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Troglitazone {1l S E B LA E YT
FRIRPAE MARBRFT S| RERY R B

MEE - EXE - BN
R T B A e R R

I3

B A IS 7K HERHE I R BR BRI EERERUE - BRI e
WIER: - Z9 ACIREERGD - (@B i Ry 2 B A RERYE
FHEIR TR - BRI BRI+ AR — » SAMNAIRE
FR 975 FiT 38 B F 3800 - BB IR B 48 - h LA R R B sty 22 R
» #E =0 — Y RE E ERR R IR RE R B R - H TSR
R AYTAREE « B A Thiazolidinedione (TZD)AHETTIAHE -
TZDJE Z & H B e A% 2R %52 Asperoxisome  proliferator activated
receptor gamma (PPAR 7 ACGEZERE —AUREFRIFHIGER - {HPPAR
v BRI A B A REE AT SR - R EER - SR
7Y (advanced glycation end products, AGE) Hi#EEFEidink
PEIR BRI £ — - L - AR e E S FAGETER /MR
bR PR B 25 - 5 INAPPAR v E3troglitazone (TGZ) *
e MarT R Ry el - E—ERRTPPAR v BOCEITERE PR B B
(AERR RRE R Tyl -

fEHEK 293 THAMIIA AGE » BYfES 5 [EMINFTNF o ~ IL-6
(R - RS A FERVAEAE - LS - AGESTS [RERYAGER 43
(RAGE) RNARYZFRIAEME I - MAEIMATCZ & LM
TNFa - IL-6 FJ& » {HlAEHREIH AGER_EIHEHRAGERI = -
B3G9 AGEFTH [#EfYsuperoxide dismutaseff#{E » FENNATGZ 4 A RAEE
HEINATETE » HEBIAT IR AGE SR E A LR JHIRE TR

K - S AT SR ] AR AGERT 5 [HERIHERE S IE - WTLIFEE
PPAR 7 B8R Hip B » R ERANTZEA 1 HEPPAR v B0K
FRIEHOREPR BRI CRAEHES - DUTHERICERER B IAL -

RASET © PPAR v BCU0N - EEERRLASEY) » BEIREHRE - FRIX

* Correspondence: i1 Bl ACERER T A A R B R AT - SR EnH I IR g S 1088
Tel: (886)-2-29053593 Fax: (886)-2-29052193 E-mail: 071558 @ mail fju.edu.tw
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Troglitazone fLI = BE R LA AE V)7 A SUVE G B T AN P 5 | RE A B e

1]

181

F bR I i — T KT e e P R 5 AR S BB A A S P B IR - BRI A 32
FFHEUE R # AR (Polydipsia) » 2K (Polyuria) » £ (Polyphagia) FIfSE % (Loss of
body weight) * LUK IMBERS] ~ PRUETEH @RS - BEPREi# (diabetic nephropathy)th,
i FsKimmelstiel-Wilson syndrome={#intercapillary glomerulonephritis » f&f#FRIA 71 B
AT [REAIRE RIS A - FEER B8 ZHIClifford WilsonFlIPaul Kimmelstiel 851
TEPEITC 1936 FTEE 22 1] - BEERI T BRI B R R B A £ — RN |F]
HyFafEs L - PIANERAEA - FEERRE S DR A B 0 28 2] 0 BB A T EhE
PREE A Py — T - R R R AT B S AR - DUR B R R I
HY@RRE IS FrE Ry - SR B R EIREE R SR A BMIRYE » RBENEE
g e

TEZ BURYR 2 e B pE PR B 2375 8@ TR b - BIERAY AL B 5 B — 2L 3 5
HIFHEAA 7GR + FldlInterleukin-6 (IL-6) » fibrinogen » C-reactive protein (CRP)LLK:
serum amyloid (SAA) » HAPIL-6 & B i E Ml 8e4: - #hiifibronectin FEEH LUK A
BN A - i EAERERR B R EER TR 2B - BEARIR B B AR ER AL IEC S & i A
Z i IL-6f1tumor necrosis factor -alpha (TNFa ) [3] - thEIZeHs HIFE R Bt s |
ELEYEE I ER o] LU IH Protein-kinase C (PKO)AGEZIPL A HIRER » [fijProtein-kinase C
(PKO)RI & 1ELAEFR I B — Le MRy R S - 5 R R IR 700 2 30 ol e 2 i i
[4] - BUATHEIITNF o B3R » BB EBHIAIES 5] - BIMEZFIITctha iR
H  BEPR B R ) B AR B 8 - TNF o B BB AI E B RIS MR (6] -

A PR I R i IR & s 5 EE R (LA EE P (Advanced glycation end-product, AGE)f
RN (7] SRR ORISR BRI A - AGERE AR bR
Y - WS G R B L RZ — (8] - LB R R B fEAGE-ratliliE 3
FT B TR 22 B B ey B B A BR B R DUR: B AR ERBE AL AYIE 1 [9) » AGE F B E f¢ iy pi
AT AR B VB RGBS S RS chiff base P EET) » TEFE Amadori’ B 225 HEM
T RS 1Y 1 B R A B I RT AR (D SRR 1T B A & T B AN mT S s R b
FEEEY) - [FIFF AGEPTE B 2L B R (Y A2 BEAS - i BB 8 B 43 T-H5@ %
T BECE P RWIES - 2 ATRFFeEsEE » AGE®EL HAZ25RAGE (receptor for AGE)
FHE - B S B EY AR R E A ENRH - 55— R e A
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4 BRI TRYREER AR - ther S8 s R S REL s (10] - HARNTFEth IR
BEFRIR A B IAGER 4 — S L BB MRS EDR - EREMREE - BIEa LK
MFEESES - KItAGERF#ihE E—F L A4 EIhRE s — S (L& G H(nitric oxide
synthase) » EEERE BRI -

B AE A b B b ) v 52 B (Peroxisome proliferation-activated receptors, PPAR)Fy—%H
SRR T+ (EHE'E & ligand binding domain (LBD) K DNA binding domain
(DBD) » [X] )t & %5 FHli gand AT 5 25 PPARSE AHHRALAVRE ST » CLAIERT ZRINEIIE
A {E By ligand i i {LPPARE AMIIERZ[11] - B4 FIFDBDE B KB B & 751 b=
peroxisome proliferation response element (PPRE)#5 75 112 £ FE PRI #% 05 {LAYZIEE © PPAR
] B R Bretinoid X receptor (RXR)EEheterodimeriEfi LR ENE(L - HATHZE
ZFHIPPAR FIRH =T B - 77 55PPAR @ » PPAR 3/6 * PPAR 7 [12] - PPAR ¥
Al #i{Eisoforms: PPAR 7 1FIPPAR 7 2 < PPAR v 10953 #ifHE 4348 + MPPAR v 2 E%57
FRTERE AR - AN K EREHEN T [13] - B AWTFEEE/RPPAR v RUECREAER T2 S
i - PR ARISE - TGZEPPAR v BUH.Z — » 3 F&1%441.541 KDas » H
PR LR PR RIEAISCR - EASH I ACE (F B PR R TEREER] (14] -

2. FRIEETSE

HEK293THERRISE :

RIS P s FE P HEK 293 TR 2 J > A BRI B R AL AR #(Ad 5) DNA
BT ER - HEK293THA 152 7 BB Z ML {# FDulbecco's  modified eagle medium
(DMEM; Gibco)#ifutE#mts » NE3.7¢/L NaHCO3 ~ 100 £ M antibiotic-antimycotic
(Gibco) » 10%FIHEEIE (Fetal bovine serum ; FBS) o fHBf%#237°C ~ 5%COxAES
55 (CO, Air-Jacketed incubator ; NUAIRE)H «

HEK293T#BRREE1ZELBIHER(RNA extraction)

% Hisingle-step method of RNA isolationfy FiEMNLMESR - & 5L H =Y
TRIzo; Reagent (Invitrogen) fIAMHAUEEEILF » Llcell lifter ’FHAMERI T - BIABELE
o s A& fchloroform (0.2 mL cholorform/mL TRIzol Reagent) * iE&EHEE » fFEN
R 1434 o 2 1 B (Ve 114000 rpm ¢ 4°C + BECM0538E o BELSERR - BLEFRE



Troglitazone il FERE (LA AE PR AU I B B DR Al [E A K2 TRE

S—Ee U E T - FINA S A Eisopropanol (0.5 mL isopropanol/ mL TRIzol Reagent) * if
G - FFER-20°CH—/[\Ff > FELL14000 rpm » 4°C » BECN 55388 o Bl i
TAT70% #fFEthanol (1 mL 70% ethanol/ mL TRIzol Reagent)ilpelletif iR & » HLL
14000 rpm » 4°C » B0 10788 - & LiFWRER + IMA27 ¢ LWDEPC/KFE 53 f#pellet » &2
REVHS ¢ LIS — B 55 - FIABEEST - ARl EHOD 60 B ODago FITREAE -
LIHERNARHERE -

G5 EE T SHEIE R ( Real-time quantitative PCR ) :

HEaL Smart Quant Qreen Master Mix with dUTP and ROX (Protech Technology
Enterprise Co.) #{TRIEEYIAGE » LIStepOne™ Real-Time PCR System (Applied
Biosystems Inc. ; ABI ) {EHIFEE » 20 ¢ L AESHTAE10 1 BYSmart Quant Green
Master Mix » 0.4 ¢ L El"]MgCl?. (25mM ) » 2 i L ByForward and Reverse Promers (1 £ M )
2.5 L fYcDNA ( 50 ng ) fl13.1 1 L fyNuclease-Free Water = SZJHEMSA 1595°C 107388 ; 95°C
158 ~ 60°CO0RSILATEZ40K 5 95°C15 # ~ 60°C60 5~ 95°C 15 B - FrfSBds b S5
KIHYCIH -

SHESTE AN T (Applied Biosysterms) :

1. Ct Target-Ct Endogenous control= A C;
2. ACt Sample- A Ct Calibrator= A A C;
3. M A2 A ACHREIFTRAYEHY -
FrERZ5 a0 T
Genes Primers bp (base pair)
RAGE 5:5' AAG CCC CTG GTG CCT AAT GAG3 240
AS:5' CACCAATTG GAC CTC CTC CA3
GAPDH S:5§' CGA CCACTT TGT CAA GCT CA3 228
AS:5' AGG GGT CTA CAT GGC AAC TG 3'

HHRR S EEE (Cytotoxicity studies) :

HAWST-8 KicEfTHIME IR - FHEK 293 THIRES #EfEo6FLEE T » 7R BREEY)
ZA - BERPBSIERMIA » AR S MEA mediumbEE 2/ N % » #2350 APPAR 7 3¢
WHITCZEEE 187\ - SREBAE S FLAIIIALO 1 L BYWST-8IATE » 5 ir S LRES 25
ThES R — BV N - B H 2O E - HFIFELISA Reader (Benchmark Plus
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Microplate Reader )il 0D 50 nmBGH W RO EBUE - QRS -

S{LBDAIGH (oxidative stress test) *

A EFES {5 F Superoxide Dismutase Assay Kit (catalog no.706002 * Cayman chem) © i
MREFE A6cmiyEE M b - fERERIEEY) .2 7] » EHPBSIEERIK » INAD & MIEHY
mediumB5E 7S/ NFR - BEEIIAAGELL R TGZEERE18/NKF » Y UmediumitEfT 248 R
B oo HoeBimediumfE4°C B052000g » 154788 » B E3E W » Ll1(medium):5(sample
buffer:50 mM Tris-HC1 * pH 8.0)#7 /7 =\FifEtk - Bivk L - Z&RIE9efLig+ - =ESOD
Standard wellJlTA200 2 LAYdiluted radicak detector(50 x LA9radical detector + 19.95 mLI1Y
diluted Assay Buffer)f110 1 L standard * f&EH#lsample wellHI[JIA200 ¢ LEJdiluted radicak
detectorf110 x Liysample ° 7EEEwellF 1A 20 ¢ LAYdiluted xanthine oxidase (10f5F0RFE)
% fEE 204788 0 1% 1# FIELISA Reader ( Benchmark Plus Microplate Reader )il
HB Y {E440-460nm °

R R & D HT(Enzyme-Linked ImmunoSorbent Assay)
(1) INF-a ZS28I7E :

FIFHHuman TNF- a ELISA development kit (PEROTECH INC.)2&H|%E medium=11y
TNF- o &8 o BHlfE A6cmAYRSE LT - TERRIEZEY)Z /i » (EFHPBSIHIERIK - TIA
AE MBI mediumES 2 75/ N % - 3 M AAGELLN TGZEEEE 18/MEF » IHmediumite
TR - FkitFIYCapture Antibody(FJFHPBSHREER 1 1 o/mL)EHEwell JTA 100 v
LAE96FLAE » KE#RTE - 96 fLER T RR eI kR - TR Ewell I A300 1 LAYwash
buffer (0.05 % Tween-20 in PBS)PEVYZK 4% » FFAI1A300 1 LEYblock buffer (1% BSA in PBS) °
HENER /R - BREER - LM wellIIA300 £ LEJwash  buffer (0.05%
Tween-20 in PBS) #PYK% » TERHEwellJIA 100 ¢ LA SEiETHERR (2ng/mL to
zero) * B EIR VRN o ZIRIFURRETEER - TR Ewell JA300 1 LEYwash buffer
(0.05% Tween-20 in PBS)¥EPUZK % » £ well A 100 i LEYDetection antibody (Fif#220.5
rg/mL) > FERERMN/NE 2 BEEEBE - £ EwellA300 £ LEYwash
buffer(0.05% Tween-20 in PBS)EVYX % » EFEwell A 100 2 LAY Avidin-HRP Conjugate
FHREEIR [5.5 1 L Avidin-HRP Conjugateflll Adiluent buffer (0.05% Tween-20 » 0.1% BSA in
PBS)ffiEl11 mL] - FFERER305 8 - HEHEEE - £ E wellllA300 # LAYwash
buffer (0.05% Tween-20 in PBS)PEPYZK - FIJFJABTS Liquid Substrate 2 + FJHJELISA
Reader ( Benchmark Plus Microplate Reader )#l|lH:405nmAYHGAH -



Troglitazone I LR LS AEYIFE A SIS B RIS [H0AY S e

() IL-6ZESAITE *

FIJFHuman IL-6 ELISA development kit (PEROTECH INC.)ZiH|E medium$HIIL-6
R o FIREA 6emAVES TR LY - TERRIEEEY).Z /T - (I FIPBSIHBEREK » IIAAR I
EMImediumBEEE /% - R IIAAGELL S TGZERRE 18/NRF » I H medium#E1 71448
BRI o i FHKITH Y Capture Antibody (FIIFIPBSHEEEE 1 1 ¢/mD)EHEwell A 100 2 LTE96
FLAE T » B5ERIRE - B FLIR PRV BEIEER - {3 EwellJIA300 12 LAY wash
buffer(0.05% Tween-20 in PBS)#EVU-K % + FFIITA300 2 LEIblock buffer (1% BSA in PBS) -
RFEE R — /N R - IR RETEER - TR EwellINA300 ¢ LAYwash buffer (0.05%
Tween-20 in PBS)PEPUZR % » fERHEwellIA 100 1 LA BE FEHERR (2 ng/mL to
zero) * FFENERE /N o ZRFFRIEEER - fEEEwell NI A300 ¢ LEYwash buffer
(0.05% Tween-20 in PBS)PEVUK# » @ well A 100 1 LifyDetection antibody (FRfESE
0.25 1 g/mL) » FRERZIRA/NE o 2R RIEEER - 7R EwellMIA300 ¢z LAYwash
buffer (0.05% Tween-20 in PBS#EIUK » iR EwellIIA 100 ¢ LAYAvidin-HRP
ConjugatefiFEH%(5.5 £ L Avidin-HRP Conjugatefjll Adiluent buffer (0.05% Tween-20 * 0.1%
BSA in PBSHE(I ImL » FFEREM305 8 - KREREER » f£ 5 E wellJIA300 12 L
fwash buffer (0.05% Tween-20 in PBS)PEPY-X » FJFHABTS Liquid Substrate £ €4 » FI|H
ELISA Reader ( Benchmark Plus Microplate Reader )iHl-H:405nmAYUE YEAE -

#7510 M7 (Statistical analysis) *
EEEHE DOEE & SEEIEHE IR A (mean =+ standard error of mean)Z7R © FJHILSD test
Fofe & B R B B AR BE 2 L - EPE<0.05HIRTRTERE TR L HBE S -

345 R

1. PPARBEISIEGCGHIRHEK 293 THEIR AR BV B 1L R &

By TEERIPPAR v BRI TGZET AR S - 1B SEREEATINARIZEYIPPAR ¥
BB TG ZAE BB & T B A & HHEK 293 THI MR EE A S S - A ReilE — 1T H R
HEK 293 AU % ST EES - KFHEK 203 THE S #RAE96 LA T - TERRERSEY) . A - (i
PBSIHERIZK » TIAREIME I mediumESEE 7/ NRF% - %{;‘%:HUAIOOMM TGZ 187\ »
FIFIFWST-8 KITHERTEAMFFEHATFZERATY100 « M TGZ ¥R F & A& EHEK 293 THH



P EAREES 43 1

N A FE LAY E -

HE AT T PTG ZA A EE s B8 AN P SR F A — P
ETGZ Py RISTERIRFBE - BHHNTH: EATHEK 293 THIIR 78 A AR P T 2
KA -

2. RIBTGZE¥IHAGEFTS [REAVFHIR ZE X R FERVES
TESERTRIIZE R & P A HE HH AGEZR & 5 [ RO PR B 38 2 AR tHRH 2 A S FE » [RItEAR
I 5EFEEHERESTNE- o LUK IL-6RaE B 2209 3% SR TEHEK 293 THllf PR rp STyl o £
FYTENMIAAGERTS [RERYEE K I R » TGZEIHA 3 4 I IERYFZ 2 - BFHEK 293 Al fE A
6well plateHYESERILHT - TEFEFHEEY)Z A » (E HPBSIEBERNK » INAA S MIEHImedium
5 7S/ N 0 B IIAAGELLE10 M TGZEEEE18/NEF » Yimedium » FIJFELISA
KIT/ 738 2 AR SR TNF- « - IL-6HYRIH & -

ANk R o A AGES P AYTNE- a LUK IL-6/YRE & ERA RIS N - T
BB IR B AT AGE ] DUA R 22 24 28 K S E  MAEMIATGZIE R - RTLAAEIHh
AGEFT 5 [#EATTNF- a LUK IL-634 1 - #RAE BRI AR - R EAFT m] LIAE A AGE
G e R FEREA: - SIINERINATGZERER % v] DA H 3 58 BRI A -

3. TGZ¥HR
by TR E RS fEAGE&ﬁﬁ%li_Hﬁf‘lﬂH@Er T‘IL,L 7 HPPAR v BUOEI A ﬂi

B FE - [RIHFRAFTF Freal-time PCRERER 2R HEHINU% AGERY SZ 23 RAGERYFH - fE—

TR A LUERAGERGEERAGESRIA » I HiEWTGZ ] LI RAGERY R & -

Q= » fFreal-time PCRAVKES 0] LIEE] » HHAAGE #ERYRAGE mRNARYEL) » {H
FEEPPAR v U TGZHYE A HHEEIHI AGERT A EHYRAGER ML -

4. TGZEIRAGEPTS 328V LR DR

TERT AR SR A 12 R PR I8 MR G e Bl SR LR T B R - gt P a L
Fglutathione peroxidase (GSH Px)fzsuperoxidase dismutase (SOD)}2JEIHbA 1 2 & FHE
HIEEEY [15] - i0 ELAESE —RUBERR e rh R B - ERRGER RS LEFIIX T - 205K
Bf ~ MEAESRCRAEAE REFIMA PR IR — M IEHEM [16] - FHEAERE S A



Troglitazone LI 5 EEH A% EEWITE AENT I B A P s [HEAYT R HE

SOD assay kit HIFXAGEE S &5 A LAY » MTGZRET Wl E [ FE -

ANEPY - AEEE R - TEAGEFH P& BHERR A SODRYFIR & - i TGZEEH Al a][2]{8
Hbar AGEFTIPHISOD » FHIRSODFESTE L h i EA A - KILHEHAGES
5 LIRS ERE B b - T RGETGZEE B % » AGEFREAMSELRE T &E TR
s -

¥ 58

R o i A i s B B B BRI B B E R — - F9 =+ % E P4+ % 5
PR R AR R PR B - AT RSB AT AR+ 9% Bl R R sy B
MR - —HHAMEREE G £ RIS SO A $E S ps
PREA BSR4 LR —BYERERITA - mTREZ R Ryl s [y B [ B WA 4 - DL
R ARS N EEE R IAEREY [17] > SMERFERVEREE T - thEERGiiPKCIE1L -
AGERIIE R AR ROSHIBEINEF 5248 (18] » At LAMEAIHZE 1 F1 ] AGE 2 B B Bt e sk 5
TEPEPR BR R - BEEFIFIAPPAR v BU8CRIZRER S 2 5 ] LIV AGE ST AT ZE A /Y

W

aup

4.

FEMAERERIEIITGZZ /T » SLllF T ANTGZAE HE HERHEARE Ta g ¥
MM R AL - AR BRI TGZ% - BHINERySR Al F IR (L - A
LEHERRAEMATGZI BN G A TR - ERE AR R AE TG R SEY
HfA B AR - B R EEREREE TCZER T A A ER - TRk LA
FEIR Ry iGN PR B SRR T -

TERT AT 2 IR AGE & (A A 2E AE 38 R S » 6 HL B 4 — S5 38 KAV Al
F » BIAOTNE- a LIRIL-6555 « {EF9Erh Ay B th B B A AGE# » HEZE Rl
FHEYTNF- a DURIL-6# G INAT#EEs - A TGZ% » RIS i AGERY# 2 - JETHE
L A B K I FERTAERE BB BB B - 10— LEai AR SO B 1= B TZDERIEM EH E
HEPPAR v HIZER » P TGZ 2 IR ZE- ATl FHRYPPAR v BOSCE| AR # e n] LTS
{EPPAR y FYZRER [19] - SBAMESERHLALEYIRT 2 28R AGE /7 [H th n] LUG F B R 1
AGE# ' RAGE mRNARYFHRER [FHR#% - EH5RERAGERAEE 7 HRAGEACE



il EREEAE 43 1]

MR L 2 8 - AT FERRIRAYENE - AR - TGZI ARBIBER{KAGEFTEIIYRAGE
mRNAFKI - FUFRTGZ o 2K 0 O 7 B Bt e {F F PR JF 58 2 iR HI HIRAGEHE
INFRIMA - FERT AR SRR HE 2 ] LS AGERYHIFIHLR-903KANHR AGER 3 -
25 E RHIHINE- « BATEAERIFHR 2 2 S LU SAL B T A - Al eiEh I B
Berh th B FRHIR AGERYFER v] LIRRIE A3 & AT LUK FRBA BRI R (L A9 8 4= (20] -
FEAEE D - EFEEHRTGZIT KA RE B B S - FrZBaves R 2 4
HINF- « Big nJREMIBE I — » PREm AR EERTR - FATATLIABEPPAR v BB TGZ
FIFS TR — BUBE RO AT 3EY) - TEAGERR S [REAVRE R B BHh BA — I ARAERIUR
RAGTE T BB AL B IR - A ] A i by B B Ty F € -

TESEFTAYIR PR BITERE PRI B = RS & 5 (e S8 L RE SRS IN21] » 554 MEretinal
Miiller cells (rMC-1) #llbovine retinal endothelial cells (BREC)!" » [ 25 87 % i F 1Y 71
=AYt S e A R T I (22] - ZEAGEJT ¢+ B UREEFIAGE R LLEL
RAGE# & » FERNF- « BAGEK A A LR Ay In[23] - fEARMF et RAE I AAGE
% » SODYIEA LRI - HEAHHM A RY S L BRI _ETHRYEESS - (HEIMATGZE -
MR ZE 4 SODIS N + AGEF w2y S ALIRE )& G HI I AR - HEBRTGZ R s/
B B O 1 2 B B A TS L i b B SR LR T TRk T -

TEAR 2 AR FE % - TDASE B AGERTS [RERYATIE S HE - 202 2 [KFTNF-
a ~ IL-6HYBEIN - SERTGZEEE S » ARerH R TAYEIEY - KIt o] LUREE T A s B nY g
VITGZENAGEZ B HIFIRISIR « (75 LA EASE - FEAMF T LIS BB EAER « 1A
FHAGERE A &5 | #E BLRE PR BHR B E (A0 S HE - a0 iR scE iR in LU L8 B
FIIED « 2 FE I A PPARBCEHITGZ + FHAGEFRRS [#EAY AL IRE S in LUK, 2 28 FEER R
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Troglitazone attenuated effects of advanced glycation
end products in human embryonic Kidney cells

Jhin-Hao Jian, Wen-Huei Tsui, Yao-Jen Liang*

Department and Institute of Life Science, Fu-Jen Catholic University, Taipei, Taiwan.

Abstract

According to the improvement of life standard and over-delicate
diet, the average life span is increasing in this world. Old age population
is increasing and chronic diseases have become an important issue
which threaten the national health. Recently, diabetes has become one
of the top ten leading causes of death. The complication-diabetic
nephropathy has gained attention of many researchers. About one-third
patients with nephropathy are due to diabetic nephropathy. At the
present time, we usually use Thiazolidinedione (TZD) to treat the type
11 diabetic patients. Pharmacological mechanism of TZD is regulating
peroxisome proliferator activated receptor gamma (PPAR 7 ). PPAR £/
agonist has been reported to promote the delivery of glucose and insulin
secretion. Therefore, we tried to use advanced glycation end products
(AGE, the one of the leading causes of diabetic nephropathy) to
stimulate kidney cells in this study. We detect the response of kidney
cells after PPAR 7 agonist troglitazone (TGZ) treatment. The
mechanism of PPAR 7 agonist in the treatment of diabetic nephropathy
were discussed.

The HEK?293T cells treated with AGE both significantly increased
pro-inflammatory cytokines TNF a and IL-6 secretions and TGZ
treatment significantly attenuated these effects. The AGE receptor
(RAGE) induced by AGE did not decrease significantly by TGZ.
However, AGE-induced superoxide dismutase decreased was reversed
by TGZ treatment. Therefore, this study identified that PPAR 7 agonist
decreased the AGE-induced kidney cell inflammation and oxidative
stress. This study provides important insights into the molecular
mechanism of TGZ attenuation of kidney cell inflammation and may
serve as therapeutic modality to treat patients with diabetic nephropathy.

Key Words : PPAR ¥ agonist, advanced glycation end products,
diabetic nephropathy, inflammation, receptor of AGE
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Evaluating a Simulated Annealing technique used to
find the m.l.e.'s of exponential power distribution with
type II censoring Data

Sy-Mien Chen and Hong-Mei Liao

Department of Mathematics
and
Institute of Mathematics
Fu-Jen Catholic University,
Taipei, Taiwan, R.0.C.
March 19, 2010

Abstract

An explicit form of the maximum likelihood estimator of an
exponential power distribution is analytically impossible to get. In this
research, statistical simulation along with Simulated Annealing method
is conducted to study the performance of the maximum likelihood
estimator of exponential power distribution based on type II censoring

data.

keywords: Maximum likelihood estimator; Simulated Annealing.

1. Introduction

In recent years, more and more studies show that normal distribution may not be a
proper model to use in real life. There are many studies about the robustness for non-

normality in the literature, for instance, Huber (1981) and Hamperet ez al (1986).

Subbotin (1923) proposed the Exponential Power (EP) distribution (also known as the
generalized random error distribution) with a location parameter /, a positive scale parameter

o, and a positive shape parameter p, where the density function

Corresponding author : Tel - (02)200-52451
E-mail address : math1013@mail fju.edu.tw
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l 717|.\'7,u |p
e b 2

2prar(l + 1) ’ (1)

fEP (X;;’Jaaap) =

for —co <X < 00, —00 < ft < o0, 0 >0, p>0. The location parameter, in this case, the mean
of the distribution is

©=E[X] :f xf (x)dx,

(oo}

the scale parameter which measures the variability of the distribution is defined by

cr:{J’:"[IX—MI”]}’I’={foo | x — |7 f (x)dx r

o0

The variance
Var(X) = o’pr .

The shape parameter p determines the shape of the curve, which describes both
leptokurtic (0 < p < 2) and platykurtic (p > 2) distributions. In particular, one has Laplace
distribution when p = [, the normal distribution for p = 2 and the uniform distribution as

p—)OO‘

The cumulative distribution function (cdf) of EP( 1£, o, p) is defined as follows:
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N 1 L
F‘EP(I’M’G"D):I . ] eplg[t"dr
e 2p? om + 1

1 - p
—f I g
2 Jw phofT(h)

1 l_#_|j 1 -z

= 1—f Lr(l)zﬂ epdz} ifx< ¢
2 o PG

1 L1 g, L PP ]

—f T— Zfl"leﬁdz+—f —s zr e hdzr ifx > p

2Jo p'T(3) 2Jy  prT(3)
B 05-s ifx< pu

05+s ifx> p 2)

1 | 2= |p l § -

where s = — f T 7. &P e v dz | is proportional to the cdf of the two-parameter
2Jy pro(y)

Gamma distribution Gamma (5, p) With —eo <X < 00, —00 < ft < c0, 0 >0,p >0, and I (x)

is the Gamma function.

The hazard function of EP( 12, o, p) is defined by:

1|x-p|p

_ Jx) e
= TR T ane
e r dt

Let sign be the sign function such that sign(k) = + when k > 0 , and sign(k) = — when & < 0.
Then

£ fus 8 - _ . - _ljx-pgp
P| P, |xog, IP |.Slgn(10,u) e P\ ,,|

[ee] (=]
A,Ll 1 g /]
U'f e v Py f e » 7 Pt
X X

€

H(x)=-
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It can be shown numerically that 2’ (x) > 0, hence the hazard function is increasing.

Box (1953), Tuner(1960), Vianelli (1963) (used the name the normal distribution of
order p instead), Azzalini (1986), Bottazzi and Secchi (2006) and Zhu and Zinde-Walsh
(2009) are authors among those who discussed the exponential power distribution and some
extention. Lunetta (1963) derived the probability density function of EP distribution by
solving a particular differential equation, and it has been applied to the GARCH models by
Nelson (1991) to forecast the risks of futures.

Agro (1995) discussed the maximum likelihood estimator for a complete data. Agro
(1999) also considered the EP distribution via the parameter orthogonality and conditional
profile likelihood. Mineo (2004) compared four different approaches to estimate the structure
parameter of a EP distribution which based on the log-likelihood function, the profile log-
likelihood function, the conditional profile log-likelihood function and an index of kurtosis.
Further more, Mineo and Ruggieri (2005) presented the normal package, which is a very
useful tool for dealing with the exponential power distribution under the statistical

environment R.

In the current paper, the MLE of EP distribution based on censored type II data will be
discussed in section two. In section three, a simulation study is carried. The conclusion is

given in section four,

2. The MLE for EP( /£, 0, p)based on type II censoring data

Let X = (X|, X,, ..., X,) be a random sample from EP(x, o, p), and denote
0 =(1, g,p), then the likelihood function based on a complete sample X is
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n

=3 -l
€X = Xi—- M
P po’

i=1

-n

b4

L(6;X) =[2hW7 ol'(1 + é)]

and the log-likelihood function can be expressed as

| l ] 1
[(0:;X) = - nlog|2pr 14 =) |~ -l
0:X) = - nlog| 2pt or'( +P)} pof’;'x’ |

By differentiating the log likelihood function with respect to 1, o and p and set to

zero, one has the following estimating equations:

al 1\

- = - — | %=k Pl sign{%; - #) = 0
oy oF ;

dl n 1 .

- = - - [

o = U+o,,+.zi|x, up =0

ol 1

L= Zllogp+va+o)-1|+

dp p* P

1 1 n 1 n
~— [—2 lxi -l + logoz lx; - uff - Z |x; - 1 |” log |x; —p_|"’}: 0
POV LP S i=1 i=1

where YW(-) is the digamma function

dinl(x)  I'(x)
de  T(x)’

Yix) =

It is clear that the MLE of ¢, the power deviation of order p ( Vianelli (1963)), is

n 1
% 3
E |x: -2 P !
_| =

n

a

3
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where £ and p are the MLE of g and p, respectively. However, as we can see from
the estimating equations above, neither £ nor p can be solved explicitely, and one way out

will be based on some numerical methods.

a*lo ;
8/ (x, 6) } For
00,0,
i,j=1,2.3. In order to derive the asymptotic covariance matrix of 0, Agro (1995) computed
the inverse matrix I''(@) of the maximum likelihood estimators / , & and p. Agro also

Let I( @) be the Fisher information matrix with elements -F [

derived the consistency, asymptotic normailty and efficiency for the likelihoo estimators
under EP distribution.

However, in medical science or industrial science, one is always interested in knowing
if the treatments or products are acceptable. But the truth is that in real life we may not have
full but only partial data on hand. In this section, we would like to study the maximum
likelihood estimation of those parameters in EP( 2, o, p) distribution when we only have

Censored Type II data.

Again, let X = (X}, X3 ...., X,;) be a random sample from EP(u, o, p). Now, let Y =
(Y), Y2 ... Y2) = (X1y, X2) »-... X(y) consists of a type Il censoring data of size r from X and let
6 =(u, 0,p). Then the log-likelihood function [ (8 ; y)is

n! L 1 1 % _
[(9,2) = lnm—rln |:2pP O’F(l + ;):l— E;ly, —lll‘p + (i’l—f') ln[]-F(yr)],

where —co <y <y¥;<..<y,<oo,-00 < [t <oo, 0 >0,p>0.

By differentiating with respect to 1, o, and p respectively, the partial derivatives of
the log-likelihood function are as following:

ol 1 +
— = — Y |yi-ul! sign(yi- 1)

Ll xp e
p @

o on-r Yoo e Pl )
1-F(y,) /; 2pra®T(1+ 1)

r-u
o

sign ( ) dr ;
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i Yr » 1
S ntr f g (1npl+‘P(l+ 3
1-FO) | Joo 2praTU+2 ) P2
S Lo p P
Pl - 1 1 -
+ — = -{—-m’”]dz . (3)
2pro F(1+}?) o pr p o

By setting the partial derivatives equal zero, one can get the maximum likelihood
estimators for each parameter if they do exist. Unfortunately, the expression above are too
complicated and it is even much worse than while one has complete data. Since it is hopeless
to solve the system of estimating equations analytically, a simulation study along with the
simulated annealing method will be carried out to study MLE of 8.

3. Simulation study

3.1 Parameter setting
Since there is no explicit form of the MLE for parameters in EP( «, o, p), consider
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Monte Carlo approach (Robert and Casella (2004), we apply the Simulated Annealing
technique to find the optimum solution of the system of estimating equations (3).

Simulated Annealing (SA) technique was introduced by Kirkpatrick (1983) and it has
been shown that SA method can deal with the optimization problem successfully. The
fundamental idea of SA is that to change its temperature. As the temperature falls, the step
length does too, and the algorithm closes in on the global optimum, so the optimal point can
be reached. In a maximization problem, all uphill moves are accepted and the downhill moves
may be accepted with a probability. The accepted probability is also increasing in
temperature, as the temperature declines to zero, a poor solution will never be accepted, so SA

allows one to escape from the local optimum. A simple algorithm about SA is given below:

At iteration t the algorithm is at (£ ©, g ®, pO) [ (p® g ®, p ®)):
1. simulate u = (u; , u» , u3) where
uy ~ Uniform(g,(7), k1(¢)),
uy ~ Uniform(g,(7), k2(#)),
u3 ~ Uniform(gs(7), kz(1)),
and,
gl =max{ g -r, 0}, k()= p@+r,
g2(H)=max{o D —r 0}, k()= 0D+,
g3 =max{p @ —r, 0}, ks()= p D +r.
2. Accept (£ ™D, g ¢+D_p (+D) =y with probiblity o © = min{exp(
take (@D, g (+D, p t+Dy = (O g O, p D) otherwise.
3. Update W, to W, ,.

-2V, oW, p))
Lot ) ) 13,

-y : ; 1
In this simulation study we take the temperature function W(t) = T andr=0.5.

To generate a random sample X = (X,X,, ....Xy) from EP(u , o, p ), we first generate

1
a random sample Z = (Z,,Z,, ....Zy) from Gamma( —- , p), then X can be gotten based on the

¥ 1 |2 P
Az M\ 21,2, .. N.
ag

transformation Z; = ’
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Figure 1: The boxplot of /2 given that ¢ =2, p = 1.5 (true value y = 3)

In the simulation, we consider the sample size N = 50, 100, 200, 300, 500, 1000. For
each sample size, the process will be repeated 1000 times. In order to see the effect of
censoring, we consider the censored rates 100%, 90%. 70% and 50%. The censored rate lower
than 50% is rare, so we won't consider any of them in this research. About the parameters, we
choose the location parameter ¢ = (-3,-2~1, 0, 1, 2, 3), the scale parameter ¢ = (1, 2, 3),

and the shape parameter p = (1.5, 2, 2.5, 3).

Hazard function plays an important role in applied field, so we would like to check its
MLE too. By the invariance property of the MLE, we can get the MLE of the hazard function
easily once we had the MLE of unknown parameters. In this simulation study, we consider

h(0.5).
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Figure 2: The boxplot of ¢ given that y =3, p = 1.5 (true value 0 =2)
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Figure 3: The boxplot of p given that 1 =3, ¢ =2 (true value p = 1.5)

3.2 Simulation results
3.2.1 When there is only one unknown parameter

While there is only one unknown parameter, the boxplots of estimators £, @, and p
are given in Figure 1 ~ Figure 3, respectively. The variability of the sampling distribution of

each estimator is reduced as the sample size increased for all unknown parameters.

When the sample size is small to moderate, the sampling distribution of £ and ¢ are
only slightly skewed to the right regardless the censored rate, the location of the median of a
box is about the place of the true value. For large sample, say 1000, the sampling distribution
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of & and ¢ are quite symmetric about their means. But for p, the asymmetry exists even for
large sample. The interquartile range are reduced rapidly as the sample size increases, which
indicates that the sample size plays a very important role to the estimation, same thing
happened to the censored rate. On the other hand, even it seems that the censored rate doesn't

lead to huge change, the interquartile range do increase when censored rate is reduced.

Some results are given in Table 1 ~ Table 3. Each table contains the bias, the standard
error (se) and the root mean square error (rmse) of the estimator of the corresponding
unknown parameter. From tables, we can see that the bias of £ and 0 are unstable,
fortunately the amounts are generally small. As the sample size is large enough, the bias of g
is almost 0. The bias of p is decreased when the sample size is increased or when the censored
rate is increased, and it seems to be larger than the bias caused by £ and o . The standard
error and the root mean square error are decreased when the sample size is augmented, but is

increased when the censored rate becomes small for all the three estimators.

On the other hand, the bias, the standard error, and the root mean square error of ¢ and
p are larger when the true value are larger, but this does not happen to /. For fixed sample
size and censored rate, the standard error of ¢ is proportional to the true value of ¢ which
indicates that one needs quite large sample to get a more precise estimator. But the rate of
increasing is slow when N is huge. The standard error of p performs similar to the standard

error of 0.

Additionally, Table 4 is the bias and standard error of the estimated hazard function for
the case when there is only one unknown parameter. For each unknown parameter, we choose
two combinations of the other two fixed parameters. Under the cases of unknown # and o,
the bias of the estimated hazard functions are still unstable, but its value are very small and are
even reduced to zero in some situation. For unknown p , the results of bias is different from
those mentioned above, it is decreasing when the sample size is increasing or when the

censored rate is increasing.

On the other hand, when we focus on the standard error, we can see that for all of three

parameters, they have similar results, i.e. they always decrease when we take bigger sample
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size or bigger censored rate. By the way, we found that an interesting result for unknown p
case, the standard error of the estimated hazard function is smaller than the other two cases,

and the fact is different to the standard error of the likelihood function.

3.2.2 When there are two unknown parameters

When we consider the situation for two unknown parameters, the effect of sample size
is evident, but not the censored rate. The scatter plots of estimators are given in Figure 4 ~
Figure 6. The red dots in each subplot are the true values of the corresponding parameters. When
the censored rate decreases, the scatter plot spreads in a bigger range. When the sample size
increases (from N = 50 to N = 1000), the estimator is getting closer and closer to the true value.

In Figure 4, the plots of ( 12 (3), & (2)) spread like circles, so a conjecture is that the two
estimators ¢ and o are uncorrelated, this can be verified by computing the correlation
coefficients o0 between £ and o. From Table 5, we can see that all the correlation
coefficients o are quite small, especially for large censored rate, so at least we are sure that

these two estimators do not have linear relation between them even for small sample size.

Figure 5 is the scatter plots of ¢ and p. It seems that ¢ and p have positive correlation
between them. From Table 6, the correlation coefficients are within 0.56 ~ 0.83. It is
interested to see from Figure 6 that there is no linear trend between £ and p. But from Table 7,
the correlation coefficients between them are almost all negative even though they are quite small.

In Table 5 ~ Table 7, the bias, the standard error, the correlation coefficient p
between two estimators, and the sum of their root mean square error, which is named as srmse
are given. From tables, different combinations of unknown parameters have similar results as
the case when only one parameter is unknown. For instance, larger sample size leads to
smaller srmse, and the same thing happened to larger censored rate.

Again the effect of the sample size is more significant than that of the censored rate.
Regardless the value of x, the srmse is larger for large ¢ and p. As we can see that while
both p and ¢ are small, the srmses are smaller, but become larger when both increase. For all
censored rates or sample sizes, the sum of the root mean square error increases as both ¢ and
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p increasing simultaneously.

The bias and the standard error of the estimated hazard function for two parameters are
given in Table 8, we choose two cases for each combination of two parameters with one fixed.
The sample size and the censored rate also play an important role, they lead to larger bias and
larger standard error when both the size and rate are bigger, the pattern is more significant for
the standard error, but for the bias, it is almost decreasing to zero when the sample size is
1000. It is worth to pay attention that for combinations of true value (3, 2, 1.5), we have three
combinations with one different known parameter fixed, the cases which with unknown p

seems to lead the bigger bias than the ( 12, ¢ ) unknown case.

3.2.3 When there are three unknown parameters

In practice, the situation of all unknown parameters are more common, i.e, three
unknown parameters in our case. The simulation results are similar to the case while one or
two parameters are unknown. The standard error and the sum of the root mean square error
decrease for larger sample size and larger censored rate, and these results are as we expected,
because it is affected by three parameters simultaneously, the values is more obvious. In
general, the bias and the standard error of p is bigger than those of ¢ and g, but it is

decreasing dramatically when sample size is 1000.

The bias and the stansard error of the estimator of three unknown parameters and the
hazard function are given in Table 9. As we can see from the table, the bias caused by h (0.5)
are almost all negative, which tells us that the maximum likelihood estimation of the hazard
function underestimates the true hazard, however, they are very small especially for larger
sample size and larger censored rate. Besides, the pattern of bias caused by h (0.5) is more

regular than the bias of estimated parameters, it is not up and down.

The standard errors for £ and ¢ are not large especially for large sample size, which
means the precision can be improved by increasing the sample size. However, for p , the precision
is still hard to improve. Even though p may be not as good as we expected, the estimated hazard
function performs quite well with small bias and standard error even for small sample size.
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Furthermore, we also wonder whether the smaller sample size can affect the simulation,
and we find that when sample size is taking 30, the solution of our case also can be tolerated,
but when the sample size is reduced to 10, the simulation results seem to be not so good, and
at the moment, under the situation of three unknown parameters, the effect of censored rate is

more obvious than it under the bigger sample size.

4.Conclusion

In this research, we study the performance of the maximum likelihood estimator of
unknown parameters and the hazard function while we only have type II censoring data. In
order to see the effect of the censored rate, we choose three censored rates to compare with the

complete data.

Except the effect of the sample size, we also study the effect of the true value of the
unknown parameters. From the simulation results, we conclude that the accuracy increases
with sample size, and the effect of the sample size is much more significant than the censored
rate. But in real life, it is sometimes unrealistic to increase the sample size indefinitely, so
other factors may be needed to put into consideration. For EP distribution, when the censored
rate decreases, the outcome of estimation is not good, it spreads in a bigger range, and has

bigger bias and standard error.

Besides, different value of parameters also lead to different simulation results, i.e.
different value of ¢ and p affect the performance of the ¢, p . From the simulation, we see
that ¢ and p are positive correlated no matter we choose which sample size. However, the
location parameter £ has non-significant effect to the EP distribution, i.e. the performance of

[ is consistent regardless the true value of .

Similar to Agro (1995), the Fisher information matrix can be expressed but in an ugly
form hence is not given here. Due to the horrible expression of the matrix, it is not possible to
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check if the regularity conditions can be satisfied. However, numerical methods may be

helpful to get a clearer picture of the bound of the asymptotic variance of mles' and we will

leave the problem to further research.

Table 1: When parameter / is unknown, with 0 =2,p=3

7

=0

n =

1

u=2

=3

N Rate bias

se

rmse

bias

S€

rmse

bias

se

rmse

bias

se

rmse

50

1.0 -.0089
0.9 -.0103
0.7 -.0047
0.5 -.0011

2354
.2439
2577
.2655

2356
2441
2577

2655

0070
0073
0125
0167

2319
2358
2542

2623

2321
2359
2544

.2629

0135
0128
0213
0225

2356
2470
2613
2657

2361
2472
2622
2667

.0105
.0103
0163
0159

2330 .
2408 .
2542
2623

2333
2411

2548
2628

100

1.0 -.0025
0.9 -.0043
0.7 -.0040
0.5 .0004

1670
1709
1817
1892

1670
.1709
1818

1891

-.0036
-.0021
.0027
.0053

1652
1685
1817

1881

1653
1686
1818

.1883

.0002
-.0010
-.0024

0027

1676

1729

1836

1863

.1676

1730

1836

1862

.0059
L0085
0108
.0134

1676

.1855
.1879

1718

1678

1720

.1858

.1883

200

1.0 .0073
0.9 .0082
0.7 .0098
0.5 .0137

1149
1187
1281
1315

1153
1192
1285
1324

0057
0067
.0089
0102

1192
1217
1311
1334

1192
1217
1313
1338

-.0013
.0004
0025
0058

1221
1249
1323
1353

1219
1250
1322
1355

-.0004

-.0009
0011
0026

1345
1393

1187
1233

1189

1233

1347

1392

300

1.0 .0011
0.9 .0013
0.7 .0030
0.5 .0059

.0980
0995
1077
1114

0979
0995
1078
1114

-.0032
-.0026
-.0017

.0009

0954

0975

.1058
.1086

0956
0973
.1060
.1088

-.0027

-.0029

-.0018
0

0985
0995
.1054
1077

0983
0994
.1054
1077

0037
0041
0072
.0102

0917
0949
1020
1054

0918
0948
1021
.1059

500

1.0 -.0026
0.9 -.0016
0.7 -.0010
0.5 .0008

0693
0714
0748
0775

0697
0711
0750
0774

0013
.0003
.0008
0031

0768
0781
0843
0849

0768
0783
0842
0849

.0003
.0000
0017
0039

0721
0748
0794

0819

0720
0750
0796

0820

-.0010

-.0012
.0010
0021

0854

0755
0775
0825

0758
0776
0825

0854

1000 1.0 .0026

0.9 .0024
0.7 .0023
0.5 .0031

0539
0548
0592
0616

0535
0551
0595
0614

-.0013
-.0019
-.0008
0003 .

0529
0548
0583

0600

0526
0549
0584
0602

0019
0024
0026
0043

0529
0539
0583

.0600

0529
0543
0587

0599

.0004
.0003
-.0003
0012

0529
0548
0583
0592

0533
0548
0585
0594
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able 2: When parameter o is unknown, with ¢z =0,p=2

g =1

g =2

gi=3

N Rate bias

s

rmse  bias

S€

rmse

bias

5€

rmse

50 1.0 -.0057
0.9 -.0064
0.7 -.0077
0.5 -.0037

0990
.1063
1208
.1229

20990 -.0021
1065 -.0032
1210 .0002
1228 .0033

1982

2159

2371

2419

1982

2159

23571

2419

-.0073
-.0018
-.0024

0068

3035
3175
3413
3501

3036

3175

3413
.3502

100 1.0 -.0036
0.9 -.0038
0.7 -.0032
0.5 -.0006

0686
0728
0812
0831

0690 -.0010
0727 .0006
0811 .0004
0830 .0000

1442
1562
.1709
17286

1443
1561
1710
1725

0030
.0054
0131
0168

2175
2330
2316
2583

2175

2330
2519
2588

200 1.0 -.0003
0.9 .0000
0.7 .0006
0.5 .0024

.0500
0539
0592
0608

0501 -.0030
0543 -.0024
0594 -.0036
0612 -.0017

.1030

1109
1212
1253

1032

1107
1212
1255

0016
0012
.0004
.0040

.1466
;1559
.1688
1741

1465
1558
.1688
1742

300 1.0 .0031
0.9 .0029
0.7 .0034
0.5 .0042

0424
0447
.0500
0520

.0420 -.0013
0447 -0016
0500 .0025
0523 .0044

0812
0849
0954
0990

0811
0849
0957
0992

-.0002
.0007
-.0019
0019

1257
1345
1480
1526

1256
1347
1480
1526

500 1.0 -.0003
0.9 -.0002
0.7 .0001
0.5 .0013

0316
0346
0374
.0387

0318 -.0038
0340 -.0035
0376 -.0015
0389 .0003

0640
0700

0775
0806

0645
0700

0775
L0808

-.0005
-.0013
-.0031
-.0004

0943
1010

1122
1166

0941
.1008

1123
.1166

1000 1.0 .0005
0.9 .0009
0.7 .0005
0.5 .0017

0224
0245
0265
0283

0225 -.0021
0242 -.0018
0267 -.0011
0276 .0005

0447
0469
0539
0557

.0445
.0472
0540
0560

-.0009
-.0005
.0008
0035

0678
0735
0819
0854

0680
0732
0816
0854

L

("]
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Table 3: When parameter p is unknown, with © =3, 0 =1

p=15 p=2 p=25 p=3
N Rate bias se rmse bias se rmse bias se rmse bias se rmse
50 1.0 .1528 4781 .5019 .2044 .5801 .6151 .2283 .7251 .7601 .2987 .8185 .8713
0.9 .1995 .5997 .6321 .2888 .8448 .8928 .3615 1.0211 1.0832 .4559 1.1490 1.2362
0.7 .2274 6256 .6657 .3255 .8976 .9548 .4047 1.0754 1.1490 .5106 1.2597 1.3592
0.5 .2304 6231 .6644 .3284 .8959 9542 .4036 1.0747 1.1480 .5094 1.2585 1.3577
100 1.0 0515 .2443 2496 .0723 .3151 .3233 .1183 .4083 .4250 .1260 .5168 .5320
0.9 .0731 .3017 .3103 .1078 .4020 .4162 .1810 .5768 .6045 .1959 .6777 .7055
0.7 .0892 3254 3373 .1191 .4422 4579 .1982 .6007 .6326 .2219 .7181 .7516
0.5 .0907 .3254 3379 .1193 .4434 4591 .2003 .6013 .6338 .2239 .7192 .7533
200 1.0 .0225 .1616 .1631 .0331 .2131 .2157 .0734 .2860 .2952 .0555 .3234 .3281
0.9 .0304 .1962 .1985 .0458 .2569 .2610 .1022 .3657 .3797 .0860 .4225 .4311
0.7 .0385 .2078 2114 .0605 .2814 .2879 .1193 3872 .4051 .0947 .4494 4594
0.5 .0421 .2090 .2133 .0633 .2828 .2899 .1241 .3887 .4081 .0983 .4527 .4632
300 1.0 .0129 .1338 .1342 .0298 .1729 .1754 .0369 .2117 .2148 .0480 .2676 .2718
0.9 .0176 .1572 .1581 .0322 .2062 .2086 .0568 .2773 .2830 .0698 .3565 .3632
0.7 .0263 .1685 .1706 .0350 .2154 .2182 .0712 .2978 .3063 .0731 .3838 .3907
0.5 .0283 .1700 .1723 .0382 .2156 .2189 .0745 .3003 .3094 .0757 .3856 .3929
500 1.0 .0157 .1010 .1020 .0117 .1311 .1315 .0216 .1732 .1745 .0269 .1997 .2016
0.9 .0210 .1187 .1204 .0099 .1575 .1579 .0329 2112 .2136 .0425 2655 .2689
0.7 .0264 .1281 .1308 .0134 .1738 .1742 .0384 2261 .2294 .0473 .2827 .2867
0.5 .0280 .1285 .1315 .0175 .1761 .1769 .0402 .2285 .2321 .0490 .2839 .2880
1000 1.0 .0044 .0671 .0671 .0109 .0927 .0933 .0080 .1158 .1161 .0150 .1389 .1397
0.9 .0082 .0819 .0825 .0092 .1131 .1136 .0148 .1407 .1415 .0209 .1780 .1792
0.7 .0102 .0889 .0894 .0131 .1225 .1231 .0170 .1517 .1526 .0271 .1908 .1927
0.5 .0116 .0906 .0911 .0157 .1237 .1247 .0185 .1536 .1547 .0294 .1916 .1939




Table 4: The bias and standard error of the estimated hazard function h (0.5)
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when only one parameter is unknown

35

1

g

P

true ([, O, P)

=3,2,3)

(3,2,3)

0,1,2)

©,2,2)

(3,1,/1.5)

(3,1,3)

N Rate bias

se rmse

bias

5S¢

rmse  bias

s rmse

bias

se

rmse

50 1.0 .0093
0.9 .0069
0.7 .0032
0.5 .0003

.1947 -.0003
.2026 -.0002
2133 -.0007
2185 -.0006

0225
0233
0245
D255

0282
0326
0417
0361

.0072
.0088
0095
0089

1598
1743
2033
2046

-.0035
-.0041
-.0046
-.0047

0583
0642
0711
0722

0094
0109
0113
0114

0008
0012
0015
0014

.0037
0046

0050

.0050

100 1.0 .0023
0.9 .0024
0.7 -.0013

0.5 -.0063

1411 -.0002
.1443 -.0004
1515 -.0006
1546 -.0008

0163
0167

0181
0183

0146
0160
0174 .
0141

.1072 .0038
1123 0639
1253 .0048

.1280 .0050

-0014
-0018
-.0022
-.0023

0421
0457
0502
.0508

0063
0074

0078
0078

.0006
0009
.0010
0010

0028
0035

0037
.0037

200 1.0 -.0005
0.9 .0001
0.7 -.0009

0.5 -.0024

1021
1045
1110
1135

.0002
0003
.0001
0

0116
0121
0132
0136

.0053

0764 .0026

0056 .0828 .0027

0056
0034

.0898 .0035

0922 .0031

-.0006
-.0008
-.0010
-.0011

.0298
0320
0352
0363

0043

0052

0054
0055

.0004
0005
0006
0006

.0020

0025

0027
0027

300 1.0 .0003
0.9 .0007
0.7 .0004

0.5 -.0008

.0817
0840
.0902
0933

-.0003
-.0003
-.0006
-.0009

.0090
0093

0100
0103

-.0013
-.0006
-.0005
-.0013

0014
.0016
.0008
0003

0628
0672
0750
0782

-.0003
-.0005
-.0007
-.0008

0231
0243
0274
.0283

0036
0042
0045

0045

.0002
.0003
0004
.0004

0016
.0020
0022

0022

500 1.0 .0009
0.9 .0008
0.7 .0006

0.5 -.0003

0596
0618
0666
.0685

0001
.0002

0
-.0002

0074
0076
0081
0084

.0023
0025
0026
0008

0018
0018
0014
0010

0483
0515
0572
0591

0184
0200
0222
0231

-.0004
-.0005
-.0007
-.0007

0027
0032
0034

0034

0001
0002
.0003
.0002

.0013
0016

0018

0018

1000 1.0 -.0007
0.9 -.0009
0.7 -.0008
0.5 -.0019

.0441
0457
.0495
0511 -.0001

-.0001
0
0

0052
0054
0057

0002
-.0002
0005

.0340 .0009
0363 .0009
.0401 .0008

0058 -.0011 .0413 .0003

-.0001
0134 -.0002
0154 -.0002
.0159 -.0003

0127

0018
0022
0024
0024

.0001
0001
.0001
.0001

0009
0011
0012
0012
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Table 5: When parameters 1 and ¢ are unknown, with p = 1.5

N = 1000 ag=1 g= 2 g= 3

Rate 145 09 07 05 10 09 07 05 1.0 09 07 05

bias( zz) .0006 .0005 .0007 .0006 -.0011 -.0008 -.0007 -.0013 .0023 .0018 .0016 .0002
se(f1) .0332 0332 .0346 .0346 .0686 .0686 .0693 .0714 .0975 .0980 .0995 .1030
bias( 0) -.0019 -.0022 -.0015 -.0006 .0016 0014 .0029 .0062 .0027 .0014 .0028 .0039
se(0) .0265 .0283 0316 .0361 .0548 .0574 .0640 .0714 0775 .0806 .0922 .1025

o .0000 .1066 .0913 .2402 .0266 .0508 .1127 .1961 -.0132 .0253 .1090 .1896
srmse 0592 0612 0656 .0706 .1233 .1260 .1333 .1435 .1747 .1789 .1918 .2056

bias( z2) .0008 .0008 .0009 .0002 .0000 .0005 .0008 -.0003 -.0005 -.0007 -.0002 -.0016
se( /1) 0346 .0346 .0361 .0361 .0700 .0700 .0714 .0735 .1020 .1020 .1044 .1072
bias( ) -.0001 .0001 .0003 .0007 -.0034 -0033 -0015 .0011 -0031 -.0035 .0003 .0014
se(o) .0265 .0283 .0300 .0346 .0490 .0529 .0616 .0700 .0781 .0819 .0949 .1030

©  .0000 .0000 .0925 .1601 -.0292 -.0270 .0909 .1750 -.0251 -.0120 .0909 .1630
srmse 0605 .0624 .0661 .0706 .1190 .1229 .1331 .1435 .1797 .1841 .1990 .2102

bias( £) .0004 .0004 .0006 .0002 -.0005 -.0002 -.0006 -.0012 .0065 .0062 .0057 .0048
se(4) .0316 .0332 .0332 .0346 .0686 .0686 .0693 .0714 .1054 .1058 .1072 .1100
bias( &) -.0016 -.0019 -.0009 -.0002 -.0002 -.0006 -.0005 .0025 -.0069 -.0079 -.0083 -.0062
se(g) .0265 .0283 .0300 .0346 .0520 .0548 .0624 .0707 .0787 .0854 .0970 .1063

© .0000 .0000 .1005 .1667 .0281 .0533 .0925 .1584 .0362 .0553 .1347 .1881
srmse 0581 .0599 .0636 .0689 .1205 .1233 .1317 .1421 .1849 .1915 .2047 .2167

bias( ) -.0016 -.0015 -.0017 -.0025 -.0007 -.0007 -.0020 -.0028 -.0014 -.0015 -.0019 -.0032
se(ft) .0361 .0361 .0374 .0374 .0671 .0671 .0686 .0707 .1025 .1025 .1034 .1077
bias( d) -.0021 -.0022 -.0026 -.0023 -.0018 -.0036 -.0055 -.0034 .0033 .0030 .0038 .0057
se(d) .0245 0265 .0300 0346 .0500 .0539 0616 .0686 .0781 .0819 .0938 .1025

© .0000 .0000 .0891 .1543 .0000 .0277 .1183 .2269 .0125 .0238 .0824 .1631
srmse 0606 .0625 .0674 .0721 1181 .1209 .1302 .1407 .1806 .1849 .1972 2102

37
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Table 6: When parameters ¢ and p are unknown, with ¢ =3

N = 1000

o= 1 o= 2

g= 3

Rate

1.0

0.9

0.7 05 1.0 09 07 035

1.0

0.9 0.7

0.5

0 bias( )
se(0)
bias(p)
se(p)
0
srmse

0011
0011
0064
0031
152
1335

0015
0011
0127
0035
6918
1492

0006 -.0005 -.0028 -.0028 -.0048 -.0064
0012 .0013 .0022 .0023 .0023 .0025
0084 .0074 .0058 .0089 .0066 .0053
0036 .0037 .0030 .0035 .0037 .0037
6257 5746 6930 .6513 .5824 .5684
1527 1579 (1671 1837 .1899 .1949

0039
0034
0095
0030
7264
2060

.0049 .0021
.0035 .0036
0159 0110
0036 .0037
6511 5846
2258 2319

-0010
0037
0091
0038
5765
2375

1 bias( ¢)
se(0)
bias(p )
se(p)
0
srmse

0029
0010
0185
0044
714
1759

0026
0011
0216
0053
7169
2052

0019 .0008 -.0004 -.0005 -.0020 -.0039
0011 .0012 .0022 0022 .0023 .0024
0191 0181 .0132 0179 .0154 .0131
0054 0055 .0046 .0054 .0055 .0056
6632 6470 7642 .7295 .6868 .6870
2086 2119 2159 2432 2484 2545

0021
0032
0127
0045
7421
2432

20016 -.0015 -.0042
20033 .0033
0143 0120
0053 .0054
7146 .6679
2733 2773

0035
0108
0055
6682
2835

2  bias(o)
se(0)
bias(p )
se(p)
0
Srmse

0007
0010
0179
0061
.7902
2245

0008
0010
0293
0071
T717
2595

0001 -.0010 -.0025 -.0016 -.0039 -.0056
0010 .0011 .0022 .0023 .0024 .0024
0247 0222 .0092 .0238 .0199 .0173
0072 .0073 .0062 .0075 .0075 .0076
7279 .7009 .7988 .7566 .7177 7082
2628 2662 2649 3098 .3140 3159

0074
0032
0212
0062
.8073
.2969

0080 .0062
.0032 .0033
0317 0277
0070 .0071
7610 7274
3259 3312

.0032
0034
0265
0072
7140
3353

3 bias( g)
se( 0)
bias( p)
se(p)
0
srmse

0014
.0009
0340
0077
8385
2754

0017
0010
0538
0095
7888
3374

0009 .0002 .0012 .0019 -.0008 -.0024
0010 .0010 .0020 .0021 .0022 .0023
0478 .0486 .0329 .0479 .0430 .0414
0096 .0096 0078 .0092 .0094 .0095
7360 .7443 8107 .8015 .7649 .7589
3403 3415 3128 3618 3714 .3753

0074
0031
0387
0080
8308
3548

0072 .0057
0032 .0032
0490 .0438
.0094 .0095
7836 7473
4021 4076

0031
0033
0421
0096
7385
A115
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Table 7: When parameters u and p are unknown, with 0 =2

N = 1000 p=15 p=2

Rate 19 09 07 05 10 09 07 05

bias( /) -.0012 -.0010 -.0021 -0029 .0002 -.0007 -.0016 -.0026
se(/£) 0678 0678 .0693 .0707 .0632 .0640 .0663 .0678
bias(p) .0071 0115 .0129 0128 .0062 .0132 .0166 .0175
se(p) .0671 .0831 .0917 .0927 .0938 .1153 .1277 .1300

o -0440 -.1242 -1732 -1677 0169 -0677 -.1653 -.1701
srmse (1356 1521 .1615 .1640 1570 .1796 .1953 .1989

bias( ) -.0019 -.0019 -0029 -0038 -.0019 -.0019 -.0029 -.0038
se(&) .0656 0663 .0671 .0693 .0656 .0663 .0671 .0693
bias(p) .0077 .0131 .0142 .0136 .0077 .0131 .0142 .0136
se(p) 0700 .0883 .0954 .0970 .0700 .0883 .0954 .0970

o 0218 -0683 -.1250 -.1191 .0218 -.0683 -.1250 -.1191
srmse 1356 1552 .1635 .1673 .1356 .1552 .1635 .1673

bias(/ ) .0018 .0019 .0008 .0001 .0018 .0019 .0008 .0001
se(/) .0686 .0686 .0693 .0707 .0686 .0686 .0693 .0707
bias(p ) .0049 0092 .0105 .0105 .0049 .0092 .0105 .0105
se(p) .0728 .0889 .0985 .1010 .0728 .0889 .0985 .1010
o .0200 .0164 -0440 -0280 .0200 .0164 -.0440 -.0280
srmse 1414 (1580 1683 1722 1414 1580 .1683 .1722

bias( /1) -.0009 -.0010 -.0023 -.0037 -.0012 -0021 -0027 -.0036
se(Z) 0678 .0678 .0686 .0693 .0624 .0632 .0656 .0678
bias( p) .0074 0130 .0157 .0154 .0100 .0168 .0183 .0187
se(p) .0742 0889 0990 .1005 .0949 .1166 .1285 .1300

o 0596 0664 0000 -0144 -0169 -.0949 -.1662 -.1474
srmse  .1420 .1578 .1686 .1708 .1578 .1811 .1956 .1994
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Table 7: (continued) When parameters ;¢ and p are unknown, witho =2

N = 1000 p=15 p=2

Rate 15 09 07 05 10 09 07 05

0  bias(z#) -.0008 -.0021 -0034 -0055 .0021 .0016 .0009 -.0022
se(f2) 0566 .0574 .0608 .0624 .0539 .0566 .0608 .0624
bias(p) .0151 .0251 .0273 .0275 .0168 .0231 .0262 .0280
se(p) 1212 1523 .1649 .1670 .1400 .1766 .1997 .2037

o 0437 -0686 -.1695 -.1726 .0265 -.1501 -.2798 -2987

srmse L1790 2121 2279 2322 .1944 2343 2618 .2680

1 bias(# ) -.0008 -.0012 -.0008 -.0025 -.0007 -.0009 -.0016 -.0044
se(f£) .0557 0574 0608 .0624 .0529 .0548 .0600 .0616
bias(p) .0172 0227 .0179 .0181 .0163 .0204 .0207 .0221
se(p) .1200 .1546 .1661 .1673 .1421 .1863 .2064 .2098

0 0150 -1239 -2078 -.2201 .0133 -.1470 -2746 -.2939

srmse L1769 2136 2278 2310 1957 2417 2671 2728

2 bias(z) -0005 -0005 -.0017 -.0038 .0008 .0004 .0000 -.0029
se(/£) 0583 0608 .0624 .0656 .0539 .0566 .0616 .0648
bias(p ) 0155 .0184 .0192 0200 .0203 .0276 .0294 .0297
se(p) .1183 .1453 .1600 .1606 .1418 .1822 2074 .2107

o 0145 -1132 -1902 -.2089 -0131 -.1843 -.3286 -.3369

srmse L1780 20609 2236 2274 1967 2406 2715 2773

3 bias( ) .0007 .0000 -.0017 -0038 .0006 .0006 -.0001 -.0016
se(f£) 0574 0592 .0624 .0648 .0529 .0539 .0583 .0608
bias(p) .0120 0213 .0243 .0243 0161 .0210 .0226 .0223
se(p) .1233 .1572 .1720 .1729 .1382 .1780 .2002 .2032

© 0000 -.1183 -2234 -2320 .0684 -0730 -2227 -2346

srmse (1811 2176 .2362 2394 1918 .2333 2598 .2653
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Table 8: The bias and standard error of the estimated hazard function /(0.5) when two

parameters are unknown

unknown

(,0)

(#.p)

(o.p)

true (4.0, p)

(3.1, 1.5)

(3,2,1.5)

(3,2,1.5

3,2,3)

(3.2,1.5)

(31.3)

N Rate bias

se bias

s€

bias

se  bias

5€

bias

s€

bias

S€

50

1.0 -.0002
0.9 -.0004
0.7 -.0004
0.5 .0000

0129 -.0005
0133 -.0006
0136 -.0011
.0140 -.0008

.0209
0210
0212
0215

.0033
.0039
0049
0053

0225 .0016
0235 .0040
0246 .0061
0249 .0072

0265
0296
0315
0326

0030
0039
0036
.0034

0170
0186
0188
0190

.0007
0010
0011
0011

.0039
0048
0049
0051

100

1.0 -.0001
0.9 -.0003
0.7 -.0002
0.5 -.0002

.0091 -.0003
.0093 -.0004
0097 -.0005
0100 -.0002

0144
0144
0146
0147

0014
0018
.0023
0026

0139 .0001
0143 .0013
0149 .0028
0151 .0039

0163
0181
.0198
.0209

0019
.0023
0019
0018

0121
0128
.0130
0133

20002
0005
.0007
.0007

0025
.0032
0035
0035

200

1.0 -.0003
0.9 -.0003
0.7 -.0004
0.5 -.0001

0066 -.0003
0067 -.0003
0072 -.0004
0075 -.0001

0102
0102
0103
0104

.0009
0014
0016
0017

.0099 -.0005
0104 -.0002
.0108 .0005
.0109 .0010

0120
0127
0144
.0149

.0009
0011
.0008
0006

0086
0090
0091
0094

.0002
.0004
.0004
0004

0021
0026
.0027
.0028

300

1.0 .0002
0.9 .0002
0.7 .0002
0.5 .0005

.0054 .0003
0057 .0003
0061 .0003
0064 .0005

0084
0084
.0085
0085

0005
.0006
0007
0008

0082 .0001
0085 .0005
0088 .0007
.0088 .0013

.0095
0104
0115
.0120

.0009
0011
.0008
0006

0068
0073
0074
0076

0001
0002
0003
0003

0017
0021
0023
.0023

500

1.0 -.0001
0.9 -.0001
0.7 .0000
0.5 .0001

0044 -.0001
0045 -.0002
0048 -.0002
0050 .0000

0062
0062
0062
0063

0004
.0005
.0005
.0007

0065 .0002
0067 .0006
0070 .0008
0070 .0012

0075
0079
0091
0095

.0005
.0006
0004
0004

0052
0056
.0057
0059

.0001
0002
.0002
0002

0013
.0017
0018
0018

1000

1.0 .0000
0.9 .0000
0.7 -.0001
0.5 .0000

.0030 .0000
0031 .0000
.0033 .0000
.0035 .0001

.0044
0044
0044
0044

.0003
.0003
.0005
0005

.0044 .0000
0044 .0000
0046 .0001
0047 .0002

0052
.0054
0061
0064

-.0001
0000
-.0001
-.0002

0035
0037
0038
0039

.0000
.0000
0001
0001

.0009
0012
0013
.0013
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Table 9: Unknown parameters with true value (1, o,p)=(3, 1, 1.5)

hazard #(0.5)

7 o p
N Rate bias(/) se(s) bias(d) se(d) bias(p) se(p) srmse bias(h) se(h)
50 1.0 .0011 .1694 .0298 .1895 .4084 1.2755 1.7005 -.0016 .0160
0.9 -.0034 .1744 0374 .1992 .7649 1.9854 2.5047 -.0034 .0181
0.7 -0103 .1694 .0222 .2007 .7237 1.9369 2.4394 -0040 .0180
0.5 -0117 .1664 .0147 2078 .6986 1.9435 2.4408 -0041 .0179
100 1.0 -0031 .1136 .0121 .1192 .1295 4077 .6612 -0007 .0103
0.9 -0036 .1136 .0143 .1265 .2164 .7389 1.0107 -.0018 .0111
0.7 -0079 .1145 .0065 .1288 .2177 .7244 1.0001 -.0024 .0117
0.5 -.0084 .1153 -.0006 .1367 .2015 .7244 1.0040 -.0026 .0119
200 1.0 -0061 .0768 .0008 .0837 .0491 .2488 4141 -0003 .0069
0.9 -0061 .0768 .0000 .0854 .0651 .3022 4721 -.0008 .0074
0.7 -0070 .0775 -.0006 .0894 .0688 .3027 .4780 -.0009 .0080
0.5 -.0071 .0787 -.0063 .0970 .0618 .3122 4940 -.0012 .0081
300 1.0 -.0023 .0608 .0041 .0656 .0349 1975 3277 0  .0054
0.9 -0019 .0616 .0042 .0686 .0498 2532 .3883 -.0004 .0059
0.7 -0027 .0616 .0030 .0707 .0542 .2575 .3956 -.0006 .0063
0.5 -0030 .0632 -0015 .0768 .0462 .2602 .4044 -0008 .0065
500 1.0 -.0010 .0469 .0002 .0520 .0177 .1453 2452 -0002 .0041
0.9 -0010 .0469 .0002 .0529 .0302 .1844 .2866 -.0005 .0044
0.7 -0009 .0469 .0006 .0566 .0319 .1865 .2927 -.0005 .0048
0.5 -0015 .0480 -.0027 .0608 .0263 .1895 .3001 -.0006 .0048
1000 1.0 .0012 .0332 -.0009 .0387 .0067 .1010 .1734 -.0002 .0030
0.9 .0019 .0332 -0013 .0387 .0089 .1221 .1944 -.0003 .0032
0.7 .0015 .0332 -.0016 .0412 .0104 .1249 .1997 -.0003 .0035
0.5 .0015 .0346 -.0031 .0447 .0067 .1273 .2070 -.0004 .0036
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Stroop B B BT K W 72 RIEE R IR 2 AR » H T8 E A StroopZ M (VBT B& » E Stroop
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Picture-Word Difference in Categorizing
and Semantic Facilitation

Yu-Jing Gao

Department of Psychology, Fu Jen Catholic University

Abstract

The Stroop interference paradigm was used to explore the
difference in categorizing the picture or the word of picture-word
compounds and the effect of semantic facilitation. The type of task in
categorizing and semantic relatedness of distractors has a significant
interaction effect on the rate of correct responses and latencies. The
effect of word superiority was found while partially congruent and fully
incongruent stimuli were presented. Besides, the semantic facilitation
effect was obtained in picture categorizing. These results could be
explained by the dual-code theory.

Key Words : Stroop interference paradigm, picture-word compounds,
semantic facilitation, dual-code theory
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Using Multithreading with Blocking on
Multi-Core Processors
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Abstract

In the 21" century, computers are built with not just one level
cache, but even up to three level cache memories. There is an on-chip
and off-chip cache. Even the note book computers come with dual core
processors. Cache is an effective way to eliminate the performance gap
between processor speed and memory access. However, how to use
cache efficiently has been an important issue. Several researches on
adjustable cache have been investigated recently. Among many
techniques, blocking is a well known and effective way, which can
reduce cache miss and give good performance of program execution.
Now, multithreading has been intertwined with the multi-core to switch
rapidly from one core to another core. Due to data locality,
multithreading can also reduce cache misses. Since multi-core
processors are becoming the mainstream of the computer market, how
to use multi-core processor and get better cache performance as well
better execution time is an issue. Hence, this paper will combine
multithreading with blocking technique and observe the improvement of
cache miss which will ultimately lead to better performance of the
execution of a program. Several common benchmarks were chosen to
execute on a multi-core processor using OpenMP compiler. When a
sequential program is executed using hyper-threading on a multi-core
processor, the cache performance improvement is only about 2% and
the execution of the program improves slightly. In addition, when
blocking technique is used, the cache performance improvement is
about 6%.This leads to better execution performance of these
benchmarks. While this technique improves cache performance, the
performance improvement of the overall execution of a program on a
multi-core processor is obvious.

Keywords : Multithreading, Multi-core, Cache, Blocking, OpenMP.
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1. Introduction

The performance gap between processor and memory has been a critical bottleneck in
achieving maximum program performance. The processor performance improvement speed is
much faster than memory. Hence, how to reduce the performance gap between processor
speed and memory access has been an important issue. There are many techniques proposed to
alleviate the gap and tolerate the memory latency. Among them, the utilization of cache has
been proven to be a useful way [1-3]. Cache can hold the data needed for the processor to
perform execution. Accessing cache takes much less time than accessing memory for
processor. If the data needed for the processor is in the cache, the processor will use it without
accessing memory again. Due to cache, the performance gap between processor and memory

can be reduced.

Since cache is effective in reducing the gap, how to use cache efficiently has been an
important issue. Blocking has been proved to be a useful way to reduce cache misses [4-7].
Generally, if we need to access an array, we will access the entire array. But when the array is
too large and it has to be reused many times, lots of cache misses will occur. Instead of
operating on entire matrix, blocking is performed on submatrices. Only needed portion of the
matrix is accessed at a time. The portion is small enough to stay in cache and it will be used to
the maximum amount of time. A lot of cache misses can be eliminated. So, this can lead to

low cache misses.

Nowadays, multi-core processor has become the mainstream of computer market.
There are many researches that are related to multi-core architecture [7-10]. In the multi-core
architecture, there are many execution cores in it. The cores can execute simultaneously and
much work can be done at the same time. This can lead to high throughput. In a multi-core
architecture, multithreading is extremely important because every core needs at least a thread
to operate. Multiple cores need multiple threads so that the cores can be fully utilized. Because
of the popularity of multi-core processors, the use of multithreading becomes more important
than before. This paper presents not only using multithreading, but how to use it efficiently by
improving the cache performance. Using multithreading with a blocking methodology on a

multi-core processor can lead to a better cache performance and execution time. This research
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mainly explores the usage of blocking on a multithreaded multi-core architecture.

The reminder of this paper is organized as follows. In section 2, we will present the
background and related work. In section 3, we will discuss the multithreading issues with a
blocking methodology in detail. In section 4, we will present the experimental environment
and experimental results. Section 5 will present the conclusion and the future work.

2. Background and Related Research

Blocking is a technique that can utilize temporal locality. There are some studies using
this technique. Lam et. al. [4] optimized cache performance via blocking. They used cache
interference to discover the behavior of cache. Using a fixed blocking factor and tailoring the
blocking factor lead to different cache interference misses. Using a fixed blocking factor for a
given cache size causes relatively high cache interference misses. Tailoring the block size for
different matrix sizes and cache parameters can get a better cache interference misses. Based
on the experimental results, they have showed that the performance of the cache is highly
dependent on the problem size and the block size. It is more effective to tailor the block size

according to the problem size and cache size.

In [5], an algorithm is presented to choose the best problem-size dependent tile sizes.
When we input the cache size, the cache line size, the column length and the row length, we
can get the best tile size as the output. The sizes of the tile submatrices are small enough to
remain in the cache for reuse. This can utilize the data locality to improve the cache
performance. On a direct-mapped cache, it gives better performance than other algorithms. On
higher set associativity caches, it also performs well when matrices are large in comparison to

the cache size.

Park et. al. [6] provide a theoretical analysis for the TLB and cache performance of
block data layout. A lower bound analysis for TLLB performance is presented. The lower bound

where N means that we are accessing an N by N Matrix and the Pv represents the page size of
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the TLB. They showed that block data layout achieves this bound (2 (N2/./Pv) ). Block data
layout improves TLB misses by a factor of O(B), where B is the block size of block data
layout. Because of temporal locality and reduced capacity misses, block data layout with tiling
can improve overall memory hierarchy performance. Hence, using blocking technique is an
efficient way to reduce cache misses. For this part, we have discussed how to choose the
appropriate blocking size that is needed when applying blocking technique. In the next part we
will discuss multithreading that is another way to reduce cache miss.

2.1 Multithreading

There are some studies that are related to cache performance on multithreading. These
studies discuss how to use multiple threads efficiently to get low cache miss rate. Kwak et.
al. [11] presented a Multithreaded Virtual Processor (MVP) model. The processor integrates
the multithreaded programming paradigm and a modern superscalar processor. It is capable of
fast context switching and threads scheduling. Based on MVP, they showed that
multithreading can tolerate memory latency and utilize data locality. Data locality means that
a thread brings the data into cache; other threads may use it later. Thus, multithreading

execution gets lower cache miss rates than serial execution.

Based on trace-driven simulation, Chen et. al. [12] evaluated three scheduling schemes.
They are round-robin (switch-on-instruction), round-robin (switch-on-miss) and priority
scheduling (MRU-priority). Their experimental results show that priority scheduling has the
best cache performance. They also studied the effect of multithreading degree on cache
performance. According to the experimental results, they suggest that cache size and set
associativity should be increased with the multithreading degree. In this part we can see that
multithreading can improve cache performance because of data locality. How to use
multithreading efficiently to utilize data locality is an important issue. Nowadays, multi-core
processors become more and more popular. On a multi-core processor multiple threads need
to execute. So, how to use multithread on a multi-core processor efficiently is another
important issue. In the next part, we will discuss the multi-core architecture.

2.2 Multi-Core Architecture

Gepner et. al. [9] discussed some innovative designs on Intel multi-core processor, like
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Intel Advanced Smart Cache and Intel Smart Memory Access. Former multi-core processors
used separate L2 cache. However, it led to bad CPU performance. A New multi-core processor
uses shared L2 cache and it increases the efficiency of cache to processor core data transfers

and inter-processor communication. Figure 1 shows the layout of different dual-core CPU L2
cache organization. Intel Advanced Smart Cache adopts shared L2 cache. Data is stored in one
location of the cache and each core can access it. When one core needs less cache, the other

core can increase their usage of L2 cache. Thus, it can share better the L2 cache. This can

reduce cache misses. As to Intel Smart Memory Access, it speculatively loads data into the

execution cores for instructions that are about to be executed before previously stored

instructions are executed. This can improve execution throughput because it maximizes the

available system-bus bandwidth and hides latency to the memory subsystem.

System Memary

Processor 0 Procvessor |
Core 0 Core | Coret [Core]
CPU CPU CPU CPU
L1 Cache L1 Cache L1 Cache L1 Cache
L2 Cache L2 Cache L2 Cuche L2 Cache
L {Svstem Bus
Processor () Processor | |
Core 1 Core 0 Core 1
cru CPU CcpU
L1 Cache L1 Cache LI Cache |
; L2 Cache L2 Cache
—————-l System Bus E—

Figure 1. Dual Socket System with Different Dual-Core CPU L2 Cache Organization
(figure taken from [9])

System Memory
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3. Multithreading with Blocking on Multi-Core Processor

Multi-core processors have become the mainstream of the computer market. There are
two or more independent cores in a single processor. A process with one thread is not capable
of fully utilizing multi-core processors. Multithreading is suitable for multi-core processors.
Multiple threads can use the cores at the same time. In this chapter, we will discuss how to use
multithreading with blocking technique to reduce cache misses and get the best performance
on multi-core processors. In Multi-core architectures, these cores have their own hardware
resources and execution sets. They can execute simultaneously. Figure 2 shows a dual-core
processor architecture. The core 1 and core 2 execution units can execute simultaneously. In
order to fully utilize the multi-core processor the program must be divided into two or more
threads and can be simultaneously fed into multiple cores. If we have two or more threads,
then each core has its own thread to process. By multithreading, the dual-core processor can

really be utilized.

Figure 2. A Dual-Core Processor Architecture (figure taken from [13))

3.1 Multithreading with Blocking on Multi-Core Processor
Multithreading can utilize data locality to reduce cache misses. But when the cache is
not big enough to hold the later data needed, data locality can not be utilized. We illustrate this
situation with figure 3. There are two threads. Thread 1 accesses the elements with shadow.
Thread 2 accesses the elements with bias. If the cache is not big enough to hold all the
elements of B matrix, cache misses may occur while thread 2 needs the elements of B matrix.

Thus, data locality is not utilized.
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Figure 3. The Process of Multithreaded Matrix Multiplication

If we use multithreading with blocking technique, data locality can be ensured. We can
vary the blocking factor to ensure that the reused data remains in the cache. Figure 4 shows
the process of Multithreading with Blocking Matrix Multiplication. In each step, the
submatrix of B matrix remains in the cache until it is not needed any more. Thread | brings
the submatrix into the cache. Thread 2 can use it without fetching again. So, blocking
technique can ensure the data locality of multithreading. Hence, our main purpose of our
research is to implement blocking in all the OpenMP benchmarks that are run using
multithreading and see the effect of cache misses as well as the impact on overall execution.

4. Benchmarks Used for the Experiments

In order to apply the blocking methodology to improve the performance of various
programs as well as to show the cache performance improvement using blocking
methodology, we used several benchmarks that are commonly used in various data structures.
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When we improve the cache performance of each program, we also show that the
execution time of each program has also significantly been improved. The benchmarks used
for comparisons are matrix multiplication, string matching, linear search, base conversion, and
a program that calculates the power of n. We used OpenMP compiler to parallelize each
program using hyperthreading and implemented on a Dual core machine. Every program had
its serial version, parallelized version using multithread and multithread with blocking
paradigm. In the following sections we describe each benchmark and its results using the
above three different ways. Each benchmark shows a gradual improvement in execution time
as well as cache miss rates. All the programs show that blocking method in a multithreaded
environment has significantly improved cache performance. Here we describe the matrix
multiplication program and its results. Figure 5 and 6 show matrix multiplication's multithread
and multithread with a blocking methodology pseudocode.

#pragma omp parallel for /*multithreadeb command*/
for (i=0;i<N;i++)
for (j=0;j<N;j++)
for (k=0;k<N;k++)
Clillj] = Cli](j] + ALi]Li] * BIKI[] 5

Figure 5. The Code for Multithreaded Matrix Multiplication

for (jj=0;ji<N; jj=ji+BB)
for (kk=0;kk<N; kk=kk +BB)
#pragma omp parallel for /*multithreadeb command®*/
for (i=0;i<N;i++)
for (j=Jjjs;j<min(jj+BB,N);j++)
for (k=kk ;k<min(kk+BB,N) ; k++)
CLillj] = ClILT + ALIL] * BIKILT 5

Figure 6. The Code for Multithreaded Matrix Multiplication with Blocking
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4.1 Experimental Results
The processor we used for our experimentation is Intel(R) Core(TM)2 CPU E6600

2.4GHz. The two cores share the L2 cache. We conduct our experiment on L2 cache. After
compilation for various benchmarks, the programs were run on the above processor. When the
programs were executed, Pintool [14] was used to dynamically collect the memory references.
These memory references were stored in a file containing all the hex address values. Finally,
the memory reference files were used into DinerolV [15] to analyze the cache performance of
these benchmarks. We observed that 32 byte block size and a 4-way set associative had the

best performance. So, block size 32 was set and a 4-way set associative was used.

Table 1. Comparison of Matrix Program's Cache Performance of Different Sizes.

Matrix Multiplication Data Cache
Serial Multithread Multithread + Block
Problem Rate Rate Rate
. . . LT ; . P P " Misses
Size Fetches Misses (%) Fetches Misses %) Fetches Tisses (%)
128 17392610 19468 0.11 17513189 21282 0.12 6370246 24423 0.38
256 135424780 16952320 12,51 135829800 16997447 12,51 46931921 446395 0.95
512 1077313391 134959016 12,52 1079966108 135343202 12,53 369407429 3400999 0.92

In the following pages we present the results of the experiments such as Matrix
multiplication, string matching, linear search, base conversion, and power of n. Data miss
rates of these programs and execution time with different data sizes are shown below. All
these programs show similar results. We conclude that blocking mechanism not only improves
cache performance of these programs, but also contributes to the execution time better than
the one without blocking mechanism. Even though several benchmarks were tested, due to

lack of space, only a few are mentioned here.

Table 1 presents the cache performance of matrix multiplication. Since we did not use
trace reduction, our computer was not capable of getting the cache performance of 1024 by
1024 matrix. But the execution time of 1024 by 1024 matrix will be presented later. From
Table 1 we can note that the miss rate of multithreaded matrix multiplication is very similar to
that of serial paradigm. As we can see from the table, the cache performance of blocked
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version has been improved significantly from roughly12.5% to 0.9%. Except for the 128 by
128 matrix size, the miss rate of multithreaded matrix multiplication with blocking is much
less compared with serial and multithreaded paradigm. It could be that the 128 by 128 matrix
size is too small to show the cache benefits of blocking and multithreading. Table 1 shows that
the multithreading with blocking paradigm gets the lowest miss rate. Table 2 shows not only
the cache performance, but also indicates a way to improve the execution time. Table 2
presents the execution time of matrix multiplication. From table 2 we can clearly see that
multithreading with blocking paradigm gets the least execution time. For example the matrix
size of 1024 x 1024 takes only 1.44 secs as opposed to the multithreaded version which is

about 8.45 secs.

Table 2. Comparison of Matrix Program's Execution Time for Different Data Size.

Matrix Multiplication Execution Time
Pro_blem Serial Multithread Multithread +
Size Block
128 0.009548 0.005056 0.001723
256 0.110528 0.056740 0.013143
512 1.536550 0.750327 0.176759
1024 17.094374 8.451998 1.437403

Table 3. Comparison of String Matching's Cache Performance for Various Sizes.

Matrix Multiplication Data Cache
Serial Multithread Moultithread + Block
Problem
Size Fetches Misses I(E;r}e Feiches Misses f;;j Fetches Misses ’:;:f
100000 4134668 477934 11.56 4280891 379074 8.86 6370246 278818 6.46
200000 7859691 952034 12.12 8081612 754537 9.34 46931921 553893 6.78
400000 15309680 1902935 12.43 15696529 1504211 9.58 369407429 1103883 7.02
800000 30209673 3802935 12.59 30945246 3003953 9.71 369407429 2203895 7.11

Table 3 presents the cache performance of the string matching program. From table 3,
we note that multithreading can improve the cache performance of a serial program about 3%
whatever the problem size is. Multithreading with the blocking paradigm can improve the
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cache performance of serial program about 6% . When we improve the cache performance of a
program, we naturally also improve the execution time which in turn improves the
performance of a program. From Table 3 we can clearly see that the cache performance
improvement of multithreading with blocking paradigm is twice that of multithreaded

paradigm. This program is popularly used in online dictionaries.

Table 4. Comparison of String Matching's Execution Time for Various Sizes.

Matrix Multiplication Execution Time
Problem i < Multith +

0!) Serial Multithread uiithread
Size Block
100000 0.001245 0.001192 0.000805
200000 0.003130 0.003010 0.002105
400000 0.007723 0.007445 0.004219
800000 0.019572 0.017044 0.007815

Table 4 presents the execution time of the string matching program. From table 4 we
can see that multithreading improves the execution time of the serial program slightly. But the
multithreaded with the blocking paradigm can improve the execution time of the serial
paradigm more significantly. Hence, multithreading should be complemented with the
blocking paradigm for all the loops in a program. In this program, for different data size, the
improvement remains constant which is shown by the three lines. For this program we varied
the data size upto 800,000 to see the improvement in execution time as well as the cache

performance.

Table 5 presents the cache performance of the linear search program. From table 5 we
can note that the average miss rate of serial program is about 7%. The average miss rate of
multithreaded paradigm is about 5%. The average miss rate of multithreading with the
blocking paradigm is about 0.14%. Blocking technique improves the cache performance of
multithreaded program significantly which is seen clearly in this program too. The miss rate
improvement of multithreading with the blocking paradigm is about 3.5 times that of
multithreaded program. Table 6 presents the execution time of linear search program. From
table 6 we can see that multithreading improves the execution time of the serial program. But
multithreading with the blocking paradigm can improve the execution time of the serial

program further. When the problem size becomes large, the improvement of the execution
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time becomes significant too. This program shows that for all different data size, the cache
miss rate is not even 1%. There is a big gap between multithreaded version and the blocking

with the multithreaded paradigm.

Table 5. Comparison of Linear Search's Cache Performance for Various Sizes.

Matrix Multiplication Data Cache
Serial Multithread Multithread + Block
Prg:;l:m Fetches Misses I:;Zj Fetches Misses )::;:j Fetches Misses }::;f
100000 181417930 12628370 6.96 201915389 10125086 5.01 185042971 254043 0.14
200000 362418607 25253367 6.97 403370340 19681038 4.88 369627975 504043 0.14
300000 543418653 37878365 6.97 604887981 30458880 5.04 554192301 754032 0.14
400000 724418439 50503365 6.97 806383008 47490273 5.89 738798457 1004033 0.14

Table 6. Comparison of Linear Search's Execution Time for Various Sizes.

Matrix Multiplication Execution Time
Bl Serial Multithreaa | Multithread +
Size Block
100000 0.083141 0046225 0.030477
200000 0.190912 0.107605 0.061583
300000 0.286340 0.175128 0.094208
400000 0.381265 0.257105 0.124107

Table 7 presents the cache performance of base conversion program. From table 7 we
can note that the average miss rate improvement of multithreaded program is below 1%
compared to the serial program. But the average miss rate improvement of multithreading

with blocking paradigm is about 5%. The improvement is very significant.
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Table 7. Comparison of Base Conversion's Cache Performance for Various Sizes.

Matrix Multiplication Data Cache
Serial Multithread Multithread + Block
PI"SO]b;l:I‘l‘I Fetches Misses I;‘:;:j Fetches Misses I:;:j Fetches Misses f;fj
100000 2509842 265428 10.58 2694708 267073 9.91 1200215 66154 5.51
200000 4609830 527928 11.45 4820598 529901 10.99 1980340 128989 6.51
300000 6709819 790428 11.78 7060424 792465 11.22 2660681 191494 7.2
400000 8809823 1052932 11.95 9218576 1054971 11.44 3400320 254002 7.47

Table 8 presents the execution time of base conversion program. From figure 7 we can
see that multithreading improves the execution time of serial program. But the multithreading
with the blocking paradigm can improve the execution time of serial program further. When

the problem size becomes large, the improvement of execution time becomes significant.

Table 8. Comparison of Base Conversion's Execution Time for Various Sizes.

Matrix Multiplication Execution Time
Exoblemn Serial Multithreaq | Multithread +
Size Block
100000 0.003731 0.002670 0.000861
200000 0.007526 0.005208 0.001582
300000 0.011472 0.007919 0.002299
400000 0.015622 0.011117 0.003459

Table 9 presents the cache performance of the program calculating power of n. From
table 9 we can note that the average miss rate improvement of multithreaded program is below
2%. The average miss rate improvement of multithreaded with the blocking paradigm is about
4% as compared to the serial version. The improvement is more significant. Figure 8 shows
the results. Table 10 presents the execution time of the program calculating power of n. From
figure 8 we can see that multithreading improves the execution time of the serial program. But
multithreading with the blocking paradigm can improve the execution time of the serial
paradigm further. When the problem size becomes large, the improvement of execution time

becomes significant.
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Figure 7. Execution Time of Base Conversion Program
Table 9. Comparison of Power of N Program's Cache Performance for Various Sizes.
Matrix Multiplication Data Cache
Serial Multithread Multithread + Block
Pl‘gibzl: "1 Fetches Misses ’:f;f Fetches Misses f“;':j Fetches Misses }:;:j
100000 30656695 3877932 12.65 31554647 3558401 11.28 31863483 2753906 8.64
200000 60906735 7752932 12.73 62667309 7313792 11.67 63204638 5503893 8.71
300000 91156046 11627938 12.76 93755112 10057455 10.73 94513591 8253919 8,73
400000 121409272 15502935 12.77 124859109 13094156 10.49 125918926 11003971 8.74

Table 10. Comparison of Power of N Program's Execution Time for Various Sizes.

Power of N Program on Execution Time
Pro!)lem Serial Multithread Multithread +
Size Block
100000 0.020251 0.017411 0.009997
200000 0.046448 0.033713 0.019858
300000 0.065522 0.051711 0.028532
400000 0.090450 0.071136 0.039090

From all the experiments presented above in this paper, it is obvious that multithreading

and using dual core improve the performance of the serial programs. However, using the
blocking methodology improves the cache performance of all these programs and thus it

improves the overall execution time of each program for various data size.
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5. Conclusion and Future Work

All the benchmark results show that using multithread on multi-core processors can
improve the execution time of the serial program. But the cache performance improvement by
multithreading is improved slightly. The average cache miss rate improvement by
multithreading is about 2%. If we use multithreading with the blocking methodology, the
average cache miss rate improvement can be 6%. The improvement is more significant.
Because of low miss rate, multithreading with a blocking methodology can also reduce the
execution time of the serial program further. According to our experiment, we can conclude
that on multi-core processors, using multithread with a blocking methodology can get a lower
cache miss rate and a better execution time than only using multithreading. Besides, based on
our experiments, we find that when we are accessing a matrix, accessing the 16 by 16
submatrices can give the best cache performance. While we are accessing an array, accessing

200 elements of the array at a time can give the best cache performance.

In this research, because we do not use trace reduction technique, which is a technique
used to eliminate unnecessary memory reference, the memory reference file is very big. The
memory reference file of 800 by 800 matrix multiplication is about 200 GB. So we can not
conduct our experiment on complicated programs. All the benchmarks tested were relatively
simple. In the future, we plan to use trace reduction technique so that more complicated
benchmarks can be tested. We believe that if we conduct our experiments on more

complicated benchmarks, the improvement of miss rate and execution time will be more
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significant. Besides, we plan to find a formula or an algorithm that can compute the best

blocking size according to the core number, thread number, cache size and problem size.

(4]

[9]
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Mg EEER » BRfAiReE -

® CrifehMEREE T - #Em S EMERFEEH - R EE &R S S
Vit Ry —f - E AREE A — E MR R E B R — 1 -

@ DINAE B # BB SN - BRI AL S 2 (B O - R B REYR
BV ESEEE -

® EIVEE R 2 i I TAtE R » nLERIR SR K BB ES T - SRR IR %
EER A AEE -

@ FLURE R e HAAE DIk -

©® GIUHE R E g AN tmis 7 =CELRZ B HE a8 H LRy Bk dh B -

@ HIIHE BB SE » BB e av el -

BB LA R EEE - B AR - DIRESTHE BT ¢

® ATTREREEEFEME - 2 H 8 UBWAVERIMPS » IR HEMIE S 8EENRM
Hier BBk - W HE B SENHEAEFEEGE - BRAMSE SR EREER
FHE

@ BIIRE RimEgEi ot I &R EE ey S5 EEN -

@ CIIRE R MBR&E BHE PR SRS F RS S E -

@ DIEE I EHAMEE EMYBisecting K-means clusteringfllk-nearest neighbor classifier
Y28 - BRIMIEEEPARESEEE -

©® EITRERIRHCERIEREEE - RFiR syl -

® FUIRER B AR E Ay S & ENEm -
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4. FEBITTHE

TEE—EEEET » 43 BT FE A A Al HEEY 2 2455 #i(Music feature) » FRAEEVEF #22
BRI %I R U B E (R B (Mel-scale frequency cepstral coefficients * MFCC) » {35 HE
HEEY 1 64 FERIMFCCHRHEZ B - i FlA-NN[Hig93][Hsu00][Tou74][Gos96 |1/ B HL i
B B TRSENEEENETNE S 2FREETRERSRIHE - |
U — A AHE TE B R R (RS 2SR - KL ER F Bisecting K-means clustering 735
I ARG T 4 B - B E AR F 2B E - HRREEYS
R2ERE - (FRERZEEPE RS EREE - LLB 5 Ek-nearest neighbor classifier(
T Fok-NN)

4.1 AR (Feature extraction)

RS BRI S R B LR —EJF R BB - o] i HERRE Y S48
R A PR A MRARUERIME - KL - a0 — T R B TR RS
KM - XA B2 BT - AREEAE (discriminative ) FURFHZE - 1867
Hafl(digital audio)BEREIME » EIEEE (cepstrums) EELERHE FAyEE4HESR » HEE
HURTE A TE T R 2 B BT AOSREERAY I - BEIB RIS - (ML - AERE S ISR
b R TE AL AR L B9 EERE SR (linear predictive coding derived cepstrum
coefficients * LPCC) [Hig93][Vel88] FIHg I %1% X EIHEE £A 8 (Mel-scale  frequency
cepstrums coefficients * MFCC) [Jua93][Mam96 )55 & 12 #{# FHRYEF#Z2 8l - TER 5 5&AE
WFFERBL - MFCCHFEBUR FLLPCCRE JTRE(E - MFCCHE EEI A SIS AR - ¥
(EARRY RS S RGNER -+ 1B R AT S RRIRE T8RS - T LAMPCCHE SRR 2 B -
DUESERE S B S » ST RIWRD » s$tHREEENE R - #eE 1
AIFRERE - HAE 4498 (Music Identification ) /7T thEETZ HER » KIHEAFIER A4S 81
ZBMFCC -

B9t A E I (digital audio)#EiEY WAVEAE =, » EUEESR144100kHz ~ 16bits » B
BHE - —iREAIERIR R B (time-varying ) HUE5E » HB B (LIEH PR - &
EH2E RS > K - B 5 (digital audio)F| R AYER M F 4047 » RAT
SEIFTRAVR B - TRIEAERE (frequency domain) FARBEBATIE » TTRIR
SRS (spectrum ) SEFEFFETERZIS8L - KL - 81735 \(digital audio)fEXGRFIER 218
SERY » #El Ry TEIRFRITESE o (short time stationary) % - ¥B7 52 (digital audio)
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{E THEIRFEERRIE 3 (short time processing) - i& MiAERERE GRS - HE M SR
ENY > HEE B T S SEGNER - S (B ERFEE R By — B HE (frame) -+ DI—{E
HHE (frame) BYJEIFEHAVENL » KILIERSA S SR 2B -

A SFIMECCR 28 EEH T YR EFER - B AR - R RETH
SR EIR T 2 FE - BESERE 10248,  SESEMIU 6H EIYMECCR #2
B HHEZRE B (overlapping) 50% » HLAMERTIF,; =(e, 1,X; 5, .X; 1) * HHF;
FosBilEEHE - e, RAER » x, , R EHEE » ¢ =2,--,16 - BESRREAELIFY]
Fon kS =<F;,Fy >0

e - B =PI
* ;N
+ P (Hamming window) (Triangular bandpass filter)
N N
s A
THDER i v 5| +
| Gwenpiods | PSS Bt AR
& (FFT transform) (Discrete Cosine Transform)
r i A W
H=HETL I
(Frame blocking)

e fEEE
(MFCC)
(X 2% 16)

FrEzH

(Feature Parameters)

HE&E (Energy)
(e 1)

F;=(e; 1:%; 2" X 16)

87 - RS H8mEARE
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(1)¥83858 (Pre-emphasis )

B F i (digital audio)ifiE—{E —PEEBIEEERH (2)=1-aZ' » Hrh J7/20.9811.0
2 A a=0.95 - DIRFSRAER AR FRR - THEFEERIVESR Ry (n)-ax(n-1) » LIZE
RS L = R A

(2)ZHE(E (Frames blocking )

THERREE R 10248 - SRR B23ms 2 - By 1 BEREHE R R ML K
B2 - R AR S e 2 M E B - WK R A5 1 21 AU RS 2R P AL
1024EHUERESE T —fE 5 4E -

(3)F L E0RES (Hamming window ) RIBE{EBiEESS (Low-pass filter )

FHEHG— B HE e L AT - WITSBR NG A A - ANk AT RE SR o MR
IR S HEAT R - IS HE R (R I 28 - ol EFREE SHIHER - BEEiEny
BBy (n) » BB R By (n)=y (n)XW (n) * TLEBHEEW n)EFRLT :

0.54—-046xcos| 222 | + 0<n<N-1
W(n) = N

0 » otherwise

(4) SRR EEFHBR (Fast Fourier Transform * FFT)

FHA S F 3 f(digital audio)fERFI(Time domain) FHVEMEAREEE HERIRFE - FirlL
S AR (Frequency domain) - EURER/HAisREIEE - KILEH BAGRFEERER - U
T RIS - T FEAER - MEEENE S S/ #H > HERSELT
o RGR FFTE R A Rl 1S BI7E 4838 FAVREE A - TP R R pERE & - JEIRFERRE
2

j'ZTE

N-1
sz <n<N
n=

(5)_%%i§ﬁ})§§§(Triangular band-pass filter)
W RE B AR I DL —#H 20 B SRS — AT E AR I A - RIS — R 25 BT B



” (i 7Box : RSB TR

AEf(Log energy) * S BISEIE (Me-frequency)FI— szl f 19 HHRERI{R ¢

I
Mel =1125%In(1+ —=—
el(f) X In(1+ 700)
(6)BERNBRSLIHIA(Discrete Cosine Transform * DCT)
#5201 B BRE B E i ABERRER LRI - KIS EISEEE (Mel-scale cepstrum) £
B TEUCHNL By 15F% - BRTT LUS BN SAEAVHSHR EISERE (A8 - BEaerisdiia Al ¢

M ] 1 T
C =>FE cos[m(k——)—],m=1,--- L
v = 2 E, coslm(k =) -]

4.2 Bisecting K-means clustering

FeA™f# FBisecting K-means clustering [Sav04][Sav0 13K & RIEE » A ERNER
o o MR EIRSE - HbiHE RERRE U5 (Hierarchical clustering)B247 &= Ef
£EiE(Partitional clustering )WY A%H » [fBisecting K-means clustering it & it 538 M AKHTE
FIEHIEEE - Bisecting K-means clusteringi& — 4 24 g BE5R L - HIGRFEIEC
a3k PR AAYET G B 43 B B R IE P Y K-meansfBARL - 16 B5 ABESEEE Lo (cluster
mean)FR—EEE + ME—REIAYHG 2R OIS ERFEIEE - mEH EE s =M
HEE(th_SE) » ARFEE EME ET —(EERE O HEEEMEEE - FR SR ER -
[Rltt » ZGm 3 FBisecting K-means clusteringZ38f » HF SRR HS B R BUERSE - &
SERM e EREEE P AT B ATRR 28 > AT & — ¢

ZR— ! Bisecting K-means clustering {FSEER S S E =
FigR | ER
S fa ARV E R HIMEPCCREI 2 BUT » FoRRS=<F |.Fy >
M RS RERIMPCCRHZ LS - FrRRBM={C.C,,;}
th_loop | {F1- 2YEFHESHS Y - EERETEITth_loop KB » BNE 1L EE
th SE | EIE2YFESHSY - EEEENSEHE » ¥/ th_SE - BHF1E538
C BHEEMFH{LLEE (intra-cluster distance) * Llsquared errorse s
(SEfER/] - RERBHENE S8R Em ERES - BAL) -

SE;
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Bisecting K-means Clustering @ &%
BIA ¢ TR B S=<F F,,>
Z:8ith loop
Z:8th_SE
gl - M={C,.C,,}
BEGIN
HES=<F | ,F,,> R & —EREC,, ie. M={C} » WETHSE i t=1;
while {(r < th_loop) && NOT(fF—{E#HEC, FISEE  #8/)\f2th_SE)} do
%C, BM={C,,C,,} ¥ » SEfHEAMIREE ;
PIC, By& A4 » PRI K-means (K'=2) AAFEEFEEC, .C, 5
M=M-{C,}+HC,C,} : 1=t+1:
end-of-while

return M ;
END

LY — AR AR N Y SKER A Bisecting K-means clustering{i &
EHEE - WRERER KRR -

#afl— WA —EERE
8§=<(3,6),(3,5),(6,8),(7.,9).,(2,5),(8,6),(4,5),(3.4),(9,6)>
i B Z8EREAT ¢ th_loop=8 ~th SE=1 -

PEE— . SBEAERET R (EL - FTE RS TE) -
§=<(3.6).(3,5).(6.8),(7,9),(2.5),(8,6),(4,5),(3.4),(9,6)>=C |, M={C,}
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'913 - Cl
B | £
7 |
& | ° B »
s | > »* *
4 |
3 |
2 |
1 |
o |
Q 2 4 & 8 10

Bt : EREANTREG Fﬁﬁﬁﬂ%&.ﬁﬁ?@m‘ﬁﬁ

HEET  WMp RS - FILL - B C, 30T R BRI K-means (K=2)
algorithm » J%C, 53 FyiRfC, BLC, -
C =<(3,6),(3,5),(2,5),(4,5),(3.4)> * SE=0.8
C,=<(6,8),(7,9),(8,6),(9,6)> * SE =2.9375
M={C,C,} CRatBAJi{E » FAMTERESE - AR - M={C,.C,})

10 C
2 SE,=0.8 2
5 \
ra ‘

[ ; G,

SE,=2.9375

(0 2 4 & 8 10

SN\ - ERIEDAMENTRE
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SHEE=  (EMPTEL S I BEREEET » C, IUSERECK » UG C,IKIK-means algorithm »
Gy FeRIREC, HAC -
C =<(6,8),(7.9)>* SE=0.5
Cy=<(8,6),(9,6)> + SE,=0.25
M={C,.C,.C,}
IR - FERERISEME/ AL o Ktk E i FeM

10

(oI TTREE SRRE, - R I < ¥

=

B : ENEARSHTES

4.3 SEUFENERI( Music feature reduction)

AL (feature reduction) FERIEERBIRTEZET » BHEHESATEESR - AT
A S B P AL R 2 - S UF € Bisecting K-means clusteringlll#R 15 B fE
BLE  ERAEEEAVINLE] o SRR OB SSTAY S - Hh S ERERB LA -
Y4 i T T T 5 R A AT L PR R A R OB AT AR - FREE R A E TR
BEBET  SERGEBERY  FELBERYLIESRTRDB=(R Ry R} K
tHn= |DB| o G T Y M (Music  feature) UEE B RIR B R={P.P, P} » H
f=|R| * PEAFFy} e
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BRSHBREEESEWT :

A M={C,.C,,...} °

LCrfavae %%%ﬁ%ﬁﬁﬁ%ﬂ%@?@ﬁ%RﬁP.,Pg,"'ePﬁ,} °

® DER— ¢ REREA/DIYLHIHE S R M (Music feature)[E i » R LA 11
T FyReduce Rate(RR) » Pk EREF 4 55 (o B ST HE B 15 St 10 ] SR BN o

® R T . RRPLEHAY R (Music feature)?iﬂ?j%R:{P,,Pz,---,Pﬁ,} » Bl gh s s
1 -

EHI— : LIRR=1/32CHb88 5061 — th T3 HifIM=(C,.C,.C,} :
AHIRC =(3.6.0.9) C(68): C=(86) * MAETHTARHER
R={(3,6).(3,5),(6.8),(8.6)} * HIUKREHIEM B EH -

4.4 k-nearest neighbor classifier

k-nearest neighbor classifier * f&if# Esk-NN[Hsu00] [Tou74][Gos96] » THIEL AT S »
SRR — R R R T A HI BTk B A — 38 - 7EEE S FIBI ek g e
FRolfeaBi ik — - FIRHEEE Ak E HeaR  Frm AE R » tst B3 SR AR B B,
PR E A B BRI

AN S A A-NN LRGN » FIFANN (k >1)EE S22 0aa R « T
RIS SOLFIANE I - SRR SRS R AR AT - 4k B R R EY
SR BRI R R AR L -

WER—
WEA A SR AYMPCCRE 238 » HiBisecting K-means clusteringZ}Ff » H 359555
(Music feature) fE MRS B E 2R - SRS BB MESTER LBy -

SR

FIA TR E SRS | (Buclidean distance) /51 AT E AR By T L 2 B
BRHETH SR 2R MR/ NEEE - EEEEaRi S 82 25U BNE
FHEWE— Sl 5 MR RRTE Z RBAa L - BIE AR P e B i - ¢
FARARE BBy - SRR 2 FEIROAEOUEE - o AR B S a0 A F ld-4-1 -
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di=[(x:- x)"(x:- x)]* > #F1 x,€DB © (@-4-1)

\\'{'—r

=

RS2 BRIt BB TIREE - SRR, - KRR={P P, P, }
B—EH2ERHEERREY - R B R A B AT R B - u-&%fﬁ@?ﬁz%ﬂ%zﬁ
R={P, P, .P, YEARH T - MRS H =/, x & -

HERPY -
FER={P,,P,, P, yHETTIREE » BiRARE T SEE R i & A ey 22 8 T R HE
(Similarity) ° JFE{L,UE(Slmllarlty) AU TF4-4-2

ﬁ iéz ‘I‘@%E %BZ?R qj"r‘ﬁi x100% (4_4_2)
I, xk

Similarity (%) =
PUFHAF A — B LAy - AERCER AR » SPHA-NNE R IR E BRI TR
A
=« EREGVIEER L 198, - —FEEREMREZEHRE T B RA - BRUE: - #5RA0
i

® O
..Ooo.

® @)
O0.0 070

ARFNFE R ERHES T selT Y STE RN R S-NNFT SRR

B+ : ARERRTE



102 wzBox : EEEHRE SR B R

o o
® o
I ® O o o ) 04° Oo
00 @ 00 @
AR Z B H RS S E 1L S-NINFF A

B+— : BAEBATRE

e 150 - A%%iﬁﬁ%ﬁﬂﬂ%’élﬁl*ﬁiﬁﬂﬁ’él[ﬂﬁ 1 il +— 1S AIB B i
ﬁﬁ*ﬁ%%%iﬁlﬁl@@%uﬁ%@ QiR A ~ BRESFITS OB AREE - B
EA=F - ECGRRER ﬁ@@}—?ﬁﬁ?ﬁ? TYARBAMSAERAT

O : Similarity=0/10
® : Similarity=3/10
@ : Similarity=0/10
© : Similarity=7/10

ALl LEERR O -

5. RinERE

AREEHFREM AR ERE D - #EENEREHEEEMicrosoft Visual Studio 2008 * f#
FAC+IERFES » ArfdE ANy ERSHC i 2 ntel Core2 Duo » 3.0GHz CPU * 4GB memory size *
VEZEZ M iMicrosoft Windows XP ©

5.1 WERER
RMER RS EERE T ARIEMCDERE » /e =AU - BEIEEMR « 33

B ESE I R AREE - BREBEEN =g EFERE - 2FH+

FrE Rl - 52 Win DAC[Win#EEHERLCD Audio » E1EHR T & RHER A NIKE -
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PR T EESE gt TR » ZHREIRER S R EEAE - H Rl
HREUR R TTRAIMP3 LS » {# HIBlaze MediaConvert[Mys|#RESHEAE » 43751532 Kbps
64 Kbps » 80 Kbps * 128 Kbps  320Kbps{E Rsifllitakih - RAAVE RS R SeEk
AP ATl - SRR A A IEREG T - EfEd T ERAATS-1-1 ¢

EEECRE s x100% (5-1-1)

TR (%) = =
BT

5.2 EREER

B » BMEESTBisecting K-means clusteringfYSES B EENR » SEBEBVNVTRK
W% - 75 EE L FTAE IR A » TR E SEE A/ NI AT IERER R
(KL PTER 22 B while B Th=100KHF - BEEENY 73 2T 2 IRIGHUIRGRE » RILFRMER ERY
RSN EE100K - SEEFREANE - SEHESNNT RS HRENE - 1Y
(9 » arrpRiE Rt e AR o NE+ 245 Bisecting K-means clusteringHJ 3/ I[#RAFSE(E
b SEEBEE R Top- | [EMEaRHE - {EE+ —KE - HRAEMP3AFEITE M
B PEESZPIEERE BSE=1 3 IEEd M ERREE -

RR=1/150 - k=1

100%
a0%
B#0%

, 0% -
e 0% S .ot ——32KDps

0% —— 6 Khrs

40%

g 10%

! 20% —12BKLps

{ 10%
%

B £

g KD s

— 3 DK b s

SE=%2 YE=10 k=11 S“E=12 SE=13

B+ : #EBisecting K-means clusteringtP + SE {B8E&E 58 Top- 1 [EFEsIPER
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k-NN(k >DRYEEREZZ LAY BHEEREHERhESS - ER s
FEIBIR#EE & SRR - FEH 2 A EAREFR B & L B A RS - e
FT{ERIBFRILLI-NNGB A - BN E - ES RS2 SRR NS EEHEMENE
KZ2ERHEFRURLLE - i AR - A0tk — - MEFEEALIEE
T LLE R - HAIEAUREERREER SRR - RILEREN SR 2558
BEEE - LEHARRIEBA - B+ =55 =1%F » EHAMP3REACE A E EfE
i o HE+ =B HK-NNF - SEFEAEREBER Top- LERMESHE - Hi=
HIAT R B IMP3 R RN TR M E fRIT - BRI B - RIS R A= 1 AR R -

SE=13 - RR=1150
100%
Q0%
B80%
F0O%%
& GOYS —— 17Khps
G S0% il GAKDhps
& A0%
* 10% —dr— S OKbhps
20% 128Khbps
10% - : ﬂ
i - = — — ——320Kbps
k=1 k=3 k=% k=10
e s = - E— - 1

B+= : HREI-NNP - BEFHOSIRFEHE B Top- 1 EHESHPE

fie FFIE - —FE+ = - RAEEE S EHURERSE » RR=1/150 » k=1 * 1535
WRIMP3 T AR M'E - ERRHREEAFMCENERGFE - TEUEE
T ARMP3INEALTTESER IEEa 3% - H45 51k 32Kbps » 64Kbps * 80Kbps
128 Kbps * 320 Kbps ; FAR R EENFRIMPICEEIIEREG R » B35
AT10R ~ 158 ~ 2080 ~ EIK ~ BEE KD - fEEHIE+ AN BEHSE - BHRATER
BT ERG RS - BH320 Kbps ERERTHEE100% » [ITTRIER 128Kbps
Top-1 IERET sPREAE » H— AR E 7 R RE P EIMP3 i TE3R 508 2 5 128Kbps L
b FFSERRAIIRI - Top-10MBYIE E S HHRESESURLL L - #TFHER100% -
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B+ SREEHEEEE FRabhENE > HEE -REREHEEas
SRR  BEEAMTTERE28 Kbpshl |+ FHSEEAVR I HEREE 7]3E100% » K
AR S IR P 5 e i AR -

BBt E A RRX R R ERRR - HE = HSAIMP3FIWAVERY
HHFESTERS - KA EE R R AR SRR R A - AR ER—
MP3EE HE—4 Yt ] 5erk - Bl RS HE AR RS ENE - (R R
AR R A -

100%
G90%
B0%
1%
6%
S0
AR
10

= & &

{SE=13 * RA=1/150 * k=1)

32 &4 128 e

o]

Biopl
Hjop 3
® fop 5

@ Tap-10

i 79K (Kbps)
B-+00 : E3Eai+F) © Top-10AVERTIDER
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- £ ¥

1060%
W,
RIVE

T0%

0%

405 -

1%
0%

10% -

o%

© 7Box ¢ HEEIHEREE R R

{SE=13 + RR<1/150 - ki)

(=] ]y 128 I0

e 2§ (Kbps)

32

LRETER
o Tap-%
B lop

® Top 10

&+h : BHRI+AH © Top-10ABYEESRPE

= 4

(5E=13 * AR=1/150 * k=1}

=1 Ry 128 320

fead (Kbgs)

=Top-1
& Top3
B Top-5

= Top-10

B+7~ : i1+ » Top-10ABYIERER PR
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LR

1%

Firk,
1%

ag
0%
%
0%

%

{5E=13 - KR=1F150 - k=1]}

il O 128 L0

1o A% (Kbpes)

52

LA
= fop 3
=Top %
=Top LD

* ¥

0%

B+t : Z3EIE + Top-10ABIEREBPE

{SE=13 « RA=1/150 - k=1}

3 [ i 1iE 110

40§ (Kbps)

®lop1
o lopi
BTop-5
a2 Top-10

B+/\ : ZHEE + Top- 10ABVERGR PR
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%%’%%fﬂﬁi%?g

wzBox ¢ E R IR E T R

( SE=13 RR=1150 k=1)

4 L% (Kbps)

B+ : ZRREE[E - Top-1IEEHPER

| LT

| i

| " 20
iz B #i 175 33

R)anps

a0

w -

F L

10

10

15

{ SE=13 : RR=1/150 - kw1)

My 30 4D B0 120 18D
MR AE)

A0

e RS AN E
b ol L ]

B—+ : F"ERERHOVEDE
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6. fGamEA SRR T

ARG SCHE H B S B AR (Music Identification Management System) BRiE » iy
bRy 1 zBox » FEEVIELIMFCCHAE {E & 24 ORF 3L - BMTHE i i Bisecting
K-means clusteringZRE I KR » BT E ST SR IR RV - RS SRR
(Music feature) #EIRE R A BT 2EYIa9RE - BT R AR 5T B 2k
5 H s - S E S Z RO R R R - BRI — R T
BRI - BT R R L S R B R R P R R - EHERMARESEZ— -
Bisecting K-means clustering/HY {EBECREESEARRAELL - PRiAcEAAFRME
{HETEIR AR EF - RREBOAET » W& - EELERYRFRIMR » (He-NNrh
KEEEBUAKIR - 3 LRt g EEEHENEREEH -

R IATEIE— M 1 zBox B + e SL ol H R HLAYHRTE - SEBI MR
Y SR HE B B JE G B3 Top- 109 IEFE diy HH R iR EHF » &P Bisecting  K-means
clustering I R 1120 L » RR=1/100LL_EATe-NNfgk BB E B3 LIA - th2 8y
EEHRBRERNEMGPRANEGEE A  HEERE P EHREREERERSE
RR=1/150 ~ k=1 » [HFFAYA S IEMES TR E H Atk -
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« zBox: Music identification and
management system?

Tzu -Wen Yu and Jia-Lien Hsu

Department of Computer Science and Information Engineering
Fu Jen Catholic University

Abstract

In the research of content-based music information retrieval, one
of the most important issues is to provide music identification and
management service for handling a large amount of music objects. In
this paper, we design a music identification system, called wzBox, to
identify music, to compile music meta-data, and to cluster music.

We first extract features from music objects. In this paper, we
choose MFCCs as the main features to represent music objects. To
reduce the amount of features size, we propose a feature reduction
process in which the MFCCs will be clustered by applying Bisecting K-
means Algorithm, and then those clusters be will sampled accordingly.
Therefore, a music will be represented by a set of reference feature
points in the vector space.

To identify music objects, we apply k-Nearest Neighbor searching
processing. The voting method is simple, but effective. We implement a
system prototype to demonstrate our approach, and carry of a series of
experiments to show the efficiency and effectiveness of our approach.

Key Words : Content-based music information retrieval » Music
identification * Music feature ~ MFCC(Mel-scale frequency
cepstral coefficients) » Bisecting K-means clustering * k-
nearest neighbor classifier °
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Efficient Transmission Range Adjustment and

Load-balanced Routing in Wireless Sensor Networks

Chun-Hsien Lu and San-Yi Hung

Dept. of Computer Science and Information Engineering
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Abstract

Wireless sensor networks use many sensor nodes with limited
energy and capabilities to detect and collect data in the monitored
environment. It is an important task that wireless sensor networks
should employ an efficient routing protocol that reduces the energy
consumption of sensor nodes to prolong the system life time. In this
work, we propose a new routing algorithm that utilizes transmission
range adjustment and load balancing techniques to achieve this. We
calculate the expected life time of a sensor node from its transmission
range and residual energy. Each sensor node then does a probabilistic
selection of routes to achieve load balancing by trying not to overload
any intermediate sensor. When a sensor is low on energy, its upstream
neighbors will try to forward packets to another node in order to extend
the system lifetime maximally. Simulation results show that our
proposed scheme can provide a system life time 25% longer than two
other schemes [14][18].

keywords: Sensor network, routing algorithm, load balancing,
transmission range adjustment



114 Efficient Transmission Range Adjustment and Load-balanced Routing in Wireless Sensor Networks

1. Introduction

The rapid advance of wireless communications technologies has made possible many
new applications, among which wireless sensor network is an important one [1-4]. In wireless
sensor networks, many factors such as environment, weather, or hardware could all impact the
operation of the sensors. Most sensors have limited power and memory. A sensor network
should possess good fault tolerance characteristic such that a few broken sensor nodes will not
seriously impact its operation. Because a sensor usually does not have sophisticated control
units capable of a lot of calculation, the routing algorithm employed should not be
complicated. In addition, a sensor network often consists of hundreds or thousands of sensor
nodes. Each sensor node should be able to send its data packets to the sink node smoothly
without congestion or packet loss. In this paper, we would like to propose a distributed routing
algorithm with the characteristics of fault tolerance, scalability, and efficient energy
consumption. We try to consider load balance, energy consumption, and transmission range
adjustment altogether at the same time. We will specifically focus on the energy consumption
in order to prolong the system lifetime as much as possible. We also want to minimize the
delay for the sink node to collect all the information from the sensors.

The rest of the paper is organized as follows: Section two reviews the related work on
the routing protocols for wireless sensor networks. Our proposed mechanism is presented in
section three. Section four displays the simulation results, and section five gives the

conclusion.

2. Related Work

Hierarchical Energy Efficient Topology Control Protocol (HETCP) [5] and Scheduled
Channel Polling (SCP) [6] both suggest that a sensor should enter a sleep phase when it is not
transmitting or receiving to decrease the energy consumption. HETCP proposes a sleep
scheduling method in which each sensor can be in one of the active, listen, or sleep states. A
sensor node in the active state can send or receive packets. Sensors in the listen state probe the
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network to decide whether they should switch to the active or sleep state. Sensors in the sleep
state completely shut themselves down except leaving a timer on to wake up at a later time.
The state transition diagram of HETCP is shown in figure 1. In SCP, all sensor nodes are
synchronized. When a node has a packet to send, it will first transmit a short request in the
contention period to try to reserve the next slot to send the packet, and only one sender will
succeed. During next slot, all the nodes except the intended receiver will go to sleep, thus

saving energy.

Several schemes have suggesting node clustering to improve data transmission
efficiency [7-11]. In LEACH [13], each cluster head controls the cluster operation and collects
data packets from the member sensor nodes, then sends aggregated data to the sink node. In
this way, each sensor node can avoid sending data packets to the sink node directly using a
large transmission range. This also reduces the chance of packet collision at the sink node.

Neighbor<ANT or
heard help message

Neighbor=ANT

Figure 1. HETCP state transition

A simple way to reduce the energy consumption is for each sensor node to always send
packets along the shortest route to the sink node. However, this may cause certain hot spot
nodes to consume energy fast if traffic imbalance and collision are not carefully considered.
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The Efficient and Reliable Routing Protocol (EAR) [12] solves this problem by using two
metrics in route selection: the number of hops a route takes to reach the sink node, and the
route score calculated based on the energy level of the next hop node and the link quality to
the next hop. A higher route score indicates a better route. When a packet is far away from the
sink node, it will take a route with higher energy. Otherwise, it simply selects the shortest
route with minimum number of hops since the packet is already close to the sink node.

Longer transmission range provides better reachability but requires more energy
[13][14][15]. Both EOBTRA [16] and DPA [17] try to adjust the transmission ranges
dynamically in order to reduce energy consumption. A sensor node located close to the sink
node would have to help many other nodes forward their packets, so it should try to use a
transmission range as small as possible. In EOBTRA, such a sensor node will set its
transmission range based on a formula calculated using the neighborhood density and energy
consumption rate. Then an adjustment algorithm is applied to fine tune the calculated
transmission range of each sensor node. DPA considers a linear network which contains
several candidate nodes. A sensor node will first send a packet to a candidate, and the
candidate would forward the packet to the next candidate. This process repeats until the packet
reaches the sink node. Every candidate uses a different transmission range. A candidate closer
to the sink node uses a shorter transmission range while a far away candidate would use a
longer transmission one. EOBTRA and DPA both employ this idea to minimize the energy

use.

3. Proposed Mechanism

In wireless sensor networks, every sensor node should use the shortest transmission
range to forward packets to the next node whenever possible. Here we propose a Transmission
range Adjustment and Load-balance Routing (TALR) algorithm to achieve such a goal. Our
system consists of one sink node and many sensor nodes. The sink node is responsible for
collecting data packets from all the sensor nodes. We assume that a sensor node can adjust its

transmission range to communicate to other sensor nodes at various distances.
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3.1 Routing Algorithm
A. Establishing Neighbor Information Table

Each sensor tries to find information about its neighbors by first emitting several
Neighbor Search Messages (NSM), each with a different transmission range. An NSM
contains the source node ID and the transmission range used. A receiving sensor will record
these two values in its neighbor information table, from which a sensor node can learn how far
away each of its neighbors is located. In figure 2, for example, a sensor node sends out three
different NSMs with transmission ranges of X, X+Y, and X+2Y, respectively. In figure 3, node
B can receive node A's NSM with transmission range X+2Y only, but it can receive both
NSMs from node C with transmission ranges of X+Y and X+2Y. It then records each
neighbor's ID and minimum distance, i.e., (A, X+2Y) and (C, X+Y), in its neighbor

information table.
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Figure 2. A node sends NSMs with differernt transmission ranges.
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Figure 3. Sensor node receives NSMs from neighbors.

B. Route Discovery

When the sink node receives an NSM from a neighboring sensor node X, it would reply
with a Neighbor Response Message (NRM) which contains three fields: sink node's ID,
transmission range used, and X's ID. Upon receiving an NRM, node X realizes that it can
communicate with the sink directly. It would then broadcast to its neighbors an advertisement
packet (ADV) containing three fields: sender ID, fi, and number of hops to sink. The fi value
is an estimate of the remaining lifetime of node i. The fi value is calculated as follows:

E
X ( W, x Hop + W, x Degree ) M

fi= R?

E: Residual energy of the sensor node

R: The transmission range set by the sensor node
Hop: Number of hops to sink node

Degree: Number of direct upstream sensor nodes
W),: The weighting factor on number of hops

W,: The weighting factor on degree
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The residual energy is an important metric since a node with higher residual energy can
transmit more data packets. A large number of hops for a sensor to reach the sink makes it a
bad choice to server as the next hop for its upstream neighbors. The larger a node's degree is,
the more packets a sensor node needs to help forwarding, which consumes more energy. The fi
value indicates how good a sensor node can serve as the intermediate node to forward packets

to the sink.
Upon receiving ADV packets from its neighbors, a sensor node could simply select the
one with the largest fi to be its next hop (called its bridge node) to the sink. However, this
would create a hot spot because the sensor nodes in the same neighborhood will all select the
same bridge node. In our design, a sensor node A would select node i as its bridge node with
probability fi /sum(fi), where sum(fi), represents the sum of the fi values of its neighbors that
are closer to the sink node than node A itself. Figure 4 shows an example where a neighboring
sensor node would select node X with probability 0.5, node Y with probability 0.3, and node Z

with probability 0.2, respectively.

e, !
RUTITI e

Figure 4. Example of bridge selection.

After selecting the bridge node, each sensor then compares its own fi with the fi of the
bridge node and places the smaller one in an ADV packet to be broadcast to its upstream

neighbors. This process repeats until all the sensor nodes find a route to the sink node.
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3.2 Route Maintenance and Pruning

In TALR, we use probability distribution to prolong the lifetime of the sensor network.
A sensor node is called a heavy node if it is only one hop away from the sink node. When the
residual energy of a heavy node drops below 20% of its original level, it would broadcast a
help message using the maximum transmission range. The help message contains its ID and /i
value. When a sensor node receives a help message, it would record the fi in the table and
reselect the bridge node accordingly. If the new bridge node is different than before, it then
again broadcasts a help message to its upstream nodes to indicate the routing change.

A sensor node will also broadcast a help message to its neighbor nodes when its
residual energy is below a predetermined level. It would put an extremely small value of fi in
the help message to prevent the other nodes from selecting it as the bridge node. This will
help direct traffic to the nodes with higher energy left.

4. Performance Evaluation

We have implemented a simulator in JAVA platform to evaluate the performance of our
proposed design. In our simulation, we assume that all nodes are static nodes. The network
area is 1000m® x 1000m, where 300 and 500 nodes, respectively, are randomly distributed.
The sink node is assumed to be located at the center. Every node has 50J of energy at the
beginning and each node can set its transmission range from 50m to 150m. For power
consumption, we use the following formulas:
® Transmission power consumption:

E,= kXE +kxCxd?
@ Reception power consumption:
E.= kxE,

where & denotes the data packet length fixed at 1KB. E, represents the fixed energy
consumption on either transmitting or receiving, d is the transmission range used, and C is the

transmission amplifier. The simulation parameters are shown in table 1.
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Table 1. Simulation parameters

Parameter Value
Network Size 1000mx1000m
Number of n odes 300, 500
Adjustable transmission range, d 50m, 100m, 150m
Initial energy level 501
Packet Size, k IKB
Fixed energy consumption, E, 125 1 J/bit
Transmission amplifier, C 0.05 1 J/bit/m2
Simulation Time 500 Rounds

We run the simulation for 500 rounds, where in every round each node generates a
data packet to the sink node. We compare our TALR to the EAR [14] and the EARWSN [18]
methods, where the transmission ranges of EAR and EARWSN are set to 100m (Labeled
EAR-100 and EARWSN-100) and 150m (labeled EAR-150 and EARWSN-150) in two
different cases, respectively. Figure 5 and Figure 6 show that TALR has better performance in
both cases of 300 nodes and 500 nodes. From round 100 to 200, the number of connected
nodes in EAR-100 decreases rapidly, and drops to zero in round 250. The case EAR-150 has
more connected nodes, but still fewer than TALR and EARWSN. After 500 rounds, TALR still
has 35% connected nodes, better than the 17% for EAR-150.

Figure 7 and figure 8 plot the total residual energy of all the sensor nodes at the end
of simulation. We note that for the EAR-100 case, almost all the nodes are disconnected from
the sink node by round 250 because those nodes close to the sink node (i.e., the heavy nodes)
run out of energy fast. The residual energy stays unchanged after that since the system
basically stops operating at that point. Because EAR-150 uses a longer transmission range,
there will be more nodes in the sink node's neighborhood to share the load of forwarding
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packets to the sink node. Thus it operates longer than EAR-100. All the systems except EAR-
10 a are still operating by round 500, but TALR has maximum energy left in the end because
paths to the sink node are dynamically switched to fully utilize the energy.
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20% \ T
10% T \ D
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Figure 5. System lifetime with 300 nodes
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Figure 9 display the average number of hops and the average delay spent by each
successful data packet on its way to the sink node. We can see that TALR has a smaller value
than EAR and EARWSN because it favors shorter paths and balances the loads when doing
route selection to avoid overloading any nodes. The same result can be seen in both the cases

of 300 and 500 nodes.
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Figure 9. Average number of hops by successful packets

In figure 10, we show the total number of successful packets delivered to the sink
node. TALR have more successful packets than EAR and EARWSN. As explained earlier, the
EAR-100 can only carry a very small amount of packets because the heavy nodes die out
quickly. Our TALR can carry packets about 1.3 times more than EAR-150 and EARWSN-150
because of better load balancing.
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Figure 10. Number of successful packets
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Figure 11 plots the amount of energy each successful data packet consumes excluding
control overhead. TALR performs well because of short paths and transmission range
adjustment, while EAR always uses a fixed transmission range. EARWSN would select the
route of high quality which may result in more hops to travel.

Energy

300 node 500 node
OTALR B EAR-100 B EAR-150 EARWSN-100 # EARWSN-ISOI

Figure 11. Consumed energy per successful packet

5. Conclusion

The energy consumption issue has been an important issue in routing packets in a
wireless sensor networks. We proposed an efficient routing algorithm TALR to provide fault
tolerance, load balance, and scalability. In TALR, each sensor can adjust its transmission
range to the next hop to a minimum, and tries to choose a bridge node with a high lifetime
estimate. The simulation results showed that our TALR mechanism has a better system

lifetime compared to the other schemes.
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Exact Error Probability for MMSE Combining and
Comparison with Maximal Ratio Combining for Digital
Radio with Cochannel Interference
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Abstract

The exact performance analysis of MMSE (minimum-mean-
square-error) combining for space diversity reception is studied in the
presence of a single and multiple cochannel interference (CCI) sources,
and compared to maximum-ratio combining (MRC). This paper
considers digital cellular mobile radio systems with quadrature
amplitude modulation (QAM) transmission and two diversity antennas
in both nonfading and flat Rayleigh fading environments. Our analysis
accounts for pulse waveform and modulation of the desired signal, as
well as cochannel interference (CCI). The phase and symbol timing
offsets between the desired signal and CCIL, which can result in ISI, are
taken into account. The fading of individual channels was generated by
Monte Carlo simulation. The error probability for each fading channel
is estimated fast and accurately using Gauss quadrature rules (GQR)
which can approximate the probability density function (pdf) of the
residual ISI produced by the CCL

keywords: Cochannel interference (CCI); Space Diversity; MMSE (minimum-
mean-square) combining; Maximum-ratio combining (MRC);
Gauss quadrature rules (GQR)
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1. Introduction

Mobile radio transmission is mainly subject to multipath fading and co-channel
interference (CCI). Space diversity provides an attractive means to combat multipath fading of
the desired signal and reduces the relative power of co-channel interfering signals. A practical
and simple diversity combining technique is maximal ratio combining (MRC), which is
optimal in the presence of spatially white Gaussian noise. MRC mitigates fading, however, it
ignores CCI. Optimum combining (OC) can resolve both problems of multipath fading of the
desired signal and the presence of CCI, thus increasing the performance of mobile radio
systems. The combiner weights of OC need to be adjusted according to MMSE (minimum-
mean-square-error) criterion to minimize interference-plus-noise conditioned on the fixed
desired signal. Another similar approach, MMSE diversity combining, adjusts the weights
based on the criterion to minimize the mean-square error between the receiver's estimate of

the desired source and the source actually transmitted.

Performance analysis of OC and comparison with other combining for binary phase
shift keying (BPSK) has been an active research area. The performance of OC was studied for
both nonfading [1] and fading [2]-[8] communication systems. Performance of MMSE
combining was studied for the fading case in [9]. The emphasis is on obtaining closed-form
expressions. The case of a single interference source was studied in [2] and [3]. In [2],
Rayleigh fading is assumed for the desired signal, but mean values, rather than actual
distributions, are used to represent fading effects on the interference. With taking into account
Rayleigh fading of the CCI, the exact expressions (requiring integration) are developed.
Closed-form expressions of the bit-error probability for this case were obtained in [4]. The
case of multiple cochannel interference was presented [5]-[9]. For this case, it 1s assumed that
the number of interferers exceeds the number of antenna elements, and the antenna array is
unable to cancel every interfering signal. Closed form expressions of the bit error probability
(BEP) were developed in [5] and the comparison with MRC was studied in [6] by neglecting
thermal noise. With non-negligible thermal noise, closed form expressions of the statistical
distribution of the signal-to-interference-plus-noise ratio (SINR) and the outage probability
were derived in [7][9]. The case of MRC was considered in [8].
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Knowledge of the SINR distribution enables analytical computation of performance
measures such as outage probability and average BER, assuming that the interference plus
noise is Gaussian. Multiple interference meets the conditions of the central limit theorem,
hence, it can be assumed Gaussian. The noise approximation model is simplistic, but was
shown to be inaccurate for the case of a few dominant interferers. All of the early work
mentioned above did not consider pulse waveform and the modulation characteristics of the
signal of interest, as well as CCI. The symbol timing and phase offsets between the desired
and cochannel interference were also not taken into account, such that the effects of ISI
produced by CCI were neglected. In [10][11], the BER of PSK in several different flat fading
environments in the presence of CCI was analyzed using the precise cochannel interference
model. The performances of dual-branch equal gain combining (EGC) and dual-branch
selection combining (SC) were investigated by them. However, the performances of MRC,
OC and MMSE combining were not considered.

This paper studies the exact average BER of MMSE combining and provides the
comparison with MRC using the precise channel model when channels of the desired signal
and interference are subject to nonfading and Rayleigh fading. A single dominant cochannel
interferer is often the case in TDMA mobile systems. Both the cases of a single and six
interferers are analyzed in this paper. Two diversity antennas, which is often used in current
cellular systems, are considered. With the ISI-like CCI, it is expected that the simulation is
fairly tedious and time-exhausting. The error probability for each fading channel is estimated
fast and accurately using Gauss quadrature rules (GQR) which can approximate the
probability density function (pdf) of the CCI.

2. Systen models

The system is modeled assuming that cochannel sources transmitting QAM signal over
the fading channel to a K-branch space diversity receiver. The system operates in the presence
of L cochannel interferers and thermal noise. The transmitted QAM baseband signal from the

ith cochannel source can be expressed in the form

(V5]
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5(0=2.¢,, & (t-nT) (M

where ¢, = a, + jb,  is the sequence of complex data symbols and 7 is the symbol interval.
and b, on the in-phase and quadrature paths define the

in in

The data symbols «
signal constellation of the QAM signal with points. In the constellation, we take
b, ==*1,+3,..,x(¥M +1) . The transmitter filter gives a pulse g; (¢) having the square-

root raised-cosine spectrum with a rolloff factor. The desired signal is indexed by ;=0 ., and
the CCI sources by i> 0 . The diversity branches are indexed by k =1,...,K .

a

in?

The users experience flat Rayleigh fading, which is spatially independent provided that
antenna spacing is sufficiently large. The complex channel gain between the ith source and kth
diversity path can be represented by /Z;.‘kejﬂf'-* . where 4, , is the envelope with Rayleigh
distribution having variance o? = E[ A2 ] ; phase &, , has a uniform distribution in [0, 27].
With zero-mean information symbols, the average received power of the ith cochannel signal

received by the kth diversity antenna is derived as afo*f/ T, where 0'(_2=E [ C‘-‘"|2] represents the
data symbol variance for all cochannel sources. For a M-QAM system, aj:Q( M —1)/3.The
noise power measured in the Nyquist band is N, /T . Therefore, for Rayleigh fading channels,
the average value of the SNR on each diversity path is defined as afof /N, , where
oi=E [/1{% k] Equal average power is assumed for all received interferers, and therefore, we

set o2 = o; for i=1,...,L . The signal-to-interference power ratio (SIR) can be denoted by

SIR =2 J i1 ~

We assume the frequency and phase tracking as well as symbol synchronization are
perfect for the desired signal. Sampling the filtered received signal at ¢t =/ T on the kth diversity
path, we obtain

L .

2, (T =4y, ¢, ,8UT - nTY+ D A, ™ Y ¢, gUT—nT-7)+n(T) (2)
n i=1 n

where ¢, = 6, — 6, , and 7, represent the relative carrier phase and symbol timing offsets

between the desired signal and the ith interfering signal. ¢,, and 7, are uniformly distributed

the interval of [0,27] and [0, 7], respectively. Pulse response g(#) having the raised-cosine

spectrum is the combined transmitter and receiver filters which have the same response.
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The sampled signals at the K antennas can be represented by as a KxI1 vector
2=1[2), 254+ 2x]” which is processed with a spatial weight vector w = [w,,....,w, 1" . With the
phase relative to the desired signal, the channel vector of the ith cochannel interfering signal
can be defined as h, = [ii_lem*" ,)L,._zem"z —— li‘Keiqj""]T . The vector of the corresponding
envelope is given by 4, = [4 ... 4, «] " The combiner's output for estimating the symbol is
then given by ¢, ,= w'z at r = [T. The weight vector w is determined using MMSE and MRC
methods in this paper.

As shown in Fig. 1, when the antennas outputs are combined according to MRC, the
weight vector is given by w= |10|T. The weight vector that minimize the MMSE at the output

is given by the well known relation
w=R"4,, 3)

where R is the covariance matrix of the received signal across the antenna elements. It is

assumed that the fading is fixed over the time interval of interest. R given by

R=£§I+E[zz*] (4)
o

c

is a k X k matrix, where the superscript + denotes the complex conjugate transpose. With the
random relative carrier phase and symbol timing offsets, we can show that
Elzz'1=A,Al + 1- B/4)hh" | where we define h=[ h,,...,h;] which is a matrix [6]. I is
the identity matrix of dimension K. The output of the combiner is then written as

K
B = 2[ So. k(zT)+2 s, (AT)+v, (IT)} (5)

i=l
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where the part of the desired signal on the kth path, can be written as
5, (IT) :wk/Zn_kZ(;o_”g(lT—nT) (6)
and s, . (IT) , the ith interfering signal on the kth path, can be written as
s (D) =wh, &Y ¢, e(IT -nT -7,) 7
We can define w, = w, , + jw, . The combined signal can be written as
Cos =(a, + jby) g+ (5+m)+v, (8)
where g is given by the sum of A, ,w, on all paths. Hence,

K
(ay+Jjby)g, = Zﬂo.k[(aﬂwkk —byw, )+ jlagw, , +byw, )] 9

k=1

With defining g, =g(nT +1,) . the combined ISI in the in-phase rail due to the ith CCI is
denoted by

L
g—’: Z(zai.npi.n 72&',;;(;[.—” ] (10)
i=1

n n

where we define the sampled pulse response of the ith CCI source as

N
Pin= z}i’f,k (wf,k COSP = Wy i sin Q‘k I8,
k=1
N
9w = Zﬂ'i.k(wl,k sing,  +w, , cos@ g, , (11)
k=1

The ISI corresponding to the quadrature channel is denoted by 77 . With a slight change in
indexing the signal, we denote above pulse responses in the in-phase and quadrature channels,

respectively, as



L
f = z(za,‘”p,‘” £ zbi.nqr'.n J
L

?7 = z(zas,nLIr’,n +zbi‘npi.u ) (12)

i=1 it n

Next, we consider the kth weighted noise which can be derived as v, (1) = w,n, (t)ef‘ie"“ . The
input noise 71, (1) is a zero-mean AWGN with two-sided power spectral density of N
W/Hz. The power spectra of the filtered noise is ‘wk ‘2 N,G(f) and hence resulting in the
output power (variance) ofk = (wf_k + wéﬁk)N o/ T . where G(f)has a raised cosine spectral

characteristic. The variance of the noise at the output of the combiner can expressed as

NS 5 Nywo s 2
o, :?Zo'l-k =?Zwi,k+wg,k (13)
Py

k=1

We define v=v, + jv, where v, and v, with equal power (variance), o = of £

3. Error probability estimation

Since the distribution density functions of quantities £ and ¢ are symmetric to zero,
the interferers in the in-phase and quadrature parts have identical probability distribution. It
has been shown that the average symbol error probability for each set of channel parameters

can be bounded tightly by

1 R +¢&
P =2F|P =2|1-— |E :
M [ 1(5)] ( m} |:erfc( \/50 )] (14)

Since £ is a random variable whose distribution is not known explicitly, the evaluation of
E[B(&)] is performed by computing the conditional error probability of each of all possible
sequences of the desired signal and CCI, and then averaging over all those sequences. This
approach is referred to as the fast semi-analytical technique [12][13]. The corresponding
average bit error are Py, / /M




Exact Error Probability for MMSE Combining and Comparison with Maximal

138
Ratio Combining for Digital Radio with Cochannel Interference

While the fast semi-analytical technique is computationally very efficient compared to
the Monte-Carlo method, the computational load increases significantly if the memory length
of the system and/or the order of the modulation scheme increases, especially when dealing
with low error rates and high order communication systems. Thus, such a method becomes
extremely time-consuming, in particular, when we consider the random-valued symbols and
the carrier timing offsets of CCI, as well as the diversity scenario. Some techniques can be
used for evaluation of numerical approximations to the average E[ g (£)]. For (14), g(-)is given
by erfc(-) . One efficient approach called the Gaussian quadrature rule (GQR) approximation
will be addressed for the numerical evaluation of (14), which depends on knowing the moments

of & , up to an order that depends on the accuracy required.

Using the Gaussian quadrature rule, the averaging operation in (14) can be

approximated by
Elg@)=] g f:(mdx=Y wg(x,) (15)
i=l

a linear combination of values of the function g(') , where f £(x) denotes the probability
function of the random variable & with range [a,b] . The weights (or coefficients) w. , and the
abscissas (or points or nodes) X, , i =1,2,...,N can be calculated from the knowledge of the
first 2N + Imoments of &. Since & is the sum of a finite number of random variables and the
moment of each of these random variables can be determined, a recursive algorithm which can
be used to determine the moments of all order of £ was discussed in [12]. We compute the
average in (15) by means of the classic GQR's suggested in [12] [13].

4. Simulation results

We only exhibit the simulation results with 4-QAM. The rolloff factor /Z is set to 0.5 .
We study MMSE diversity combining when the signal or interferers are subject to nonfading
or Rayleigh fading. Average error rate due to fading can be evaluated by averaging the error
rate over all possible varying channel parameters. A single dominant CCI and six strongest

interferers are considered individually. We only consider the case of two diversity antennas.
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In our test, we find that MMSE combining can eliminate CCI efficiently while CCI is
strong enough relative to the noise. When both the desired signal and CCI are unfaded (only
the amplitude), Fig. 2 shows that MMSE combining is better than MRC combining for the
value of SIR less than 6dB when SNR = 30dB. We find that noise is enhanced for a certain
instantaneous value of the phase difference between the cochannel interferers received by the
two antennas, when MMSE combining intends to suppress CCI, and thus leading to a
degradation to the average performance. Figs. 3-4 demonstrate the average bit error
probabilities versus SNR when the desired signal is not faded at SIR = 10dB. As CCI is
unfaded, Fig. 3 indicates that MMSE diversity is inferior to MRC for the case of a single
interferer when SNR is higher than 10dB.

The figure also indicates that the performance becomes worse when there are six
interferers. With 6 interferers MMSE combining becomes better than MRC. The possible
reason is that the noise enhancement effect is reduced since no interferers can be eliminated
for interferers more than receive antennas. As the interferer is subjected to fading, Fig. 4
shows that the performance becomes worse in comparison to Fig. 3. For this case, MMSE
combining is better than MRC combining for a single and six interference sources. The reason
is that the probability of the low instantaneous SIR becomes great, and thus MMSE
combining increases the chances of interference cancellation, as compared to MRC. The error
probability floors are caused by the low instantaneous SIR. Fig. 4 also reveals that the
performance with multiple interferers is better than that with the single interferer. The
explanation is that when they have equal total average interference power, the probability that
at least one of the interferers is strongly faded in the case of multiple interferers is smaller,
thus leading to a smaller error rate. Note that for SNR>25dB MMSE diversity is better for the
case of a single interferer, since CCI becomes dominant and can be efficiently eliminated at

this time.

When the desired signal is subject to fading, the results are plotted in Figs. 5-6. It is
noted that the average error probabilities become relatively high due to the fading effect of the
desired signal. The curves clearly show that the fading effect on CCI seems not to degrade the
performance significantly. The average error probability floors caused by cochannel
interference are evident for MRC combining. Because the instantaneous SIR has a better
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chance to take on low values with the fading effect on the desired signal, MMSE combining
can largely cancel CCI for the case of a single interferer and results in no irreducible error
floor. With a single and 6 interferers, MRC has similar performance, but is slightly worse than
MMSE combining with 6 interferers. Similar to the results in Fig. 3, Fig. 5 shows that the
performance is slightly worse with six interferers for MRC when CCI is not unfaded. Similar
to Fig. 4, Fig. 6 shows that the performance of MRC becomes slightly better when six
interferers are subject to fading. Generally, when both signal and interference are subject to
Rayleigh fading, MMSE combining with 6 interferers has similar performance to MRC with a
single or 6 interferers and appears irreducible since the interference can not be cancelled using
two antennas. In general, our results is higher than the results presented in [2] where CCI is
not faded, but is lower than the results in several previous work [3]-[6] in terms of QPSK.

5. Conclusion

We successfully apply the Gaussian Quadrature rule (GQR) to calculate the probability
of error in the presence of ISI caused by cochannel interferers. Random-valued phase and
timing offsets between the desired signal and CCI are considered in the optimization of
MMSE combining and the computation of the probability of error. When the desired signal
and CCI are unfaded and SIR is higher, MMSE combining is inferior to MRC for the case of a
single interferer due to the noise enhancement resulted from the effect of phase offsets. When
the desired signal is subject to fading, our results show that MMSE combining is much better
than MRC for the case of a single CCI. When the number of CCI sources exceeds the number
of antennas, MMSE combining is only slightly better than MRC.
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Fig. 1 Block diagram of the diversity receiver over a channel with CCL
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Fig. 2 Average error probability versus SIR for 4-QAM with MMSE combining and
MRC combining at SNR=30dB (nonfading signal, nonfading CCI).
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A New Arbitrarily-Input CMOS CRC-8 Chip
for RFID Application

Hung, Yu-cherng,Hung, han-jun and Shieh, shao-hui

Abstract

In this paper, the architecture of CRC circuit was improved, and
the CMOS chip realization was achieved. With the circuit design, the
operation frequency of CRC chip is getting faster and faster in recent
years; moreover, circuit needs to deal with increased number of data
bits. The structure of the conventional serial CRC circuit will unable to
meet the rapid demand for processing large amounts of data. Therefore,
based on the parallel structure proposed in previous literature, a new
circuit design is proposed to enhance data processing speed. The circuit
uses a set of switches to improve the shortcomings of original literature,
which can not be dealt with any bit of input data. Based on CRC-8
algorithm, our design has processing capability of any bit of data. The
experimental chip had fabricated by using TSMC CMOS 0.35- ¢m
technology. The measured result of the experimental chip shows that the
chip functions successfully and works at 58-MHz @ 3.3 V.

Key Words : RFID, Cyclic Redundancy Check Code, CRC
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One Synthetic Compound, HDT-1, Inhibits Human
Peripheral Blood Mononuclear Cells Proliferation

Shiu-Huey Chou', Shang-Shing P. Chou?, Yih-Fong Liew3, Jyh-Yih Leu!,
Su-Jane Wang#, Rwei-Fen S. Huang3, Woan-Fang Tzeng!, Yuh-Chi Kuo!-*
! Department of Life Science, ?Department of Chemistry,

3Department of Nutritional Science, *School of Medicine,
Fu-Jen University, Hsinchuang, Taiwan, ROC

Abstract

In the present study, peripheral blood mononuclear cells (PBMC)
isolated from human peripheral blood were used as target cells. Effects
of one newly synthetic compound 3, 4, 4a, 5, 8, 8a-hexahydro-6,7-
dimethyl-4a-(phenylsulfonyl)-2-tosylisoquinolin-1(2H)-one (HDT-1),
on PBMC proliferation and interferon- v (IFN-7 ) production were
determined by the tritiated thymidine uptake and enzyme-linked
immunosorbent assay (ELISA), respectively. The results indicated that
HDT-1 inhibited PBMC proliferation activated with phytohemagglutinin
(PHA; 5pg/ml) and its effect was compatible with positive control
cyclosporine A. The 50% inhibition activity (ICs,) of HDT-1 on PBMC
proliferation is 64.4+2.7 uM. The inhibitory action of HDT-1 did not
involve direct cytotoxicity. The data from ELISA demonstrated that
HDT-1 decreased IFN- v production in PBMC induced by PHA with a
dose-dependent manner. We suggest that HDT-1 may be an
immunomodulatory agent.

keywords: Keywords:HDT-1, PBMC, Proliferation, IFN- 7
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1. Introduction

Tissue inflammation is a harmful immune response that produces tissue injury and may
cause serious diseases including asthma and rheumatoid arthritis [1]. There is now convincing
evidence that cytokines secreted by T cells such as interferon- ¥ (IFN-7 ) in response to
antigen stimulation play a role in lung inflammation and asthma [2]. In patients with asthma
or rheumatoid arthritis, the levels of T cells and cytokines have been shown to significantly
elevate in bronchoalveolar lavage fluids and rheumatoid synovium, respectively, suggesting a
possible pathological role for T cells and substances [3]. One of the therapeutic objectives in
tissue inflammation is to reduce T cells proliferation and IFN- 7 production [4].

The activation and clonal expansion of T cells play important roles in generation of
immune responses |5]. Interaction of T cells with antigens initiates a cascade of biochemical
events and gene expression that induces resting T cells to proliferate and differentiate [6]. It
has been demonstrated in many previous studies with T cells that cytokines such as IFN- ¢
are pivotal in the growth of T lymphocytes induced by antigens [7]. Thus, regulation of T
lymphocyte activation and proliferation and cytokine production has been shown to be one of

actions of immunomodulatory agents [8].

Recently, a new piperidine compound 3, 4, 4a, 5, 8, 8a-hexahydro-6,7-dimethyl-4a-
(phenylsulfonyl)-2-tosylisoquinolin-1 (2H)-one (HDT-1) has been synthesized by Prof. Chou
[9]. It has been proved that HDT-1 can block glutamate release from rat neuron cells [10].
However, there has been relatively scarce definitive evidence to prove its pharmacological
activities. Herein, we utilized HDT-1 to investigate its immunopharmacological activities. In
order to investigate the immunomodulatory actions of HDT-1, PBMC, which contain T
lymphocytes, were used as target cells [11]. To elucidate the effects of HDT-1 on PBMC
proliferation, the tritiated thymidine uptake method was utilized to detect total cellular DNA
synthesis in the cultures. In addition, we determined the effect of HDT-1 on IFN- 7y
production in PBMC by enzyme-linked immunosorbent assay (ELISA). We elucidated that
HDT-1 affected cell proliferation and IFN- v production in PBMC.
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2. Materials and methods

2.1. Preparation of HDT-1

The HDT-1 compound was prepared and characterized according to the method
published by Prof. Chou [9]. HDT-1 was obtained by heating a toluene solution of 4-
(phenylsulfonyl) -1- tosylpyridin-2(1H)- one with 1-methoxy -3-(trimethylsilyloxy)-1.3-
butadiene in a sealed tube at 140 °C for 24 hr. Its structure is shown in Fig. 1. HDT-1 was dissolved
in dimethylsulfoxide (DMSO) to a concentration of 100 mM and then stored at 4 °C for use.

2.2. Human Subjects

Twenty-two healthy male subjects (26 to 36 yr, mean age 29 yr) were chosen for this
investigation. The experimental protocol had been reviewed and approved by the institutional
human experimentation committee. Written informed consent was obtained from each subject.

2.3. Preparation of PBMC

Heparinized human peripheral blood (35 ml) was obtained from healthy donors. PBMC
was isolated by the Ficoll-Paque (specific gravity 1.077) gradient density method as described
previously [12]. The 35 ml peripheral blood was centrifuged at 850 x g, 4 °C for 10 min to
remove the plasma. Blood cells were diluted with phosphate-buffered saline (PBS; pH7.2)
then centrifuged in a Ficoll-Paque discontinuous gradient at 420 x g for 30 min. The PBMC
layer was collected and washed with cold distilled water and 10X Hanks' buffer saline
solution (HBSS) to remove red blood cells. The cells were resuspended to a concentration of
2 X 10° cells/ml in RPMI-1640 medium supplemented with 2% fetal bovine serum (FBS), 100
U/ml penicillin, and 100 pg/ml streptomycin.

2.4. Lymphoproliferation test

The lymphoproliferation test was modified from previously described [13]. 100 pl of
cell suspension (2 X 10° cells/ml) was applied into each well of a 96-well flat-bottomed plate
(Nunc 167008, Nunclon. Raskilde, Denmark). Cyclosporine A (CsA; 2.5 uM; Sigma) was
used as a positive control [14]. PHA (5 pg/ml) or varying concentrations of HDT-1 (6.25 to
100 pM) were added to the cells. The plates were incubated in 5 % CO,-air humidified
atmosphere at 37 °C for 3 days. Subsequently, tritiated thymidine (1 uCi/well, NEN) was
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added into each well. After a 16 hr incubation, the cells were harvested on glass fiber filters by
an automatic harvester (Dynatech, Multimash 2000, Billingshurst, U.K.). Radioactivity in the
filters was measured by a scintillation counting. The inhibitory activity of HDT-1 on PBMC
proliferation was calculated by the following formula:

Control Group - Experiment group
Inhibitory activity (%) = i X100
Control group cpyy,

2.5. Determination of IFN- v production

PBMC (2 X 10 cells/well) were cultured with PHA (5 pg/ml) or varying concentrations
of HDT-1 (6.25 to 100 uM) for 3 days. The cell supernatants were then collected and assayed
for IFN- 7 concentrations by ELISA (R&D systems, Minneapolis, USA).

2.6. Determination of cell viability

Approximately 2 X 10° PBMC were cultured with medium, vehicle (0.1% DMSO), or
various concentration of HDT-1 (6.25 to 100-uM) for 3 days. Total, viable, and non-viable cell
numbers were counted under the microscope with the help of a hemocytometer following
staining by trypan blue. The percentage of viable cells was calculated:

Viable Cell Number
Viability (%) = x 100
Total Cell Number

2.7. Statistical analysis
Data were presented as mean+SD, and the differences between groups were assessed

with student's t test at a significant level of p < 0.05.
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3. Results

3.1. Effects of HDT-1 on PBMC proliferation

To study the effects on PBMC proliferation, resting cells or cells activated with PHA
were treated with various concentrations of HDT-1 (6.25 to 100 uM), after which cell
proliferation was determined on the basis of uptake of tritiated thymidine. As shown in Fig 2,
cyclosporine A blocked PBMC proliferation activated with PHA. Whereas HDT-1 had mild or
little effects on resting PBMC proliferation, HDT-1 decreased the cells proliferation
stimulated with PHA. The inhibitory effects of HDT-1 on PHA activated PBMC proliferation
were concentration dependent. The 50% inhibitory concentration (ICs,) of HDT-1 was
64.442.7 uM. These results indicated that HDT-1 reduced PBMC proliferation induced by
PHA and this effect was similar to cyclosporine A.

3.2. Viability of PBMC treated with HDT-1

To realize that the inhibitory mechanisms of HDT-1 on PBMC proliferation were not
related to direct cytotoxicity, we determined the viability of PBMC in the presence of 6.25,
12.5, 25, 50, and 100 xM HDT-1 for 3 days. As shown in Fig. 3, the viability of PBMC was
not significantly decreased after treatment with HDT-1 for 3 days. Comparison with the
medium treated group, the viability of PBMC was not reduced by the vehicle group (0.1%
DMSO). We suggest that HDT-1 impairments of PBMC proliferation were not through direct
cytotoxicity.

3.3. Effects of HDT-1 on IFN- v production in PBMC

To study whether HDT-1 affected IFN- ¥ production in PBMC, the cells were incubated
with or without various concentration of HDT-1 (6.25 to 100 pM) for 3 days. Supernatants
were then collected, and the IFN- v productions were assayed by ELISA. . As shown in Fig.
4, comparison with resting cells, PHA significantly increased IFN- v production in PBMC (p
< 0.001). At 12.5 to 100 uM, the production of IFN- 7 in activated PBMC were significantly
suppressed by HDT-1 in a concentration-dependent manner (p < 0.001). At 100 uM, the
stimulated production of IFN- 7 in activated PBMCs were completely blocked by HDT-1, and
IFN- v concentrations were almost the same as those in resting cells. It indicated that HDT-1
reduced IFN- v production in PBMC activated with PHA.
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4. Discussion

In the present study, HDT-1, a new synthetic compound, was subjected to biological
activity assay. The results indicated that HDT-1 suppressed proliferation in PBMC activated
by PHA. The stimulated IFN-7 production in PHA activated PBMC was significantly
decreased by HDT-1. This effect was not related to cytotoxicity. It suggests that HDT-1
inhibiting immune responses may be related to decreasing of cell proliferation and IFN- ¢
production in PBMC.

Many biocactive compounds have a piperidine structure [15]. For example, (S)-armepavine
inhibits the proliferation of PBMC activated with PHA by regulation of IFN- 7 production
and improves tissue inflammation in mice [16,17]. Bortezomib is a proteasome inhibitor and
used for treatment multiple myeloma [18]. This is the first immunomodulatory action on
PBMC described for HDT-1. PBMC viability was not changed by DMSO. Therefore, the
inhibitory function of HDT-1 was unlikely related to DMSO.

PHA is a mitogen for T lymphocytes. It binds to N-acetylgalactosamine glycoproteins
expressed on the surface of T cells then activates the cells to proliferate [17]. In the present
study, T cells were major proliferating cells in PBMC cultures activated with PHA. Thus,
inhibitory effects of HDT-1 on PHA activated PBMC proliferation could be suggested as
suppression on T cells proliferation. Many previous studies indicate a series of cytokines such
as IFN- 7 is included in a carefully controlled order as T cells pass through cell proliferation
[5]. Although, the molecular mechanisms involved in regulating passage through cell
proliferation in T cells stimulated with PHA remain largely unknown, the events that affect the
T cells proliferation are ultimately likely to act by controlling the expression of IFN- 7 [19].

From the present results, we have proved that HDT-1 inhibited PBMC proliferation and
IFN- v production. Thus, these results indicate that HDT-1 may also have acted to reduce
tissue inflammation-in part by inhibiting PBMC proliferation and IFN- 7 production. Although
in vitro studies do not necessarily predict in vivo outcomes, such studies have provided
insights into molecular targets, as illustrated by the effects of IFN-y proteins. The relative
contributions of these activities to the potent immunosuppressive by HDT-1 in vivo remain to
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be elucidated. The action mechanisms of HDT-1 are subjected for further study.
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Fig. 2: HDT-1 suppressed PBMC proliferation in a concentration-dependent manner.

PBMC (2X10%/well) were treated with 6.25, 12.5, 25, 50, or 100 #M of HDT-1
with or without PHA (5 ug/ml) for 3 days. The CsA (2.5 uM) was used as a
positive control. The Cell proliferation was detected on the basis of uptake of
tritiated thymidine uptake. After a 16 hr incubation, the cells were harvested with
an automatic harvester, after which radioactivity was measured with a
scintillation counting. The inhibitory percentage was calculated with the formula
described in Materials and Methods. Bars represent the mean+SD of three
independent experiments.
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Fig. 3: Viability of PBMC treated with the HDT-1.
PBMC (2%X10%) were treated with medium, vehicle (0.1% DMSOQ), or the
indicated concentration of HDT-1 for 3 days. Numbers of total, viable, and
nonviable cells were counted after trypan blue staining. Bars represent the
mean+SD of three independent experiments.
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Fig. 4: Impairments of IFN- ¥ production in PBMC treated with HDT-1.
Resting or PHA (5 pg/ml) activated PBMC (2X 10°/ well) were in the presence or
absence of 6.25, 12.5, 25, 50, and 100 M HDT-1 for 3 days. Next, cell
supernatants were collected and IFN- v concentrations were determined with an
ELISA. Each point is the mean=SD of three independent experiments.
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& NBE=AI%ETR - GEBRRO0,0MES » ATLUGI=08E =0 ALL EAYAR
154 :
k=1, &€ (0, 2) (2, 0)
k=3, B%1% (0,4) (4,0)

=

k= n-3, B§1% (0,n-2) (n-2.,0)
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k=n-1, B8 (eg.ep-1) (1, n-1)

e R R DL FETEATRES o B TR EEE - BIERMEEmE L
BOSHB  Fm) 2 | i | = d=2mfEIERE - Khk= 1+ B0, 2) #9d=2 » HatBEXH
AILIEIRRR() » EAEHEERIR(2, 0 d=n-2 » HH BRI LIEHFm-1) * A% k=3~
BRAR(0, 4) Hd=4 » HEMERBATLIESEEQR) » FIBSHEETE G, 0)fd=n-4 - HFIEXH]
LIESRRF(m-2) © Al DU F £EE k= n-3 » BE1E(0,n-2)fd=n-2 » HEHRRBATLAFRL
F(m-1)  [FIEEHEEn-2.0)0f0d= 2 » HEFERBATLIEE() - &k BEIE (eo.en )Y
S EEA—K 0 (1, n-Did=n-25E R LLEFm-1) ° T LB FHUETRK
BT DIERK
k=1, AT EXE F(1) xF(m-1)
k= 3, AFEEL F(2) xF(m-2)

k=n-3, I HE K BF(m-1)x F(1)
k= n-1, EFFXBIxF(m-1)

AT AR m) - FMEALARS S - BRIR(O, 2) fEEERE - mH [ i | =
d=2 HUEFEREE()=1 « SRIBEFO=1RALZDA] | ij | = d=4 FETERBEQR)=2 - &
m=3*k=1,3,5° (0,4) BEtEREF (3) &
k= 1, B81% (0, 2) (2,0) * ETHEXBUF(1) xF(2)
k=3, B8 (0, 4) 4,0) * FFHEKBUF(2) xF(1)
k=3, B (eg.e5) (1, ST HAXBUIXF(Q2)

SRIZHIF(1)=1BaF(2)=2fC AF(3)= F(1) xF(2)+F(2) xF(1)+ 1xF(2)=1x2 + 2x1 +
1x2=6 * %K% » F(4)= F(1) xF(3)+F(2) xF(2) +F(3) xF(1)+1xF(3)= 1x6 + 2x2 + 6x1 + 1x6
= 2x2 +3x6 = 22 ° [EFEHE » F(5)= F(1) xF(4)+F(2) xF(3) +F(3) xF(2)+ F(4)x F(1) +1xF(4)
— 1x22 + 2X6 + 6x2 + 22x14+1x22 =( 2x6 + 6x2)+ 3x22 =90 » FAIA] LA+ R B IRER
AXET—M - TR -

F(m) = X F(i)F(m-i) + F(m-1) * i=1,2,...,m-13¢
F(m) = X F(i)F(m-i) + 3F(m-1) *» i=2,...,m-2

H [t e R ARt - KA TREIIEIR - SEGEEE () AVEHRE
FOm2)ZOMm?) - (B » BEHSEHE (1)) EAmFIIIFEK » Ktk - BEFEF RN
R R O(m3)EO(n3) -
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4. =BiIRRAREH

= AMEA 16/l = AR %58
T (anE —)FEFh Y 1618 = 418 % Eis -
ZE 161 = ME 2 HE M - 7] LSS s
[EER{E - (Lu & Tsaur, 2008) = 16 =i %%
Ea12MEATE - Hin=12 - BAEESEV= {
V0.V, V1y } BINE 2 e 8 A 3 - &
MR - 1% - 16 AHEZEEMN
AEIMEAEEREE - EF 1280 ES

B LEpRpaliiL ) ° B : SRERAAICCATSER

vo

®"— 16B=AIEEN1R2ERA

i 0 12|34 |5 |6 |7 |89 /[10]11
AIFH | 60 [180 (180 180 | 60 [ 180 (180|180 |60 (180|180 (180

KBy 16[H =M HIZEEHEREE » S8R =1 - MR EEIER B A
% 0 BEEHEUCECRYIEAL
FE AR B A R < ERIRERE » | i | = d » d=2,4,6,..n-2 < K {EH /N AE =
BRI () o k=itl,i+3,.j-3, -1
|i-j | = d - ATEvEATRCESERE (i) BFFEREETE - SEREMHE
& HoT
BEK<j * (iL.k+1)(k+1,)) * k=i+1,i+3,...j-3 5 Hk=j-1 * (ej.ex) (+1.k) °

4.1 BB R2BYEAIBE

B » RIPIRRE A T LA TR 2 BIROREIRE + | i | =d=2 - BIRG.5) ~ (19)B(I11)
SEETEBEAS - B (eaes) ~ B (er.en) BABHR oy 00) =0 - SBR[ i | =2 - Bk
BT -

£ il =2 BEBE
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0.2) 4.6) (8,10)
(ep.e]) (e4,€5) (eg,eq)

(1.3) (5% 9,11)
(e1,e2) (es.e6) (e9,€10)

24) (6,8) (10,0)
(e2.e3) (e6.€7) (e10.€11)

(3.5) (7,9) (11,1)

(e3,€4) =0 (e7.eg) =00 (e11.80) =00
4.2 BB RIEABE

hE A THY B A THYZ FIRORIEE » | i [ = d=4 - 12fEREE R4 SRR 3 BITE

4.2.1%4.2. 128K

4.2.1 REROHBIEEBEE
Hk=1 > (0,2)(2,4)=(ep,e1)(e,e3) ° k=3 (co.e3)(1,3)=(eq.e3)(e1.e2) °

4.2.2 REER(15HNESEBE -
k=2 (1,3)(3,5)=(ej.ep)* =00 ° Ek=4 * (e1.e4)(2,4)=(ej.eq)(e2.3) °

4.2.3 REBEQ.ONSEBE !
Bk=3* (2,4)(4,6)= (e2.e3)(es.e5) ° k=5 " (e2.5)(3.5) = (e2,e5)0 =22 °

4.2.4 RBEGHNSEEBE ¢
k=4 (3,5)5,7)=0(es,e6) = ° Fk=06 * (e3,66)(4,0)= (e3.€6)(€4.€5) °

4.2.5 RERA.HNEHEIBE -
Ek=5 * (4,6)(6,8)=(ca,e5)(es.e7) ° Hk=7 * (e4,e7)(5,7)= (e4,e7)(e5.e6) °

4.2.6 KEE(5.9)NEEEBE ¢
k=6 (5,7)(7.9)=(es,66)° =0 * Ek=8 * (es,eg) (6,8)= (e5.3) (es.€7) °

4.2.7 RER(6,10) S ERBE ¢
Ek=7  (6.8)(8.10)=(eg,e7)(eg.e9) ° Ek=9 * (es.e9) (7.9) =(eg.e9) =00 °

4.2.8 SKER(7,11) NEEBRE
k=8 * (7,9)(9,11)=2(eg.e19)=° ° Ek=10 * (e7.10) (8,10) =(e7,e10)(e8.€9) °
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4.2.9 KEE(8.0) BISERSE ¢
k=9 - (8,10)(10.0)=(eg.eo)(e1p.11) ° Hk=11 * (eg.eqy) (9,11)= (eg.e11)(€9,€10) °

4.2.10 3RER9,1) ISIHEIBE -
Ek=10 » (9,11)(11,1)=(eg.e19)>> = * Ek=0 * (e9,e0) (10,0)= (eg.e0)(e10.e11) °

4.2.11 3KE&(10,2) BISARSIE -
Hk=11+ (10,0)(0.2)=(e10.e11)(e0.e1) = Hk=1* (e10,e1) (11.1)= (egg.e1) 0 =20 <

4.2.12 3REE(11,3) OSEBE -
Ek=0 " (11,1)(1,3)=c0(ej.en) =0 « Ek=2 * (e11,e2) (0,2)=(ej1.e2)(e0.€1) °

B LSRR RIKIFEAR = - H2RR= |ij] =4 BEKRE-

R= i =4 » BEBE

(0,4) (4,8) (8,0)
(ep.e1)(e2,e3) (eq.e5)(eq.e7) (eg.eq)(ero.e11)
(ep,e3)(e.e2) (e4.e7)(es,e6) (eg.eq1)(e9.€10)

(1,5) 5,9 9,1)

(e1.e2)(e3,e4) =20 (es.eq)(ey,eg) =o0 (eg.e10)(e1.e0) =00
(e1.eq)(e2.e3) (es.eg)eq.e) (eg.e0)(eg0.€11)

(2.6) (6,10) (10,2)

(e2.€3)(eq.€5) (e6.e7)(eg,e9) (er0.e11)(ep.e1)
(e2,e5)(e3,84) =00 (e6,e9)(e7,e8) =o0 (ejo.e1)(e11.e0) =c0
(3-7) Erealily (11,3)
(e3.e4)(es,e6) =00 (e7.e8)(eg.e10) =c0 (er1.e0)(eg.e2) =00
(e3.e6)(eq.e5) (e7.€10)(eg.e9) (e11,e2)(ep.e1)

4.3 EEEROBIGIARE
RE A TRV B A TRV Z IRORTEE - |3 | = d=6 Al {(0,6) > (1,7)~ (2.8) > 3.9)} FE
4.3.14 3 4B RAE -
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4.3.1 3RAE(0.6) VEEESEE ¢ i=0 » j=6 * k=1,3,5°
Hk=1"(0,2)(2,6)=(eq.e1)(e2.e3)(e4.e5) ° Hk=3 * (0,4)(4,6)= {(eg.e1)(e2.e3) ’
(e0.e3)(e1,e2) } (es,e5) ° Hk=5 " (ep,e5)(1,5)=(eg.e5)(e1,e4)(e2,e3) ° K By Bf &
(eg.e1)(e2.e3)(eq.e5) EEk=1AYIRIC T » EH—M - FMHFF(eo.e1)(en.e3)(es,e5)
(eo.e3)(er.e2)(es.e5)Hl(eg.e5)(e.e4) (en.3)F —MAEIERBE AR IUAIO,6fRL T -

4.3.2 3KBE(1,7) (VBAIBE ¢ i=1 * j=7 * k=2,4,6°

Ek=2" (1,3)3,7)= (e1,e2)(c3.eq)(ea.e5) ° Hk=4 ' (1,5)(5,7)= (er.ea)(er.e3)(es.eq) ° &
k=6’ (e1,66)(2.6)=(e1.e6)(e2,e3)(ee5) ° Bl (er.e2)(e3.e6)(ea.e5) * (e1.e4)(e2.03)(e5,66)
(e1.e6)(e2.e3)(e4,e5)F MEEERBHE AT, AT -

4.3.3 5KEE(2.8) EERBIE - i=2 j=8 * k=3,5,7°

Hk=3 " (2,4)(4.8)=(ez.e3) { (es.e5)(ep.e7) * (eq.e7)(es.€6) } ° Ek=5"
(2,6)(6,8)=(e2.e3)(e4.e5)(eg,e7) ° Hk=7 * (e2.e7)(3,7)=(e2.e7)(e3.e6)(e4,e5) ° KIFyEIE
(e2,e3)(e4q,e5)(eq,e7)Ek=3FME - FHI M@ - MK (er.e3)(ea,e5)(e6,67)
(e2.63)(e4,67)(e5.66)8(e2,67)(e3,86)(e4,05) TF — AETERS I ARIUATQ.)MLL T -

4.3.43KB(3.9) ISERSIE ¢ i=3 » j=9 ' k=4,6,8 °

Bk=d » (3,5)(5.9)=0(e5.e8)(eqe7)=0° * Hk=6 » (3,7)(7.9)=(e3.e6)(eq.e5)0=00 * &
k=8 * (e3,e8)(4.8)=(e3.e3) { (es.e5)(es.e7) * (eaer)esieq) } © Kl Fu(esies)eaer)(es.es) e
RS AT — (8 SRS (e3.68)(e4.05) (6,6 HLARIII 3 NI T

REBREE {(4,10) ~ (5,11) ~ (6,0) ~ (7,1) } B {(8,2) ~ (9,3) ~ (10,4) ~ (11,5)} EHE
BRAH Bt {(0,6) > (1,7) ~ (2,8) ~ (3,9) } WUETEAG=H2EDL - IR EEHEL - 552
B | i-j | =6 BYEIEIRR - 05y -

au

RO |ij | =6 » BEBE
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=A% B EIFE ™Y = A % g AR

0.6)

(4,10)

(8,2)

(ep.eq)(ez.e3)(e4.85)

(es.e5)(e6.€7)(e8,€9)

(eg.e9)(e10,€11)(€0.€1)

(ep.e3)(er.ex)(eq.e5)

(e4.e7)(es,e6)(e8,e9)

(eg.e11)(e9.e10)(e0,€1)

(ep.e5)(e1.e4)(e2,63)

(e4,e9)(es.eg)(es.7)

(eg.e1)(eg.ep)(ero.e11)

(7

(5,11)

©.3)

(er.e2)(e3.e0)(eq.€5)

(es,eq)(e7,e10)(es.€9)

(eg.e10)(er1.e2)(e0.€1)

(e1.e4)(e2,€3)(€5,€6)

(e5,e8)(€6,e7)(€9,€10)

(eg,ep)(ep.er1)er,er)

(e1.e6)(e2,83)(e4.85)

(es.e10)(eg.e7)(e8.€9)

(eg.e2)(e1p.e11)(en.e1)

(2,8)

(6,0)

(104)

(e2,e3)(eq,e5)(eq,e7)

(es.e7)(eg.eo)(erp.e1)

(er0.e11)(ep.e1)e2.e3)

(e2,e3)(€4.€7)(e5.6)

(eg.e7)(eg.e11)(e9.€10)

(e10.e11)(e0.e3)(e1.€2)

(e2.e7)(e3.66)(e4.€5)

(66,61 1 )(67!310)(68!69)

(e1p.e3)(eq1.e2)(ep.e1)

(3,9

(.1

(11,5)

(e3.eg)(eq.es)(eg.e7)

(e7.e0)(eg.co)(erp.€11)

(e11.e4)(eq,e1)(en.e3)

4.4 BB RS SIEBIT
A E F THv; B A THv 2 R - |- | =d=8 » BIl {(0,8) ~ (1,9) ~ (2,10) ~ (3,11) }
TE4.4. 184 4 4P ORAE -

4.4 13KB%(0,8) BYS AR 1 i=0 - =8 r k=1,3,5,7 e

Hk=1" (0,2)(2,8)=(eq,e1) {(32733)(‘34335)(‘3&37) v (e2,e3)(eq,e7)(es5,86) °
(e2,e7)(e3.e6)(eq.e5) } FE—MEEEIE « Hk=3 » (0.4)(4.8)= {(ep.e1)(e2.e3) * (ep.e3)(er.er) } |
(eq,€5)(e6.€7) * (eq.e7)(es.eq) } FVUMEAPBETE » H(eg.e1)(er,e3)(es,e5)(eq,e7)E
(eg.e1)(e2,e3)(eq.e7)(es5,e6)Fk=1AT R {EEE R E 8 - T F(ep.e3)(e1.e2)(eq.e5)(eq,e7)El
(ep.e3)(e1.e2)(e4,e7)(es,66) FRMEERTE © Ek=5 (0,6)(6.8)= { (eg.e1)(e2.e3)(e4.e5) °
(eg.e3)(er,e2)(es,es5) * (ep.es5)(er,eq)(e2.e3)} (eg.en)F =B K » Hp
(ep.e1)(ea.e3)(eq.e5)(eq.e7)E(eq.e3)(e1.e2)(eq.e5)(eq,e7) 73 HlEd k=1 Flk=3pflE FE R E 5 - F
Fep.es)(er.es)ea.eses.er)—MEBETE - Hk=7 * (eo.e7)(1,7)=(e.e7) { (e1.e2)(e3.e6)(ea,e5) °
(e1,e4)(e2.e3)(es,86) * (e1,e6)(e2.83)(es,e5) } TF=MHPEIR o FRAVKF3+2+143=98 SILFRIEIH
AFEHIIOMEL T »



EH{EREEN 43 H] 187

4.4.2 KEE(1,9) IEAEBBIE © i=1 » j=9 * k=2,4,6,8°

Ek=2" (1,3)(3,9)=(ej.e2)(e3,eg)(e4,e5)(eg.e7) — R - Ek=4"
(1,5)(5,9)=(e1,e4)(e2.e3)(es.8)(e.e7)MHELIE  Ek=6 * (1,7)(7,9)=(1,7)0 =0  Ek=8 *
(e1.e8)(2.8)=(e1.e5) {(e2.63)(ea,e5)(e6.e7) * (e2.83)(€4.87)(€5.86) * (e2.67)(e3.06)(e40e5) } — 1
BRAR o FAMTHF 1+ 1+0+3=5E AR SE AR AR T -

4.4.3 3RER(2,10) EERBE  i=2 7 j=10 * k=3,5,7,9 °
Ek=3" (2,4)(4,10)=(ez.e3) { (e4,e5)(eg.c7)(eg,€9) > (e4,e7)(es,e6)(€5,€9)
(e4.e0)(es.e8)(e6.67) ) =MHBRIE « Ek=5 * (2,6)(6,10)=(e,e3)(es.e5)(e,e7)(€8,€9) ° Hhk=3HY
IR EE - EERE - Hk=7 (2,8)8,10)= { (e2.e3)(es.e5)(e6.7) * (e2.e3)(e4.e7)(e5.86) °
(e2.e7)(e3,e6)(ea,es) } (eg.eq) —MHERIE o H {(es.e3)(es.e5)(e6,e7) * (€2,83)(es,e7)(e5.86) }
(eg.eq)Bl k=3 K W B M REHE - M T —HEHE - k=9 -
(2.,€9)(3,9)=(e2.e9)(e3,e8)(e4.e5)(eq.e7)—THERTE o FRAMHF3+0+ 1+1=5{E S LSS AR
AI2,10)HIRE T -

4.4.4 3REE(3,11) BISERBE 1 i=3 1 j=11 ' k=4,6,8,10 °

Hk=4 (3,5)(5,11)=20(5,11)=020 ¢ Bk=6 ' (3,7)(7,11)= (e3.eq)(eq.e5)e7.e10)(eg,e9)—
B R AL - Hk=8 » (3,9)(9,11)=(e3,e8)(e4.e5)(es.e7)(e9,e10) —fHEFTE - Ek=10 "
(e3,e10)(4.10)=(e3,e10) { (ea,e5)(e.67)(es.€9) * (ea.e7)(es.66)(e8.€9) * (es.c0)(es.e8)(es.e7) ) —
EREEE » FAFIHFO+1+1+3=5{E G LI SEAR ARG I DML T

REKAE { (4,00~ 5,D(6,2) (7,3)} B {(8,4) > (9.5) ~ (10,6) ~ (11,7) } FHIEM
LRI B {0.8) ~ (1,9) ~ (2,10) ~ (3,11) } BIETE AR - RFANERMEL - F2
B | i | =8HYSTERSAE » 2KA -

KA |i-j| =8 » GEBE
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W= Al 22 EFE N = A % e B R,

0.8)

(4,0)

(8.4

(ep.e1)(e2.e3)(e4.65)(€6.€7)

(es.e5)(eq,e7)(eg.e9)(€10.€11)

(eg.eo)(ep.e1)(ep.e1)(ez.e3)

(ep.e1)(e2,e3)(e4.e7)(es.86)

(eq.e5)(ep.e7)(eg.€11)(e9.€10)

(eg.eo)lep.e11)(ep.e3)(e1.€2)

(ep.e1)(e2.67)(€3.66)(€4,€5)

(eg.e5)(eg.e11)(e7,e10)(e8,69)

(eg.e9)(ejp.e3)(er1.e2)(€p.€1)

(ep.e3)(er.e2)(eq.e5)(eq.e7)

(e4.e7)(es.6)(e5.€9)(€10,€11)

(eg.e11)(eg.e10)(ep.e1)(e2,63)

(ep.e3)er.ez)es.e7)(es.eq)

(eq,e7)(es,e6)(eg.e11)(€0.810)

(eg.eq1)(eg.e10)epea)(er.e2)

(ep.es)(er.eq)(ea.e3)(ep.e7)

(es,e0)(es,e3)(ep.7)(€10.€11)

(CS,C])(&Q,C{))(C 10:€11 )(02}63)

(eg.e7)(ep,e2)(e3.66)(Ca.65)

(eq.e11)les.eq)ler,e10)(es,e9)

(eg.e3)(eo.e1p)(er1.€2)(€0.€1)

(60’37)(6 1 ’64)(62!63)(65!66)

(eg.e11)(es,eg)(es.c7)(€9,€10)

(eg.e3)(eg.ep)erp.erri(er.ea)

(ep.e7)(er.e6)(e2,€3)(e4.€5)

(eq.e11)es.e10)(eq,e7)(e3,60)

(eg.e3)(eg.e2)(e10.€11 ) (€0.E1)

(1.9

(5,1

6.5

(e1,e2)(e3.e5)(e4.e5)(e6.67)

(es.ep)(e7.ep)(eg.e0)(e10,€11)

(eg.eqp)er).e4)(ep.€1)(e2,e3)

(e,eq)(e.€3)(es.68)(€6.67)

(es.eg)(es.e7)(eg,eolerp.er)

(eg.ep)erp.err)ier.es)er.e3)

(e1.eg)(e.e3)(es.e5)(eq.e7)

(es.ep)(ep,e7)(eg.eo)erp.e11)

(eg.eq)(eqp.e11)(ep.e1)(e2.3)

(e1.eg)(ez,e3)(eg.e7)(es.66)

(es.ep)leg.e7)(eg.er))(eq.ep)

(eg.eq)leqg.e11)(ep.e3)(el.e2)

(e1.eg)(er.e7)(e3.66)(e4.85)

(es.eg)eq.er1)(e7.e10)(es.€9)

(eg.e4)(e1p.€3)(e11.€2)(€0.€1)

(2,10)

(6,2)

(10,6)

(e2.€3)(e4.€5)(€6.€7)(€g.€9)

(eg.e7)(eg.eo)erp.e11)(ep.e1)

(e1p.e11)(ep.e1)(e2.€3)(e4.65)

(e2.e3)(eq.e7)(es.e6)(e5.9)

(eg.c7)(eg.e11)eg.ep)(en.1)

(e10.e11)(ep.e3)(er,e2)(es,e5)

(ez.e3)(eg.€9)(es,e8)(€6.€9)

(eg.e7)(eg,e1)(eq.ep)(e10.€11)

(e10.€11)ep.e5)(e.e4)(e2.63)

(e2.e7)(e3.e6)(€4.€5)(€g,€0)

(eq.e11)(e7.e1p)eg.eo)lep.ep)

(e0.e3)(e11,e2)(€p,e1)(€4,€5)

(e2.89)(e3.eg)(€4.85)(e6.€7)

(eg.e1)(e7.ep)eg.eo)lerp.eq)

(er0.es)(eq1.e4)(ep.e1)(e2.e3)

(3,11)

(7.3)

(11,7)

(e3.eq)(es.es)(er.e1plies.eq)

(e7.e10)(eg.eo)(ery.e2)(ep.e1)

(er1,e2)(ep.e1)(e3.66)(e4.€5)

(e3,eg)(e4.e5)(eqe7)(€9,10)

(e7.ep)(eg,eq)(ern.en1)(er,e2)

(e11.e4)(ep.e1)(e2.e3)(es5.66)

(e3.e10)(eq.e5)(ep.c7)(€g.C0)

(e7.e2)(eg.e9)(e10.€11)(€0.€1)

(e11.e6)(ep.e1)(e2.63)(€4.65)

(e3.eqp)(eq.e7)(es,e6)(e8.€9)

(e7.e2)(eg.eq11)(eq.€10)(ep.€1)

(e11.e6)(ep.e3)(e1,e2)(e4,85)

(e3.e10)(es.e9)(es.68)(eq.67)

(e7.e2)(eg.e1)(eg.ep)lerp.e1)

(er1.€6)(€n.e3)(e1,84)(€2.€3)

4.5 RITEA 100V S IR

HITE4.5.1584.5 AFfiTR R g -

R E A TRviEL A TRV FRIRIRETER » | i | =d=10 » 81 {(0,10) ~ (1,11) ~ (2.0) ~ 3.1} 4
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4.5.1 3KAE(0,10) BISIERIE @ i=0 * j=10 ' k=1,3,5,7,9 ¢

k=1 (0,2)(2,10)=(eg.e1) { (e2.e3)(es.e5)(e6.e7)(eg,e0) * (e2.63)(e4,e7)(e5,e6)(e8,€9) °
(e2.83)(e4.89)(es5,e8)(€6,e7) ~ (€2.67)(€3.66)(€4.85)(€8.€9) * (€2.e0)(e3,e8)(eae5)(e6.¢7) | ¥ Tl
TR - Hk=3 - (0,4)(4,10)= { (eo.e1)(e2.e3) * (e.e3)(er,e2) } {(es.es)(eqer)leg.co) *
(e4.e7)(es.e6)(eg,e9) * (e4.¢9)(es,e8)(ep,e7) ) FANMEEE » H (eg.e1)(en.e3) {
(e4,e5)(ea.e7)(€8,c0) * (e4.67)(e5.86)(es.€9) * (e4.e0)(es.eg)(eq.e7) | ¢ —MEHEE Bilk=1HY — &l &
TRE » F T (eo.ea)ere2) {(eaes)(eser)eg.e) * (eser)es.es)(es.eo) * (es.e9)(es.eg)(es.e7) }
F oK - Ek=5" (0,6)(6,10)= { (ep.e1)(e2.e3)(es.e5) * (ep.e3)(eq,e2)(es.es) °
(en.es)(er.ea)(en.e3) | (ese7)es.e) = {HEEFE » H 1 (eg.e1)(ea.e3)(eq.es)(cser)eg o)
(eg.e3)(eq,e2)(es.es)(eq.eq)(es,eq) il flHl B /> B B k=11 k=3B E EHE - ® T
(ep.es)(er.eq)(ez,e3)(eqe7)(eg.eo) —EEFEE - Hk=7 » (0.8)(8,10)= { (ep.e1)(e2.e3)(es.e5)
(es.e7) ~ (ep.e1)(ere3)(es,e7)(eseq)  (ep.er)e2.e7)(es.e6)(eses) * (ep.e3)(e1.e2)(eq.€5)(eq.€7)
(ep.e3)(er.e2)(eq.e7)(e5.66) * (ep,e5)(eg,eq)(e2.€3)(eq,7) * (ep,e7)(e],e2)(€3,e6)(e4.€5) °
(e0.e7)(e1,ea)(e2,e3)(es,e6) * (e0,e7)(er,e6)(en.e3)(ea.es) | (eg,eq) FILMBREE » Hrp {
(ep.e1)(e2.e3)(eq.e5)(e6.€7) ~ (ep.eq)(e2,e3)(eq,e7)(es,66) » (ep.e1)(e2,e7)(e3,66)(eq.€5)
(ep.e3)(er.e2)(ea.e5)(eae7) * (e0.e3)(e1.e2)(es.e7)(es.6) * (€0.e5)(e1.ea)(en.e3)(ese7) } (e3.89)7N
TEFR IR 53 Ek=1 ~ k=3F1k=5/73+2+1=6{EEEfEEE + BT {(ep.e7)(er.e2)(es.e6)(eaes)
(eg.e7)(er.e4)(e2.e3)(es,e6) * (eg.e7)(e1.e6)(e2.¢3)(e4,65) } (eg,eq) = fHEERE -

Bk=9 ' (e0,e9)(1,9)=(ep,e0) { (e1,e2)(e3,e8)(eaes5)(e6.67) * (e1,64)(€2,€3)(e5,e8)(€6,E7) *
(e1,e8)(e2,e3)(ea.e5)(e6.e7) * (e].e8)(en.e3)(eae7)(es.e6) * (e1.e8)(en,e7)(€3.86)(€485) } F TR
& o AV S+3+143+5=1T{ASERBRE AT SHIO0, 10T -

4.5.2 3KEE(1,11) WEEBE ti=1 > j=11 » k=2,4,6,8,10 ¢

k=2 (1,3)3,11)=(e1.e2) (3,11) FEEIE » Ek=4 > (1,5)(5,11)= (e1,e4) (5,11)
A EIEEEEE - k=6 (1,70(7,11)= (1,7) (e7,e10)(eg.e9) THIEEELE - Ek=8 - (1,9)(9,11)=
(1,9) (eg.e10) PETEIEEE » Hk=10 * (e1,e10)(2,10)=00 (2,10) == = F (G ot AF/HY
(LIDBRAL T -

4.5.3 3KEEQ2,0) BIEEREE 1 i=2 0 j=10 * k=3,5,7,9, 11
Bk=3 " (2,4)(4,0)=(e2.e3) {(es.e5)(es.e7)eso)(ern.e11) * (eses)(eser)(es.er1)(€g.e10) °
(e4.e5)(es.e11)(€7.€10)(€8.89) * (ea,e7)(es.e6)(eg.c9)(e10,€11) * (€4,€7)(es5.e6)(es.11)(€9,€10)
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(es.e9)(es.e5)(eg.er)(e10.€11) ~ (es.e11)(es.e6)(e7.€10)(eg.9) * (eq.e11)(es,e8)(€6.e7)(€9.10)
(64,611)(65,610)(&6,67)(63,69)} JUAE BEFE - Ek=5 (2,6)(6,0)=(en,e3)(eg,e5) {
(ese7)(eg.eo)(el0.e11) * (eaer)eg.er1)(eo.eio) * (es.e11)(e7.e10)(eg.eo)} ° Blk=3 Ay = { i 1
B - MK - BEk=T7 - (2,8)(8,0)= { (e2,e3)(es.e5)(eq.e7) * (e2,e3)(es,e7)(e5.86)
(e2.e7)(e3.e6)(eq.e5) | {(es.eo)(ero.er1) ~ (eg.err)(eg.ern) } 3x2=6{EEE £ - Hri {
(e2,3)(eaes)(eser) * (e2.e3)(eaer)eses) | {(egeodernerr) ~ (eg.ern)(ea.cio) } 73 AIERk=3/]
VAR R E 1 o T T (er,e7)(e3.e6)(eaes) { (egeo)ernerr) ~ (eg.e11)(egerp) b MEESIE « &
k=9 * (2,10)(10,0)= { (e2,e3)(es,e5)(eq.e7)(eg.€9) * (e2.e3)(e4.e7)(e5,6)(e8,€9) *
(e2.e3)(es.e9)(es,8)(€6.67) * (€2.67)(¢3.86)(€s.L5)(e8,80) * (€2.69)(e3.e8)(€4.85)(€6e7) | (e10.€11)
AEEE R - Hd {(ez,e3)(es.e5)(eg.e7)(es.e9) ~ (e2.63)(es,e7)(e5,66)(€8,89)
(e2.3)(ea,e9)(es.e8)(e6.e7) * (ea.e7)(e3.e6)(eaes)es.eo) | (ejo.e11)7d BB k=317 =f& Flk=7
B —ERREEE - fF —ERE - k=11 (es.e)(3,11)=(ez,e11) {
(e3.,e6)(es.e5)(e7.€10)(eg.€9) * (e3,e8)(e4.e5)(e6,e7)(€9,€10) * (e3,610)(e4,85)(eq.e7)(€8,€9) *
(e3,e10)(eq,e7)(es.e6)(e8.€9) * (e3.e10)(e4.e9)(es,e8)(eq.e7) } FFIx5=5{EEIE - FAIHF
9+0+2+ 1+5=17{H F1E S FEEH AL ISHY 2,0 L7 T

4.5.4 3RBE(3,1) BIEERBE ¢+ i=3 * j=1 ' k=4,6,8,10,0 °

Hk=4 + 3.5)(5,1)=(5.1)=o2 k=6 * (3,7)(7,1)=(e3.e6)(es.e5)(e7.c0)(€8.€9)(€10-€11)
THERFE - Ek=8 > (3,9)(9,1)=(e3.e8)(eq.e5)(e6.€7)(e9,€0)(e10.e11)— MHEETE - HEk=10 -
(3,11)(11,1)=(3,11)c0 =0 FEFEE - E k=0 - (e3,e0)(4,0)=(e3,e0) {
(e4.e5)(eq.e7)(e8,€9)(e10.€11) * (4.€5)(e6.e7)(E8,€11)(€9,€10) * (e4,e5)(eq,e11)(€7,10)(€8,€9) *
(es,e7)(es,e6)(e8,0)(€10.e11) * (e4.67)(es.e6)(eg.e11)(eg.e10) * (e4.e9)(es.e8)(ese7)(€10.€11)
(es.e11)(esee)(e7.10)(e8,69) * (es.e11)(es.s)(eser)(e9.e10) * (eserr)(eseip)(eser)es.eo) b FLIE
PR o Hrh = {EER1R (e3.e0) { (eae11)(es.e6)(e7.610)(e5.69) * (e4.e11)(es5.88)(€6.87)(€0.€10)
(ese11)(es.e10)(€ae7)(eg.e0) } AL » FIT/SMEEEIE o BAMFO+1+1+0+6=8{HIH AFR/NHY
(3B F -

SRILKRAE {(42) ~ (5,3)~ (64)~ (1.5)} B {(8,6) ~ (9,7) ~ (10.8) ~ (11.9) } FATEIRIE
FILESE {(0,10) ~ (1,11) ~ 20) ~ 3,1)} RUEFE A =HTAERL - BRITRERBHET - F2 K |
i | =10 BATERBRAE » AN -

"N i1 =10 - BEBE
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(0,10)

(4.2)

(8.6)

(ep.e1)(ea,e3)(e4.65)(eq,67)(eg.€9)

(eg.e5)(eq.e7)(eg.col(erg.e11 Hep.e1)

(eg.e9)(ep.e11)(ep.e1)(e2.€3)(eq.e5)

(ep.ep)(e2,e3)(es.e7)(es.eq)(eg.e9)

(eq.es5)(eq.c7)(eg.er1)(eg.e1n)(ep.er)

(eg.eg)(ep.e1)(ep.e3)(e.eq)er,e3)

(ep,e1)ea.e3)(eq.e9)(e5,e8)(€6,€7)

(eg.e5)(eq.e7)(eg.e1)(€0.e0)ern.e11)

(eg.eq)(eqp.e11)(ep.e5)(e1.e4)(e2.€3)

(ep.e1)(en.e7)(€3.66)(€4.e5)(€3,€9)

(e4.e5)(eq.e11)(e7.€10)(e8.€0)(€0,€1)

(eg.eq)leg.e3)(er1.€2)(ep.e1)(es.e5)

(ep.e1)(ea,e9)(e3.e5)(e4,5)(€6.€7)

(eq,es)(eg.e1)e7,e0)(eg.col(ern.e11)

(eg.eq)(eqp.es5)(eq1.e4)(ep.e1)(ez,e3)

(eg.e3)(er.e2)(eq.85)(e6.67)(e8.€0)

(es.e7)(es.e6)(eg.col(ero.e11)(ep.€1)

(eg.e11)(€g,e10)(ep.e1)(€2.€3)(e4,85)

(ep.e3)(e].e2)(e4.e7)(es.66)(eg,E9)

(e4,e7)(es.6)(eg.e11)(e9.e10)(€0.€1)

(eg.er1)(eg.e10)(ep.e3)(er.€2)(eq.€5)

(ep.e3)(e.e2)les.eq)les.cges,eq)

(eq.€7)(es,e6)(eg.€1)(eg.ep)lep.eqp)

(eg.er1)(eg.ejp)(en.es)er.eq)(er,e3)

(ep.es)(e1.e4)(e2.63)(e6.67)(e8,89)

(eq,€9)(e5.e8)(€n,e7)(e 0.€11)(€0.€1)

(eg.ep)leg.eo)lern.cr1)(en.es)les.es)

(ep.e7)(eg.e2)(e3.e6)(e4.85)(e8.€9)

(es.e11)les.eq)ler.e10)es.eo)lep.ep)

(eg.e3)(eg.erp)lerr.e2)lep.e1)(es.es)

(ep.e7)(e1.e4)(€2.€3)(€5,86)(E3,E0)

(eq.eq)es.eg)eg.e7)(eg.ejp)ep.eq)

(eg.e3)(eg,epllerp.err)ier,eadles.es)

(ep.e7)(er.e6)(en,e3)(e4,e5)(e8.09)

(e4.e11)(es.e10)(e6.e7)(eg,0)(€0.€])

(eg.e3)(eg,e2)(er0.€1)(€p.e1)(€4.€5)

(ep-eo)er.ex)(ez.eg)(es.e5)(€6.€7)

(eq.€1)(e5.86)(e7.60)(E8.80)(E 10.€11)

(eg.es)(eg.eqp)err.eq)lep.er)ez.ea)

(eg.e9)(eq,e4)(e.e3)(e5.68)(€6.€7)

(eq,e)les.egleqer)(eg,ep)erp.err)

(eg.es)(eg.ep)erp.ei)(er.eq)(er.e3)

(ep.e9)(er.e8)(en,e3)(es.85)(€6.87)

(e4.€1)(es,ep)(cq.c7)(eg.eo)(e|p.e11)

(eg,es)(eg,eq)(e10.€11)(€0.€1)(€2.63)

(ep.e9)(eg.eg)(er.e3)(es.eq)(es,.eq)

(eg.e1)es.ep)es.e7)leg.err)ieq.eip)

(eg.e5)(e0.e4)(e10.€11)(e0.€3)(€1.€2)

(ep.e9)(er.eg)er.er)(es.eel(es.es)

(eq.e1)(es.ep)(es.e11)(e7.e10)(es.eq)

(eg.es)(eg.eq)(ep.e3)(e.e2)ep.cp)

(1,11) (53 (C))
[e0] cO oo
(2.0) (6.4) (10,8)

(e2.€3)(e4.65)(eq.e7)(€8.€0)(€)0.€11)

(eg,e7)eg.eod(ep.er1)lep.er)(er.e3)

(e10.e11)(ep.e1)(e2.e3)(e4.65)(€6,€7)

(e2e3)(e4.e5)(ec.7)(€s.11)(€9.€10)

(eg.e7)(eg.eod(€1p,e11)(ep.e3)(e1.€2)

(e1p.e11)(ep.e1)(ea.83)(e4.67)(E6,86)

(exe3)eq.es)(e.eq1)(e7.e10)(eg,e9)

(eg.e7)(eg.eq)erp.e3)(er,ea)ep.er)

(e10.e11)(ep.e1)(en.e7)(e3.65)(€4,65)

(eze3)(eg.e7)(es.eq)leg.col(erp.e1q)

(eg.e7)(eg.e11)(Co.e1p)ep,e1)(€2,€3)

(e10.e11)(€En.e3)(e.e0)(€4.65)(€6,€7)

(e2e3)(e4.e7)(es.e6)(eg.e11)(e9,e1p)

(ege7)(eg.e11){€0.610)(€0.€3)(e1.€2)

(erp.e11)(ep.e3)(e1.€2)(eq.€7)(e5.66)

(e2e3)(e4.€9)(es.e8)(ep.e7)(€10.11)

(eg.e7)(eg.e1)(eq.ep)(ernerr)(er.es3)

(ern.e11)(ep.es5)(er.e4)(en.e3)(ep.e7)

(e2e3)(eq.e11)(es5.86)(e7.€10)(€8,€9)

(e.e7)(eg.e3)(eg.e10)(e|1.2)(e0.€1)

(e10.e11)(ep.e7)(e1.e2)(e3.e6)(€4.€5)

(eze3)(eq.e11)(es.es)(eq.e7)(€0.810)

(es.e7)(eg.e3)(e9.e0)(ep.eq1)(e],e2)

(ej0.e11)(eg.e7)(eq.e4)(e2.€3)(e5.86)

(eze3)(eq.e11)(es5.e10)(eq,e7)(€8.80)

(eg,e7)eg.e3)(eg,ead(erp.eq1)(ep.e1)

(e10.e11)(ep.e7)(eq.e6)(€2.€3)(e4,85)

(e2e7)(e3.e6)(eq.e5)(eg.€9)(€10.€11)

(es.e11)(e7,610)(eg.e9)(ep.e1)(e2.€3)

(e10.e3)(e11,82)(€0.€1)(€4.85)(€5.€7)

(e2e7)(e3.e6)(es.65)(eg.€11)(e0.10)

(eg.e11)er.e10)(eg.eo)ep.e3)le).e)

(e10.e3)(e11.e2)(eq.e1)(e4.€7)(e5.86)
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(eaeg)(e3eg)es.es)(es.c7)(€r0.€11)

(eg:e1)(e7,ep)(eg.eo)erp.e11)(€2.€3)

(erp.es)(e1.e4)(e0.€1)(e2.63)(€6.€7)

(e2e11)(e3.e6)(e4.85)(€7.€10)(€38.€9)

(eg.e3)(e7.€10)(e8,€9)(e1,62)(€0,€1)

(e1p.e1)(err.e2)(ep.e1)(es,eq)(eq.e5)

(e2e11)(e3.8)(€a.€5)(€6€7)(€9.€10)

(es.e3)(e7.ep)eg.eq)(ern.eq1)(er,€2)

(erp.e7)(e11.€4)(eq.€1)(€2,63)(€5.86)

(e2e11)(e3.€10)(€4,65)(e6,€7)(€8,€0)

(eg.e3)(€7.62)(€g.€0)(€10.€11)(€0.€1)

(e10.€7)(e11.86)(€0.€1)(€2.€3)(€4.€5)

(ezeq)(es.ep)es.e7)(es,eq)eg.eq)

(eg.e3)(e7.e2)(eg.e11)(€9.€10)(€0.€1)

(ejp.e7)(er,e6)(eq.e3)(e,e2)(e4,85)

(e2eq1)(e3.e10)(e4.e9)(es.eg)(es.e7)

(eg.e3)(e7,e2)(eg.e1)(eg.eqlep.e)

(e10.e7)(e1186)(e0.65)(€.€4)(€2.€3)

(3.1)

(7.5)

(11.9)

(e3.66)(e4,e5)(€7.60)(e8,€0)(€10.€11)

(e7.e10)(€8.89)(e11,€4)(€0,.€1)(€2,€3)

(e11.€2)(ep.e1)(€3,e8)(e4.e5)(€6.7)

(e3,eg)(eg.e5)(eq.e7)(€9,€0)(€10:611)

(e7.€0)(eg.eo)(ep-c11)(e1.e4)(€2.€3)

(eq1.e4)(ep.e1)(e2.e3)(es.e8)(€6.€7)

(ezep)(eq.es)(ep.e7)(eg.e9)(€10.€11)

(e7.e4)(eg.e0)(e10.e11)(ep.e1)(e2.€3)

(ej1.eg)(ep.e1)(e2.e3)(e4.65)(€6.67)

(e3.e0)(€4.65)(e6.e7)(eg,e11)(€9.10)

(e7.€4)(eg.e0)(e1p.e11)(ep,.L3)(er,€2)

(e11.e8)(ep,e1)(e2,3)(e4.67)(€5,86)

(63 560)(64365)(6(3:6 | 1)(e7!e | 0)(68,69)

(e7,e4)(eg.eo)(e10.€3)(e11,€2)(€0,€1)

(e11,e8)(ep.e1)(e2,e7)(e3,66)(€4,€5)

(es.ep)(es.e7)(es.eqlleg.eq)(erp.e11)

(e7.e4)(eg.e11)(eg,e10)(ep.e1)(e2,€3)

(e11.e8)(ep.e3)(er.e2)(es.e5)(eq.€7)

(es.ep)(ese7)(es.eq)(es.er)(€9.e1p)

(e7.e4)(eg,e11)(e9.e10)(ep.e3)(€],€2)

(e11,e8)(ep.e3)(e.e2)(eq.e7)(es.€6)

(e3.ep)(es.e9)(es,e8)(eq.e7)(e10.€11)

(e7.e4)(eg.€1)(eg,epl(e0.e11)(€2.€3)

(e11,e8)(en.es)(er,eq)(ez.3)(e.e7)

4.6 BER 12895 ARBE
Rt > BFIR A v B Tivo: 2 FIBIIIEE | i | =d=12 * (0.0 » k=1, 3, 5, 7. 9,

==

11 = &Ek=1

KEEEE(0.2) (2,0) » RIRAER 1S AIRETE(0.2) HUE - DURGESR/SGRIES

BOE17E - FHEERO0,2) .0&H1x17M - Bl7E » 5Hangkt - BESRIETER

SURIEER 7T BIE T [EEAY (isomorphic) | fEAYEL ©

KL k=1 BAEKEWO,2) (2,0)

HfEH (repeated) ; FER -

k=1 * EEER0,2) (2,0) Al
(ep.e1)(€2.€3)(E4.€5)(€6,€7)(€8,89)(€10:€11) JELE
(eg.€1)(€2.€3)(e4.65)(€6,€7)(€8,€11)(€9,E10) Bl
(eg.e1)(e2.63)(eq.85)(e6.e11)(€7,10)(€8,€9) FilR
(eg.e1)(e2,e3)(e4.67)(€5.86)(e8,9)(€10.€11) FREED)
(e.e1)(e2,€3)(e4,e7)(e5,66)(€8,€11)(€9.€10) 558 1]
(ep.e1)(e2.e3)(e4,89)(es5.e8)(€6.7)(€10,11) st}




(eg.e1)(e2.e3)(€4,€11)(e5.86)(€7,810)(€8,€9) 747
(ep.e1)(€2.63)(e4.11)(€5.€8)(€6.67)(€9.€10) £i
(eg.e1)(e2.e3)(eq.e11)(es5.€10)(€6.€7)(€8:E9) i fl
(eg.e1)(e2.7)(€3,86)(€4.65)(eg.€9)(€10.€11) AR
(e.e1)(€2.67)(€3.86)(€4.85)(e8,€11)(€9,€10) Fefis
(eg.e1)(e2.e9)(e3,e8)(€4.65)(e6.67)(€10.€11) figi (D)
(eo.€1)(e2.611)(€3,6)(€4,€5)(€7.€10)(€8,€0) e fie JBLEE
(eg.e1)(e2.e11)(€3,8)(e4.85)(e6.87)(€0.€10) (1)
(ep.e1)(ep.eq1)(es.erp)(eq.es)(es.er)(es,eq) BRI
(ep.e1)(ea.e11)(es.erp)es.er)(es.eq)(es,eo) TR
(eo.e1)(e2.11)(€3,€10)(€4.69)(e5.3)(€6.€7) s

FN\ k=3 BEEBE0.4) (4.0)

k=3 » FIEHEE04) 4.0) il
(ep.e1)(€2.€3)(€4,65)(e6.e7)(eg.€9)(€10.€11) JEHI(R)
(eg.e1)(e,e3)(e4.€5)(e6,e7)(eg.L11)(€9.€10) TRHE(R)
(ep.e1)(e2.3)(e4.e5)(€6,€11)(€7.e10)(es.€9) HEER)
(eg-€1)(e2.3)(€4,€7)(e5,6)(e8,9)(€10.€11) FREE(I ~ R)
(ep.e1)(e2.63)(e4.€7)(es5.86)(€g,€11)(€9.810) FEJIR)
(ep.e1)(e2.63)(e4.€9)(es.€8)(€6.7)(€10.€11) ZRRR)
(eg.e)(e2.e3)(e4.e11)(€5.66)(€0.10)(€5,€9) (R)
(eg.e1)(e2,€3)(€4,€11)(e5.88)(e6.€7)(€9.€10) HR)
(ep.e1)(e2.e3)(e4.e11)(€5.€10)(E6,e7)(€8,€9) i fA(R)
(ep.e3)(e1.€2)(€4.65)(e6,e7)(€8,€9)(€10.€11) FREE(D
(ep.e3)(e1.e2)(e4.85)(e6.e7)(e8.€11)(€9.€10) 531
(eg.e3)(er.ea)(eq.e5)(€6.C11)(€7.€10)(€8.€9) TREED
(ep.e3)(e1.e2)(e4.67)(es.e6)(eg.€0)(€10.:€11) 5a 1)
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BEk=3 » KEE1L0.4) (4.0) * FRHER =FHERTC0.4) F2MH - DURGERAIFHIES
(.09 » KILEEE0.4)4.0) 8 H2x9ME - BISMH - FIHANR/ - HIFERNE - A
(eo.e3)(er.e2)(eq.e11) HIFEIAKERTE -
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(eg.e3)(e1.€2)(eq.67)(€5.66)(€8,€11)(€9,€10) VY
(eg.e3)(e1.€2)(e4.e9)(es,e8)(eq.7)(€10.€11) TRfits(1)
(eg.e3)(er ea)(eq.er1)(es.eq)(er.e10)(eg.Co) FEERE
(en.e3)(e1.€2)(eq.€11)(€5.68)(€6.67)(€0,810) E|Sry s
(eg.e3)(e).e2)(eq.e11)(€5.10)(€6.7)(e5.89) EIRr i

FEK=5 * KEE1E(0,6) (6,0) @ KIBIEFRIUSEIFRTE(0,6) B3 » DU IEFIUISEIRR
16,0083 - KIELERE0,6)(6.0)&H3x31# -+ Blof@ - ¥[Hanki

&/ k=5 + GEIBE0,6) (6,0)

EHER0,6) 6,0) Ay
(ep.e)(er.e3)(eq.e5)(€p.e7)(eg.0)E(0.€11) JE\HL(R)
(ep.e1)(e2,e3)(€4.85)(e6,67)(€8,€11)(€9.€10) TREE(R)
(eg.e1)(e2.e3)(e4.e5)(e6.e11)(€7.610)(€8.€9) HBRR)
(ep.e3)(e1,2)(eq.e5)(eq.67)(eg.9)(€10.€11) JREEA ~ R)
(ep.e3)(e1.€2)(€4,e5)(e6,67)(Eg,€11)(€9,810) Y531 R)
(ep.e3)(e1.e2)(e4,e5)(e6.e11)(€7.€10)(€g.€9) (I~ R
(eg.e5)(e1.e4)(€2.e3)(eq.7)(eg.o)(e1p.11) FElR(D)
(ep.es)er,eqdlep.esdleser)les.err)es.en) TRARD)
(ep.es)(er.eq)(eres3)leq.er)(er.e10)(eg.eq) Bt

R Ek=T » KIEFR(0,8) (8,0) » KIBHERFLIFHIREL(0,8) BHME » LI IER =155
158, O)EM RILERS1R(0,8) (8.0)ErH9x2ME » BI18{M - ¥HANFRA - HEFEEIYE
Hep.e7)(er.e6)Hl (eg,e11)(eo,e10)IITEIERIRIE -

K+ k=7 + SEBE©0.8) (8,0)

EERETE(0.8)(8,0) FER
(ep.e1)(en.e3)(eq.85)(e6,67)(€8,€0)(€10:€11) JELEE(R)
(ep.e1)(e2.e3)(e4,e7)(es.86)(eg,e0)(€ 0,61 1) Ferkq ~ R
(eg.e1)(en.e7)(e3.e6)(eq.e5)(eg,e9)(eq0.€11) HBR - R
(ep.e3)(er.e2)(es.e5)eq.e7)(eg.eo)(erp.e1q) I~ R)




i EAEEER 43 1

(ep.e3)(e).e2)(es.e7)(€s5.€6)(e8.L0)(€10.€11) 55111~ R)
(e.e5)(e1.eq)(€2.e3)(eq.e7)(€s.L9)(€10.€11) 7EHE(I ~ R)
(eg.e7)(e.e2)(€3.e6)(€4.85)(e8,9)(€10.€11) E(D
(eg.e7)(e1.e4)(e2.e3)(e5.e6)(e8.9)(e10,C11) (D)
(ep.e7)(e1.86)(€2.63)(€4.65)(e3,€9)(€10.€11) figi (1)
(ep.e1)(e2.e7)(e3.e6)(eq.e5)(eg.e11)(€9.€10) RE(R)
(ep.e1)(e2,e3)(es.e7)(es.e6)(eg.11)(€9.€10) 75 J1(R)
(eg.e3)(eg.er)(es.es)(eae11)(€7.€10)(e8,€9) e (R)
(ep.e3)(eq.e0)(es.65)(eq.e7)(e8.€11)(€9.€10) e )11~ R)
(ep.e3)(e1.e2)(e4.67)(es5.6)(e8,€11)(€9,€10) TS (R)
(ep.e5)(e1.e4)(e2.e3)(ep,e7)(€8,€11)(€9.€10) ¥~ R)
(ep.e7)(e.e2)(e3.66)(e4.e5)(e8.€11)(€9.€10) (D)
(ep.e7)(er.e4)(en.e3)(e5.66)(€8,11)(€9,€10) H
(ep.e7)(er.e6)(e2.3)(€4.€5)(€8,€11)(€9,€10) JErkEhE
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BEk=9 » KIKLE(0,10) (10,0) » FIRFERARAELLO,10) BI7ME - DURiER 17
HI1E(10,0)6 1+ RIHER£(0,10) (10,0)&H 17x 118 » BI174E - FIHanst— -

T +— k=9 ' BEMBIE,10) (10,0)

k=9 * B{EE(0,10) (0,0) FEg
(eg.e1)(e2.63)(e4.85)(es.e7)(e8.9)(€10.€11) FEHL(R)
(eg.e1)(e2.e3)(€4,7)(€5.86)(eg.€9)(€10:€11) REER)
(e.e1)(e2.63)(€4,€9)(es5.e8)(eg.e7)(€10-€11) ZHER)
(ep.e1)(e2.e7)(e3.6)(e4.€5)(e5.€9)(€10.€11) A1 R)
(eg.e1)(e2.9)(e3.e8)(e4.5)(e6.7)(€10:€11) i FE (I~ R)
(ep.e3)(e1.e2)(e4.e5)(eq.€7)(e8.€9)(€10.811) JREEd - R)
(ep.e3)(e1.2)(e4.e7)(es.€6)(€8,89)(€10:811) 75030~ R)
(ep.e3)(ep.e2)(es.e9)(es.eg)(ee.c7)(e10.€11) FreAH(I ~ R)
(ep.e5)(e1.e4)(er.e3)(es.e7)(eg.eo)(er0.e11) FEBRA ~ R)
(ep.e7)(e.e2)(€3.80)(e4.85)(e8,e0)(€[0.€11) 7Z(1~ R)
(eg.e7)(e.e4)(e2.e3)(e5.e6)(eg.c0)(€10.€11) AW~ R)
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(ep.e7)(e.e6)(er.e3)(eq,e5)(e8,€0)(€10.€11) i fa(1 ~ R)
(eo.Lo)(e1.e2)(e3.e8)(es.5)(e6.e7)(€10.€11) Z=10))
(eo.e9)(e.e4)(e2,3)(€s5.8)(€6,67)(€10.€11) A e R EEL
(ep-e9)(er.eg)(er.e3)(eq.es)(es.e7)(e10.611) TR
(ep.e9)(ey,eg)(ez,e3)(eq,e7)(es,e6)(erp.e11) s (D)
(e.e9)(ey.c5)(er,e7)(es.e6)(eq.e5)(€10.€11) Lialey)

REk=11 » RFsk+1=12 » B&8(eq, e1) (1,11) » BRIBTER 13 H(e).e0) =0 » KIHLESE
(e0, e11) (LINIRF HIERETE -

4.7 = AR N R R FH 1515

RRCERT FRMEE » BVEF17+1549+17+17=758 S - Bh L% » fpEEE
FIT17+643+5+5=36fH » X% EREFIM (isomorphic) BB 6+5+3+5+4=231F » B FI T
11+1+0+0+1=13{#FRAY - 35 R+ " 3fEREAYY) T UCHOSE | -

4.8 ZAIRIRANRTLERFh 1A

HAPE R 13EEENY T REE R luing tree) s - BIRVRATEERNIELE 5L
et ) SRRV ATRELMTE - DURGE B FRIEER - St B Emsagg AT, s
fEFTHAY "FE (valenceBldegree) ¥, - R R GEIE A ATEAEAES - HIMTE13
M sl - FHERRS A6 " UCRGEE | BAE - SRt BEEES ARIA T AR
B e Al TUCEGEE ) BEAs TR T ) SR AR TIE SRS - fERUA
AL B B EL A il A - (EUR T SRR T ) AR R -

F—HHUCAC R # By (eg.ei) o ANI=1 » BIEE —HHVCEDEE (eo.e ) AR EE M8 5
(eex) ° AR 2E—HHICALE® (eg.e1) » R (vo,vo) ZRIEEEEITE, - —(EEESER—
ILEdi&E (eo,er) » FMHET ST AHLB B - FrasEyeny "UCEGES | » s
FTREVICACE S ERLF - fani#1 » Hlj=1 » SR Ber.ex) - BV BLA - M
FIE (vovi) ZRIHERR  RIBIEAEV VA TE § BEELEY 1Y 538 —(E 2k, » #EviBd
BB (vo,vy) B4R T EATHE ) BUUEGE (viviel) » RISV L HEBvi+l o
%%E%:"@Eﬁ(qﬁk) » fEFi=180#1 > %:‘(fﬁi‘%%(ej,ek)%ﬁ(ez,ek)ﬁ (e1.ex) RRTEIE
D o HATREHELG Bk =F 2 RIRIR - REIEERICGE TS - BREAHERT
FEER o
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4.8.1. E\EBRRBIFEREIEIE (eo.e1)(e2.e3)(ea.e5)(es.7)(e8,0)(e10.211)

IEIRRL RIS M LUK P RS 8 = - §5k - H0-2-4-6-8-10/5F
TEEEL » H A AEE E60+180+60+180+60+180=720 » 745 11#720/60=12F% - H6fH
180° (3FE)EHTEL » £ 180x6=1080 - Bl6fH3#E - & - ATEB S 1+6=7 ; BRBLE
12x1+3x6=30 ; FERIFEFIET20+1080=1800 T - ATHSEIRB F k78130 -

B= : mEsEmaaiRE

4.8.2. MEEIERIZHIZIBITE (ep.e1)(en.e3)(eq.e5)(ep.e7)(eg.e11) (€9.10)
HIAERREIR TS » AP DI B - @EPY - 0-2-4-6-8 FL A JHALE, » HAE
5 B60+180+60+180+60=540 » 45 —1{5540/60=9%% - H5{@180° (3FL)EITE; » HG

180x5=900 » B[ISfE 3%k » LLK9-113L B AR E 180x2=360 » Bl—{E360/60=6%% + #EAIH
F1E55404900+360=1800 °

| RS IREY
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4.8.3. ZTIRBYFHIFIRIE (ep.e1)(e.e3)(eaeri)es.eq)(er.e10)(es.eo)

RIS BT LU B - 0@ A - 5-7-11 = A TEALEL - HAREE
EF180+180+180=540 » H—1f540/60=9%k - 0-2-4=MAELE - HAKH#HE R
60+180+60=300 * H—{#300/60=5%k - H4fE180° GHOEHTES - HAH180x4=720 » Bl4{E
3%k 0 DI 8-10LBLAY M AT 5 60+180=240 » Bl —1E240/60=4% » #8R A5
540+300+720+240=1800 °

Bh : Z3hEEEiRty

4.8.4. BEEEEIRIE (epei)(eaes)leser)(es.es) (es.e7) (eo.e10)

R AR BRI DU 3 I RGER - A0EN - 5-9- 11 = A THILEL - HARHE
HB5180+180+180=540 + H—1{l{540/60=9%% - 0-2-4=f4THI L - HAEHES R
60+180+60=300 » 5 —1{E300/60=5F% - H4{E180° (3Fk)EHHTEL » HAF180x4=720 - HI4H
3%k - DL B 6-8 3L EEAY ARk 180+60=240 » EI—1{E240/60=4%k » FEA A
540+300+720+240=1800 -

87 : GREREIRE
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4.8.5. ZLHE B EBIEEVEEIZIRIE (eo.e))(en.e11)(e3,e6)(es.e5)(e7.610)(€8,€9)

R IREEIR R - S AT LUK e B - 0 - 3-7-11 = A THILES - HARE
w85k 180+180+180=540 + H—{E540/60=9%% - H3fE#180° (3F)#EITEL » L
180x3=540 » BI3{E3%E » LLE0-2 » 4-6EH8- 10 ELAY FEFIT R (60+180)x3=720 + B3
240/60=4F% + AN 1R 540+540+720=1800 -

Bt : ZieREssEmEERE

4.8.6. BIEMEBRBIFHEEISE (eo.e9)(e1.e4)(e2.e3)(e5.68)(€6,7)(€10-€11)

HEEERRIR » TP LUK R - a0\ - 1-5-9=FaTAILE, - HAEHE
F5180+180+180=540 » 5 —{E540/60=9%% - 53 180° (3FR)EHHTEL » HH180x3=540 -
B31E180/60=3%% » LLE0-10 ~ 4-2B38-6 - BEHY A E (60+180)x3=720 + El3{[240/60=4
B+ HEA AT B 540+540+720=1800 °

B\ : BlemEEssEReaEE
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4.8.7. GERERIZEIEEETE (eo.e1)(e2.e3)(es.e5)(e6.e11)(€7.610)(€8.€9)

R IREHER R » IRAMTAT LUK P& H R R - 0B - 0-2-4-6/U A TEELE, - HAR
5 F60+180+60+180=480 » H —1{H480/60=8%k - H4{H180° (3T E; » 75
180x4=720 » B4E3%k » LLKe8-10827- 11 B AFI60+180)+ 180x2 =600 » 43 ik —{H
(60+180)/60=4F%E—1{[& 180x2/60=6F% - HEPIFEF1E480+720+600=1800 °

BN - DR EEEER

4.8.8. THRRRIFHIZIRE (ep.e1)(enr.e3)(eq.e9)(es.eg)es.c7)(e10.€11)

T HERE IR AR - TR T LUK 2 B - a0l - 0-2-4-10PY A THALEL - HmeE
#8755 F60+180+60+180=480 + 5 —1H480/60=8%k - F4MH180° (3RL)HMHTEL » St
180x4=720 - E[l4{j&180/60=3%% » Lk 6-8E5-9FL ELAY A A1(60+180)+ 180x2 =600 » 435I
By —1E(60+180)/60=4Fk B —{[ 180x2/60=6F% » H&X FAF1E480+720+600=1800 °

3 U

».1/'6 &1

H '/ X

e (] 1]

> o
Pt

B+ : ZChEEEEHEUREY
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4.8.9. ERRRIREIFEREISNTE (ep.e1)(e2.3)(es.e11)(e5.210)(€6.€7)(e8.29)

HIEFEEEIRE » TR LUK FFE H BN R - LI +— - 0-2-45d6-8- 10/ 1E = A TH:
Bh o LR A R 60+ 180+60=30081 180+60+180=420 * & —1H300/60=5F%Ed—{F
420/60=7F% - F4H180° (3FR)IEITES - £ 180x4=720 » HI4{E180/60=3F% » LLEz5-114
BEAY AR Ry 180x2=360 * 5 —1{E360/60=6F% - #&A FAF1E300+420+720+360=1800 °

B+— : RRitEREER

4.8.10. TUEBBERIFHIZEEE (en.e3)(er.e0)(es.e7)(es.e6)(eg.e11)(€9,e10)

IR IR FRMITLUR P S H AR - W@+ = - 0-4-8 = A JHILE, - HME
HEE Ry 60+60+60=180 + 5 —1#180/60=3F% - F31H180° (3FR)EHHTER, » HH180x3=540 -
BN3E3%E » 0 ERTEAY— 838k » #adtg 43Rk - DIF1-3 » 5-789-11 HEBER A RTE
180x2x3=1080 » & 3#360/60=6%% » #dA FAF1Es180+540+1080=1800 °

B+ : NEiSs R EEaIEE
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4.8.11. ISR DIRBIFEEEREIE (e.e1)(e2.e3)(e4.67)(es,e6)(e8.€11)(€0,€10)

RIREERAS - FRMTAT DMK P2 R - 200+ = - 0-2-4-8VYMATHALE, » HA
FE 5 F560+180+60+60=360 » 5 —1{f360/60=6Fk - H4{H180° (3Fk)MEHTE; » &L
180x4=720 » B4{E3%kL » LKz 5-78H9- 11 BEAY AF1F 180x2x2=720 » B[I2{[# 180x2x2/60=6
Bk - i ERTEE—Eefk - FaHE3EeRE o FEA AR 360+720+720=1800 -

\

B+= : I55% D35 EHEREE

4.8.12. RAGEBIFERERRIE (ep.e1)(e.e7)(e3.e6)(ea.e5)(eg.e11)(€9.€10)

P RRRE R RR IR - WAFTPI DMK == L Bh R - 0@ Py - 0-2-8 =M THLEL - HmE
HAE F560+180+60=300 » 5 —1#300/60=5Fk - A 3MH180° (3FL)HEHTEE - H45180x3=540 *
BI3M@E3%E » LAE3-7 ~ 4-6E8H9- 11 H BRI AR E 180x2+(60+180)+180x2=960 » 5 —1l
(60+180)/60=4F%EL 5 21 180x2/60=6F% » H&A FAF1E300+540+960=1800 °

BP0 : RATEEBEAIREY
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4.8.13. BSRBVEEEERRTE (eg.e1)(e2.e11)(e3.e10)(eq.€9)(€5.8)(€6.€7)

T ABRE AR IS - ST LUK MR - @A - 0-2 ~ 4-108E8-6 — ¥ m A JHAL
mE o HOE A A B (60+180)x3=720 * 15 ={#240/60=4%% - F2fE180° (3FL)ETE; - HH
180x2=360 » E124E180/60=3%k » LI K 5-7E23-11 3L BEAY A AT Ry 180x2x2=720 » B2
180x2/60=6% » &N FF1F720+360+720=1800 - = FEHEFEARL R, B A THH R B AL
*xEsREET— -

B+h : fedsEmeaiRil
K"+ SAREARROEAEHERAERK

e ULRES 5] 12|11{10(9 |8 |7 (6|5 |4 |3 [FAEBE
JE (eg.e1)(€r.e3)(es,e5)(es.e7)(eg.o)ern.er) [ 1[0 10 [0[0|O[O|O|O[6| 7 |30
TR (e0.e))(€re3)(eq.es)(eser)(eseo)ene) [0 [0 |0 |1 [0|0[1|0]|O0|5]| 7 |30
Jis (eo.e)enea)eses)eser)eselene) [0 (0|01 |ojoloft|1]{4]| 7|30
i (e0.€1)(ene3)(e0,e5)(Caen)(eseo)erer) |00 [0 [1|ojo]o|1|1]|4] 7 |30
TEREREE | (ep.ei)(enes)(es.es)(eser)es.eo)ejne) |00 [0 |1 ]0O[0[0f0[3]3 | 7|30
GHERE | (ep.€))(exe3)(es.e5)(es.e7)(es.eo)ejey) (0|0 |0 [1]0]0]0]|0 ]33] 7 |30
R (ep.e1)(e2.e3)(e4.65)(Es.67)(eg.L0)eper) |00 O[O [1|O|L|O|[1|4]| 7 |30
asti; (epse1)(e2.e3)(eq,e5)(eq.e7)(es.o)erpery) [0 [0 (O[O |1 |O[1|O|1]|4]| 7 |30
i £ (ep.e1)(ex.e3)(eg.es)(eser)leg.codlerp.ey)) [0 |0 |0 OO [T [ |1 [O|4| 7 |30
PUFERE | (enei)(enes)ieses)eser)(es.eep.er) |0 [0 [0 [0 [0 [0 [3|0|0 |4 7 |30
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HEST | (eo.er)exes)(eses)eser)es.eodegen) |00 (010 |0|o]|3]o]o]4] 7|30
refies (eg.e1)(en,e3)(eq,es)eg.en)(eseodener) |0 fo|o|ololol|2]|1]1|3]| 7 |30
fits (ep.e1)(er,e3)(e4,85)(es87)(Es,80)(E10:61) |0 |0 [0 |o|o|o|2]0{3]|2]| 7 |30

5. ujuﬁﬂﬁ CIDHB

AP LARE FRLLRVE RS = (B e Ty 28 — BB 28 = 5 b LR - #E BN HEIRYE
TR RELYIFR ZGERAYHET - MRS = AR - TR 1 3E = A
ZHWE - EEEE - BEARIR = AmZ T - (HEEE PRI AE K = EHE$
HOSE—IRELSE =6 - Frpl @ Hrh VU ~ 155007 ~ FRM B S4B AL 0y 748 fa THRY R
Horigitefd - #alEhaR - & PRIV AT E A G- B HE fy TEAY A ST AR
2 1 EfTERERRLIARE I =B IR = A2 meE - TBffERT+—
A+ SEAEBIEYE - KR KRR R R o (HF 3002 - SR A B 2T -
HEREBAT 30

i I 3R » 220 161 = A %8 (16-iamond ) FEFEE LAY 16 HITEM = FAEI%
[Hi#&(nonconvex 16-deltahedra) i3 26EERIch » J S AU B AR AY FEFRTE 1 DRR B P 263
FRA9FF51(0,0,0,1,0,0,0,1,1,4)F8[E] = Hoft = $HERY » 40177 g B\ B B A e e B A AU FE 1|
(0,0,0,1,0,0,0,0,3,3) ~ ZEBRERASBREEAIAYF51(0,0,0,0,1,0,1,0,1,4) LUKz PYTHI & B 175 75 JJfsi AU
1F#%1(0,0,0,0,0,0,3,0,0.4) -«

[EIFEZRI(isomorphic)f&EY » H6+5+3+5+4= 23fF « FEE ~ g - 455 E e Y
IESIEEIZEREEL  HFEFRREREEMRSOEENE - BEREEGL
BB R - BRI E 2 HEEF0 - Rk R R EB RS B SR RE
ERE TR SR - T RT3 EREIZ ARSI - AR = = AIRERE R -

&*”+= ZBERAERRR

FEHY HARTIVURL S [EEA LSRN R )
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Folding Polyiamonds to Nonconvex Deltahedra

Keh-Ming Lu, Chi-Feng Chen and Wen-Tsang Chang

Abstract

Napoleon paper building blocks were comprised of Bowtie,
Teardrop, Wing, Bar, Boat, Star, Chevron, and Carp basic models as
well as derivative models. Having attached the modules built by 24
units of the same models of building, we developed cage-like models.
We need find the answers for the questions: whether there exist any
more basic models? Whether the derivative models are topological
copies of basic models? Should they be counted as basic models? To
respond these issues, Cauchy and Alexandrov answered the existence
and uniqueness of polytopes. We will then extend these theorems from
the ploytopes to the nonconvex 16-deltahedra. Applying dynamic
programming, we will find 13 basic models and these basic models are

deduced into other derivative models.

Before exploring the number of the nonconvex 16-deltahedra, we
will introduce the theorems of polytopes and discuss the extension
issues of folding polyiamonds to the nonconvex deltahedra. We then
resolve the problems by using dynamic programming folding 16-
iamond to 16-deltahedron. We will perform the further studies on
folding the 32-iamond to the Napoleon paper building blocks.

Key Words : Folding, Polyiamonds, Nonconvex Deltahedra, Polytope,
Unfolding, Cauchy's Rigidity Theorem , Alexandrov's
Uniqueness  Theorem, Dynamic Programming,

Homeomorphic, Gluing tree



