=[ss5756555483828,]=[10111011]-=

ZHA{%F{ E’?’EHJ.TEP_SR@S BScPSsDS4BS:B52B5, = 0"[53575{,55&153538[]
o {Ef T e ATIFEEE PRy 7 (B EF -

3. RFPEUHRRER 7 (M55 - G EEER ES - e
C'=[01011010]
C’=[10001001]
C'=[00101101]
C'=[11001000]
C'=[00001111]
C°=[00101100)
C’=[11001010]

4, L =1 LSB &%) - 21 NAr7s ¢
L8B,=[clwicic ¢ ciel]l=[0010110]
LSB—[c7c(’c§c“ e ]=[10100011]
LSB,=[c] C"cgc el |=TE110108]

5. 5FE = LSB FHIEIK [ vi" v v,r]’ilﬂTﬁJf?ﬁi

[vi' v.' vi']=H=*[LSB, ]
[ v* w® v ]=H#*[LSB;]"
[vi® va® vi’]=H=#*[LSB;]

[1007]
[0117
[000]

6. 15 EE 2 iR 9\Z7C [psssrsesssasisas, | K =MEfTT—# » 158 [pssss]
[sas:s4] " [535251]_-{1775&’9” ?D—FF’JTT
[sss2s:i]=[011]
[sesssa]=[111]
[psis:]1=[010]

7.8 [pssss]’ [sesssa]’ [s3828] =MMITHEYNS AR A=18 LSB %! - H#BE 5
ELHI = (i LSB FF3IRI IR » B LSB FRYIR IR Bl = (e e ¥ i B R el B - &F
B LSB, UBHIAIE [bibab, ] ' r=1,23 " 2 AR :
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[bl b b ]=[v, v,' v,'16 [5;8,5,]1 =[100][011] =[111]
(BB Bl =[ v v, v 16D [s,8,5,]=[011][111]=[100]
[0 b b ]=[v' v,* v' 16 [ps,s,] =[000]&[010] =[010]

8. &2 LSB, A58 [ bl by by | (BRI + BE LSB, P4l » r=1,23 * 20 FF1~ ¢

LSB'=[cicicicicicie]=[1010110]
LSB, =Tcl i el el I=T1011B01]
LSB,=[cjcic;ciciefc;1=[0110110]

9. WS I =4H LSB; Fr 7ML AR Fr 5% C' HY LSB, FF¥1 » r=1,2,3 » PHkiRE=E
9 7 {El{%&3% D’ » 0 F A ¢
D'=[01011010]:
D*=[10001101],
D'=[00101101],
D'=[11001010],
D'=[00001111]:
D°=[00101100]:
D'=[11001011],

10. EEALEY 1 AR 9 - BEIREE AT GR ATIMREREF - PRREEA R

32EBRER

5 R R - BRI n R (R L (3R AR
R RS - RIS AT SR (B &, =1, 2,..., 1 - BB R B RIS (RSB
AL RS R MR R RN F(k) » 1351 ¢ B M E BB (k> ) + i =1, 2, ¢ - BVATGE

FAPIASEA Aid(EFE S - B Fx) 2E - HEMETRWERE ISR - HEFEKIE
Feffl& » mIEBRVEE R - AWge A GFRY) BRI - HBUIK#EE L [0,2° - 1]=
[0,255] » EEJRPEME FrioGRE— - EEEEE Fi) 2EAN - BiE T EERFIE
A2 EA R - BIRVER &% - Fik > AJE2 AR ERFEER A - WEE FER
LRI
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1 IKFEUHBSEE A 7 @& FZ D - Hivj=1,2,-, 7 » A8 —HEH 8 ER7IT -
2. I =18 LSB, F#% » Hdbr=1,2,3 » LSB, Y40 FATR
LSB/=[¢] cfcicicicic/]=[1010110]
LSB,=[c;ciciere;6;¢,]=[1011001]
LSB,=[c]cicicicleici]1=[0110110]
3. EFERA A2 S 3R b = (E LSB, %! » SKHH [psss: ] [sesssa]* [sis25] =5H
(LTS AR
H*[LSB,']"=[s; s, s, ]'=[011]
H* LSBy' ]'=[ss 85 s:1'=[111]"
H*[LSB,'I'=[pss 5] =[0107]
4. BEp=5Ds Ds Dss D Ds: Ds.®si & & B IL?2A A Bk 17 HI
[ s58 88584 83 % 8 ] 8 AT HEEER » MRBEEF TR - FEWERTRBE
B F DR T REA & 8818+ ANERkAT » iTHEE 5 -

5.0 85 87 86 s 84 83 82 81 ] R F(k) WI(E » WLEE « (8 F(b) ([EFIEIERY ¢ (S50 0E - BERHTRIAREH
HiEE %  ERSZELEA Fx)=ptrpx+-+puax" (mod2% 1Y ¢ EREUE - Hp
1%%{5 Po * P17t P Fb*ﬁ%{%{@]%é{jf%;% t

6. BE LA EE | FPPEE 5 - (KPS E AR E 53 -

7. FELE E IR B RRIRIER - ERH SRR E iR A -
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[ Rl i IR R

ORFEUH R ERE A 7 {EfRE=
iz e R R AR TR

A

@fE 7 {5 EHIFFFI U =(E LSB /551

4

@EMHERIEM 5T I3k L ={# LSB' 7%/
132 [psys;s,858,8,8,8,] 9 {EfLIT

@pHYE RIS IEHE?

®HQ‘,€‘%£&%'{E k ﬁﬁ?ﬁﬁ?Z@%ﬂE F(k) = 555;845558,8;8,8, ]
Wet ¥k, » yi) » BIRDEZIER F(x)
ZHLF(x) MY t{ERE - (F AR R MEER

%
<%§Hﬂ?§fﬁﬁﬁ@%i?

E
OFTR G R RIBIE tEaRIREE A = A
FREERUEE R ERHECREER

— BRERAREE W ORZBFHT RS
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4, S5

ST B ik AR R - PR R R - Bl E B REREE A AP
RIETE AT « A AHIE{E (S L PSNR(Peak Signal-to-Noise Ratio) FE{d;{F & &l F
2 EIET + PSNR AR (6 F A B G iR g 5 s - (F Rl B (E SR E A an B /Y
aHE A HAXMT

255°
PSNR =10 * log,, | ——— | 4B (10

NP1 h 7 MSE(Mean Squares Error) y= o
1 i &2
MSE =mzl\i:12\w—l(pu_pn) (12)

Hor H R FERE IR A= - WO FERE B R B R - py, R fEREE Fr (x - y) (L ERYERRE
p'y RIREREF (x » y) (LERIERE -

e S8 ] P B (S ] P 7 SR A+ PSNR HO(E AR/ » R S E B E oK
—iRIME » & PSNR HU{E{ESL 30dB f » AMIRIEASEEEFAH » HittEmE 2B
HE[E F#Y PSNR (HZE A EE 30dB DL | - ASGEE 8 R AIE FEREEE R - B=
8 IR - MR AT AN R 5125512 HYIKPSE S - BT RINVEE - R E
Frit) RNy 256%256 BYIKREE Fr -
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(a)Baboon (b) Woman (c) Couple (d)Indians

(e) Goldhill () Lena (g) Peppers (h) Walkbridge
B = 8ikiEEERH

B U wEEA

B REEFIERERY - BAEEFRE - H—2TEO HE B2 ARA
75 o Anfnf i AR [ A EL e (R SR Fr B S e Py Z R 2 - AR SR E
Ho— AEERGHREARN E - W EERARFRRATREGE - IS E R AR
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B TR

BRTHZHERE » (o n) WESFEZ2E R =23, .7 n=8 K%M
R RN B 2 E A TR GF(2%) » BIREE AT 4753 2% TE 5K (Irreducible
Polynomial) £ x*+ x*+ x'+ x’+1 - EEFWEE ik AL 8 (= n) iRMEERE - 77
FEASTED ¢ {ELIRE » TRyl Fr B R 8] AR | 7Y PSNR {H -

® — TR E2B%EH PSNR (L

(tn) (2,8) (3,8) (4,8) (5,8) (6,8) (7.8)
Baboon 44.54 46.30 47.52 48.51 49.32 49.96
Woman 44.51 46.29 47.55 48.49 49.28 49.97
Couple 44.52 46.27 47.51 48.50 49.28 49.98
Indians 44.49 46.26 47.54 48.51 49.27 49.95

Gold hill 44.51 46.27 47.53 48.47 49.29 49.98

Lena 44.52 46.26 47.53 48.48 49.29 49.94

Peppers 4453 46.29 47.53 48.51 49.29 49.97
W alkbridge 44.49 46.25 47.51 48.47 49.28 49.95
Average 44.51 46.27 47.52 48.49 49.28 49.96

F—ZHERR - B R FRAERF - ¥ PSNR (HRZE TR EEARN
JRIA o EEE ¢ {H - B ¢ [HRE D FZIE F) REAYEE - RI R EREE 2 IH
F(X) HIZE - t BRAFRREES - ST &IE_EH’J{U%IEE@Q IS AZE

IH“E'I" R EEGR - EM IS (RAEE Fri) PSNR (H « SUZIRER - & ¢ ([El/)NEF -

FTAR F(x) BIREGED - EEUEI Foo) iV E R 15 m A D RREE Frvins

{I%limfm] PRI Bo A O Bl Y PSNR {H -

B 1 ¢ =2 BFEy 8 sRIBEEFr - B H EEIE =09 8 sRIEFEREFr - FFIPNIREIZ
F o = Y L Fy - AR LA (R 2 Bl e R ] A2 5 - HHR 1 =2 BB
& Fr - HPSNR AF(EH L 4451( Rk ) BFrE BT RERER - E - & =3,
7 - H PSNR {H¥E & (AR — ) BLEASELREE FMaEE A 1ER -
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(e) Goldhill | (f) Lena 7 r(g) Pepper | (h) Walkbridge
B4 r=2850Y 8 sRTARE A
EfAEmaL [9] # [10] BEAMFSEATEe 513 » M B AT 2 TR HRFEWEE FaIE
BL o (A FRAVELURLEE RS - = A EES - &L PSNR S EFTE
B ERREEE A S -

# = PSNR tt#%

t i L [9] i Z[10] AT E
t=3 42.7 43.97 46.27
t=4 44.4 45.22 47.53
t=5 45.7 46.19 48.49
1=6 46.7 46.98 49.28
1=7 47.5 47.64 49.96




B 48 0] o7

HFE_EBEER > EE ET KR FEmEELNRIEEF PSNR HixS @ &
TEE RS SEE S - BES [9] A [10] B ML » ASCHEH A RS E F Y
KHE/ < sERRBAMEMLE (7, 4) ER - R AWEREFEREE - B
A Wi F 7 SR ERESE LSB /774 - i L& LSB FF7I&E 7@t
B% R E AR 1 77T - Rk LSB' F#¥1 - FHFY LSB' 418 LSB oIt « %
#E 1 {ETAE - B KRR EEEE AR - kR SE -

S
5. t5am

AFEREHH—E (1, n) BERE 5 F3 0 B (7, 4) R - GFRY) gL K&
BIRGES - REMTCRIAEE LS - PR - BE X2 N AEZEREEE
BB - A KTRERF R EEE ey s - R RN E R A - olEas (b dEE 2 A E |
B DLt R e g R IETE 1 - fHAE A TR GF(2%) - #EHUEBIEF - DL 8
(BRI TR BT - SESE SR/ MEFE AL » BRI (Byte) » EE B B H AR » T
EARFENLEBFEAVE » oI AT AR BB - FlascE - iTHE - B3
% - HNBEER NG EER AT E 0 B EEZE - KRR E - EESEEE
W DUERI R R -
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A Data Hiding Scheme with Secret Sharing
Based on Hamming Codes

Po-Ting Wu and Jen-ing G. Hwang
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Abstract

A secret image can be embedded into » cover images to generate
n stego images by using the (#,#n)-threshold secret sharing method. To
reconstruct the secret image requires at least 7 out of the » stego images.
There are two stages in the (7,#)-threshold secret sharing method. The
first stage is to embed the secret image. and the second stage is to
reconstruct the secret image. When embedding the secret image, how to
reduce cover image distortion is a major problem. This paper uses (7,4)
Hamming code to embed the secret image into cover images. Because
a Hamming code only modifies very few bits of a codeword when it
embeds multiple bits, it can significantly reduce stego image distortion to
lower the probability of being perceived by the attacker.

The proposed scheme also satisfies the criteria of the revealed
secret image is lossless and stego images are meaningful. In addition,
the scheme provides an authentication mechanism. The advantage of the
lossless recovery of the secret image, due to use of operations in power-
of-two Galois fields, which allows that the secret data can be any type of
digital data, such as images, audio, video and also documents.

In this paper, we conduct some experiments to demonstrate the
validity of the proposed algorithm. The experimental results show that
the quality of our stego images is better than those of the other previous
algorithms.

Key words: Data hiding, (#,n) secret sharing method, Hamming code,
Power-of-two Galois fields




