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Comparison on the digital gene expression data
analyzing methods
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Abstract

Modern molecular biology techniques present major challenges
for the statistical methods that are used for digital gene expression
(DGE) data in which the abundance is observed as a count. Therefore,
the methods which are successful for microarray data are not directly
applicable to DGE data. In this study, two sets of DGE data were applied
to compare the manipulation of edgeR algorithm with two other methods,
Z-test and weighted deviation (Wd).
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. UCRO1 : {£%E | VU452 (anther, tetrad stage)

. UCRO2 : {E%E | Z=yg L/l (anther, early vacuolated stage)
. UCRO3 : {tZ& , Z=3{ulii i (anther, late vacuolated stage)
. UCRO4 : {EZE | 50248 (anther, mitosis stage)
UCROS : {E%E , fEF Y #H (anther, mature pollen stage)
UCRO6 : {EF7 (pollen)

UCRO7 : [RZARYIE (mature embryo)

UCROS : ApkENyEERI (immature grain)

£
@

® N AW~

£ MPSS ZR 2 (R ) AHHERE R ik 100,000 {54 [F]EYFF5 RS - 8 3
FEIKEAEA R 1 800,000 {E-AN[FHI Py 5 IARER - K8 GE FrrYleAE B H EE 300,000,000 {F -

£~ MPSS ZHI i

AR E SRR T RS EFREEE" A RARKEC
UCROI 1,774,208 182,491 1-88,239
UCRO02 1,723,866 194,009 1-87,870
UCRO3 1,598,479 145,672 1-56,458
UCR04 1,150,116 125,415 1-38,094
UCRO5 1,128,456 117,430 1-51,468
UCRO6 3,802,071 156,637 1-84,190
UCRO7 3,340,211 194,904 1-107,510
UCROS 1,196,602 145,471 1-71,998

Total 15,714,009 841,355 1-107,510
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in R)(Robinson et al., 2010) B2 53 /NRIHE EL AL 5347k Z-test Bl Wd iEAE B R iz R[] -

— ~ 7k¥& SAGE &¥§}
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MPSS fili FHFY anchoring enzyme }% Sau3Al YJEE{7 B & GATC (Reinartz et al., 2002)
tagging enzyme Fy Mmel - FF3 IR BTy 20 {iigg st - 8 {li] MPSS BEKF4rHlE :
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sequencing, ligation-based sequencing) » f2ft " ZF P VIEREE - — e Fe S P H K
FEARY S (Mardis, 2008) - HATEASH BRI S HHEH SAGE ~ MPSS k¢ NGS £fii
(Bainbridge et al., 2006; Cheung et al., 2006; Nobuta et al., 2007; Weber et al., 2007; Torres
et al., 2008; Hashimoto et al., 2009) ; H 1 Hashimoto fiT 2 FAYMT5E - #5455 T NGS L4
Kz SAGE ¥t 55 Rat ik (HT-29) i3 BL RIS BIRY 53047 - {H#KAY SAGE KKIEA T
70,000 {li tags » MG 7 NGS fUEHiTHIE 7 20,000,000 (20 million) {li =3 AREE A
7% 14,000 {l&1E B —HHB -h T RBIAY LR SNV E BB E#E0Y SAGE » USRS T2
=#9A 1,000 £% (Hashimoto et al., 2009) -

SAGE Bt /2 =3l RAYE T - (B8 HEEL - SAGE A~ 5 FE R 7R 0 S AR L A7 3l
Yy o JERRRURTRE AT LAFHS MicroSAGE (Datson et al., 1999) ARfiEREFRAYERES - AHERL
JF2k SAGE WY /51 » Frite ERYERSn & KA 500-5,000 £5 5 534b 0 14-base HY A IER SRS
T AR AER P A R (Matsumura et al., 2008) » $FEREREAVME » 1245 21 bases
(Long SAGE) Kz 26 bases (Super SAGE) #Y £ 0] LU F (Wahl et al., 2005; Matsumura et
al., 2008) » ¥IN 7PV RS » W] DISE S AR LS R — 1 -

AR B BRI T 0 - BRAME i E A AR YA A B AR Y M A 2 R B R
AT o KA B AT R Bk g n] DL A (Velculescu et al., 1997; Lash et al., 2000;
Margulies and Innis, 2000; van Kampen et al., 2000) ; |fij F 8¢ bb i 556 [K] J o2 [B1 05 75 5 »
Firfl FHRUAER o it - KB 3 fd R E AV B4k 8 - ©.% Monte Carlo simulation
(Velculescu et al., 1997) ~ Bayesian statistical analysis (Chen et al., 1998; Lash et al., 2000) ~
Z-test statistics (Kal et al., 1999) ; fELbiE 7 ANEIFVERAF 2 % - nRES B EH BT
A RRBRAVER - By 7 E EEREST » 2 T ARE i A S ARG A R AN &
Kl - 5 R RR IR R - $HA B8R H A 2= SRR AR -

MHEREE

SAGE J¢ MPSS RUERHEFZ KB R EF& @ ST HE AR YIRS B KB BERGET
BEH - PR E - A DUCRAERYER - 5 AR SR R A [ Y R
' e R R R R AN ] -

AMFSEF 7k F5 SAGE(Su et al., 2005) 5z MPSS(Huang et al., 2009) 2 EFEEFR} - [b
i HaijE H S DGE & 3472 edgeR (Empirical analysis of digital gene expression data
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[+ - ERVEHEE (Nadon and Shoemaker, 2002) ; HAfE S E 8 8% A (transcripts) Fe3H
/R 50 (8 AR EEDUEM] 5 A — B K S AR AN 2 [E T RE S AR T B — PR AR
(cross-hybridization) ; 15 £E[ERE¥T i SAGE KT BUAHBEEA - 2 FrlLISE 2 RS L
fREE (Matsumura et al., 2008) -

FIR 514820 (expressed sequence tags, ESTs)(Adams et al., 1991) th2 LI & < JFE
Ty Berlg » AR Ry ¢ 186 BUBRAY I EGRA A 72 B mRNA > B8R cDNA >
11525 cDNA [ ##E (vector) » A% cDNA EL[X]JH (library) » FE{EFEK]EE P e B bk 38
HUE R EZ - EFF# 300-500 bp Y cDNA » FLERRAYFZ IR S (A RF T uiisR A
fE7KREH » AHEERY cDNA 2347 (EST analysis) FpEE 4= AY /K FS EST EHHEAETE 1994
TR (Sasaki et al., 1994) ; KHIUER) EST (&5 - SRR SATEG 7 (E - FIH
AP EFTRIELA] ~ GE I ESRIEGE ~ FERRARASIE (coding regions) YR E - E3E EST Hefiifk
T X A% (HEFRTRAVE P AHREE ] - 1R v HE IS B I il e 14 41 18 2 R I A [ [
(Anisimov, 2008) °

1995 4 Velculescu 55 A FlT 3% J& H (Y serial analysis of gene expression (SAGE) » 7k
RUREL AR By B2 FBRTE (Velculescu et al., 1995) » FEZK | SAGE £l n] LAARZ1E
EST ket » 2R T 7 I RIE 8% - — K SAGE Frn] DI E s Ariy i
FRABE - KATE EST 19 40 £ (Adams, 1996) 5 BEZE Bl A BTAHYC R ELES - 78 2003
F Invitrogen FTHHZE HAVEEELSHA -SAGETM » B8 RESIE 4= 24 100,000 {7
FIfELE L A9 RERIE © [fI7E 2000 4 Brenner %52 A Fp#§ /86 H! /Y massively parallel signature
sequencing (MPSS) » i B K £ [- Bl SAGE #i{0L » [KIWEER ELE Fr S iy A » 1%
MPSS 3 DATE [Rl— [ (R e 5 IAR 4 - WF9C 5 B AE T M A IR ] Bl A - 15358
AR/ N B PP H AR & K} (Reinartz et al., 2002) - SAGE B MPSS $i9%FE: : (—)
B Es i BRI A 20 2 R A B AR 4 1A IR - B 5w L 14-bp REMI PV - nJLUEF H 4
(268,435.456) flfeE Bl ( —MeHRAYFEERT 30,000-40,000 f# ~ AHRYELEY 70,000-
140,000 & ) » /[N Bt DNA F510REES - CLASHES /L SR 4RE R AR AP R BV AR -
( =) /D BRI PSR ] LA A R AR » — 4 E Fr Jedt 5 mRNA AYRBI R » B
HGERRRY tags WATE L HLHTERHRPINRI L B R AR BT » vl HIR AR
FA (Hegedus et al., 2009) » DUE PR ER SRR ZIE - BEEFTHEE 1Y
Bfifb (digital) Ktk - (15 FIREE 0] DLE B EEE (Velculescu et al., 2000) » [
SAGE Jz MPSS £t e 4= ny R R e B S B B A L R R R & #} (DGE data) -

e & KA ACTE Fr B2l (next generation sequencing, NGS) » FlF A Al FAEHEHY 515
B (Emulsion PCR, Bridge amplification) L) 52 5 £ 55l (pyrosequencing, polymerase-based
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Bl S
R A LI > BRI R BRI 72 B — U W oe & tHE A BBV - KRB
INFEREEDR - PR AP UG DLEH A A AL AL EAR - Sl TR AL SR B T S 2 B oy

BT SERRAYECER - KD akiR D e B R Er A - {8 [ bl messenger RNA
(mRNA) 2453 #7 BRI IR AYEATA * b /798#2 (northern blots) ~mRNA Bif#i# % (mRNA
dot blots) ~ Kbl gk 5 5 $H 88 K JE (reverse transcriptase-polymerase chain reaction, RT-
PCR) » HiFIEHEMZIRFAERET (probes) HURRXA(S B - — X EEs{ERE AT D BERYELA]
RT-PCR HIHAIEFF S Bk aL Y - 3R th@r ik ~ M B2 R AR A E G |
¥} (primer pairs) (Y528 (Adams, 1996) » {E LERRR{ERE A L RV RE A SR B 72 52 - th
a] LU FH 72 SR B T B ffi (differential display)(Liang and Pardee, 1992) » {H 5 fig i 95 5 %
% o BRI - 05 38 Tk R AN HEE -

ALK BRI AT MERRYBEEK - e 2 ANENFEFER 2 - B A
Z EER (Wahl et al., 2005) » f1 & FL[KAYFEAE (Stein, 2001) LUK AR A 28 (RIS 8 5307
(Kanehisa and Bork, 2003) » $ ¥ A SRR AT Z8 R S B B, - [(KRIRET 2 Bl
L R R BILE T - AN ¢ AERAEACIA (subtractive hybridization) ~ 72 SLEEE ~ BT
UYL SR T 5 BEE 2 HE (competitive RT-PCR) FI#F4 %1 (microarray) $3% 7l LL Bg A B s 2
HFYIHEED (expressed sequence tags, ESTS) 5E Bl 44T

£ e Y BRI R BAHR 43 AT iiT .z b AHIRCHE A B 2 BB R Bl 2 DU & 8
B e Ry LR - b T AT AR A U E A 1 SR E R {R RS R (false positive rate) SEERES
(Bureau et al., 1990; Liang and Pardee, 1992) ; &80 R ERE%E - R S EIHHOEREE
#2717 (suppressive subtraction hybridization, SSH)(Diatchenko et al., 1996) Kz & 7= 8L 547
% (representational difference analysis, RDA)(Lisitsyn and Wigler, 1993) » {f F Y 7] 5¢
M bomE FREGAGE » (HIH T Bl Bl AL R R S B S - I DI G Bl gH s
R LR » AT DU i i e Ry EE R SE R RREG 2 - VE R 8 9 TH IR FIRE RS
i EHEmS | SRS LSRG AEY -

TAF L 0T 7 LARHE 5 S R R BEiE » Bl BT B - 172 2001 SRR A8 W] LIBER
B BERTRHAYARAR (Truckenmiller et al., 2001) » FFZAHRANY SCRAERE SAGE FUFHYHL
flrsEse i bz - FEEMETI &Y » cDNA microarray Bl SAGE HYHirta 7 2R 1 F— 1
iy Science H (Schena et al., 1995; Velculescu et al., 1995) 5 fH# 2T » FAPHEF 5 iyt
N TREE MBI Y TR R SN E G DS SRR B - BRI
FERMRL ~ AEIIZE S 8 R S =R E R - KRR R aYaR 2 B8 A fHERR
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BALERARRBBED NG AR

RIEE EHHD
RAEHIB AR L ARER

W =

T VPR BT GEE R - SIS AN TR R -
BUE P Ry R R B LRI (DGE) BORL R P2 R - 04T A
BRI TR R ARS8 04T S5k - ASCRIFE 7K SAGE K
MPSS < EERERL - LLf H i Y DGE B 34T edgeR R
i 534N B S AT Z-test Bl Wd YR ETREEEE B -

FREERE : BUOILIEIN I ~ BRI RBURIN AT ~ REBEATE 9%
HIFF ~ edgeR -
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#Y Mycielskian BY S5 IE IR &

A R

wm =

fEiER X ES » KNG EI A E - 5655 30 E - PE1S A RERY
Mycielskian FYSEFRES 1R EY -

BRI s &M@ ~ 552 S0 ~ BRIE - B ~ Mycielskian ~ SERRESACHL -
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Theorem 4.5 For a cycle Cp,

3 If n=3,
ipuC)) =4 [+ D)/(n/2]+1)] if 4sn=7,
n/2] if n=8.

The theorems in this paper show that the lower bound in Lemma 1.1 is tight. We
therefore propose the following conjecture.

Conjecture 4.6 Suppose that G is a connected graph and let ¢(A) = max{|V(P) N
Al:P is a maximal isometric path of the graph pu(G) = (V(u(G)), E(u(G))}
for a subset A of V(u(G)). Then

ip(u(G)) = Agrlp(ggs))[lfll/cm)l-

Acknowledgement The author thanks to an anonymous referee for his/her suggestions which

contributed to improve the presentation of this paper.
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On the other hand, we construct the following isometric path covers for u(B,)
with 3 <n <4 and u(C,) with 4<n<7, respectively.

C(u(P3)) = {v1v'yv,, v'1v,v'3,u};

Cu(Py)) = {vlv'2v3,vzv’3v4,v’1uv'4} = C(u(Cy))s

C(u(Cs)) = {v1V' 213, v,V 30y, V4 s, v'uv'sh

C(u(Ce)) = {v1v'v30'y, vV 3040, vsV'g, UV’ 1 V6 };

Cu(C7)) = {viv'pvavy, Uzv’3v4v’5,v'luv’évs,v'7v6v7};

Therefore, ip(u(P,)) <3 for 3 <n < 4,and ip(u(Cy)) < [(2n + 1/(n/2] +
D] for 4<n<7.

Lemma 4.3 ip(u(R,)) = [n/2] for n =25 and ip(u(Cp)) = [n/2] for n = 8.

Proof. Since u is adjacent to every x' € V'(P,) (respectively, V'(C,)), every maximal
isometric path has at most two vertices in V'(B,) (respectively, V'(C,)). Together with
[V'(P)| =n=|V'(C,)| and by Lemma I.1, ip(u(B,)) = [n/2] and ip(u(Cy)) =
[n/2].

On the other hand, we use induction on n to prove that ip(u(P,)) < [n/2] for
n=5 and ip(u(Cy)) < [n/2] for n=8. Let C; = {v,V,v3V 4 Vs, Vv 30,V s U6} .
When 5<n <10 for u(P,) and 8 <n <10 for u(C,), the following isometric path
covers prove the assertion:

C(u(Ps)) = {v1V' 20304 v5, vV"30,, V' uv's};

Cu(Pe)) = CL U {v'yuv's}; C(u(Py)) = C; U {v'uv's, vvs ks

C(u(Pg)) = Cy U {v' uv’;vg,v'sv;v's);

C(u(Cg)) = {v1V'uv’svs, Vo' 30,V g, V3V yuv'gy, v/ vgv'5 ).

C(u(Py)) = C(u(Ps)) U {v7v'gve, v';v50'9} = C(u(Co));

C(u(P10)) = C(u(Ps)) U {v7'gv9v" 14, V7 01'9110} = C(1(C10));

Suppose that n = 11 and the assertion holds for n’ < n. Let n’ = n — 6. Then
by the induction hypothesis, ip(u(P,—¢)) < [(n — 6)/2]. Since we can cover the vertex
set of u(h,) (respectively, u(C,)) with the vertex sets of two distance invariant induced
subgraphs  4(Py_g) and u(Ps) , ip(k(R)) < [(n — 6)/2] + [6/2] = [n/2] and
ip(u(Cy)) < [(n—6)/2] + [6/2] = [n/2]. Hence this theorem holds. [

According to Lemmas 4.2-4.3, we have the following theorems.

Theorem 4.4 For a path B,,
2 if n=1,2
ip(u(P,)) =+3 if 3sn<4,
[n/2] if n=5.
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Lemma 3.7 Suppose that 1 < n; < ny < - <. If 3n, > 2n, then ip(u(G)) = n,.

Proof. By Lemma 3.2, ip(u(G)) = n,. On the other hand, we use induction on n —n,
to prove that ip(u(G)) < n,. When n—n, =1, we have r = 2 and u(G) = p(K1z,)-
Since n; = 1 and 3n, > 2n, n, > 2n, = 2. Thus, by Lemma 3.4, ip(u(Kyn,)) < n,.

Suppose that n—mn, =2 and the claim holds for n'—n', <n-—n,.. As
n—n, =2 n, =2 for r=2. Since n—n, =2 and 3n, >2n, we have n, —2 >
n—n,+n—-n,—2=n-n, =n,_, >0. Thus, by Lemma 3.5, ipu(G)) <
all 1<i<r—1 and "”"=n-3. Thus n'—n', =n-n.—1<n-—n, Since
3n, > 2n, 3n', =3(n, —2) >2n— 6 = 2n'. Hence, by the induction hypothesis,
ip(u(6)) < ip(u(GN) +2<n, —2+2=n,.

According to Lemmas 3.6-3.7, we have the following theorem.
Theorem 3.8 For a complete r-partite graph Ky o, n, with v 22, 1<n; Sn; =
e En,and n=ny +ny + o+ Ny,
, _ ([2Zn+1)/3] if 3n,<2n,
PRy ) = e

4. Paths and cycles

This section establishes the isometric path numbers of u(P,) and u(C,). Recall that a
path P, is the graph with vertex set {v;:1 < i < n} and edge set {v;v;4:1=i<n—
1}. A cycle C, is the graph with vertex set {v;:1 <i <n} and edge set {v;v;4;:1 <
i<n-1}V{v,v}.

Lemma 4.1 I[fa graph G is a path P, or a cycle Cy, then
2 if G=P,,P;C3,C4 or Cs,
diam(u(G)) =43 if G=P,Cs or C;
4  otherwise.

Proof. Since diam(P,) =n—1 and diam(C,) = [n/2], by Theorem 1.3 this lemma
holds. =

Lemma 4.2 ip(u(Py)) = 2, ip(u(Pz)) = 2. ip(u(C3)) = 3. ip(u(FK)) = 3 for
3<n <4 and ip(u(Cy) = [(2n+ 1)/(In/2) + 1)] for 4<n <7

Proof. By Theorem 2.3, ip(u(Py)) =2, ip(u(P,)) =2 and ip(u(C3)) =3. By
Corollary 1.2 and Lemma 4.1, we have ip(u(B)) = [2n+1)/(n—1+ 1] =2+
[1/n] implies that ip (u(P,)) =3 for every 3<n<4 and ip(u(C,)) =[(2n+
1/(n/2]+1)] for 4<n<7.
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Proof. Let V(G) be the disjoint union of V(Kn,,.np_,~1n,-2) and
{arfl,nr,,r Ay np—1 ar,n,-} for ar_1n,_, € Ar_1, and Ar -1 Qrn, € Ar.
If C is an isometric path cover of U(Kyn, n._.—1n,-2) with [C] = ip(H(Ky,,.n,_,-1n,-2)), then

CuU {a’rtnr_lar_llm__la’,.,nr,ar,nr_la’r_llﬂr_larlnr} is an isometric path cover of u(G).
Hence, ip(u(G)) < ip(H(Knl ..... nr_1w1,nr—2)) +2. u

Lemma 3.6 Suppose that 1 < ny < ny < - < n,. If 3n, < 2n, then ip(u(G)) =
[(2n + 1)/3].

Proof. By Lemma 3.2, ip(u(G)) = [(2n + 1)/3]. On the other hand, we use induction
on n to prove that ip(u(G)) <[(Zn+1)/3]. When n <4, by the assumption
3n, < 2n, Lemma 3.4, u(K;,1) = u(Kz), u(Ky111) = 1(K,), isometric path covers

_ ! r ’ ’
C (#(Kz,z)) == {a 1,1UA 12,0 21011 Q 2,2;a2,1a1,2a2,2}: and
e (u(KLLZ)) = {a’lllua’zil,a’3,2a1,1a3‘2,a’3,1a2’1a3,1}, the claim holds for G €

{H(Kl,ﬂ:.U(KLZ):H(K1,1,1):H(K2,2):#(K1,1,2)1H(K1,1,1,1)}-

Suppose that n = 5 and the claim holds for n’ < n. Note that if r = 2, then
ng =2 and n, =3 because n=5 and 3n, <2n. For r >3, if n, =1, then
u(G) = u(Ky) and by Theorem 2.3, the claim holds. Thus, we only consider n, = 2 for
r=3. By Lemma 33, Iplel0)) < P, g o=ima )} 2. Let
G' = Kn,, n,_,-1n,—2- Then n' =n —3 implies that n’ < n. In order to show that the
graph G' satisfies the induction hypothesis, we shall prove that 3n’, < 2n’ according to
the following cases.

Case 1: n,. =2 n,_; + 2.

In this case, n, —2=n,_; = n; forall i 22 and so n’, = n, — 2. Therefore,
3n, =3(n, —2)<2(n-3) =2n

Case2: n,. <n,_,+1, n,_y =4,and r = 2.

In this case, n, <n;—1 and ""=n—-3=n;+n, —3>2n, —3. Then
3n, <3n;, —3<4n, —7<4n, -6 < 2n'.

Cased: mp <1y, +1, np_y = 4,and r = 3.

In this case, ', <n,_, and ""=n-3=2n, +n_; +1-3>2n,_, —2.
Then 3n', <3n,_, <4n,_, — 4 < 2n’.

Case4: n, <n,_; +1,and n,_; < 3. There are three subcases.

Subcase 4.1. n = 8.

In this subcase, n, <n,_; <3 and " =n—-3>8-3=5. Then 3n/, <
9<10<2n.

Subcase 42. 6 <n<7.

In this subcase, 3n, < 2n < 14 implies that n, <4. As n< 7, n,_; <3 and
Ny £2.Thus, n', <2 and " =n—-3=6—-3=3.Then 3n', <6 < 2n’.

Subcase 4.3. n = 5.

In this subcase, 3n, < 2n = 10 implies that n, <3. As n =5, n,_; < 2 and
My <1.Thus, n’, =1 and n’=5—3 =2.Then 3n', =3 < 4 =2n'

Hence, by the induction hypothesis, we have

ip(u(G)) s ip(u(GN) +2 < [(2n"+1)/31+ 2 = [(2n + 1)/3]. =
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3. Complete ¥ -partite graphs

The purpose of this section is to determine exact values of the isometric path numbers of
Mycielskians of all complete r-partite graphs. Suppose that G is the complete r-partite

.....

partite sets A; = {a;1,Q;3,-.,Qip,} forall 1<i<r.

Lemma 3.1 diam(u(G)) = 2.

Proof. By Theorem 1.3 and diam(G) < 2, this lemma holds. =
Lemma 3.2 ip(u(G)) = maxy<;i<-{[(2n + 1)/3],n;}.

Proof. By Lemma 3.1, every maximal isometric path has at most two vertices in A'; U 4;
forall 1<i<r. And |A"; U A;| = 2n;, so by Lemma 1.1, ip(u(G)) = [2n;/2 = n;]
forall 1 <i{ <r. By Lemma 3.1 and Corollary 1.2, ip(u(G)) = [(2n + 1)/3]. Hence,
this lemma holds. =

Lemma 3.3 ip(p(Kyp,)) < ip(u(Kyn,-2)) + 2 for np, = 3.

Proof. Let V(Ky5,) be the disjoint union of V(K;,-2) and {a;,,-1,a25,}

If C is an isometric path cover of u(Kj,,-2) with |C] = ip (u(Kin,-2)),then
CU{a'2n,-101,1Q"2.0,, A2, -1@'1,1@2,,} s an isometric path cover of u(Kj ,,). Hence,
ip(u(Kn,)) < iD(U(Kymy—2)) + 2. =

Lemma 3.4 For a complete bipartite graph K, ,,,
. ny +1 Lf Ny = 1,2,
<
lp(nu(‘l(l,nz)) == {nz if n,=3.

Proof. Since u(K, ;) = u(K,), by Theorem 2.3, ip(u(Ky1)) = 2. For n, = 2, we have
the isometric path cover C (,u(l(l,z)) = {azlla'maz,z,a'2J1a1,1a’242,u}. Therefore,
ip(u(Ky2)) < 3.

For n, = 3, we use induction on n, to prove that ip(u(Kjp,)) < n,. When
n = 3,4, let isometric path covers C(u(K;3)) = {a';1a,1a51,05,a'1 1023, 0" ua’s s}

and ¢ (M(Kl,ct)) = {a’z,1a1,1a’2,2’a2,1a'1,1a2,2»02,3a1,1a2,4-a’z,suarz,d,}- Thus,
ip(U(Kyn,)) < ny for ny = 3,4,

Suppose n, = 5 and the claim holds for n', < n,. Let n'y, = n, — 2. Then by
Lemma 3.3 and the induction hypothesis, we have ip(u(Ky,,)) < ip(u(Kip,—2)) +2 <
n, — 2 + 2 = n,. Hence, this lemma holds. m

Lemma 3.5 Suppose that v = 3 with n. =2 2 or vr =2 with 2 <n, <n,. Then
ip(u(6)) < ip(uKn,,.n,_y-1,n,-2)) + 2.
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2. Complete graphs

Recall that a complete graph K, is the graph with vertex set {v;:1 < i < v,} and edge
set {v;v;:1 < i <j<mn} In order to determine exact values of isometric path numbers
of Mycielskians of complete graphs u(K,), we remove an isometric path of 3 vertices
from p(K,). So we shall give exact values of isometric path number for the remaining
graph. Therefore, we define a graph uy(K,) = u(Kn+1)\{vne1} with vertex set
V(pu(K)) U{v' 41} and edge set is E(u(Kp)) U {v equ} U {v;v'41:1 < i< n}, and
shall give exact values of isometric path numbers of p; (K,).

Lemma 2.1 diam(u(K,)) = 2 and diam(u,(K,)) =2 for n = 2.
Proof. By Theorem 1.3, diam(K,,) = 1, and the definition of pu;(K,,), this lemma holds.m
Theorem 2.2 ip(u(Ky)) =1 and ip(u(Kp)) = [(2n + 2)/3] for n = 2.

Proof. Since p;(Ky) is a path Py, ip(u1(Ky)) = 1. By Corollary 1.2 and Lemma 2.1,
we have ip(uq(Ky)) = [(2n+ 2)/3] for n = 2.

On the other hand, we shall construct isometric path covers C(u,(K,)) for
n = 2 inductively as follows. When n = 2,3, let C(u;(K3)) = {vjuv's, v',v,v,} and
C(u1(K3)) = (v uv'y, vy v'4, v'3v,03}.

Suppose that n =4 and we have constructed the isometric path cover
C(uy(K,—2)). Then we construct the isometric path cover C(u4(K,,)) as follows.

C(u1(Kn)) = C(u1 (Kn-2)) U {v'n0p1V'n41, v} for n =3k +1 with k =2 1;

C(.ul(Kn)) = C(MI(KHMZ))\{VH~4UIH~1} U {v.'nvnwlvnﬂv’n+1vn—4v’n—1} for
n=3k+2 with k = 1;

e(ﬂl(Kn)) == C(ﬂl(Kn—Z))\{vn—Z} u {v,nvn—lvn: vn—zv’n+1} for n=3k+3
with k& = 1.

Thus, we have ip(us (Ky) < 1C(us (Kn))| = [(2(n — 2) + 2)/3] + 2 = [(2n +
4)/31=[(2n+ 2)/3] for n =3k +1 with k=1, and ip(u,(Ky)) < |C(11(K))| =
[(2n=2)+2)/31-142=[Cn+1)/3]=[2n+2)/3] for n=3k+2 and
n=3k+3 with k = 1. =

Theorem 2.3 ip(u(Ky)) = 2 and ip(u(K,;))) = [2n+1)/3] for n = 2.

Proof. Since u(K;) is the disjoint union of K, and K, ip(u(K;)) = 2. By Corollary
1.2 and Lemma 2.1, we have ip(u(K,)) = [(2n + 1)/3] for n = 2. On the other hand,
when n = 2,3, let C(u(K3)) = {vyu,v'ovv,} and C(u(K3)) = {v,uv's, v, vsvvs}.
Then the assertion hold for n = 2,3. For n = 4, as we can partition the vertex set of
#(K,) into the vertex sets of two distance invariant induced subgraphs u; (K,—») and
VnVn-1Vn. Therefore, ip(u(Ky)) < ip(uy(Kn-2)) +1=[2Mn—-2)+2)/3]1+1=
[(2n+ 1)/3] for n = 4. ]
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As not all graphs are cop-win graphs, Aigner and Fromme [1] introduced the
concept of cop number of a general graph G, denoted by c(G), which is the minimum
number of cops needed to put into the graph in order to catch the robber. They showed
that a single cop moving on an isometric path P guarantees that after a finite number of
moves the robber will be immediately caught if he moves onto P. Observing this fact,
Fitzpatrick [4] then introduced the concept of isometric path number and pointed out that
c(G) = ip(G).

The isometric path number of the Cartesian product B, OF, O---0OF, has been
studied in the literature. Fitzpatrick [5] gave bounds for the case when ny =n, = -+ =
n,. Fisher and Fitzpatrick [2] gave exact values for the case r = 2. Fitzpatrick et al. [6]
gave a lower bound, which is in fact the exact value if r + 1 is a power of 2, for the
case when n; =n, = -+ = n, = 2. There are other results on some graphs. Fisher and
Fitzpatrick [2] gave exact values of isometric path numbers of trees. Pan and Chang [9]
gave a linear-time algorithm to solve the isometric path problem on block graphs. Pan
and Chang [10] gave exact values of isometric path numbers of complete r-partite
graphs and Cartesian products of 2 or 3 complete graphs.

In this paper, we determine exact values of isometric path numbers of
Mycielskians of complete graphs, complete bipartite graphs, paths and cycles,
respectively.

The diameter of a graph G, denoted by diam(G), is defined as the maximum
distance between any pair of vertices in G. An isometric path cover for a graph G is a
set consisting of the isometric paths of G which contains all vertices of G. Throughout
this paper, C(G) denotes an isometric path cover of a graph G.

Lemma 1.1 Ler c(A) = max{|{V(P) N A|: P is a maximal isometric path of
G = (V(G),E(G))} for asubset A of V(G). Then ip(G) = maxscygyl|Al/c(A)]

Proof. Suppose that A is a subset of V(G), C is an isometric path cover of G with
|C| = ip(G), and let C; be the subset of C consisting of maximal isometric paths
having exactly i vertices in A for all 1 <i<c(4). Then c(A)ip(G) = c(A)|C| =
c(A) XD 16 2 359 iIci) = |A] implies  that ip(G) = [|A]/c(A)]. Hence, this
lemma holds. ]

Corollary 1.2 [2] ip(G) = [|V(G)|/(diam(G) + 1)] for a connected graph G.

Proof. Let a set A =V(G). Since c(A) < diam(G) + 1 for a connected graph G, by
Lemma 1.1, this corollary holds. ]

The Mycielskian of a graph G = (V(G),E(G)) is the graph u(G) with vertex
set V(G)uV'(G)u{u}, where V'(G)={x":x€V(G)} and edge set E(G)U
{xy':xy € E(G)}U {y'w:y' € V'(G)}.

Theorem 1.3 [3] For a graph G without isolated vertices,
diam(u(G)) = min{max{2, diam(G)},4}.
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of a graph'

Jun-Jie Pan %*
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Fu-Jen Catholic University, Taiwan, R.O.C.

Abstract

In this paper, we determine exact values of isometric path numbers
of Mycielskians of complete graphs, complete r-partite graphs, paths and
cycles, respectively.

Key words: 1sometric path, Mycielskian of a graph

1. Introduction

An isometric path between two vertices in a graph G is a shortest path joining them. The
isometric path number of G, denoted by ip(G), is defined to be the minimum number of
isometric paths required to cover all the vertices of G. This concept has a close
relationship with the game of cops and robbers described as follows.

The game is played by two players, the cop and the robber, on a graph. The two
players move alternatively, starting with the cop. Each player’s first move consists of
choosing a vertex at which to start. At each subsequent move, a player may choose either
to stay at the same vertex or to move to an adjacent vertex. The object for the cop is to
catch the robber, and for the robber is to prevent this from happening. Nowakowski and
Winkler [7], and Quilliot [8] independently proved that the cop wins if and only if the
graph can be reduced to a single vertex by successively removing pitfalls, where a pitfall
is a vertex whose closed neighborhood is a subset of the closed neighborhood of another
vertex.

! Supported in part by the National Science Council under grant NSC98-2628-M-030-001
2 Department of Mathematics, Fu Jen Catholic University, New Taipei City 24203, Taiwan.
2 E-mail: jackpani@math.fju.edu.tw,
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A radiation condition is prescribed as follows:
® — Coe®?HN (koyr)el@t™9) a5 r — o0,
where o = kg is the unique positive root of equation
Aa) = a(Ta? +1) —w? =0,

,(,f)() is the Hankel’s function of the first kind with order m, and Cj is an
unknown constant.

The edge condition prescribed for the problem here is Hocking’s edge con-

dition, and is given by

A (AE ) at reag, 2=l

where )\ is a constant determined by experiment. Since the above equations are

all linear, we may time-reduce and #—reduce the problem and assume

B0, 58 = p ¥ z)ei(“’timm,

A .
Z(T,G,i) — C(T)G](wtimg).

TN
Now we measure r, z, Z and ( in units of 1, ¢ in units ofg‘%; ®, p, T and A in units
of g; w and f in units of g%. Then writing down the equations for the linearized
and time-and-f- reduced problem, we obtain the governing equations from (2.1)

to (2.6).
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Appendix A. Formulations

We shall consider capillary-gravity waves generated by a cylindrical wave-
maker in an incompressible, inviscid fluid, and assume that the fluid motion is
irrotational. Let us use a cylindrical coordinate system in which the z-axis is
pointing vertically upwards, so that z = 0, r > a is the undisturbed state of the
fluid. The fluid region is exterior (r > a) to the wave maker. At equilibrium it
is of uniform depth h. We may describe the fluid motion by a velocity potential

O(r, 0, z,t). The linearized equations governing the fluid motion are the following:
Vid =0  in the fluid region  V;

(bz == Zt:
ofi. 2=, T>a
&, +gZ =TV3Z
where
V={(rz2)] r>a>0,and z € (—00,0)};
V§ and V3 denote three-dimensional and two-dimensional cylindrical Laplacians

respectively, g is the gravitational constant, pT is the surface tension constant, p

is the fluid density, 8 € [0, 27|, and Z represents free surface of the fluid.
@, = f(2)el@=Em0)  on  r=q,

where w is the angular frequency, m is the azimuthal number (i.e. the waves are
generated asymmetrically,) and f is an arbitrary smooth function. The bottom
condition is given by

$. —0 on Z — —00.
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So the improper integral in (2.18) converges. Thus we have proved the Theorem

completely.

3. Conclusion

By using expansion theorem and a special assumption, we find that in order to
construct the solution, the interchangeability of some differential operators and an
improper integral should be verified first. Therefore the plausibility of proposing
the theorem is asserted. We do not get into detail of solution finding because it
involves other technical details and has no relevance to our proof. Construction of

solution as well as possible application of the model shall be discussed in another

paper.
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(=

where [ - a >> m. Note that when « is small,

5 a(Ta? - 1)sinaz + w? cos az 5
N )

!
# /D|le(a,z)R1(af,'r)|da
!
= /O(a4)da<oo.
0

!
/0 Q1: (o, 2) Ry (o, r)da

Also for a > [,

9 a(To® =1)sinaz+w?cosaz
Qrz(e2) = a a?(1 — Ta?)? + wt =01a)

< /z (s 2 Bl

= /imo(ea%a—))da<oc.

So we have (2.17) being convergent. Next, let’s consider the improper integral in

uoo Qh1:(e, 2) Ry(a, r)da

(2.18):
oo l 00
2T,u,/ Q1.(a, z) Ry (o, 7)da = 2T {/ Q1:(av, 2) Ry (e, 7)da +/ Q1z(e, z) Ry (@, r)da
0 0 1
where [ - @ >> m. When « is small,

l
< fo 1@1s(a, 2) Ry (0, 7)) da

e
/{} Q1.(a, z) Ryr(a, m)da

= /:O(a)da<oo.

When a > 1,

‘ /.lez(a,z)er(a,*r)da < /ijlz(a,z)er(a,r)ida
l {

8

— Ol ——}da<oo, 7>a.
; ex(r—a)
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where [ - @ >> m. Note that when « is small,

a(l — Ta?)cosaz + w?sinaz

2
Que2) =@ —— 5 =0 (%),
and
OL’I{I (CIT) E.-Km(arr) - Km+1 (Oz’!")
] ; - T — T — 1 X
Ryr(a,r) aK! (aa) ZKp(aa)— Kpy(ea) o
So

I
fo Q1 (a, z2) Ry (o, r)da

Also when a > [,

a(l — Ta?) cosaz + w?sinaz
a?(1 — Ta?)? + w!

Qi{a,2) =a-

ar

aK! (ar) ZKp(ar) = Knu(or)
akl (aa) ZKp(aa) = Kpa(ea) (2 1) 22

1
:O(m), T

< /OO;@l(a,z)er(a,r)da

{

e 2
- / 19 (—if“—)) di < &6
i eQ‘T’-CL

Therefore the integral converges. Look at the improper integral in (2.17):

Ri(a,T)

/OO Q1(a, 2) Ry (e, r)do
!

00 { o0
2T,u/0 Q1:(a, 2)Ri(a, r)da = 2Tw {/g le(a,z)Rl(a,r)da—l-/l Q1.(a, 2) Ry(a, r)de |
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And for o > [,

S ] ,GﬁgRl(a,T‘)Plz(ﬂ,Z)’ do
l

o0 3
o
- /'o( ())da<mg
[ eﬂt b i

hence [;° a*Ri(a,r)Pi.(a, z)da converges. Because all of the integrals involving

J/ &Ry (a, )P (a, z)do
!

first parts of (2.10) to (2.14) converge, we may interchange the differentiation and
integration for the first parts.

Next, let us examine second part of the integrals in (2.10) to (2.14). With
similar structure to that of first part, we find that the improper integrals to be

checked are:

ST /°° s a(l —Ta?)cosaz + w?sinaz
L a?- ;
A (1 — Ta?)? + o
 Kpfar)
ak,(aa)
Ty /°° o2 a(Ta? — 1) sin az + w? cos az
0 (1 — Ta?)? + wt
Kn(ar)
aK! (aa)

da, (2.16)

(2.17)

and

2Ty /"" o a(Ta? — 1) sinaz + w? cosaz
0 a?(l — Ta?)? 4+ wt
K (ar)

m (278 (218)

respectively. The improper integral in (2.16) is

00 l 0
2T,u/ @1 (e, z) Ry (e, m)da = 2T [/ (o, 2) Ry (v, r)da + / Q1 (e, 2) Ry (a,r)da|
0 Jo 41
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And the second part of the integral can be estimated as follows:

a(Ta? — 1) sinaz + w? cos az
a?(1 — Ta?)? + wt

0
/ F(Q) [e(1 — Ta?) cos a¢ + w? sin o] d¢

o0

2

|P.(a,2)] = ow

X

= Qfa) for a>l

and then

< '/lloo |R1 (Q,'F)Plz(aw Z)| da

= / ()(E&—(%)da<oo, T
!

So [;7 Ri(a, ) Py.(a, 2)da converges. Again, look at the following improper inte-

o0
‘/ Ri(a,7)Pr.(a, z)da
4

gral
/ a’Ry(a, )P, (a, 2)da
T / K (ar)
B aK! a:a)
xa’w? [e(Ta® — 1) sinaz + w ? cos az]
a (1 — Ta?) cos af + w? sinag
d A
{/ #(¢ a?(1 — Ta?)? + wt 'C} i
also

o0 Q) loe)
/ o®Ry(a, )P, (a, z)da = / o®Ry(a, r)Pp.(a, 2)dax + / a’Ry(a, )Py, 2)da,
0 0 J1
where [ - @ >> m. Then for a being small,

do

I
< /|a231(a,7')P12(a,z)
0
l
= /O(aﬁ)da<oo.
0

!
f a*Ry(a, )Py (o, z)da
0
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and that

‘/l'oo Ry(c,7)Py (e, 2)da

< [ IR )R, da
!

o0 3
= / O (—%) da < 0o.
. i eCl’ T—a

Hence (2.15) converges. Similarly, the improper integral j('JOO Ri(a,r)P.(a, 2)da

can be expressed as

/DO Ri(a, )P, (e, 2)da

2 / K,, (m‘
; afK’

xaw? [a(Ta? —l)smaz + w? cos az]

0 a(l = Ta?)cosal + wrsinal
x{]mf(o et dc}da

and

00 l 00
Ri(a, )P (e, 2)da = / Ri(a,r) P (a, 2)da + / Ry(a,7) P, (e, 2)da,
0 0 Ji
where (- a >> m. To estimate the first part of the integral, we see that when « is
small,

a(Ta? — 1) sinaz + w? cos az
(1 — To?)? + o

|Pi.(a,2)] = ow?

a(1 — Ta?) cos af + w? smaC dC‘

!
< /|R1(@’T')P1z(0'a3)|da
0

1
= /O(a4)da<oo.
Jo

I
/ Ri(a,7) P, 2)da
0
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a(l — Ta?) cos az + w?sin az
a2(1 — Ta?)? + wt

|Pi(a, 2)| = a(l—TaQ)

a(1 — Ta?) cos al + w? sin a(] d(‘ O (o?).

Hence when « is small,
|Rl((1,T)P1(OZ,Z)| =0 (054) ’
and the first improper integral of (2.15) shows that

! !
/R;(a,r)Pl(a,z)da < / |R1(e, )Py (e, )| da < 0.
0 Jo

The second part of equation (2.15) holds for a > [, and

e*ar
2ar Cfﬁ
R g ~ i = :O —a(r—a) ,
\ 1(a’T)| (% o C_‘;u (aa o rm) eﬁ{'f‘—a’) (e )
a(l — Ta?) cos az + w?sinaz
Pia,z)] = a(Ta®-1
Pifesz)] = a(To™~1) 2(1 — Ta?)? + o

a(1 — Ta?) cos al + w”sin a(] dC‘

for it follows from Theorem 1 that the integral over ( is convergent. So we see
that when a > [,

()53
po(r—a)

|R1(a,m)Pi(e, 2)| = O ( ) , for r>a;
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where [ - a >> m. Look at the first part of equation (2.15):

] I
/ Ralo ) Pim2ida) < / (Rl 7V B, 2
0 0

where 0 < o < [. Notice that when « is small,

|Ry(a, 1))

[ . L\
T (1 - — t
2047‘ (m—1)! R ( 20;?")
1
1 o A T
et . / g (1 - —) dt
2050 m = 5)1 0 2aa

1 e 1 t et
wﬁ-—I/ e "2 (1 - —) dt
(m + 5)! 0 2aa

\/ge—ﬂh‘_ﬂ) o m— m-3 1
o et (1;E) 2 dt

= o m4-1 o m—1i)1
(aa)ﬁ e~ tHm (1 - ﬁ) ’ [W (2&2“1) o Em-{—; !

a —a(r—ﬂ)m =0 (0?),

= 4/—e

r O (a“g *m)
for the integrals over t converge with respect to the basic construction of K,,. Also

when « is small,
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equations are solvable. Method of obtaining solution as well as related issue of

the problem will be discussed in another paper.

Theorem 2.2. The differential operators Ly, Lo, %, 535 and % can be taken

into the improper integral over o as shown in the above.

Proof. First of all, look at the first part of improper integral (2.9):

/'00 Ri(a,r)Pi(a, z)da

B Km ar)
- arIi
x 1 — Ta [05 cosaz—}-w smaz]

. a(l—Ta? )cos al + w?sin o |
i {./oo O a?(1 — Ta?)? + w* d@} dav.

Again,
=7 oo i f m--12-
En(r) = /1_6_1/ T (1 B m) it
2F (m - 5)! 0 or
K;n, (T‘) = I;Km (T) - Km+1 (T‘) 3 r>a,
and
e‘T‘
Ko ) ee when r >>m.
2,

Therefore, the improper integral above can be considered as

00 l o0
f Rl(oz,r)ﬂ(a,z}da:/ Ri(a, )P (a, z)daf—%./ Ri(a,r)Pi(a, 2)da,
0 0 !
(2.15)
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which constitutes major part of the possible solution of governing equations, and

where
) 0
Piloe,z] = w-—/ F(O)|[a(1 — Ta?) cos af + w? sin al]

X [a(1 — Ta?) cos az + w’sin az] /[ (1 — Ta?)? + wd]} d¢,

a(l — To?) cosaz + w?sinaz

Qi(x,2) = 2o a?(1 — Ta?)? + wt
_ Ky(or)
R eT)

Note that the modified Bessel function of 2nd kind K,,, can be written as

m e " oo 1 t =
K r) = —_— S |1~ — dt,
= Vo= g)!/o cr ( 27-)

K:n ( ) = ?I{m ("'ﬂ) - lK’m—H (T) s T

When (2.9) is plugged into governing equations, the following integrals

Ly /Oo[P;i(a,z) + T (e, 2)| Ry (a, r)da, (2.10)
OOC
c, f (B0, 2+ Ty (o, 2| B, )l (2.11)
5 / [P, 2) + Tu@i(a, 2)| Ry (e, r)da, (2.12)
0,,,[ [Pi(a, z) + Tu@: («, 2)| Ry (o, r)da, and (2.13)
2 o0
afa-r ]0 [Pile, 2) + TuQula 2)] Buloy )i (2.14)

are encountered. So we have the next Theorem to claim that the differential oper-

ators can be taken inside of the improper integral, which suggests that governing
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expansion in the following form:

0 00
flz) = —gf_ f(Q)/D {[a(l—Taz)eosa-erwzsinaz]

n o0

X [a(l — Ta?) cos al + w?sin aC] / [a2(1 — Ta?)? + wﬂ }dad§

5 0 gko(z+() i
—00 0

00 T eos vz 4 w2 s
+T,u,{2/ afa(l — Ta?)cosaz +w blllOéZ]da
0

a?(1 — To?)? 4+ wh
27{]{:0 ’CQZ
Tt [
where p is an arbitrary parameter.

There is a zero term

T /°° a[a(l—TaZ)cosaz—i-wzsinaz]d
o
: 0 a(1 = TR )& ot

27TIICO kQZ
17 3TRE®

(2.7)

(2.8)

in (2.7). However, the presence of zero term and the independent parameter p

have not been explained. It will become clear after we find the solution. We only

note that ;. will be determined by the edge condition. This theorem is a powerful

utility in solving linearized capillary-gravity waves problem with various linearized

edge conditions.

The next theorem is the main result of this paper. By the conjecture of Yeh

([11], p.10-p.11), we obtain the integral

/DOO[PL(a, z) + Tp@h (o, 2)| R (e, r)de,

(2.9)
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2. Complete graphs

The governing equations of the problem considered are as follows:

0 190 m* & ;
Lopo(r,2) = ((‘ﬁ + i @) $oo =0 In

V = (a,00) x {—00,0) for some a > 0;

62

ﬁ) Yooy ON 2=0, 7> a;
2

7{“)2(1000 + Pooz = T'Cl(foooz =T (EQ -
Yoz —> D a8 &——o00,

Coo — Co€®*HWD(kyr) as r — oo,

Pieps = Ll ot z=i; r=a.

169

(2.1)
(2.2)
(2.3)
(2.4)
(2.5)

(2.6)

The original process of deriving these equations is shown in Appendix A, and the

equation (2.6) is Hocking’s Edge Condition. Notice that ¢ is the potential

function, T is the surface tension coefficient, w is the angular frequency, m is the

azimuthal number, § is some real constant, f is an arbitrary smooth function, Cy

is a constant, ky is the positive real root of a(1+7Ta?) —w? = 0, and H,(,P() is the

Hankel’s function of the first kind with order m. The following is an expansion

theorem presented by Rhodes-Robinson ([7], p.330) and proved by Yeh ([11])

when f is an arbitrary smooth function defined on (—o0,0) :

Theorem 2.1. For an arbitrary smooth function f(z), z € (—00,0), there is an
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1. Introduction

The edge condition has been widely taken as an open question because of its
complexity and uncertainty. Edge condition of fluid was first considered in 1968
by Evans ([1], [2],) and Hocking [3] proposed a different model later in 1987.
Both models were studied by various papers based on different settings, including
Miles ([4], [5]) and Shen et al ([8], [9], [10].) Originally Hocking’s was considered
physically more plausible than Evans’s, but Miles ([4], [5]) argued that Hocking’s
setting was not practical in the case of a heaving cylinder with stick/slip edge
condition. The argument was supported by Ting and Perlin [6] through their
study on edge condition in 1995, which used modern equipment to record edge
condition of various types of fluid and consequently proposed a new edge condition.
It has been regarded as the most practical model up to date.

According to the result found by Ting and Perlin, however, one may find that
Hocking’s edge condition is still valid concerning non-stick /-slip condition. There-
fore the problem on non-stick/-slip oscillating wavemaker under Hocking’s edge
condition needs further study. Constructing the exact solution of this problem in
infinite depth case is possible only if convergence of improper integrals related to
the problem is thoroughly studied.

Here we focus our attention to the infinite depth problem, present the related

operators, and prove the convergence of these improper integrals.
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Abstract

The education for low develop area always being highly
emphasized in civilized society, but the problems of long distance, poor
traffic capability and low human resource for faculty always follow the
consequence of implement. In this article, we will propose architecture
to build a “Network College” which makes the Interaction between
District counseling centers and schools can run like the college and
divisions in real university. And this system has teaching logging system
for teachers to record their systemized tutoring activities to their students
in any place, any times, also their teaching materials and process will
be recorded. It also will have sub system for Academic affairs, General
affairs, Student affairs which can track the learning result of students.
This “Network College” should have a highly evaluated and powerful
network learning server system which can supply stable network classes
for teachers and students to have simultaneously online tutoring. Through
the implementation of projects prove that this structure allows teachers
and students in every corner of the Internet, through the systematic
managed "Network Classroom", can have a systematic teaching process,
and establish a large number of records of learning model. What we
emphasized here is not only to provide a platform for many online
learning discussions, it should offer an environment which run like real
college.

Key words: Network college, Online Tutoring, network classroom
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142  Synthesis and electrochemical characterization of spherical LiCoO, cathode material via carbonate co-precipitation
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from 750 to 850 °C The calcination temperature affects not only the morphology and
crystallinity of the prepared powders but also the electrochemical properties. The LiCoO,
prepared at 800 C shows better overall performances as compared to the other spherical
LiCoQ, prepared at 750, and 850 “C . These superior properties of LiCoO, (800) are most
likely related to an optimized trade-off for both the crystallinity and the appropriate primary-
particle size.
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boundaries inside the spherical particles of LiCoO,(750) and LiCoO,(800) improve the mass-
transfer in charge/discharge process. The property of fast mass-transfer for LiCoO, could be
the key factor of reversible capacity at low temperature.

The poor electrochemical performances of LiCoO,(750) may be attributed to their low
crystallinity and electronic conductivity, although the sample particles calcined at lower
temperature has a higher Li-ion diffusion coefficient. The abrupt increase in primary particle
size of LiCo0O,(850) leads to the lower discharge capacity despite its higher crystallinity and
electronic conductivity. The present investigation shows that the LiCoO, calcined at
800 °C is optimized at both electronic conductivity and Li* ion diffusion, ensuring the overall

electrochemical performances better than other samples.
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Fig. 8. Apparent Chemical diffusion coefficient (£2,,,) calculated from PITT
measurement in Li/LiCoO,(750), Li/LiCoO,(800) and Li/LiCoO; (850) cells.

4. Conclusions

A spherical LiCoO, was successfully synthesized using a carbonate co-precipitation
followed by solid state reaction method. The LiCoQO, were calcined at different temperatures
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Fig. 7. Nyquist plots for Li/LiCoO5(750), Li/LiCoO»(800)
and Li/LiCoO; (850) cells at the 10" cycles

3.4 Li-ion diffusion coefficient from PITT

Potentiostatic intermittent titration technique (PITT) was also performed for the LiCoO,
cells. I vs. t was measured as a function of potential steps at each increase of 15 mV ranged from
3.820 V t0 4.225 V. In order to calculate the apparent chemical diffusion coefficient (D,,,) from
PITT, the following assumptions according to the porous structure of electrode were made: (1) the
particle is spherical; and, (2) The average particle radius of 6 ;£ m was used as the characteristic
diffusion length for the porous electrode. Therefore, the apparent chemical diffusion coefficient
(D, 1s preliminary estimated from the slope of the In I(t) vs. t plot that could be expressed by
the following finite-diffusion equation using the long-time definition t >> /*/ D,,, [26-30].

2nFADC * [—EZD J P
I= exp t

> ——
I? 4]* D

Fig. 8 shows the variation in the apparent chemical diffusion coefficients (D,,,) of the Li-
ion out the LiCoO, lattices during the de-intercalation process with the applied potentials. It
is found that the D,,, of LiCoO, decreases with increasing the calcined temperature from 750
to 850 °C due to the increased primary-particle size. This decrease of D,,, can be attributed to

app

the longer route required for Li-ion diffusion in primary-particle [22-23]. Therefore, the grain
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Fig. 6. Cycling performances of Li/LiCoO,(750), Li/LiCoO,(800
and Li/LiCoO, (850)cells at 0.5C discharge.

3.3 EIS analysis

To further understand the reasons for the differences in electrochemical properties of
LiCo0,(750), LiCo0,(800) and LiCo0,(850), EIS was carried out for the LiCoO, samples
in the charged state to 4.2V versus Li/Li". Nyquist plots of LiCoQ, cells at the 10" cycle are
shown in Fig. 7. The impedance spectrum for the aging cells of LiCoO, at room temperature
shows three overlapped semicircles over the high- to mid-frequency range and an arc line at
low frequency. Zhuang [24] and Chowdari [25] reported that (1) a high frequency dispersion
because of the presence of a surface layer, (2) a middle to high frequency dispersion related
to the electronic properties of the material, (3) a middle frequency semicircle associated
with charge transfer, and finally, (4) the very low frequency dispersion attributed to the
solid state diffusion. From Nyquist plots, the curves of LiCoO,(800) and LiCoQO,(850) are
almost overlapped in the high- to mid-frequency range, indicating that electronic resistance
of LiCoO,(800) is similar to that of LiCoO,(850). It was observed that the Nyquist plot of
LiCoO,(750) has a large arc in mid-frequency range, which is corresponding to the higher
charge-transfer resistance of LiCoO,(750). The poor charge-transfer of LiCoO,(750) may be
attributed to their lower crystallinity.
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Fig. 5 compares the temperature dependence of discharge capacity for LiCoO,(750),
LiCo0,(800)and LiCo0,(850) electrodes in half-cells. The Li/LiCoO,(800) cell exhibited
lower temperature dependence. For example, the Li/LiCo0,(800) and Li/LiCoO,(750) cells
retained 90% of relative capacities at -10 °C, while the Li/LiCoO,(850) cell fell to 74% at
-10 °C. The reason for this higher discharge capacities of LiCoO,(800) and LiCoO,(750)
could be their smaller primary particle size, which has a shorter lithium-ion diffusion path
and therefore increases the Li-ion insertion capabilities [22-23]. However, the iR drop of
the LiCoQ,(750) is larger, which is a consequence of its higher ohmic resistance. The higher
ohmic resistance of LiCoO,(750) may be attributed to that it contained lower crystallinity,
a larger amount of primary particle interfaces and poorer conductivity between primary
particles. These observations reveal that LiCoO,(800) possess better low temperature
performance, which could be attributed to the well crystallinity and better agglomeration of
primary particles.
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Fig. 5. Capacities of Li/LiCoO,(750), Li/LiCoO,(800)
and Li/LiCoO; (850) cells at various temperatures during 0.2C discharge.

The cycle-life of the LiCoO, half-cells was also compared, as shown in Fig. 6. The
LiCo0,(800) and LiCo0O,(850) half-cells lost only ~10% of initial capacities, while the
LiCo0,(750) half-cells lost ~21% of capacity after 50 charge/discharge cycles. This result
indicates that LiCoQ), calcined above 800 °C has better structural stability.
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Fig 3. Charge/discharge curves of Li/LiCoO,(750), Li/LiCoO,(800)
and Li/LiCoO, (850) cells during the first cycle.

To further investigate the calcination temperature effects on the electrochemical
properties of the spherical LiCoO, cathode, the C-rate performances at 1C, 2C, 4C and
6C for the LiCoO, half-cells were measured and compared, as shown in Fig. 4. The rate
capabilities of the Li/LiCoO,(800) cells were much better than those of the Li/LiCoO,(750)
and Li/LiCo0O,(850) cells. At high discharge rates, the electron transfer rate in the particle
and the limitations in the kinetics of Li-ion diffusion are the major reasons for the electrode
polarization. It is believed that the crystallinity and microstructure of LiCoO,(800) provide a
higher electron-transfer rate and a good lithium-transfer pathway.
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Fig. 4. Rate capacities of Li/LiCoO(750), Li/LiCoO,(800)
and Li/LiCoO; (850) cells.C-rate = 1, 2, 4, and 6C.
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The true densities of LiCoO,(750), LiCoO,(800)and LiCoO,(850) were determined to
be 4.93, 4.96 and 5.03 g cm”, respectively, as measured using a gas pycnometer. The true
densities of LiCoO,(750) and LiCoO,(800) were slightly lower than that of LiCoO,(850).
The true densities of our spherical LiCoO, are significant lower than theoretical value
(5.06 g cm™). This discrepancy may be due to the closed-pore volume inside the spherical
LiCoO, that could not be detected by a gas pycnometer. The closed pores within the spherical
LiCoO, particles were formed due to the release of CO, gas during de-carbonation. The tap
densities of the LiCoO,(750), LiCoO,(800)and LiCoO,(850) reach 2.14, 2.27 and 2.31 ¢
cm’, respectively, and close to that of commercial LiCoO,. The specific area of LiCoO,(850)
powder (0.33 m* g') was 7-fold lower than that of LiCo0O,(750) powder (2.22 m* g'), due
to the differences in surface porosity and primary grain size. The physical characteristics of

LiCoO, are summarized in Table 1.

Table 1. Physical characteristics of LiCoO,(750), LiCoO,(800)and LiCoO, (850) powders

Primary  Average
) ] ) ) True Tap Surface
a-axis  c-aNis  Jypoy D Patticle  Panticle ) )
sample ) ) Density  Density area
(A) (A) Moy (nm) width size
(zem?) (zem?) (mh)
( jun) (yum)

LiCoO,(730) 2818 14.088 1.206 7399 0.1-02 I11-12 4.93 2.4 222

LiCoO,(800) 2816 14.063 1209 76.10 0508 1112 496 54 0.74
LiCoO,(830) 2815 14.051 1203 8539 1.0~20 1112 503 231 0.33

3.2 Electrochemical measurements

The slow charge/discharge (0.1C) capacity behaviors of LiCoOQ, samples during the
first cycle are shown in Fig. 3. Charge/Discharge capacities of 152.1/145.9, 152.3/146.7
and 152.2/145.2 mAh g' were obtained for LiCoO,(750), LiCoO,(800)and LiC0oO,(850),
respectively. The initial specific capacity of LiCoO,(800) is slightly greater than the values
obtained for other LiCoO, of different calcination temperature.
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smooth surface compared to the other powders in Fig.2(e)~ (h). The primary particle size
of all of the powders is estimated to be about 1 ~2 1 m based on the SEM images. The grain-
growth associated with the densification of the LiCoO, particles may be attributed to the high-

temperature calcination.

Fig 2. SEM images: (a)(b) CoCOs ,(c)(d) Cos04, (e)(f) LiCoO.(750), (g)(h) LiCoO, (800)
and (i)(j) LiCoO(850)
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0.15406 nm and [ is the full-width-at-half-maximum (FWHM) of the diffraction peak on
a 2 & scale, we can estimate the crystallite size (D) of the LiCoO, synthesized at different
temperatures according to D003 and D104 values, as listed in Table 1. From Table 1 we can
see that the D values of LiCoQ, prepared at 750, 800 and 850 °C are 73.99, 76.10 and 85.39
nm, respectively. It is found that the crystallite size increases with increasing the synthesis
temperature due to enhanced crystal growth caused by higher reaction temperature.

(a)

Intensity / AU,

10 20 30 40 50 60 70 80
28 | Degree

Fig 1. X-ray diffraction patterns of (a) CoCQO3, (b) Co304, (c) LiCoO,(750),(d)
LiCo0,(800) and (e) LiCoO,(850) powders.

SEM images of CoCQ;, Co,0, and LiCoO, are shown in Fig. 2. As can be seen in Fig.
2(a) and (b). the prepared CoCO; particles have spherical shapes with an average diameter
of 11~12 g m and no sub-grain on the particle had been observed because the CoCO,
is amorphous. After firing, the amorphous carbonate structure changed to a cubic spinel
Co,;0; structure. Each of the spherical Co;0, particles is made up of a large number of
small grains, as shown in Fig. 2(c) and (d). SEM images of the LiCoQO, powders prepared
at different temperatures were used to evaluate the effect of calcination temperature on the
morphology of LiCoO,. The images of the powder prepared at 750° C in Fig. 2(e) and (f)
show agglomerates consisting of primarily 100~ 200 nm particles. SEM images in Fig. 2(i)
and (j) show that the powder prepared at 850° C possesses a larger primary particle size and
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a circular disk (12 mm in diameter). The electrode films were preserved in an argon-filled dry
box (Unilab, MBrun). In the coin cell, the LiCoO, electrode disk served as the cathode and
the lithium metal foil functioned as the anode. A mixture of ethylene carbonate (EC), diethyl
carbonate (DEC), and propylene carbonate (PC) (EC:DEC:PC = 30:50:20 vol. %) solvents
containing 1M LiPF, was used as an electrolyte. The polypropylene membrane was soaked in
the electrolyte for 24 hours prior to use. The coin cell was assembled in an argon-filled dry box,
in which the moisture and oxygen content were maintained at less than 1 ppm. The coin cell
was charged and discharged at various current densities in the range of 2.8-4.2V using a battery
testing system (BAT750B, Acutech Systems Co. LTd., Taiwan). EIS and PITT experiments were
performed using an electrochemical station (614B, CH Instrument). The impedance spectra
were taken in the frequency range of 0.001~100k Hz after cycling between 2.8 and 4.2 V, then
charged to 4.2 V. In the PITT measurements, a potential step of 15 mV was applied after the
electrode had reached equilibrium as evidenced by the residual current of less than 1 ¢ A.

3. Results and Discussion

3.1 Synthesis and characterization of the sample

Fig. 1 shows the XRD patterns of the LiCoO, synthesized at different temperatures.
Hereafter, the obtained products were labeled as LiCo00,(750), LiCoO, (800) and
LiCo0,(850), respectively. All the peaks are indexed on the basis of the «-NaFeO, type,
space group R-3m . There is no impurity line observed. From Fig. 1, we can also see that the
peak intensity of LiCoQ, increased as the calcination temperature increased from 750 to 850
°C. The peak splits of (006)/(102) and (108)/(110) can be clearly observed above 800 °C,
indicating that LiCoO, with good layered structure can be obtained at the higher calcination
temperature . The hexagonal lattice parameters, ¢/a ratio, unit volume and crystallite size
are given in Table 1. The lattice parameters of all the samples decrease slightly with the
calcination temperature increased from 750 to 850 C, indicating the increase of crystallinity
as may result from the growth of primary particle size, ordering of local structure, and
release of lattice strain. Based on Scherrer formula D=k A/ S cos &, where k is 0.9, 1 is
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2. Experimental

2.1 Synthesis

Spherical LiCoO, was prepared as following steps [13,18]: An aqueous solution of 1.0
M CoSO, was pumped into a tank reactor (capacity, SL) with continuous stirring. At the same
time, a 1.2 M Na,CO; solution and of a 2.0 M NH,OH solution, which was used as a chelating
agent, were fed separately into the reactor. The pH and temperature were maintained at 7.5 and
60 °C, respectively. After vigorous stirring for 20 hours, the spherical CoCO, precipitations with
particle diameters of approximately 10~15 um were formed. The carbonate powder was fired at
600 °C for 12 hours to decompose the carbonate into an oxide. The Co content of the resulting
oxide was determined to be approximately 71.32 wt% using EDTA titration,. The chemical
formula of the oxide compound was determined to be Co,0, by XRD test. The Co,0, precursor
was mixed with lithium hydroxide (LiOH - H,O) powder and the mixture were then calcined in
a box furnace at 750, 800 or 850 °C in an oxygen atmosphere for 12 hours for the formation of
lithium cobalt oxide (LiC00,) particles.

2.2 Characterization of physical properties

Sintered powder morphology was characterized using a SEM (S3400N, Hitachi). A
diffractometer (PANalytical, X’ Pert) equipped with Cu/Ka source was used for X-ray
diffraction (XRD) studies. True powder densities were measured using a gas pycnometer
(AccuPyc 1330, Micromeritics). The specific surface area of these powders was measured in an
analyzer (ASAP 2010, Micromeritics) using the Brunauer, Emmett and Teller (BET) method.

2.3 Electrochemical measurements

Electrochemical evaluation of the LiCoO, sample was carried out using a CR2032 lithium
ion coin cell. Cathode films were prepared by mixing active material, KS6 graphite, Super-P
carbon black and polyvinylidene fluoride (PVdF), as a binder, in the ratio of 88:4:2:6 (wt. %).
N-methyl pyrrolidinone (NMP) was used as the solvent. The slurry was obtained after mixing
carbon black, active material and PVdF binder with the NMP solvent. The resulting slurry was
cast on 20 um Al foil using a 200 um doctor blade. The coated Al foil was dried at 120 °C for
2 hours to evaporate the NMP solvent. The coated foil was roll-pressed and punched to form
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1. Introduction

Lithiated transition metal oxides, such as LiCoO,, LiMn,0,, LiNiCoO, and
LiNiCoMnO,have been extensively studied as cathode materials in secondary lithium ion
batteries, because the use of these compounds results in high operating voltage, energy density,
high specific density and a long cycle life [1, 2]. Despite the high cost of cobalt, LiCoO, is still
the most widely used metal oxide due to its superior thermal and structural stability during
battery operation. High energy-density lithium ion batteries need LiCoO, as cathode materials
with both high specific capacity and high packing density. The conventional and commercialized
LiCoO, powders are usually prepared via a solid-state reaction between mechanically mixed
lithium and cobalt compounds at 700~1000 °C. These LiCoO, particles are always in irregular
shape, with a broad particle size distribution. Due to significant particle agglomeration and

“bridge formation” within the powders composed of irregular particles [3], tight packing of
the irregular particles is difficult, preventing the attainment of high tap-density. Furthermore,
the low density of LiCoO, cathode materials limits the final energy density of lithium ion
batteries. Therefore, the preparation and use of spherical LiCoO, particles may effectively
increase energy density. In addition, LiCoO, is normally synthesized via a solid-state reaction
at high temperature. The rate-limiting step is the diffusion of atoms or ions through reactants,
intermediates and products. Unfortunately, the activation energy of diffusion often becomes
an energy barrier for the solid-state reaction, resulting in heterogeneous products. Thus, many
researchers have tested advanced processes, such as sol-gels [4-5], spray drying [6], spray
pyrolysis [7], freeze-drying rotary evaporation [8], combustion[9], hydrothermal synthesis [10]
and co-precipitation [3,11], for the synthesis of high performance materials with high purity
and crystallinity. Recently, several researchers [12-21] reported the synthesis of high purity and
spherical powders via the co-precipitation routes that could be an effective way to increase the
tap-density.

In the present study, spherical LiCoO, were synthesized using a carbonate co-precipitation
method. The influence of calcination temperature on the microstructure and electrochemical
properties was systematically investigated. Structural identification, electrochemical impedance
spectrometry (EIS) and potentiostatic intermittent titration technique (PITT) for analyzing the
mechanisms of different material performances are discussed.
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Abstract

We report a novel synthetic approach for creating spherical and
multi-grain lithium cobalt oxide (LiCoO,) powders. The synthetic steps
include co-precipitations of spherical CoCO;, sintered to spherical Co,0,
precursor, then solid-state calcination to LiCoO,. The effects of calcination
temperature on the structural and electrochemical properties of the
LiCoO, were systemically studied. Electrochemical testing results at room
temperature showed that the best discharge capacities of LiCoO, calcined
at 800 °C are 146.7 and 125.8 mAh g’ at discharging rates of 0.1 and 6C,
respectively. Low temperature (-10 °C) discharging results at a rate of 0.2C
exhibited that LiCoO, calcined at 800 °C has a highest capacity (129.7
mAh g"). Electrochemical impedance spectrometry (EIS) analysis showed
that the charge transfer resistance(Rcr) of LiCoQ, calcined above 800 °C
is much lower than that of LiCoO, calcined at 750 °C due to their higher
crystallinity. The results of potentiostatic intermittent titration technique
(PITT) showed that the apparent chemical diffusion coefficients (Dapp) of
LiCoO, decreases with increasing the calcination temperature from 750 to
850 °C, which is attributed to increase the primary-particle size of LiCoO,.
Our results showed that LiCoO, calcined at 800 °C is optimized trade-
off between electronic conductivity and lithium ion diffusion, therefore
the electrochemical performances are better than those spherical LiCoO,
calcinized at other temperature.

Key words: Lithium Battery; Cathode material; microstructure;
co-precipitation; spherical morphology
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Chun-Hsien Lu and Nien-An Hsu
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Fu Jen Catholic University

Abstract

Traditional client-server architecture has become inadequate in
face of today’s growing demand of file sharing due to the bandwidth
bottleneck and single point failure problems. An effective solution is
to use Peer-to-peer (P2P) architecture, among which the BitTorrent
(BT) protocol has been most widely used. Because the tracker does
not consider the piece distribution and the structure of topology when
it sends the peer list to each joining peer, the swarm may not form a
topology that facilitates the quick spread of difference pieces. In order
to reduce the average file download time, it is important to have good
strategies on both the piece selection and request selection. In this paper,
we proposed a k-hop rarest first (KHRF) strategy to replace the local
rarest first and tit-for-tat strategies in BT. Under this strategy, a peer will
choose to first download the piece that is rarest within k hops. When
deciding which request to serve, a peer will serve the piece request that
has the maximum rareness within k hops. Simulation results show that
the KHRF strategy can reduce about 21% of the average download time,
and 18% of the total elapsed time. KHRF can improve the availability of
BT system.

Key words: BitTorrent, Peer-to-Peer, Piece Selection, Request Selection
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high efficiency bidirectional power converter and battery equalization applications under
the bidirectional power flow control. When using the proposed QR ZCS EC for the battery
strings, each cell can be simultaneously charged / discharged to the end-of-charge voltage

with high efficiency.
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Fig. 12. Experimental results for the battery equalization cell. (a) Inductor current with respect
to the driver voltages. (b) Cell voltage trajectories

5. Conclusions

An -n-mode/ -+ -mode power conversion scheme based on the quasi-resonant zero-current-
switching converter theory for a bidirectional converter was investigated using the state space
approach. The -2-mode / -+ -mode and -1-mode / -1-mode power conversion schemes were
developed to show the performance of the proposed bidirectional converter and cell balancing
control of a series connected battery string, respectively. It was found that the proposed
bidirectional converter possesses interesting properties such as reducing the switching loss,
increasing the converter efficiency and significantly reducing the MOSFET current stress of
the converter. Simulations and experimental results were performed to verify and validate the
theoretical analysis of the bidirectional power flow control and cell balancing performance.
It was shown that the proposed ZCS SC converter is more suitable for high frequency and
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The experimental results for the battery equalization cell that was installed in two-cell
lithium-ion battery strings to verify the performance of QR ZCS battery equalizer are shown
in Fig. 12. The parameters of the QR ZCS SC battery cell equalizer are L, = 1yH, C, =
0.22uF, and f, = 192.3 kHz. The initial cell voltages are Vi, = 4.093(V) and Vy, = 3.1(V).
Fig. 12 (a) shows the inductor current with respect to the MOSFET gate driver voltages.
Figure 12 (b) shows the voltage deviation trajectories between the two cells during the cell
equalization processing period. The battery equalizing process will be terminated when each
cell simultaneously reaches to the same end-of-charged/discharged voltages.

U

1, 2: 10V/div, 3: SA/DIV
12 (a)
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the desired battery equalization applications [7]. Figure 11 (b) shows the proposed converter
application in the battery equalization cells (EC) for a series connected battery strings.
Where ZCTBSi and ZCTBSj are the single-pole double through bidirectional switches
composed of MOSFET switches, (Qp, Doy, Qo Dap) and (Qsp, Dy, Qan, Dyp) in the first set
of battery equalizer, EC1, respectively. The cell voltages are controlled by the driving pulse-
width modulation (PWM) signals corresponding to the respective cell voltage through the
equalization algorithm constructed in the microprocessor based BMS. The proposed battery
equalization scheme can reduce the cell voltage deviations and switching losses compared to
the conventional equalizing process and maintain safe operations for each cell in the battery
strings during the charging/discharging state.
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Fig. 7. Experimental results of the double-mode/half-mode ZCS SC dc-dc converter
for (a) forward (b) reverse power flow control
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Therefore the achieved maximum efficiency in the forward power flow control scheme is
lower than that is obtained in the other scheme under the same specified output power.

e The proposed converter scheme is designed to operate as a non-isolation type -n-mode
/ -+ -mode bi-directional dc-dc converter for a high voltage conversion ratio power supply
applications. The inductor current is operated in a non-symmetrical alternating mode.
There is a small dc current component flowing through the inductor that could produce a
saturation problem in the choke. It will be considered in selecting high flux magnetic core
for the inductor design procedure.

e For high technology power supply applications, only a small magnetic component is
required in the bidirectional converter due mainly to the capacitors’ stored energy.
Therefore, the core size and core losses in the resonant inductor can be reduced.

e The proposed converter only deviates in the low power application due to the switching
losses in the parasitic capacitance of the switching devices, which are difficult to accurately
estimate.

e The output voltage cannot be regulated by the duty ratio. The designed output voltage is
fixed as was the previously mentioned dependent effect. However, the output voltage can
be regulated by changing the switching frequency and the closed loop controller can be
designed to improve the regulation for meeting the desired specification [15].

e The proposed converter model and the controller design are more difficult to handle than
a conventional duty ratio control. The output voltage can be regulated by changing the
switching frequency under a wide range of frequency control values [16, 18]. The converter
controller design has been addressed in [17].

e The proposed SC ZCS converter is suitable use for fixed gain load system without need to
use for accuracy voltage regulation load system. And the related cost to pay for achieving
ZCS is only adding one small inductor cost.

The proposed schemes can be applied to many other topologies, such as an inverting type

bidirectional converter that can be used in the battery equalization applications for battery

management systems [7]. Figure 11 (a) shows the inverting type ZCS switched-capacitor
bidirectional converter for designed in -1-mode/-1-mode (n=1). The battery equalization
cell (EC) contains the four main switches and a small resonant inductor and capacitor in the
converter circuit. The switching sequence (Q,p, Q,n and Qup, Q) in the bidirectional converter
are controlled using the gate driving stages of the battery management system (BMS) to meet
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using the frequency modulation method, the output voltage is controlled for improving the
voltage regulations. The output voltage is regulated by changing the switching frequency
under a wide range frequency control [18]. Figure 10 (a) shows the converter output voltages
with respect to the switching frequency under various load current for the forward power flow
control scheme. The maximum output voltage will occur when the switching frequency f; is
matched with the resonant frequency f,. These voltages incessantly decrease when f, < f; and
they are dependent on the output current I,. The proposed converters are operated at zero-
current switching states for the mentioned two situations. Fig. 10(b) shows the corresponding
converter efficiency under the mentioned frequency controlled situation. The analysis and
design of the closed loop controller remain for further study and will be submitted in the near
future. The measured output voltages of the proposed converter under full load condition
are -65.3(V) and 33.5(V) in various directional modes, respectively. The output voltage
measurements are slightly less than the designed values due to the practical voltage drop
caused by the ESRs of the devices in the bidirectional converter. The average efficiency of the
forward and reverse power flow control converter under various load conditions is higher than

87%. Some observations of the proposed ZCS SC bidirectional converter can be summarized

as follows:

e In the hard-switching designed converters, the switching losses are increased proportional
to the converter switching frequency. The proposed converter is designed to operate at zero-
current soft switching. The power MOSFETs are turned on and off in the zero-current state
to minimize the switching losses. Therefore, the total switching loss and EMI emissions
can be significantly reduced. And the switching frequency can be further increased under
properly selected the semiconductor switch devices with the fast responding, low parasitic
capacitors.

e The current stresses on the MOSFETs are significantly reduced, compared to the
conventional switched capacitor converter.

e The maximum efficiency can achieve about 93% and 95% for the forward and reverse
power flow control schemes, respectively. The maximum efficiencies are different in the
forward and reverse power flow control scheme. Because there are many differences in the
actual input/output voltages, enabling semiconductor devices, and the flowing currents in the
two power flow control schemes. The enabled MOSFET switches and diodes in this forward

control process are greater in number than those are enabled in the reverse control scheme.
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resistance (ESR) drop of the active and passive devices in the converter loop.
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Fig. 6. Simulation waveforms of the double-mode/half-mode ZCS SC dc-dc converter
for (a) forward (b) reverse power flow control

Figures 7 (a) and 7 (b) show the experimental results for the corresponding waveforms of the
proposed converter under the forward and reverse power flow control mode, respectively.
The experimental switching loci of the main switch in the proposed converter for the forward
and reverse power flow control schemes are shown in Figs. 8(a) and 8 (b), respectively. It is
shown that the proposed ZCS SC bi-directional converter is designed to operate in the zero-
current-switching mode to reduce the MOSFET switch power losses. Figures 9 (a) and 9 (b)
plot the curves of the converter’ s efficiency and the corresponding voltage conversion ratio
for the experiments under the forward and reverse modes. There are some reductions in the
voltages by around 11.6~12.1% due to the ESR losses and drop in the converter circuit loop.
The output voltage is not exactly constant but is slightly dependent on the load. The output
voltage characteristics are similar to those of the sinusoidal resonant converters [15,16]. By
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4. Simulation and Experimental Results

To verify and validate the performance of the proposed ZCS SC QR bi-directional dc-
dc converter, simulations using PSpice software and experiment were carried out for the
proposed double-mode/ half-mode (n=2) inverting type ZCS SC dc-dc converter shown in
Fig. 5. The power semiconductor devices and the designed parameters are listed as follows:
MOSFET switches are IRF3710, Schottky diodes are SBL1060CT (D, and D), and
MBR10100CT (Ds, Dsp, D, Dy, and D), C=C,= 0.33 ¢ F, f, = 170 kHz(Ts=5.88usec),
the duty ratios are D,, = 0.66(3.88us) and D,y = 0.33(1.94ps), and the duty ratio of the dead
time is 0.01(0.059us) , and the output power is P, = 120 (W). In one switching period D,
turn-off time is 2us and D,y turn-off time is 3.94pus. The dead time select is 1% of switching
time, to avoid the short through in switches Q,; and Q,y and to provide maximum MOSFET
switching time in one switching period. The input voltages are V, = 36 (V) and V, = -72
(V) for forward and reverse power flow control, respectively. According to the zero-
current switching conditions of the converter, we can derive the design criteria D, Ts = n/
=7 (L.Cs))"? and D\ Ts = /o= (L.Cs;)"?.where C,,=nC,=2C, and C,;=C,/n=C,/2. From
the given parameters, Ts=1/f;=5.88 x sec and C,=C,=0.33 ¢ F. The resonant inductance should
be satisfied L, < 2.3 ¢ H, we choose the resonant inductance L,=1 « H to guarantee that the
proposed converter is operated at zero-current switching. The proposed converter scheme
control method is open loop control system. The effect on the output voltage control for such
open-loop control system is that the output voltage regulation cannot accuracy control.

The closed loop control methodology is composed of a compensated controller and a resonant-
mode power supply controlled integrated circuit containing a voltage controlled oscillator, a
zero-crossing terminated one-shot timer and steering logic and drivers. It will force the output
voltage to follow the voltage reference V¢ or V,,, by using the synchronized-switching cross-
over-switches. The driving circuit comprises a logic circuit and amplifier to generate the gate
trigger signals to drive the switches. Figures 6 (a) and 6 (b) show the simulation results of the
proposed double-mode and half-mode ZCS SC converter, respectively. The simulation output
voltages of the bidirectional converter in full load condition are -64.48(V) and 32.11(V)
under forward and reverse power flow control schemes, respectively. The output voltages of
the proposed converters are slightly less than the designed values due to the equivalent series
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time, Qv and Q,,,**+, Q,, ., are turned off at zero current state where t = t,. Let the duty
ratio of Q,; and Q,y be denoted by D,; and B, respectively. The zero current switching
conditions of Q,; and Q,, are then obtained as B,;Ts = n/w, and D,y Ts = n/®;, where Ty is
the switching duty of the proposed bi-directional converter.

Figures 4(a)-4(d) show the alternating equivalent circuits of the proposed --- -mode bi-
directional converter under the reverse power flow control scheme. In stage 1 (Fig. 4(a); t, <
t <t;): When Q.; is turned on at t = t;, then D,y and D,,,-+-, D, ..., are forced to turn on, the
sources V, and V,, C,,C,,---, and C, are series connected with the switches, Q,, and D,,---,
D, w1, and the resonant inductor L,. Therefore, the energy is stored to the C,, C,,++, and C,
through the L, - C; resonant tank circuit. The dynamic state equation for stage 1 is the same as
(4) with the negative state variables I, ,(t) and V(t). In stage 3 (Fig. 4(c); t, <t <t,;): The main
switch Q,y is turned on at t = t,, the diodes D,y, D,, D,**+, and D, are then forced to turn on.
The stored electric energy in the parallel capacitors C=C,+C, + - - - +C, = nC is discharged
into the source V, through the switch Q,y, and the diodes D.y, D,, D,,*-, and D,. The dynamic
state equation in this interval is the same as (1) with the negative states. The analytical
procedure is similar to that for the bidirectional converter in the forward power flow control
and is omitted in this paper.
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Fig. 5. Circuit realization for the proposed double-mode/half-mode ZCS SC bi-directional converter
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Stage 2 (Fig. 3(b); t, <t < t,):The main switch Q, and switched-capacitor switches
Q., Q,,»*, Q, are still turned on, and the diode D,, cannot reverse into negative
current which ceases the current reversing in this interval. The inductor current will
still stop at zero state until t = t,”. The states in this stage are I,,(t) = 0 and V,(t) =
Va(t) =+ - =V (t) = V(t) = Vg

Stage 3 (Fig. 3(c); t, <t <t;): When Q,y and Q,;, -+, Q... are turned on at t = t,,
the V,, C,, C,,*+-, and C, are series connected with the switches, Q,y and Q,, Q.,-*-,
Q,, and the resonant inductor L,. Therefore, the stored energy is transferred into the
source V, through the L, - Cy; resonant tank circuit. The dynamic state equation in

this interval can be expressed by

dILr{r)

L O)—& o —(m-D{, D To <1]|%

- - )
o cllav| [ 0 v | Lo o]y,

dt

where C=C,=C, =+ - - =C,, the resonant angular frequency in stage 3
: 1 1 1 C .
is a)3=2r:f3:1/,}Lng3 :1/ LC/n 4 CS3:1/(E+E;+---+E)=; , the normalized

impedance is Z,, =/, /C;, and I, is the output current of the converter. The initial conditions of
the differential equations are 7,(1,)=0, and Ve (6)=Vet)= + + + =Velt.)=Ve(t,)=Ven - The
solutions of (4) can be obtained as

L f,

c02
nj . ;
Z—Slnwz(r—.tz):—Sman(r—tz) (5)

r2 s

].’_r('t):

Vs by _
I{:‘(t)_?-'-[I/L'OZ n }Cosa)z(f t2) (6)

The inductor current will decrease along the sinusoidal function to the negative peak value
and continuously fall to zero at t = t,. After I, resonates back to zero, diodes D,y and D, are
biased in reverse and this operation stage is terminated.

Stage 4 (Fig. 3(d); t; < t < t,): In this interval, the inductor current will stay in zero current
state, the states are I,,(t)=0 and Vc1(t) =Vea(6) =+ =V, () =V (2) = Vo3 . After a specified



BB 47 97

, DIN
\2
A
A Ven
NEE’DZP QT.l Q;ﬂE&mP
T
4 (c)
Ql]
DN 3 DN
i o ol
1 —, v
a2 Qﬂtﬁ;rz‘%
e Elel O
D2 :+V: D € N
ont] L | L
cn-fi :
q
FD'.pI—1—+”'\f Dn-1
L Ven-1
Qnénn tfnm: Dn
It 1
Lo I\
— Ven il
amﬁrozp an] q;ﬂ (4 D1P
4(d)

Fig. 4. Equivalent circuit of various operation stages for -+ -mode ZCS SC bi-directional
dc-de converter with reverse power flow for, (a) to<t<t; (b) ti<t<t; (c) ty<t<ts (d) ta<t<t,



State Space Analysis and Implementation of Inverting ZCS Bidirectional Converter
96 for Battery Equalization Application

a\'2
A Y
Qﬂ,_"m" K an| _|;T D1P
tL QN[
— -
4 (a)
tﬂ
K D2N Tq i QﬂEKmN
7 I
x i
D1 =
Q2 Qﬂt‘:‘mzal?
L _el Hlel (W,

" DnA[+" >,
— Dn-1
Qn-1n r_—ﬁf Ven-1
n Dn-in Dn

DIP

Pal

V.
a| Emzp il &) QNE




TR EEEE 47 #A 95

QLEJE{ D2N QZFID;!\DW
1
Y
~V =
1 Lr V':
C) , -
L.
! A
mﬂErozP aan| i 1P
'—
S >
3(c)
m
Qﬂtlfilnm T}H (&1 Q;I,"'_'I_;!\Dm
|
]l v
Q2 - D‘Izﬁ

Qnﬂ an- L,
[ M
D1+ - Dn-1

- Dn
+11- 16
s I
QMEF’ D2P an] o Egm P

3 (d)
Fig. 3. Equivalent circuit of various operation stages for -n-mode ZCS SC bi-directional
dc-dc converter with forward power flow for, (a) to<t<t; (b) ty<t<t, (c) to<t<t; (d) ta<t<t,



State Space Analysis and Implementation of Inverting ZCS Bidirectional Converter
94 for Battery Equalization Application

, where CS1 = C14C2+:+-+Cn = nC, £, is the switching frequency of the converter, the

normalized impedance is Z, =L, /C;, , and , is the output current of the converter. The inductor
current /,,(f) will increase to reach the peak value and substantially decrease to zero att =t,.
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3. State Space Analysis

The equivalent circuit, shown in Fig. 2(b), for the proposed non-inverting type
-n-mode/ -5 -mode ZCS SC bidirectional converter is depicted in Figs. 3(a)-3(d) and
Figs. 4(a)-4(d) under the forward and reverse power flow control scheme, respectively.
Some assumptions are necessary to analyze the dynamic circuit operation: (i). the resonant
inductor Lr is a small inductance with negligible equivalent series resistance (ESR), (ii). the
semiconductor switches and diodes are ideal, (iii). the capacitors in the switched-capacitor
bank are ideal.

The resonant current ILr is controlled by the MOSFET switches Q1S and Q2S for the forward
and reverse power flow control modes, respectively. The direction of the controlled current
is determined according to the switched-capacitor charging/discharging situation and/or the
desired power flow control orientation for the converter system. The detailed equivalent
circuits for the proposed converter scheme are shown in Figs. 3(a)-3(d) at different time
intervals under forward power flow control mode. The state space dynamics of all operation
modes are easily analyzed in the following stages:

Stage 1 (Fig. 3(a); t, <t <t,): The main switch Q,, and switched-capacitor switches Q,, Qs
Q, are turned on at t = t,, the source V, provides current through MOSFET switch Qips Dip,
the paralleled C,,-++, C,, and C,, and the resonant reactance L, stores the electric energy in the
capacitors C,=C,= - - - =C,=C. The dynamic state equation in this interval is given by

L. o || 4@ 1 ofl iz 1 oll#H
dr
Ve |~ 3
0 nC S 0 of| Ve | |0 of|lm (D

with the initial conditions /;,(#,)=0 and Ve (t.)=Ve(ts) ==V (t)=V.(t,)=Vo,. The solutions
of (1) can be obtained as

KV . o ELA B
I,.(t)= u—_Z,, sina,(t—t,) 7. sin, (t —1,) @)
V.)=V +(V.o -W)cosa,(t-1,) (3

where the resonant angular frequency in stage | is @ =2xf,=1/JL,C,, =1/JLnC
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The following sections of this paper will analyze the proposed non-inverting type
-n-mode/ -+ -mode ZCS SC bidirectional dc-dc converter.
Forward Power Flow (1,>0, 1,>0)

(-n-mode, V; = -nV))
m———————

a > L -e—0 -
+ BI-DIRECTIONAL

v, DC/DC v,
CONVERTER

Port 1 Port 2
G rmererepeen

1 1
(———-mode, V, =—=V,)
n n
Reverse Power Flow (I,<0, 1<0)

2 (a)

ar)| Ezs’nzn LH K QEERMN

L
D A
c1
v Q2 qle D12 9]
- . D2 v, D2 - X
. an- L ] L,
lz Cn-1* I
Dr|11_:i 5 Dn-1
Qn-1n tﬁi’ VCn—l
n Dn-1n

aHom

—

an| Ez D2P

2 (b)
Fig. 2. -n-mode/-+ -mode ZCS SC bi-directional dc-dc converter (a) block diagram, (b)
realized circuit configuration
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developed based on the ZCS SC QR converter theory. The proposed switching topologies and
the switched-capacitor bank ensure bidirectionality in the current flow while maintaining the
negative polarity of the dc voltage at either end unchanged. The energy is transferred from port
1 to port 2, called forward power flow control, the output voltage V, equals -nV, which is called
-n-mode dc-de converter. If the energy is transferred from port 2 to port 1, it is called reverse
power flow control, the output voltage V, equals - + V, which is called - - -mode dc-dc converter.
The circuit is composed of four MOSFET main switches paralleled with Schottky diodes. Only
a very small inductor series connected with a set of switched-capacitors is needed to construct
the resonant tanks in the converter. The resonant inductor L, is connected in series with a set
of switching capacitors comprised of C,, C,,-++, and C,, to achieve resonant characteristics by
controlling the switches during the operating interval. The forward power flow control can be
achieved by switching on one of the switches (Q,, and Q,y) according to the proposed switching
sequence in the specified interval, as shown in Fig. 3. Switching on one of the switches (Q.»
and Q,y) can achieve reverse power flow control in the same interval according to the proposed
switching sequence shown in Fig. 4. The switches can be designed to switch on and -off at the
zero-current state while the L -C resonant current is rising and falling to zero to achieve zero
current switching for reducing the MOSFET switch power losses. The switches Q,, Q,,--, Q,
and Qy,, *+, Q,,. are used to control the switched-capacitors, connecting them either in parallel
or series, during the charging or discharging state, respectively. Figure 3 shows a non-inverting
type step-up ZCS SC dc-dc converter under various operation stages. Turned on/off switches
Qi or Qy and the switched-capacitor switches Q,, Q,,**, Q,., or Qs+, Q... can control the
forward power flow from the source V, to the other source V, as a -n-mode converter (i.e. V,
= -nV, ) shown as Figs. 3(a)-3(d). The turned on/off switches Q,, or Q,y and the switched-
capacitor switching diodes D, D,,---, D, or D ,,-*+, D, ., can also control the reverse power
flow from V, to V, as a trisection mode converter (i.e. V, = -V, /n ) shown in Figs. 4(a)-4(d).
When the resonant current I, increases to a peak value and decreases to zero current, it cannot
reverse into negative current because there is a diode in the resonant circuit loop of the converter
that ceases current reversal and maintains the current at zero until the next switching time. It
also enables the MOSFET switch to switch on at zero current to reduce the switching losses.
Figures 3(a)-3(d) and Figs. 4(a)-4(d) show the equivalent circuit of the proposed non-inverting
type ZCS SC bidirectional de-dc converter with forward and reverse power flow control scheme
under the various operating time intervals, respectively.
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capacitor -n-mode /- + -mode bidirectional dc-dc converter are elucidated in sections 2 and 3,
respectively. Section 4 demonstrates the simulations corresponding to the research experiments
for the proposed converter under n = 2 and the application in the cell equalization for the series
connected battery strings. The switching loss and efficiency are proposed in graphic form as
well. In addition, the output voltage control using the frequency modulation method is addressed
in this section. The conclusion is described in section 5.
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Fig. 1. Quasi-resonant zero current transient bidirectional switches
for cell balancing control of a abttery string

2. Topologies Description

Figures 2 (a) and 2 (b) show the block diagram and realized circuit configuration of the
proposed inverting type -n-mode/- 5 -mode ZCS SC bi-directional converter, respectively. It was
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proposed in [13]. The non-inverting-type zero-current switching switched-capacitor bidirectional
converter is proposed in reference [14]. It cannot be used in the cell balancing control schemes
for a series connected battery string. The proposed zero-current switching bidirectional converter
is a generalized structure with the inverting power flow control scheme that can be applied to
the battery balancing control applications for a series connected battery string. The converter
scheme can achieve zero current soft switching and reduce the MOSFET switches power losses
to increase the converter efficiency. The high switching current stresses can also be reduced
under the bi-directional power flow control schemes. The proposed non-isolation bidirectional
converter is designed for a voltage conversion ratio -n / - - under various control strategies of the
switched-capacitor networks. The inverting type converters are designed with fixed gain from -n
to -1/n. They are suitable for fixed gain and low noise inverting type power supply applications.
Because the proposed converters can be designed to operate at zero-current soft switching under
quasi resonant condition, the switching losses and EMI noise are suppressed. The converter
efficiency is improved in comparison with the conventional switched-capacitor converter. The
output voltage can be regulated using the frequency modulation under a specified load variation
when the switching frequency (f;) is selected less than the resonant frequency (f)). Two designed
experiments for the inverting ZCS SC converters were conducted to verify and validate the
predicted performance of the bidirectional power flow control and application in cell balancing
control of a series connected battery string.

Figure 1 shows a battery charging system configuration for a series connected battery stack
with the quasi-resonant zero current switching bidirectional converter for cell balancing control.
Much literature has discussed battery string equalization [7-8]. An integrated infrastructure for
these cell voltage balancing schemes is particularly necessary in modern battery management
systems [19, 20]. The nondissipative current diverter cell balancing control scheme is a
bidirectional converter with a switched capacitor cell bank (SCC) and a small series connected
inductor (L,) to obtain the soft switching in the zero-current transient bidirectional switches
(ZCTBS). The bidirectional cell balancing control scheme has many advantages such as
higher equalization efficiency for zero current switching, bidirectional energy transformation
capability and a modular design approach [7]. The cell voltage balancing speed and efficiency
of the proposed converter are therefore higher than using the conventional flying capacitor cell
balancing control scheme for battery equalization applications.

Theoretical analysis and the operating principle for the inverting quasi-resonant switched-



State Space Analysis and Implementation of Inverting ZCS Bidirectional Converter
88 for Battery Equalization Application

1. Introduction

The switched-capacitor de-dc converter is a non-magnetic converter that requires only a
capacitor bank and MOSFET switches in the power stage. This converter has the following
features: light weight, smaller size and fabrication on a semiconductor integrated circuit
chip. However, the larger switching loss and current stress are the essential drawbacks in the
conventional high frequency switching de-dc converter [1-3]. Quasi-resonant converters that
are able to operate at constant switching frequency with zero-current or zero-voltage switching
(ZCS or ZVS) have been used to reduce the switching loss in the converter to overcome the
aforementioned problems. This work presents a new zero-current switching switched-capacitor
quasi-resonant (ZCS SC QR) converter that can operate at high switching frequency with less
switching loss for increased converter efficiency with fewer switches [2, 3]. Although the ZCS
SC QR converter has numerous advantages, its power flow control is only unidirectional.
Bidirectional de-de power conversion is of great interest in systems fed by dc power including
electric vehicles hybrid energy systems, fuel-cell systems, aerospace systems, and telecom
systems [4-6]. The bidirectionality in these applications involves current flow while the polarity
of the dc voltage at either end remains unchanged.

This device is applied in battery equalization schemes where the stronger energy of this system
is transferred into a weaker energy subsystem using the bidirectional power flow control scheme
[7,8]. A class of soft switching bi-directional dc-dc converters is the expected candidate for
applications such as uninterruptible power supply (UPS), battery charging and discharging
control in telecom power systems, HEV auxiliary power supply, and dual voltage automotive
systems [6, 8]. A switched capacitor based bi-directional dc-dc converter providing the step-
down/step-up voltage capability is proposed in [9-10]. The input/output current pulsating peaks
of the bidirectional SC converter are mitigated but the switching losses and the overall converter
efficiency are not significantly improved [11-17]. A double-mode boost type resonant switched-
capacitor converter with synchronous rectifiers and the output voltage control method are
proposed and addressed in [18].

This paper presents a non-isolation switched-capacitor quasi-resonant bidirectional dc-
dc converter designed to operate at -n-mode/ -mode and constant frequency. A study of the
fundamental scheme for the inverting type ZCS switched-capacitor bidirectional converter is
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Abstract

The proposed non-isolation zero-current switching switched-
capacitor (ZCS SC) de-de converters are with an inverting bidirectional
power flow control conversion scheme. The state space approach to the
design, analysis and applications of the inverting ZCS SC step-up/step-
down bidirectional converters are presented that can improve the current
stress problem during bidirectional power flow control processing. It can
provide a high voltage conversion ratio of -n /- J-(-n-mode/- L -mode)
using four power MOSFET main switches, a set of switched-capacitors
and a small resonant inductor. The proposed zero-current switching
bidirectional converter is a generalized structure with an inverting
power follow controlled scheme. It can be used in the inverting type
power supply applications, and also be applied to the cell balancing
control applications for a series connected battery string under different
voltage conversion selections for properly speeding-up the balancing
process. Simulation and experimental results are carried out to verify
the performance of the proposed inverting type double-mode/half-mode
bidirectional dc-dc converter, and the one-mode/one-mode converter
applied in battery cell balancing control.
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IV. CONCLUSION

A new current-mode universal biquadratic filter circuit based on DDCCs, CFs and
grounded passive elements has been presented. It can perform lowpass, highpass, bandpass,
notch and allpass functions from the same circuit configuration without component matching
conditions. The proposed filter also offers several advantages, such as low sensitivities to
passive components, orthogonal control of both m, and Q through grounded resistors, and
the use of grounded passive elements which is an IC implementation ideal. Finally, three
experimental results confirmed the theoretical analysis presented herein. The results will be

useful in analogue signal processing applications.
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Hewlett Packard network/spectrum analyzer 4195A. The experimental results of Fig. 4 are
shown in Fig.6. The bandpass result is shown in Fig. 6 (a) and (b), where G, =0, Cs = 0,G;,=
G,=G:=G,=10°(Q)" and C, = C, = 1 ¢ F. The highpass result is shown in Fig. 6 (c) and
(d) where G,=G;=0,G; =G, =G, = 10° (Q)'and C, = C; =C, = 1 ¢ F. The lowpass result
is shown in Fig. 6 (e) and (f), where Gs = Cs =0, G; = G, = G, =G, = 10° (Q)'and C, =C,
= 1 4 F. Fig. 6 shows the experimental results of the bandpass, highpass and lowpass filters.
Experimental results confirm the results of the theoretical analysis.
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Five filters are constructed from the proposed circuit, shown in Fig.4. From equation (2), the
resonance angular frequency , and the quality factor Q of the universal current mode filter

can be expressed as
GG,
the resonance angular frequency @, = | —
C,C

th lity factor Q L 15:6.5
€ gquall acto = e—— g
quality G, C,

It is clear that @, and Q are orthogonally tunable.

By relating a sensitivity parameter F to the element of variation .Y, ,
S e X 7 ar
X;
F dX,

1

The passive sensitivities for the circuit of Fig.2 are given by
SZB= Sg’:z —SZ = —S?ﬁ =1/2

8¢ =8¢ =8¢ =985 =172

S2 =-1

All the passive sensitivities are quite small.

III. EXPERIMENTAL RESULTS

Finally, to verify the theoretical prediction of the proposed circuit, a bandpass, a highpass
and a lowpass filter prototypes have been constructed with discrete components. The DDCCs
and CFs are constructed by employing AD844 IC. The Matlab has carried out simulating the
ideal curves of the proposed filters. The experimental results above are measured using the
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I 5 G,
I.  $°C,C, +5C,G, +G,G,

(4).Notch:
Similarly, for equation (2), if Gs = 0, then the transfer function has a biquadratic notch

characteristic with

E s’C,C, +G,G, ©)
1, s°C,C,+sC,G,+G,G,

m

(5).Allpass:
Fig.5 shows the circuit for the realization of negative impedance using one DDCC. From

circuit inspection, it is apparent that the input impedance can be expressed as:

Zeq S T (N

= V4 Y1

z, =—G
DDCC Y2
— X Y3

Fig-5 The realization of negative impedance with Z., = -G

Let G, = - G, where “- G;” can be obtained by the circuit shown in Fig. 4. Equation (2) can

be expressed as

[

I, §C.C, +80,G,+GG;

n

I,  #€,C—sC,G+GG, )

Thus, a second-order allpass filter can be achieved.
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- z CF+ X Z Y1 z CF+ x Zz Y1
=% DDCC Y2 DDCC Yz
X Ya Wi
G Cs i
Gs G & s Ge 3
x Y1 z ¥
DDCC Y2 DDCC Y2
7, z Y3 o Y3
Cz Ga

Fig-4 Proposed current - mode universal biquad filter for equation (2)

Thus, five second order filter circuits can be realized from equation (2)
(1).Lowpass:
For equation (2), if G, = C; = 0, then the transfer function has a biquadratic lowpass

characteristic with

1, _ GG, 3)
I, $°C,C,+sC,G, +G,G,

n

(2).Highpass:

For equation (2), if G, = G, = 0, this circuit is a biquadratic highpass filter, with
2

1, _ $CC (4)

I, $*C,C,+sC,G, +G,G,

m

(3).Bandpass:

For equation (2), if G, = C; = 0, this circuit performs a second order bandpass function, with
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The proposed filter circuit employing four DDCCs, two CF+s and some grounded
passive elements is shown in figure 3. From a routine analysis of the current-mode
configuration, the transfer function of the Fig.3 can be represented by the following equation:
I Y.Y.+YY,

Ze — 2275 14 (D)
I .1, +E)Y;

m

where Y, — Y, are admittances.

7 - Z CF+ X z Y1 Z CF+ x Z Y1
" DDCC Y2 DDCC Y2
X Y3 X Y3

X Y z Y1
DDCC Y2 DDCC Y2
7, < Ys X Y3

Fig-3 Configuration for realizing current mode universal biquad filter

If the admittances are chosen as ¥, = G, Y, =sCs, ¥Y;= G, Y, = G, Ys=5Cs + Gs and Y
= sC, + Gy, the equation (1) can be expressed as

$2C.C; +35C,G, +6,G,
s2C,C, +sC,G, + G,G,

]{)
Iin

The proposed circuit is shown in Fig. 4.
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elements is proposed. The new configuration of current-mode filter circuit can realize either
notch or all-pass or lowpass or highpass or bandpass filter. The output current signals of the
proposed circuits are taken out through Z of a DDCC. Because of high output impedance, it
may be used in cascade without any additional matching circuit. The passive sensitivities of the
proposed circuit are also derived, and they are small. Therefore, this newly designed universal
current-mode filter is better than any of the previously designed universal current-mode filters.
The comparison between this paper and the recent one [38] is shown in the table 1.

Paper Filter |Low-pass |High-pass |Band-pass| Notch [All-pass
Surapong Siripongdee and A% \% A" X X
Witthaya Mekhum (2012)

Yin and Liu (present) \4 \Y v \4 \

Table1. Comparison of the filter function

Finally, three experimental results are given to confirm the mentioned afore theoretical analysis.

II. CIRCUIT DESCRIPTION

The port relations of a DDCC, shown in Fig.1, can be characterized as I, =17, V. =V
-V,5, and 1, = [, = I,; = 0. A CF+, shown in Fig.2, is a two-port network whose terminal
characteristics can be described as V/,= 0 and . = [..

I 1,
Vs - [ Yi Z—V, I, T
Fy — ] Y2 DDCC 7 —* 1Z ©CTF+ X
X
V ——Ys X —V,

Fig.1. A DDCC symbol Fig.2. A plus-type CF symbol
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I. INTRODUCTION

An analog filter is an important building block, because it can be widely used for
continuous-time signal processing applications [1]~[2]. The analog filters have been found in
the communication, measurement, instrumentation and control system fields. For example,
current conveyors, four-terminal active current conveyors and differential voltage current
conveys have been widely used in the various circuit applications of analogue circuits [3]~[29].
Current followers (CFs) and Differential Difference Current Conveyors (DDCCs) are also
versatile current mode building blocks. CF can avoid any voltage tracking error because of the
virtual earth at the input terminals [30]~[32]. DDCC can circumvent the finite gain-bandwidth
limitation of the conventional operational amplifier and have many advantages such as large
signal bandwidth, great linearity, wide dynamic range, high input impedance and arithmetic
operation capability. Therefore, The realizations and applications of universal biquad using
DDCCs have received considerable attention [33]~[38]. First, Muhammed A. Ibrahim, Hakan
Kuntman and Oguzhan Cicekoglu used some DDCCs to present a voltage-mode canonical first-
order all-pass filter [33]. Secondly, Muhammed A. Ibrahim, Hakan Kuntman and Oguzhan
Cicekoglu then synthesized bandpass, low-pass and high-pass filter functions employing one
DDCC as active elements [34]. Third, Wen-Ta Lee and Yi-Zhen Liao constructed a voltage-
mode biquad filter using one DDCC, two single-ended operational transconductance amplifiers
and two grounded capacitors. The proposed circuit can realize low-pass, high-pass and band-
pass filters from the same configuration [36]. Fourth, Istanbul Cicekoglu and Pal realized
the all-pass filters using some DDCCs and the minimum number of passive elements [33].
Fifth, Varun Aggarwal proposed a novel DDCC based canonic current mode Single-Resistor
Controlled Oscillator, which uses a voltage controlled voltage source and a single current
terminal to take out the output [36]. Sixth, Siripongdee and Mekhum constructed the voltage-
mode low-pass, high-pass and band-pass filters employing some DDCCs and current controlled
current conveyors as active elements [37]. However, all of the proposed circuits have some
disadvantages, such as: (1) high sensitivity, (2) without any orthogonal control of the resonance
angular frequency and the quality factor, and (3) without low-pass, high-pass, notch, allpass
and band-pass filters from the same configuration. In this paper, a new universal current-mode
filter using four DDCCs and two CF+s as active elements together with some grounded passive
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Current-mode Universal Biquad using
Differential Difference Current Conveyors and
Current Followers

Yung-Chang Yin and Hong-Yu Liu

Department of Electrical Engineering

Abstract

In this paper, a current-mode universal biquad is presented. This
proposed circuit employs four Differential Difference Current Conveyors
(DDCCs), two plus-type Current Followers (CF+s) as active elements
together with some grounded capacitors and grounded resistors as passive
elements. The proposed circuit can realize lowpass, highpass, bandpass,
notch and allpass five filter functions and enjoy many advantages which
include low sensitivity to passive components, fewer voltage tracking
errors and orthogonal tuning of the parameters Q and @, through
grounded resistors. Because all of the passive elements are grounded,
the fabrication of the proposed circuit is easy in IC implementation
processes. Finally, three experimental results are included to certify the

theoretical prediction.

Key words: Differential Difference Current Conveyor, Current Follower,
sensitivity, active filter, analogy circuit design,
continuous-time filter
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CMOS technology at a single supply voltage of 3.3V. The applied ac coupling input prevents
the demand at the conventional right-leg driven electrode. The utilized on-chip pseudo-
resistors with high resistance replacing the off-chip components in the filter effectively save

the area requirement of 10 pads. This front-end circuit profits the integrated development of

An ECG Amplification and Filtering Circuit

Table 1. Performance Specification

Technology CMOS 0.35 um
Supply Voltage 33V
Gain 60 dB
Bandwidth 0.1~200 Hz
CMRR 57.2dB
Power Dissipation 11.19 mW
Active Area 0.085 mm?

4. Conclusion

the ECG acquisition system.

This paper presents an integrated ECG amplification and filtering circuit with a 0.35um
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68 An ECG Amplification and Filtering Circuit

gain of 31 dB. Consequently, this ECG amplification and filtering circuit presents the
amplification of 60 dB with bandwidth of 200 Hz.

3. Simulation Results

This work is designed with a 0.35-um CMOS technology. The chip layout is depicted in
Fig. 8. The area occupation is 1.017 X 0.906 mm’ including pads and the active area is 0.085
mm?’. The simulations of pseudo resistors are depicted in Fig. 9. The x-axis stands for the d¢
sweep of ¥, at a fixed voltage V; of 1.65 V in Fig. 6. The results indicate that as V, and V, near
the V,,, at 1.65 V, the resistance value of pseudo resistor] and resistor2 are 1.309 G and 2.786
GQ, respectively. The frequency response of this designed LPF and the ideal LPF are shown
in Fig. 10. Although the passband response at the designed LPF is not as flat as ideal one
within 200 Hz, the roll-off response of the designed LPF almost matches the ideal one. The
overall frequency response is shown in Fig. 11. The lower 3-dB frequency is 0.1 Hz and the
upper 3-dB frequency is 200 Hz. The midband gain is near 60 dB. The ECG signal coupled
with the sine wave at the frequency of 500 Hz and amplitude of | mV as shown in Fig. 12
is input to this front end circuit for simulation. The output waveform reveals that this circuit
amplifies the magnitude from 1 mV to 1 V and effectively suppresses the high frequency
interference. The simulated CMRR in the pass band is obtained as 57.2 dB. The CMRR can
be further improved with the fully differential operation. The power dissipation is about 11.19
mW. The performance specification of this amplification and filtering circuit is summarized in

Table 1.
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as depicted in Fig. 6 [10] is utilized to act as the demanded resistor in the Sallen-Key circuit.
The main principle of the active pseudo resistor principle of this active pseudo resistor is to
operate the PMOS transistors in subtreshold condition to achieve high-equivalent resistance.
The V., determines the voltage difference between ¥, and ¥, to obtain the demanded
resistance. When V, > V,, V,~ V;and R, = R,; + R,. By symmetry, when V, < V,, ¥V,=~ IV, and
R, = Rys tRy,. Consequently, by designing M, = M, and M, = M,, the R,, are near constant
with difterent polarities of J, and V,.

2.6.0n-chip Circuits

- Ry = R 0
Ay . " B 2 10k
8 ] jIS :IS A R3 4ka
> e : R4 20kQ
=R, : : : Rs i
Amp1 . ; Rg 39kQ
............................ :- 61 700 fF
Cy4 ?’3 C, 94 fF
— FP i —— " C3 661.5 fF
Seudo Seudo + Pseudo Pseudo
. ; C, 368 fF
Resistor 1| | Resistor 1 _ '—IR-esistor 2™ resistor 2 Fse:t 5
I | p 2786 GQ
Vilas o Resistor 1
Ve © Pseudo
¢ &s .J_T: Cs T Resistor 2 1.308 Ga
L

Figure 7. The on-chip circuit diagram and the corresponding design parameters.

The on-chip circuits and the design parameters are shown in Fig. 7. The IA acts as the first
stage, Amp 1, with the gain of 29 dB. The switches, S and S's, provide the individual test path
of the IA and the following circuits. Moreover, if the interference of 60 Hz electricity is too
serious, the off-chip notch filter can be joined through these switches. A 4th order Butterworth
LPF of 200 Hz bandwidth with pseudo resistors are cascaded after the switches. Because the
amplitude of original ECG signal is about few millivolt, the magnifying scale of Amp! is not
adequate for applications. Therefore, an additional stage, Amp2, provides the supplementary
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When R,': }?_1 = R, C,l = C, Cj = C/m,

m
_ RC? )
I(s)= X 5 p-
S +85— P
RC R°C

By comparing (4) with the first second-order equation of (2), the RC = 2.08 X 10”s when the
pass bandwidth is about 200 Hz (w, = 400 7 ) and m = 6.83. Similarly, the second second-
order equation is obtained as RC = 8.61 X 107*s and m = 1.17.

2.5.Pseudo Resistor

M; M, Vhias Ms ., Mg M; . Mg ¢
v i1
1T,
Vo o JLTTE,d Mo
M1 Mz c3
Vit My, My
Cs

Figure 6. The active pseudo resistor.

To design a proper capacitance value that the capacitor is realizable on the chip. The
value of the capacitance is selected as the order of pico faraday. Therefore, the demanded
value of the resistance will be the order of giga ohm. Such highvalue resistance is difficult
to be realized in modern technology with passive liner resistor. To avoid the pad area
requirements of external resistors’ connections, the active pseudo resistor with high resistance
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The nature modes of a 4th-order Butterworth filter can be determined from the s-plane
shown in Fig.4. The poles’ location are given by

D= a)o(— c0s67.5" + jsin 67.5°),
Ps= coo(— c0s22.5° + jsin 22.5"),
Py = 0, (-c0s22.5° — jsin22.5")
Py = 0y~ c0s67.5" — jsin67.5")

Combining p, with its complex conjugate p, and p, with its complex conjugate p; yields
the 4th-order complete transfer function as

4
[0
fs)= b :
(s) (5% +50.7654@, + @7 Js* +51.8478a, + @ ) @)
2.4.Sallen-Key Biquad
Cs
1}
v, o :\'?‘: ‘#'2 €

—o V0

Ly
a3

Figure 5. The Sallen-Key biquad circuit.

For the single-amplifier-biquad (SAB) of Sallen-Key circuit in Fig. 5, its transfer
function is obtained as
1

T(s) = RACE. | 3)

st +s| —+ LN
R, R2,)C, RR,CC,
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in Fig. 3. Modern circuits are required to operate from a single supply voltage. To provide a
proper input reference, voltage V., acts as common-mode voltage. Capacitors C, and R, resistors
Rh perform the ac coupling high-pass filter (HPF) with corner frequency of 0.1 Hz. With this
coupling circuit, the dc offset voltage is blocked and only the difference signal of ECG is fed
into the 1A. Consequently, the conventional right-leg driven electrode can be eliminated with

this approach. The voltage gain of the IA is known as

R,(, 2R
Aﬁf(H 2], (1)

3 R]

The external resistor, R,, furnish the gain adjustment for various candidates. The maximum
available gain of this [A is 29 dB.

2.3.Butterworth Filter

P2

P3

P4

Figure 4. Poles location of a 4th order Butterworth filiter in the s-plane.
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2. Circuit Description

2.1.0perational Amplifier

To obtain the lower noise, wider output swing, and larger driving capability, the two stage
topology with PMOS inputs in Fig. 2 is adopted as the opamp in this work. This opamp is

design as the dc gain of 66.8 dB, the unity-gain frequency of 679.6 MHz, and the phase margin
of 68.5 degree.

Vop

Figure 2. The applied two-stage amplifier.

2.2.Instrumentation Amplifier

Figure 3. Three-opamp instrumentation amplifier with ac coupling networks.

The front end amplification stage applies the three-opamp instrumentation amplifier (1A)
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1. Introduction

Low—Pass
Filter

1=
1~
Wireless
Digital
Electrode Communication

.....

Figure 1. Modern approach of ECG acquisition.

The ECG is one of the most important electrophysiological signals from the human
body. Many syndromes of the cardiopathy and life signs can be obtained from the ECG.
The demanding of long-term ECG monitoring has driven the development of the front-end
amplification circuits toward small volume and low power dissipation [1], [2], [3]. Since the
body-surface potential difference induced by the cardiac activity is about few millivolt or less
and the frequency range of the cardiac signals are low, the acquisition system usually consist of
the electrodes, an amplifiers, and a LPF. With the progress of portable intelligence devices, the
acquired signals are converted through the analog-to-digital converter (ADC) for the wireless
digital communication as shown in Fig. 1 [4], [5], [6]. Because the amplitude of the primary
ECG signal is about few millivolt, the amplifier needs to equip with high common-mode
rejection ratio (CMRR) to suppress the common-mode interference.

In this work, the three-opamp instrumentation amplifier (IA) [7], [8] with high CMRR is
utilized as the amplification stage at the front end. The external oft-chip resistor provides the
gain adjustment. The 4th order Butterworth LPF [9] with maximum flat response in the pass
band is designed at the cutoff frequency of 200 Hz and cascaded behind the 1A.
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Abstract

This paper develops an integrated amplification and filtering circuit
for the acquisition of the electrocardiogram (ECG) signals. The three-
opamp instrumentation amplifier with two-stage topology is applied
in the front end of amplification. A fourth order Butterworth low-pass
filter (LPF) is cascaded to suppress the high-frequency interference.
To avoid the external components in the integrated circuit, the resistors
with high resistance value in the LPF are fulfilled with MOS transistors
in subthreshold region. The corresponding circuit is designed with a
0.35-um CMOS technology and its active chip area is 0.085 mm’. The
maximum gain for amplification is 60 dB and the bandwidth of the
designed LPF is 200 Hz.

Key words: electrocardiogram, instrumentation amplifier,
Butterworth low-pass filter, subthreshold region.
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Abstract

In this paper, we propose a graph-based framework dedicated for
music information retrieval; and the problem of features semantic gap.
The semantic gap between cross-modal music features such as MIDI and
emotion tag, play an important role on performance of the application in
the music. In this paper, we use a graph to organize music features (i.e.,
multi-modal music graph), In order to reduce the complexity of graph,
we introduce the graph projection operator to refactor the structure of the
graph. Graph projected reduce the complexity of graph and compress the
graph accordingly from feature domain. In this graph-based framework,
we carry out music clustering and auto tagging application. Also, we
perform experiments to show performance of our approach. According to
our experiment study, the performance of projected graph is better than
that of unprojected graph in the two applications.

Key words: Graph projection, Cross-modal, Graph
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H¥ EEETR - AR LIS Tﬁ?ﬁﬂf&ﬁ’jﬂﬁ/{t)}%%fﬁfﬁtﬂﬁﬁ il
BT 12% F1 17% BY Rand-index °

EEREMEENERES BRI E B EEEN Accuracy - BE R 131
B AR - MG B 5% 2 s 26 14 B Target Y domain - ifi ¥t Target 5 @
B - BREERETR  REBNEBSRKT - 20T T 11% 8 10% -
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KA E & a=|SS|, b=|SD|, c=|DS| K1 d=|DD| » 23k 9 A 0] LG H a=4, =0,
=2, d=9 » Q0] L G Rand-index R :

_ (a+d)
- (a+b+c+d)

(21)

RABATLIFE] R=0.86 » R Y 0 2] 1 ZfH - By R AEAFR 0 BEAIRCR BT -

(b)Evaluation measures of classification
£ HERE S - WA HE dccuracy EEHMIGBERERLE - f£R 10 KR53 5]
H 3 fEA[EIRY class » 23 FEHGE K o Accuracy Ry TE M F i 1 28 Bl LY
SR RES - DIFR 10 Bl 0 Accuracy By 0.69 o Accuracy W B HE B AR TE

TP 38R AT -

4.3. B

£ 11 K%

Symbol

Meaning

q

4 F1b 8y Token 3¢

I

F L4544 Token #4948 {s2 Token i 34

ad

#% 4% %5 89 4 4L Domain

level,

B SNN AL n% » BREE x B9 BB B BhPE &

level,

3+ SNN AL E 8% » Bigh y 69 AF B fp L 3B 8

thsny

SNN 48 & 64 P4 1A

Pagerank & damping factor

x1R2IHEEER

B s SR X1 B - FRAPTEE [ R 5 4 B 4R 0 R B9 2 B e

At o LU 70 B AU AR £ i A

@ ARy 28 ¢ B -
BER 12 KEYIFK - ¢ ARBCHEE - HTRSERE  HME SRR
B &AL s g fél token - r FoRKF AT token Bl ARELAY # I token 3 -
AEHY r & E A A — BB R USRS e -
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Ey EERE & A - b 20 #E MECCs 558 > B —#EDIE @l i &
R o AP B — e T 20 AT BAL Ry B Token > DURALAY Token fUR 24 KLAY
MFCCs - %k 809 Target B JEA -
4.2. JIE

EERFIYERG » WATE D BEH A Rand-index [24] B8 53 BERUR - # H ENAR

BEENE 10-fold cross-validation SETTEE » WElHE Accuracy -

(a)Clustering validity

1E5r BEES 3B 24y » TR B Rand-index {E R Ea 28 BRI HiE €&
# Ground truth B C,., > THHI > BEVESE R C,. » AP LLE & Rand-index
EHEOBREEE —EAA 0 1 2R E - BEIFR - RE3H 6 65 %
it X={x1, x2, ..., x6} » [RERM3E B C..={{x]1, x2, x3},{x4, x5}, {x6}} >
THIIAY 3 Bk Co={{x1, x2, x3}, {x4, x5, x6}} » HPNEFMEEMAITE X A
PUFPYREE M -

WSS [A]— AR T SRR 4 B[R — ¥

W 5D [A]— %09 5 2E 0 o5 B AN R RE

W DS : AR Lo B [E R

W DD : A[FEAY 840 5 B A Rl RE

7% 9:Rand-index fid B 5 i

X1 X2 X3 X4 X5 X6
X] SS SS DD DD DD
X2 SS DD DD DD
X3 DD DD DD
% sS | DS
. DS
X6

# 10 ARE TR FE P

C G, G
Ci 5 2 0
C, 2 6 2
Cy 0 1 5
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4.Experiment

FEABFFE > FAMET 8 B 15 82 B A5 G Bk i 55 4 310 BoR A RS G 1 A 1S > 2 THIBTTEZ
(HERTT > AEETE P RESE I B RS HTRL L [RIBY R 18 o (K1 BEF A bE 3] 5 24 e I A2
P EIE BRI B < A R - BRBUREREZ R R ER R - aJLUER

P ET R ST -

HATHF AR B > PE(E 2R RIAV S S HER] - BUAn @ S50 B 4
HENMEE - e AR R T s B Y 23 - 06 DU Sy Bs 1T 5 -
FE B BR AR AT G /A 58 P AR © ISMIST R SR B Artist20 [23] BRHAE -
HE R B TR R HR AN RV OB ERSR - &
BYNEEMEERYRM -

4.1. 5% 8

16 A 8 B p > B B8 wH A B
Information Retrieval A% Music genre & ¥ £ Bl USPOP2002 ¥+ & § ££
Artist20 - I E R L LS AROFE - BRMAHESENTFEE L S EES
BEME - 3l 5E BCE B o BT B Ay B2 =0 ) MatlabR2010b #8257 - &5 IS AT {5 K Intel
17 » 4GB Ram - i ff Windows 7 {EZE XA FEUIT « FAFIH] Voicebox toolbox®
Ll E Audio content analysis toolbox i HV 45 2k Bl 3| o i 2 7Y -

“ 4 ISMIS 2011 Contest: Music

(a)USPOP2002 subset Artist20
7E USPOP2002 T & f £ Artist20 thfm 2 1413 3 » 20 (T F » =R
32kbps HYHEE MP3 % - FERIE 30 MR E - fEHZEIEER - FAT
fEHY 13 #ERY MFCCs F5 8 - 1% MFCCs HE T I SNBSS HEE - &%
R 20 {18 A [F] B i iR S A BY o Sl g (E BB R s MFCCs 1Y Token o &
809 Target Bl F -

(b)ISMIS 2011 Contest: Music Information Retrieval Music Genre dataset
£ ISMIS FRH R - 45 12495 FHEHF - 6 HiEAS - EE R EE M LI MPEG-7

2 ISMIS dataset : http://tunedit.org/challenge/music-retrieval?m=summary
: Voicebox toolbox : http://www.ee.ic.ac.uk/hp/staff/dmb/voicebox/voicebox. html
Audio content analysis toolbox : http://www.audiocontentanalysis.org/code/
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E S 24 35 45 15 B AT AR IR - IS AR T 4t Test IMA TR o DU 9 R il -
TeStrampe=196} * TeStaverage spectral cenvora=13.1} © TE [l & ¥ Test ¥ {4 3% 7 B Tag 1Y
Token B - 5 8 By %51y Pagerank {f  BHH T 44 F1 By AR 88 - IR MT#I 22 AE Tag
domain ) Pagerank B({f - 3% 5% 5 Pagerank BU{E MY Token {87 H G & H AV TH
Wl Tag  F7 9 A% > F Tag domain &% AYBLE By Rock AY 0.02 « Fr DI AT
Rock By FHIMlAY Tag -

# 8: & §ifiBhIY Pagerank H({H

Token PR
O, 0
0, 0.01
O; 0.01
O 0.05
Os 0.01
O 0.06
TokenTtempo 35 0.01
TokenTtempo 73 0.04
Tokentempo96 0.29
Tokenrempo109 0.05
TOkenAvgge spectral centroidl el 0
TOkenAverage spectral centroidl 4 0.01
TOkenAverage spectral centroid2-8 006
TOkenAverage spectral centroid3 ol 0.29
Tokent,Jazz 0.01
Tokent,,Rock 0.02
Test 0.08
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BB P R AEREAA ML i WU — AR % o 0 E{EFIME 6 68 || PR - PR -1||<6 1% -
FAI1S B —EEE = (18)
PR=MPR (18)
£ Pagerank RYGT E @ » 75 M A SR EBEM - & B ey i EHg
38 L 1 38 502 38 sink FfT B 0 HI AT A B5 A9 Pagerank i (i.e., { PR ()| i =
L2, .,n)) AEIEE - HEEMERS - HHEHEM Strong connected K
# & i Pagerank (EIE B Y s - KM AHRBRE (1-a) EHEMEEF S Strong
connected - HAS THMIVEIEE o /n > FMMEE (18) B (19) WAL

PR, =(1—a)M PR, +ap, where p=[1/n]_, (19)
AT LUK (19) 2R 7% (20) RYTE

PR, (1) Ml,l =t My, PR.(1) 1/n

PR (2 M M PR.(2 i
PR = ‘j‘( ‘ =(l-a)| .M v ':( e . (20)

PRH](H) Mﬂ,l e Mrr,n PR; (n) l/n

FII A Pagerank 3 F LM A SRS - ML p fEBERN Vi © Vs By n-by-]

BT o Ve, AR AVETEL - HE RS r EOCRAOER Ry 1 - HAR 0 -
RS E BRI T - PR Falt HHARES R » PR, B PR, FyilliA 7 k) ) E &

F ikt Pagerank (L + EEBCIE R AETERIUE A L V., HOGHIREE -

O Tempo

O Average spectral centroid
O Music object

. Tag

9 H AR ERIMA B
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x 7 EERT R

Cluster 0, 0, 03 04 Os (073
1 1 1 1 1 1 1
2 1 1 1 2 2 2
3 2 1 2 3 3 3
4 4 3 4 1 2 2
5 1 5 2 3 4 4
6 1 2 3 4 3 6

342. BEBEBHER

s R R AR ER T S REEREIY G - B a%
BAER A 9 35 SRR 0 FD - S HIERS ST 6 & K TR R [E VARG FDy, > SR E B
R LRI B - 76 BB b - DU ST i 2 B RR 5 S BB T 480
FOREE - BHEIGAAY & 4420k i B AT -

WE MR TS 0 B BT SRR - R BIEERIEM b RIRRATLL
(¢ BEAR - RS SEN I ¢ B2 RERE F SE B P A R R Token S - R E BV ¢
IIA % HE S S4B G - BT DUR A S0 S B G — P e F > B - [
T4 o O HE P AE R 2B A —fRAVBCR -

B % TR ) Pagerank [22] i B iKGTHS B P G #EHT K1Y Pagerank #{H
PR - R SE A E BNRSSRAYFE I - 3HE S BB SR B S HRE N PR {E - {EA
%2 RS T E509 domain th o DL PR {E R i B 1 B 7F By HIEK ZORHTY BURS AR SR -

£Z N (16) » $5E —EETE g - FBES 2 > PR(q) 2 H In-link Hi% p #Y
PR(p) Hilg Degree(p) 73 Bkt 15— Out-link FIBSHIBE » FER R IIMANYAT R -

_ PR(p)
PR@)= Z Degree(p) .

B G = (VE) T Isolated FiB4HF » 35 link (p.g)eE » RIEMETRR M, ,
= 1/Degree(p) » %5 » HIEEM M,, 2578 0 - FrA HiEEHY Pagerank {HT] LIRR Ry
PR.,(1) PR (1)
PR..(2 PR.(2

ztl( ) =MX 1( )

PR =M x PR, (17

il

PR.:(n) PR.(n)
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HEGOITE R PR AL AI R R - A — TR BFEE - RO S OFRESEN

DR EN A AR - BUSERAT AR BE o TRAMEU R LAY MR E 2%

@ Hi—HiE A EE  (Single-linkage agglomerative algorithm) miflE FEEE 2 7Y
B B G 2 s R B 2 [ T T B Y R G B /M

@ TR EEE S FEE (Complete-linkage agglomerative algorithm) R ] ¥ £
L TR T 2R Ty M R SR T » P A BT B Y R B & B K

@ VIR G EE L (average-linkage agglomerative algorithm) R {H BEEE 2
Fi] B L 6 R W R B2 A2 R P T SR Y 1 R I e o SR

e 5 sk iEk FoEl

0, 0, 0 04 Os Os
0, 0 1 1 2 3 3
(0]} 1 0 1 1 2 2
03 1 1 0 2 3 3
04 2 1 2 0 1 1
Os 3 2 3 1 0 1
Os 3 2 3 1 1 0

LAEl 6 BBt » ML Z B R H#E 43R < level, = 2~ level, = 1 ~ pFD
By O~ thew= 2 B G 2185 PG - % 6 B[BIE PG WY E BEMERERE M - FAFI(E A
Bl g e RE o B M SRS R o [ 8 243 BERY Dendrogram - % 7
Fo o BERIAG SR

8: S AR E

Dendrogram

24}

Distance
o]
[ [3%]

-k
<0
T

—
[=3]
T

1  ——
5 6 4 1 3 2
Music Object

.
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3.4. BREHETT
1E TP H O RE 22 o B & 3 % (9 B ST [21] - S S0 3 B &t Sy
SERSERTFEIE - FEMIGERILEHE R S FR -

# 5: @EZEREITYIFE [21]

Operator Function
Betweenness centrality Graph metrics of path
Closeness centrality Finding center
Average path length Path length
Average cycle length Cycle length
Shared nearest neighbors Node metrics
Graph projection Graph structure
Clustering coefficient Graph metrics
Shortest paths Link analysis
Homogeneity Finding sub-graph
E-to-1 ratio Edge metrics
Graph degree Edge metrics
Density Graph metrics
Girth Finding cycle
Diameter Graph metrics
Radius Graph metrics
Pagerank Link analysis
HITS algorithm Link analysis
Maximum clique Finding sub-graph

EH
RO AR B T [ T 4 o FRAPTARUF L AR T — R YU EH S IEA - FIH
FEZRER LAY BT  BMILIE S0 B B 52 8 IR R A A (F Ryiit B -

34.1. S&5 8
AT F FH B fg =X 43 B (Hierarchical clustering) ¥f & %4 8F -

Definition 6. #3E —EEE G - &5 B & 6B« MTEREE - 19 2R Bk M -
145 45 — {8 7 B R b — (B BF 4E (Cluster) - BEH n HETRS > W18 E n EEFLE -
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It {2 B/ Token » ¥55F level, = 2 ~ level, = 1 * pFD }% O FI1FD, - H4h# G
=1 B SNN-based similarity » % 4 J 3525409 0L Ha ke -

2 A T GERTDLRE A et

0, 0O, O; 04 (0F O¢ Jazz | Rock
0, 0 3 3 0 1 0 5 0
0, 3 0 3 2 1 0 2 1
O3 3 3 0 1 1 0 . 0
Oy 0 2 1 0 3 3 0 2
05 1 1 1 3 0 2 1 2
O 0 0 0 3 2 0 0 2
Jazz 2 2 2 0 1 0 0 1
Rock 0 1 0 2 2 2 | 0

%% 4 BA'FE) Token 2 MIAYRIBIE - B E— 18 Threshold ho + B
pmm@ifﬁ. 46750022 BMEE Y thw AR BAE L B 30 3048+ E pFD R 086
BATESOTH Tog 0038« TR R IKEIRETY - S T - BT
{5 2

thenn= 2

B 7: AE thew TRIIREE
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Fte

Definition 5 (SNN-based similarity). B {EE I8 41%: x #1y H x,y e V 7 level

A SNN-based similarity :
Simgy,y (x, y,level ,level ) =| NN(x,level ) " NN(y, level,) | (14)

NN(i,level,) = {node | node €V, Shortest-path-length(node, i) < level, } (15)

23 3 RAFEE 6 HREW level, 8 level, i85 Simagn(0,,0s, level,, level,)

% 3: [d] levelx THY SNN AE{LLEE

levely | levely Simsnn
1 1 0
2 1 1
3 1 2
4 1 4
levely | level, SimgnN
1 1 0
| 2 1
1 3 2
1 4 4

Example 6. LI 6 2@l » #5ESHEHELEE G = (VE) » G BE AR
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Similarity matrix

Multi-modal music graph

Projected graph

m Projected domain C

&3

E 5 BEKREREE

\

Definition 4 (Graph projection). $i5C —H % ERIKE G = (V.E)

PG = Projectsy (G, pFD, level ,level ,th,, ) (9)
pFD Fs 1% 82 1Y domain » level, B level, & FL 4% SNN 8 L1 EE (% 4B 37 &7 B &6 E
thew s ARG E © FRAILL pFD K BohlE - DL SNN M{LUE EHRE pFD 1932

pFDcV (10)
Ve = Vorp (11)
E,,G . aa (12)

Eps ={(x,y)|x€Vp5,y€ PG’SlmSNN(xay’leve‘lx’levely) > thgyy } (13)

12 % RS S BRI 45 TS A0 A B - AL © 3 L
I S 5 R 55 A » BRI pFD oh RS2 A AL - 3194 x
{E level, BARPIBL y 19 Level, R P32& 7 6 B0 A1 - B4 17 60 B 1
By x By (ROREBLRE -
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@ £, F3HEE FD, 1N Token » 3% Token Ed[a] FD, 19 H il Token ;2 FH{LLE - 5%
ZE ALY 1 fE Token HE#Z -

FAM AL BH B th 53 A i R B R Y58 ¢ Eoo BLES FD Y Epr ©

Example 5. Eoo B85 W12 0034 - Eq B F FD Z[EH) Token JHER o fE7
VB RERE T S E TS BT E S Eoo BIAR[E FD B Erp 38 0 Eoo ANE FD Z[H
(9 Err 7] LAFEFH Operator sli{f fI & & & 4L -

[ 4 %2 2 BB HRE S REE G -

Tag (FDs)

Average Spectral centroid (FD3)

Tempo (FDy)

Music object (Q)

4: ZIERETLETT RS EIE

3.3. BRER

B2 S MR ER - BN BB S EEIE G o BB E S A R Ty e
T O 1 B FERR AR o F-AFIFIF Shared nearest neighbors [20] &1 g2 /Y
FEAELEE » Stz DAREDLEE B A (R P Y 2 -
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Example 2. 2% 2 19&EF » AR 0H LAY Token « £ {45 Tempo » Average
Spectral centroid FI Tag » t = Ff %5 # 4k - FH M %5 %€ FD, Jy Tempo ~ FD, B
Average spectral centroid ~ FD; Jx Tag H o #HEH A W E S B8 W& FD=
(055, T3, 096, 109 L~ FD= 1 U, 14, 28, 300 ) e ji ok
YR FD= { ‘Jazz , ‘Rock } e

Definition 2 (Graph). fiE 589 0={ 07 , "0 .-} - Fifeisk FD - Ffjad
SR REFREIEE G

G=(V, E) (3)
V=0OUFD (4)
EcVx¥ (5)

EYIaRIER o > B 85T SO R R B R R - BT S S i
FIT R AR 181 Token LL3gHEEE -

Definition 3 (Edge construction). £, Fo%7 (ET &L Bl & 28 {0 2[R0 3% © En Fu¥s
12l Token Ed¥;f#l Token Z[IHY2 - v. B EHEYMH > v, BT WM v, BHEAEE
5 token -

B el B (6)
EOF ={(va’vb)'va EO’vb EFD} (7)
Eer ={(v.,v,)|v,.,v, € FD,, thetoken v, is 'similar' to the token v, } (8)

Example 3. 253 2 (&H - ¥{EE FD #1Y Token FD;, » FHEAMIE FD, #HYFT
i Token ZARMEIE - BIAHMAE L FD,, 550 r {8l Token sEZAE—#E -

Example 4. 25X 2 fyERE > KM 7L EBEEER - £EEBEEY - &
6 Z%Yto={ ‘o . 0F, 03,04 , 05, 06 } 3@ K 1% -
FD, B Tempo Fif#l ~ FD, ky Average spectral centroid $5{# ~ FD; J Genre tag #¥
@ - 7£ FD, PR &K HHY Token - Hp B LY 0,8 55 ~ ‘LI ~ Uz B9
Token fH3# - O, B ‘73 ~ ‘1.3 ~ ‘Jazz HBY Token #H3#E > LLILXEHE -

@ AL Eor 19S55V FD R - & HEBEFFT YR Token L -
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9 J5 3 o SR BT U ¢ RS IR OO R RS - BRSO
— (A i B —1{E Token » W £ HL A Ontology-based LIS HF 26 {18 A5 SR by — 1l
Token -

#& 2 FisE e LRI ER

Source data Quantized data
Music Tempo | Average Tag Music Tempo | Average Tag

spectral spectral

centroid centroid
O, 55 1 Jazz O, 55 1.1 Jazz
0, 75 1.3 Jazz 0, 73 1.4 Jazz
03 1 1.2 Jazz 05 73 1.1 Jazz
04 96 2.8 Rock O 96 2.8 Rock
Os 113 1.5 Rock Os 109 1.4 Rock
Qg 105 3.1 Rock Os 109 3.1 Rock

Example 1. DIR 200 £ BE# - MG 6 & dh - 3 5 FF =5 (Feature
domain) = ¥ 38 #4462 (19 %5 131 Tempo Eil Average spectral centroid Ffffi &5 &b ks 4
fifl Token » BERCHERIANY Tag FFHIE FE Tag Xl ks —1 Token -

3.2. By ER

BB LEn S DU SRR 2 MBI R % - BRAITESR B FD A1
HREY G
Definition 1 (Feature domain). 5 € 3 2490409 F 508 By

P

FD=FD,UFD,U...UFD, (1)
Horp g FF OB HERY Token £y
FD, ={FD,,,FD,,,..} (2)

TR A A S A B R R

@ A EALEFAAY R R - AL R AV B R A [y Token -
@ HNBERCHIVARE - B0 ¢ ARER - KR EAVAR SR E LR N [V Token ©
@ S FEMEAIAYRFEE rT DA HI &1 5E 2 KN ERY Token 4 Fy—1{l& Token -
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3.1. 1584

Music Obiject |

Acoustic Element

e

[ e R Structura
MFCCs Melody Genre tag
Zero-crossing rate Harmony Social facet
MPEG-7 Low-level descriptors Rhythm Affective state

Tonality
Pitch

3 BREHNMA [4]

25w 3 R (4] IRTIERW STV R = IR U =
iz B L 4 (Acoustic feature) ~ JC Z5 55 {2 (Element feature) ~ #5 #% %5 13 (Structural
feature) —Ffi7r % » DLE = MM AYFF i i v 4% -
R U S EE S AR A B i R - AR B R R i AR R
AR - 0 B R B Y B A ARRE - B4 : S’ ZE SR (Zero-crossing rate)
%8 3 (Frequency) FI Mg @7 ] 58 i 1% 8¢ (Mel-frequency cepstral coefficients,
MFCCs) -
@ LERE
LEFRHEHH TR EANRAR TR oML - JCEFFEE S (Successive)
BOFFME » P DUR S — 0 5 28 B » SRR 8T — R RE R I B9 8L - BIanAn
(Harmony) ~ JEfft (Rhythm) ~ 353 (Tonality) FIETZE -
@ HEfETrE
fatd R BUE R AME T RER/AVALE - B2 5 SR iR a e -
AEASEESE (Genre tag) ~ {H## (Emotion) -

BRI A3 B AR SRR Y+ RO B R B U ¢ BT
MFCCs » 3 {6 MU0 8 5 R P L 53 R B Token » FH3E 25 Token (LY
B AL I 5 B - BIA0BEF Linde-Buzo-Gray Algorithm (LBG) [19) WEST:AF By it



20 SR RE 2R

2% 2 1R - 1EA T T ) — 150 O 0 T S TREE 4
s 7 B o R P T A 1%+ BRI P 25 MR 5 4 B T A A 5
PO B 2 R 1 A B S PR M T + L2 T O
Ve o By 7RSI ATREE ARG E S AR I © AN A SR E T
o T3 o BT R A S HE AR - SR AR 252 P S
SRR e~ TR TR - AU EE BT - DU 4Rk A D
s FLEK 4% /1N 43 BUE -

@ Fi
S SN A R 0 o SR A - SR R R AR - R R - BTy
P SO S A B B R < AR U A —EW R Y R DT R IR Y E A
BOAE A T G S AR 1Y 1L B ALk B Token 5 BEBICR OIS - BUAD - FRE -
FRA™ 5 F A % BE T By Token - 52 BE A Ontology-based A1BUEE F Bl 45 5%
i by — 18 Token » 3 LUE FREFE Y Token & F [ th iy s RS -

@ AEIE
FILFH 5 8 Token 7&K - I AEHE 2 (508 5 2 B AU RS HE - FRATHREE e (BRI
L %13 EIFF % F5 4 Token » 3HE 2K f3 Token Bl & 489 > 1 %E % 45 F4 Token
LRI RH 1% -

@ (&P i
M EE L — BB - 2R EIE R - & RN G
9T 2= HEAFT R P BB T 65 06 (o BB 2 Er 8 0 0 R e o AT B £ R R
ik el R - DA THRF O sl 7T -

@ [EEER T
HAM TR E —HiFIHIREZR TP Operators ERSAAL -

@ JiEH]
S Hi R ANl FI F Operators $F [BI 58 B & SEHER] » 3030 o 8¢ 03 B B 5 &)
PRERAY E RT3k -
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R R - 9F H AR BRI AY TR A SR 0 # S SE B B AR & - 7F Yannis Panagakis fl
Constantine Kotropoulos [16] By #F5EH » Fl] A Low-rank representation ¥f % {3 4
(Multi-label) (19& %4317 H B EE17 H A 50% 1Y Precision f123% 19 Recall « 7£
Riccardo Miotto #[J Gert Lanckriet [17] YRS o DIREEE < [0 BE PR T R AT » %
FE R R E R L AR AR 5 43 ¢ D Dirichlet &
BRI AV GE B o I SA AL B 7E Dirichlet &R - IR FE 22 R
Ay Aa stk H B SR MEFH - DL CAL500dataset B - FIIH SVM Bl 5148 78 ]
L5 %] 0.475 1y Precision Ed 0.235 [ Recall - ¥ Ling Chen ~ Phillip Wright H]I
Wolfgang Nejdl [18] A9 7E R ] FIAR S8R =il or 7 - W #5HT Collaborative tagging
data g 8% EAS Y HTERE o HIEREREERE LS BIAYE R ¢ 40 Last.fm #5515
AR ERE B R 8 - EHERAS R 87.23% HYHERESR -

3.Approach

s

Audio feature
Preprocessing

Quantization

il

User Interface

2: RiFREE
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feature A1 Low-level feature Z[HAF AR E - HAEE P LR REEHEEE - v LIHE
W R N BL 2 Ry B E #5 HF 1% o 4F Peter Dunker ~ Christian Dittmar ~ Andre
Begau ~ Stefanie Nowak F[l Matthias Gruhn [9] FYRFZER » S 555 2409 = 0 B S
TEAEHEAS RO THER - S5 Mo B8 35— me A AR R s Se A0 e -
EEREFECHEWETRIRR S EEE R FESEEAEH - £ Fang-Fei Kuo »
Meng-Fen Chiang ~ Man-Kwan Shan ] Suh-Yin Lee [10] BYfF 52 cp I H {5 &5 505
LEHERE - R —EHTAV B 2 2R TG < WA MMG &7 [ - BIER 5
FETTARAY - GG RE B S G RUCEE - 85% AYYERER -

2.4. BT

16 ik 7 A4 B 4 BT B9 M8 B% E % b 0 oo — Fl 2 K ik B 48 % 43 B One-mode
network I Two-mode network [11] » One-mode network 51y & HfF — i 4 @
(Actor set) BB TRAGES - 7 FLiY A B A 2 [EI R O e % B2 L 20 - SR 2 M
BAP) 4 [EBBALR - 1 Two-mode network £y P E5G R E A [RI R XA B EG - (el i
HES M ¥ 52 21 Two-mode network §##25% One-mode network » LL$f¥f B —
AR RESE4r AT o {F Peter Hoff ~ Adrian Raftery {1 Mark Handcock [12] AYRf5¢
HrE A BRE R - R s A B A 2 BRI IN 3 TRAE M FE IR R
PR 2E[H - FE RS TR A BRI B AR 22 0 R E By EMAE o O
FoLLERAT RS YRR 1R -

25. ERSHER

REFREST B AL & %5 7 - 7F Tao Li ~ Mitsunori Ogihara ~ Wei
Peng ~ Bo Shao #1 Shenghuo Zhu [13] BYHf5EH » F/ Bimodal learning 5 #% 4~[&]
Frfetor iy o I BEEH — 18 2 BFAVREZE - 15 47% BYHERESR - 7F Rudi Cilibrasi ~ Paul
Vitanyi I Ronald De Wolf [14] BIRHFZE » BT % 5 %% MIDT T4 B o FI B
#EME & Ll Kolmogorov complexity J5iE¥f MIDI #RfE - 3% 0.86 1 Normalized
tree benefit score = 7 Dong-Moon Kim » Kun-Su Kim » Kyo-Hyun Park #1 Jee-
Hyong Lee F{1 Keon-Myung Lee [15] AYRFFEHR » {5 A 09 & S8 4R 100G B4 A i
H#H B ELF - A2 H Dynamic k-means clustering algorithm ¥ {5 Ff 5 35 2445 il i
Ry E SRR WA AR R EHEE & v RE S B S 4 -

2.6. EREBREBRER
AR A RS S SRR 10 « B TRIMBCE » WS H - T
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LU E AN IR © ¥E Arram Bae ~ Doheum Park - Sehee Lee fll Juyong Park
[5] AR FE R DUt B B o3 A 09 071k - ¥R BB Y ol 5 SR R R 0 - G 4
HY 28 F S S DA 42 o Sl L A5 Rl A % 4 AT 22 8 ¢ Eigenvector centrality ~
Betweenness centrality DLEFHH 3 85 @ 2 45 MG 2 5 800y » H S B R ey s/ ks
T B — Ak A R BB S RS RELDL - T DUHEA T R R - ?’f Marian Zsuzsanna flI Christian
Sacarea[ ’JTJH Erf o BEEUE R E Y > SRR E AR E AR (MUSiC
genes) ° j?é.FHEiF TR » e e R — B LUB R — E e % -
—iﬁzﬂjfrﬂsz e A RE K% & 8 (Conceptual graphs) sl & 5 ﬂTJaU\
iﬁﬁﬁlﬂma o HE o WF T SERR U Ry S R RE 2R - SRR A R R UL S A 0 G
o [ R -

2. BIRER X

FEANDITTE G BERE S A [F BB RO T @ 1% - Ban « S BRAE » DS Rl
ST % 30T R LU R — R SCE » Ml DT — R s sy o B e BT
DASE HA AR AR T« DL Lk B — AR HE I Y - 1T S A8 T @'szﬂiﬁ?ﬁ*ﬁﬁ'éii
JE FH S HE AN [ AR Y T3k - PIAN S B 5 R A DRI RE - IR S L =
oalie — TS EIRAYRER] - 75 3 B < [F fE G Bk 22 [ %.’:.\/FTH‘H ﬁE
JFE FH ot 15 B HE E FH SR - 4F Jia-Yu Pan ~ Hyung-Jeong Yang - Christos Faloutsos
FII Pinar Duygulu [7] #2479 Mixed media graph (MMG) 2285 rp » 5 I8 & fF
ZRERERF O A — B B2 A5k b o FIIH] Random Walk With Restart (RWR) G5
BiTRL i R ARLLYE - 6 FEHI R ESHERE S 4T » 7€ Paolo Cremonesi ~ Antonio Tripodi
Fll Roberto Turrin [8] AYRFFEEEE] » 8 5 HE S B 1 EE 1 # B Iy 73 - il
s S5 [ TSI S T Cross-modal RISE$FET 2 ER] - I ANHERS 7 R 11T Ry lkr -
EHFA R LIE SR ~ T85 5% A ~ "LAHERERYTE H o R 3 2 i i - AL itk
Fill 3 AR it — I L [P HEZE - IR 6 A #0915 [l 38 (Collaborative filtering) £ HY
— il ] 2 g i A > SIfE  ( F) 9 B  RE SRUS RS 1 - TR L4 Y B ) 2 BE AL
[URGHE - FELLER B RS BLRERA 1R - 0 FH LR PR T HEPE 2 -

2. BEENSRENER

PERERERY S S8R > FIHESHRRERUTEE - IEC AT LR ERIE A E
AR o BIANAE ST SE R 0 40 4 | 0 Zhou-Yu Fu et al. [1] AYRFZE il H 5 f%
Top-level ~ Mid-level ~ Low-level ; ifi F H. 1 28 B Top-labels feature Eil Mid-level
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R FEEI EFH o > $1%) Pagerank BYSTE A2 H Algebraic solution E Iterative
method [ FE /7 i 7 I A 48 00 AR E 394 75% 0 1 Algebraic solution H 75 B
Iterative method [ 20% MY5T 5 REfE] -

FEARWZE T - IS B FE VS SR R Ty /7% - R R S fH A% o S Bl Ry 12
P S T T SR R S RO AR o B BB SRR - 4 RS
3 EHHEEFEEE S - FFEVEEENE - S YR BEE A SR R
DR R K RO S o S R Degree KR LT fEEE AL - #1
4 BREEAT o R B SRR 2 - FRAMEE DU A S 1R FUE B B & FRIRVBA TR -

By 7L EE S RS R R RE » AP A S 2 £ 82 (Graph projection) H A [E] I -
5 [ T S R 18 37 S 1 S P B 8 BEE Rl IR fe RS - Wl fE T
LoeE SR R WEE G DI ER AR IFETRR R T S B
(A& o 57 PR T B T AR 38 E B (Domain) < fRIAV3% - DURER i 8 RV
[ 0% o

R IS — ] 4 AT REZE - B AR R S8 8 Bl i 5 C 5e il % 1
TRUSER] ¢« SRR . A EEE - SEMELUEETE - IR SR A
[ 52 B TS A5 0 0 $ETF S S8 e F A &K, - Bl - 42 B B ERY Accuracy
Eil 35 4443 F£AY Rand-index -«

2.Related work

18 — BTN H 25 R85 SR EE AUAHRI T 98 - oL BIE A M Bl S iR
% AR E TR S S AR AR SR T A B B AR RE 5 ik o FRAMTRS A a0 {eT A A 8] fE2 R
W g BLSHERERE IR T A o TEES IR ERY S S E AR o BT s o A
RS RRRE T - B R A S e R s AR 0 TR IE B S Bl
TEE R Ry AR T -

2. 1. ERERNEREMBRS &

SR BT 095 S VERNIR SR » LR B0 AR 785 3 5 e 2 SEEFH = [ L
RIBAHE - 5 S SRR BT 3 R TG LABAEE - 1925 075 SR PRI T
LB R — (S RIS & > DU B 1R B B 1 RSB A - I DA
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RE % TR R 5 S T ) e R o — T PR -

EERRBNER P HRALEETRHIEHSEEWNWTH - /£ The
International Society for Music Information Retrieval (ISMIR) if3f & HH %
LEMARAFER - A0 - HERIEHEHIE - TRETER TR HE SR EHY
FrEERPTaEtAY 7% » MMFEA e — S 2R EAEZE - HEEZEF A E
TR SN R RERY R R BEAEZR PT LASE S [RIRY S 44 EH -

EERTHCEAEEEERZNFE - 2% @ 1 7€ Zhou-Yu Fu » Guo-Jun
Lu ~ Kai-Ming Ting f{l Deng-Sheng Zhang [1] BYRFZ2 b 88 35 5 A4 B =48 « T
F& FF 8 (Low-level feature) ~ of [ £ 8 (Mid-level feature) ~ 5 [ 2 4§ (Top-level
labels) & 3l G2y 5 P A % Bl o (K P o Bl A AR G S0k 20 el i - S DA H P
P R 8 s H I = P AR 4 - 040 ¢ JEURR 2 T Rock | By SSch  HRRSE SR TR
T TR EEE R AYBE RS R AERE o HE LU B A R A (KRS A
ERSMEEE - 75 (1] #H - ZRRERGEEE A EET - T2 Mid-level Bd Low-
level features ¥} Top-level labels 4t V7 fE 7Y 5 {55 15 8 35 21 5% 0] LB &4 (Mapping)
% Top-level B X IERFf » ESEERH A LUERBERERKKEHR - 23 % 1 L
CALS500 85541 ¥ 352445 30 (Music annotation) B JEF B9 - FE7< 7 FI|FH MFCCs
FrEAI & AR -

BEAh » M B A L BB - e 8RO B T ZER SR (2]
Pl b s a SR e ox - B EL I O (Acoustic level) ~ 3BEg)E ¢ (Lexical level) ~ A
iEJ& 7k (Sentence Level) ~ S g X (Discourse level) - &2 o 2 5 8 S0 9 3% -
ARG R E TG E R A > EE YRR TR ERAERNEE - §
RIE R R T2 R ET 2 SCRE AR - flan © F e 1A B R - FH Ik ol &07E 3 2809
FrR o B S R B — e YRR - FRAM AT LUF FE S8 0 R R T R o R U TRV EE
Bk AR - A EERENY M LA B R R -

FEFAME Z AW FE S - Jia-Lien Hsu F Yen-Fu Li [3] $2H 7 FI) FH I8 712 i k25
2LV B U TRV BAAR » SERDAETE R AL B AVAR B TH I - SRR EE
FREE Laidh o LER Lok Syt g B & ER e - W B7E R
8.2 B892 B FF link (Feature-Feature link) » 3 45%{4- B8R 3.2 [AY:E J5 OF link
(Object-Feature link) - 77 #5145 7HHIAY FEF & - H5 30 o & R LB S50 - PRl
ARER A B G M3 A AT BN Pagerank B{H ¢ AR 58 45 H1 BL Y B HEFTHE
EEE - A5 75% MY HERESR o {F Chien-Chang Huang # Jia-Lien Hsu [4] (Y52
LA Ry Bl - R — B SEE T AEZE - FH—BUMERY T & {f MIR FEH] - 7¢
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Top-Level Genve Mood Instrument More
labels Pop/rock Happy, Sad | | Piano, Violin Artist? Style?
Classical... | | Angry... Guitar,Drum.. | | Similar Song?

‘H Semantic Gap

; |__Ppitch |
& \ PH/PCP, EPCP
Mid-Level i |_Rhythm
features i | BH, BPM Harmony
: CP, CH
:
Low-Level Timbre E Temporal
Qu=Leve ZCR,SC, SR, SF. : SM, ARM
features MFCC,DWCH... i 7P, AM
Short-Term Long-Term

1: BEREMEBERRE (1]

# 1: CALS00 B S Ar B SepaC i Rk R B (1]

Method Features Classifier | Precision-At-10 AUC
MixHier dMFCCs GMM 0.265+0.007 | 0.71£0004
Autotag dMFCCs Adaboost 0.281 0.678
CBA dMFCCs CBA 0.286 0.765
AudioSVM | dMFCCs*MuVar” SVM N/A 0.78
AffinitySVM | dMFCCs*MuVar” | SVM+SG N/A 0.85

These methods are cited from [1]

1.Introduction

TEE SRR - B REEEN MR —EGHERN - RO R R E -
TE S ATT 5 B4 > 7 (R0 15 8 A R F T P e 8 91 ) 2% S HRLIED - B4 - SR Bl g oy i
Hi#E8L (BPM) « DIZS 3 FAURER Fo ] © 60 H BB L 5@ L= BPM RIS H K
R o [AFEE S PR EIZE; - BPM LB EA 8RS - ATLL - 20 A [ B
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SREFTRER HE

FA TR BRI A
AR FH TR

w =

EARMFE R IAMTHE H 8 B B Ry 5 Sehp EAHESRE - LA
W&E%%ﬁmmt*%%m&#mm%&mfﬁ AN [F] R g
IS SRR A RE B & 2= B - fl40 MIDI FITE #6280
AR TR A B B SE RO AR - AR H E
FErH i e 22 ke 12 - A0 ZHETRE T EEE I - by 7 RRRE Ay &
FEREE - BAM 2 8P #% 52 (graph projection) 5# &HJT - DLET AL
L TR FE AL e BE 6 > {1 FF 3 domain FE S B T2 HI A5 % - R
] JE2 (465 A RS o FRAMTF R L [ T2 A 40 B o 8 40 B Bl S8 &)y
KRR 00 E B [ 4% 2 S S E AV UR - IR E Y
i e o AC IS MR E R A 0§ 52 B AV B E 15 B Ay B Be RS R Lh R
e 1 B i -

FRERER : BRI - 2 - &P -

D AHSE R ERNE (BRI NSC-101-2221-E-030-008 I \‘;( 102-2218-E-030-002) .2 flihif5e

S CEARIES BT S S10 88 > B AR TSNS E-mail: alien@csic.fju.edu.tw
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The study and implementation of Nd-doped cw all-
solid-state red lasers at 671 nm

Lien-Bee Chang' and Yu-Yun Chen

Department of Physics, Fu Jen Catholic University,
Taipei 242, Taiwan, ROC

Abstract

Diode-pumped Nd-doped continuous-wave lasers with different
doping concentration operating at 1342 nm and red lasers at 671 nm
generated by intra-cavity frequency doubling using a type-I critical
phase-matched nonlinear optical crystal LiB;Os (LBO) were investigated.

At the incident pump power of 12 W, over 1.8 W of 1342 nm
radiation was obtained when a 6-mm-thick, 0.5-at.% Nd:YVO, laser
crystal was used and the corresponding optical conversion efficiency
reached 15%. In addition, about 130 mW at 671 nm was generated by
a combination of a 10-mm long LBO nonlinear crystal and either a
Nd:GdVO. or a Nd:YVO, crystal with Nd-doping concentration of 0.3
at.% and a dimension of 3x3 mm’ in cross-section and 8 mm in length as

the pump power increased to 20 W.

Key words: Nd:YVO, ~ Nd:GdVO, ~ LBO ~ 1342 nm ~ 671 nm ~
Nonlinear optics

! Corresponding author, Tel., +886-2-29052018; fax, +886-2-29021038
E-mail address: Ibchang@mail. fju.edu.tw
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BAFLEEH B CIRE

& W

DUE B 5 8% - 850N B ALE T B R4 - DUA[E Nd J5 7 88 5 i i 1y
Nd:YVO, ki Nd:GdVO, fER#i /i E » & HigH o= A -

1E 1342 nm 35 &8 H h3E H1hi 0 & Pump Power J5 12W F > 0.5 % Nd:YVO,
HAAR AN 3R 1.8 W R 21 % o HAth =838 /8 Ay i i 8 4
Ak 0 0.3 % Nd:YVO, I - #4305 20 % » 7 Nd:GdVO, i » £1£8 19.4 % » 0.5
% Nd:GdVO, B + $1585 20.3 % o

fE 671 nm KOG S35 - HiEmH S5k £ 0.3 % NA&:YVO, # i oh& by
131 mW > i 0.3 % Nd:GdVO, @i tH2h 3 5 125 mW - 38 B8k -1- Agnesi 5 A LI
10 W 19 808 nm B8 A2 - A4 2.4 W Y 671 nm (AL EEE AR 5 5



28 PSR T 2 B R R 4 R B A2 T

ST RS A E R SRR - B -E TR - sE S e ERE

e
=L é%&ﬁgiﬁ;ﬂ“—*‘fwﬁﬁﬁ 1342 nm TSGR H DR E S R B R R AT
BRI o BARS AT EE Y R N AR A 2 U R AER o NI AR S LD LR A KRR
% ET B W S R Y 5 A TR ISR S R A B s B R R B AR -
N TR 0.5 % MINA: Y VO, I M B AL G R AW H IR B 1.8 W -
22 — T T T T T L F
2.0 — = (L3% Nd:YVO‘
gL | * 0.3%Nd:GAVO,
ool 0.5% Nd:YVO, !
2 | v eswNacavo, i
5 l4r .
£ ol .
H Lol :
£ osf v
O r v
0.6 L}
0.4,: i
02l i
0.0 ‘ L L 1 1 1 1 1 1

3 4 5 6 7 8 9 10 11 12 13
Pump Power (W)

Bt FrE BT B A H IR EE

= ~671 nm LT HEH

B /B RGBS E RSB - 43 HILL 0.3 % Nd:YVO, J2 0.3 % Nd:GdVO, f§
e R E - N HEE G A B R Y BE B RS (spot size) T R E BB AE MR IERY
FE A o ¥ ER 1342 nm AL AN SOt im AR E 2 - R IRBE R0 A RS S8 5 2
LBO - Sif; 8 %% 54 8% 1 1B DURF & HARGI VTG Ay - S ADE B - FEfT B T)
FEHRA - EEEBEAIAY pump power Jy 20 W -

BAYEE By 0.3 % Nd:YVO, o ARG ER D3 131 mW o SN
BIHARL 0.3 % Nd:GdVO, IFf » EERDER LI 125 mW -
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Power & Fy 4 W o HH[BE (R o] DLA% BE B 08 /B s Nd:Y VO, BRI H D858 A A
2 T E By Nd:GAVO, [RYTE - K ATREEL Nd: Y VO, ¥ AR B 1342 nm (939
WMEAER - HEE R Nd:GdVO, 1 & » Nd:YVO, L #H AR IR - [ hE
BHEE R 0.5 % Nd:YVO, B » HRIERE 21 % » B Er 0.5 %Nd:GAVO, [ »
R Ry 20.3 % o 1 W &S B8 B 4G A 5F BFR BT 4 HHEEAY Pump Power [ElBE R 4 W - 7
fiE] Hr 75 28 AT H B ] AR (R AY B 2 - Nd:YVO, fHE A Nd:GdVO, i 5 > 1342 nm
T I OEAYER H DR IR E K -

2'2 T T 4 T T b T k2 T 5 T T

20F | = 0.3%Nd:YVO, .
L8[ | 03%Nd:GAvO, -

1.6 F s ]

14
12 F v ]
Lo = ]
0.8 | ' ]

Qutput Power (W)

0.6 - ) -
0.4 -

0.2 b ] _-

0.0 i L J L L L 1 L I I I
3 4 5 6 T 8 9 10 11 12 13

Pump Power (W)
BZ Nd RFE#EES 0.3 % S I EA LLE

2'2 . T ¥ T T * T n T * T x T T T
20+ [ = 05% N&:YVO, .
1sf| * 05%Nd:Gavo,

1.6 - " -
1.4 |

1.2 | u .
L0+ 4

0.8 | 4

Output Power (W)
o

0.6 - e

0.4 | -

0.2 E

1 1 1 1 L 1 1 1

0.0

x 8 9 10 11 12 13
Pump Power (W)

75 Nd R FEH#IRER 0.5 % EBHIIRALE

3 4 5

=
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=~ 671 nm EHZEIE
671 nm E S EEEZERANE VY AR » fEEE S IA T — =Ry 100 mm #yME
ﬁ‘gf M, » i HL7F H R 8 o BISE R 1 1342 nm JERAYS RSB K 671 nm T -
@Hﬁﬁ’]n@_ﬁﬂl 1342 nm ZE &1 #H[E1Y Input Coupler - M; JufF 1342 nm I E B AR K
SR TSR BhAh 0 AR SRS EE R 10 mm LBO {5 &K E & 1342 nm
E‘J%I?f‘ﬁ%‘bﬁnﬁbﬁﬂﬁ%j% 671 nm AYRLEFESHYE - WA EMER T HT R 0.3 %
Nd:YVO, . 0.3 % Nd:GdVO, - H7EH SRR [l LUSalK - B a /i ERE - H

HRIER 53 ARy M, B M, (2 TR ERAER 17 cm » M, B2 M, ZFIRYEREERy 5 cm

O 1/ \Uh
| \\A/Ij;\

{ \

Focusing M, Crystal AR@671 nm
Fiber-coupled Yptics AR@671 nm and
Diode-laser-array AR@808and AR@808 and 1064 fM“ \R@ 1342 nm
1064 nm nm HR@ 1342 nm AR@1064 nm and

AR@1064 nm HR@ 1342 nm

BP0 671 nm S5 EERLRHE

EMERMET R

— ~ 1342 nm £T9M L EH
B HINE R LR ¢

B 1THE 5L output coupler HZEEIRE 5% « B T WS AN 2 HEIREAIN 4% 77
iféiﬁﬁ"%tHIf,rﬁ_,ﬁ?ﬁ;&ffH’J%ﬁ“ BEEEFFH 0.3 % 0.5 % Nd:YVO, 5 0.3 % ~0.5
% Nd:GdVO, fEA A Pump Power il & Hig =R LIS - B 7Bl &<
4y AR A B2 AR B Nd:Y VO, K Nd:GdVO, [§3% Pump Power HYBL 15 E/Y
IR o EAPEBERE R 0.3 % Nd:YVO, Ff - HFERE 20 % - BHERER
0.3 % Nd:GdVO, [ » £I5RE 19.4 % » i F 88 PG E Z 5005 &5 L EE Y Pump
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A SR ST AE AN AR LD 8T A SRS o RS R i 22 - ieer s
T TSRS - BEMEENY R LR R 808 nm - ESRHEEIEE A B S
B SEHURE AL T # B R AR e 25 A E R (ﬁﬁE/\f"I%ﬁ HHOEEA /K 300 um) - B
£ S0 B RS2 A T A AR s S - SRR AC A S R e A B A B S A
TP AR E M OLH R 1342 nm - Tt T SEE2 T S i /- B (EGAER - 3
B TR R A Ry 1k - FY AR R] DUH A 38 B 23R Et (Coherent, 3 X sigma,
Laser Power Energy Meter) & #1535 -

_| O »/(W\H\ H Radi:\ltiun(& 1342 nm
=] NAL T |7

Nd-Doped
Crystal M,

Focusing M,
Fiber-coupled Optics

Diode-laser-array
= 1342 nm F5IEERSEHE

RIY TEHHE R
S1:AR coating @808and 1064 nm and HR
coating @ 1342 nm
Coupler | R2=% | g7 AR coating @808 and 1064 nm
Output Rl=c, | SI:AR coating @1064 nm and PR coating
(R=95%)@1342 nm
Coupler | R2=w | g7 AR coating @1064 and 1342 nm

Input R1=c0,

0.3% IR i S1:AR coating @808and 1342 nm
Nd:YVO, S2:AR coating @1342 nm
0 . :
0.3% 3x3%8 mm’ S1:AR coatfng @808and 1342 nm
Nd:GdVO, S2:AR coating @1342 nm
0.5% 3%3%6 mm’ S1:AR coat%ng @808and 1342 nm
Nd:YVO, S2:AR coating @1342 nm
0, . 4
0.5% ST SI:AR coat%ng @808and 1342 nm
Nd:GdVO, S2:AR coating @1342 nm
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T x Ll =} T - T L T

XZplane p=0°,e+e=>0
6., =86.13°at ., =671 nm f

& 8

[e-]
~J
T

Phase-matching angle(deg)
3

230 600 620 640 660 680 700 720
Wavelength A, (nm)

8

B = type | £ XZ FHEAVE LA B H — B RAIBIR

EREREKE

— ~ 1342 nm FHZ84E

1342 nm [H| REF H AV E B M AIE =R EBhE AN LYEL
Coherent, FAP-81-12.0C-800-B [y =& {58 5 » H 2208 £ 5 808 nm » dEdRE
WP AT AR A - RIS B Ry 10 em » ST S50 BT 55 P 578 1171 5 A [ A5 AR 1) 1 i {1
(&) -

TERE A B T - BEAIAYE Nd:YVO, B Nd:GdAVO, » Fff#E s/ B &G A E
ZHREERE - MRS T B RS S AIEBEGRM: (R ) - A W
P EMEFE —F S A a2 L BB Lok kBl LOS A7k - F5 kR a1 8 8 A8
B - (EISE SO E R IPRZH B E R -

FEAETT (B RE T 51 R AL AT - BT — SR BT SO EH - /S
8 B I mTER =0OLEE (Tris) ZEITRAVHEE - RHIL—BFE - R8s by —ut
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FELRTEA D TR

FUF SR M SC B HEE 1.3 um ALSMEHOERTHHZE 0.67 wm BRI EEHOE
WMo to,~ o =20, HEHGEY RIS G2 (1) K& (2) Ak -

dE
. Lﬁ f
( Y—)E
o -] ( ) SH f 1
dEg; _ . Eﬂ Wsp 2
= F
1 i 2 )(HSH) F: (2)

Hrh o, b og (REZEER IR EBOEISSDCISERTT Er K Esn 53 RIS
SERIEHDEN IR » dop RyIEARTE SRS I TR R M PR « (e S AR A7 ULBC A e

/IME SRR (BRI 10%) - FHREEE 4 = B o I del? Hrp A
HHDOERYTEEE - EIFEE SRR -

FAMAE LBO &y a4 XZ S fi BRI type 1 e(o) + e(@) — o(2m) 1977 20
TTIEAR PR > HAHMIUCH A ks 0=0" >0 =86.1" - fELRLFHAZIUCHEC T » At BFEMY
FRARBRME TR B doyr ~ 0.98 pnv/V e HIRIEFR 1 5 #E LBO FLAT b 5 45455 [ (L (damage
threshold) * 4F 1.3 ns JRELAHY 1053 nm FEHHEIEE T » HISEGRIE ] 5% 10 GW/em?

Kl Ky T HE i e - i BARDERIBEEE ST (spot size) fi/NE 100 um LU
DASEINELGREL - GEHHAY type 1 e(w) +e(@) — 0(20) 7£ XZ - _EAVFEAZ VLEd A ¥ — 548
e R RR TRaS RLE — -
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FELR A DR

LBO crystal (Lithium Triborate, LiB;05)

LBO B2 HAlK 1.34 1 m AYRLMESHOERTHEZE 0.67 1 m BYRLEEE HOGHRER
FEAR MR ARE [10, 12] - EEARYEEIRE - S0 R EE mm2 - HEFAIRYEER
KA R B S R = -

# = LBO Jt2 R IRRR MR IE [15]

Transparency Range

160-2600 nm

SHG Phase Matchable Range

551 ~2600 nm (TypeI) 790-2150 nm (Type II)

Therm-optic Coefficient

(°C, A in pm)

dn,/dT=-9.3x10"°
dn,/dT=-13.6x10°
dn,/dT=(-6.3-2.1A) x10°°

Absorption Coefficient

<0.1%/cm at 1064 nm  <0.3%/cm at 532 nm

Angle Acceptance

6.54 mrad-cm (¢, Type I, 1064 nm SHG)
15.27 mrad-cm (0, Type 11,1064 nm SHG)

Temperature Acceptance

4.7°C-cm (Type I, 1064 nm SHG)
7.5°C-cm (Type 11,1064 nm SHG)

Spectral Acceptance

1.0nm-cm (Type I, 1064 nm SHG)
1.3nm-cm (Type I,1064 nm SHG)

Walk-off Angle

0.60° (Type I, 1064 nm SHG)
0.12° (Type II, 1064 nm SHG)

NLO Coefficients

des(T) = d32cos® (Type I in XY plane)

der(I) = d3;c05°0 + daysin®@ (Type 1 in XZ plane)
des(I1) = d3,cos0 (Type 11 in YZ plane)

dea(11) = d31c05°0 + d32sin°6 (Type Il in XZ plane)

Non-vanished NLO

d3; =1.05 £ 0.09 pm/V
d3>=-0.98 £ 0.09 pm/V
ds3=0.05 + 0.006 pm/V

Sellmeier Equations (X in pm)

0, =2 454140 + 0.011249/(A*-0.011350) - 001459147 - 6.60x10°2*
n,”= 2539070 + 0.012711/(A*-0.012523) - 0.0185400* + 2.0x107)*
n, = 2.586179 + 0.013099/(x*-0.011893) - 0.017968%7 - 2.26x107A"
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40%

40%

10%

thsp

4113,'1

112

4Iop

F3pn

i

=
/=
/

419 m

Bl— Nd*° B 59$mt 7 AERL
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20 Pb R TAE RS a2l

— ~ Nd:YVO,

Nd:YVO, fE# 3 3 £ B 808 nm I » H IR BH B Nd:YAG 1Y 5 1% -
Nd:YVO, 7E# K Fy 1064 nm B2 R T # AT B Nd:YAG 19 5.6 5 - BEAb 0 1R
EBy 1.3 pm W2 B BRI F Nd:YAG 19 4 £% - KRR ~ S SRS R E
(damage threshold) » F?E%E {LERTEE - PratRRE R - WA PEHAERIE ) -
HEMNEEEEFRE - B E L R EIREE S P E N SR EE - b EAER
FEHFDOEEAMRRIROVEE - AR FIRRR LS ik -

fEZAHE Nd:YAG » Nd:Y VO, {89 S48 GE T A FI A A D =209 18 (F H kg
A m i (fluorescent lifetime) AFIFASE & (population inversion) A4 » [KlE
TEALHRE Q HUJHE (Q-switching) fEZCHEE T A FE AL N itk R A W ARRYRE ST ©

= ~Nd:GdVO,

BT Nd:YAG k& Nd:YVO, g fFEM /- E b » 55— M8 iy Nd:GdVO,
32 48 o FH 1 R [ RE R B AU B 35 /08 » Nd:Gd VO, ﬂ:{:",‘ké‘fﬁﬁ% 808 nm [ H
BB B Nd: YAG 1Y 7 £2 - FEI B By 1064 nm (932 B0iE S B I AT by Nd: YAG 9 2.7
fif o e R MEE Nd:YVO, HH{EL -
ek - FEZE BT (300 K) » Nd:GAVO, FYEMEEEAREL (11.7 W m™ K') §5 Nd:YVO,(5.1
Wom' K" EEA  (AATE Nd:YAG BYELVEBEERE (14 W m™' K AB3T - R RI)=E
AYIEIF - Nd:GdVO, rJ DGR Z FIFFE A T Nd:YAG K Nd:YVO, 1918 E5ifE - £{K#2
SR TR R o HTEBOE I K Ty 808 nm HRUR ML AT R (1.6 nm) i Nd:YVO,(1.3 nm)
K Nd:YAG( < 1nm) 3 15 A [ 4] - Nd:GdAVO, & S 2 4y 8l (fluorescent lifetime) Fil
Nd:YVO, #iT » KPR HRE Q Y (Q-switching) #ZUHRAE T it 78 A= Ik 71 i %
BHAE®AIGER - #UE1 Nd° FEnYsERS B 20k — s -
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1.2 SR T B AR B R R VIEER R (4, 6, 13]

Crystal

Nd:YVO,

Nd:GdVO,

Nd:YAG

Laser wavelengths

1064.3 nm, 1342.0 nm

1063.1 nm, 1340 nm

1064.1 nm, 1319.2 nm

Emission bandwith

0.8 nm Not availabl 0.45
(linewidth at 1.06 pm ) SRR at
Stimulated emission cross
section at 1,06 pm 15.6x10"%em?, 7.6%10"cm?, 2.8x10em?,
at 1.3 pm 2.8x10%cm? 1.8x10"%cm? 0.7x10"cm?
Polarization Parallel to c-axis Parallel to c-axis Unpolarized
Fluorescent lifetime at. 1%
. 100 ps 95 us 230 ps
Nd doping
Pump wavelength 808.5 nm 808.4 nm 807.5 nm
Peak pump absorption at.
. . E PHORS 41em™ 57 cm’ §cm’”
1% doping
Thermal conductivity
5.1 11.7 14
300 K (W/mK)
Doping concentration range 0.1-3.0% 0.1-3.0% 0.1-2.0%
Radiation wavelength
g 914 nm 912 nm 946 nm

atthe 'l ;30— lop
The uppermost Stark level
P e 439 409 857

Igjz (cm )
Stimulated emission cross 9.7 192 492

0.5%10"cm 0.7x10" "cm 0.64x10" "cm

section
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R

TE i BE B R T AT AT B S B 3 /v (gain medium) » JEAS 5 IRRR T
BRI - B 1S 2 I RE E B 1S ZE TR R B IR - SR = AR ANMEEERS
BRI LS EARNRE - M HE Iz mER RS - R TR -

TH B HIFET (Nd) AT (FRE R E (LUT A
78 ) 41 Nd:YAG ~ Nd:YVO, » Nd:GdVO, 55 - #F L W78 5 LI Nd:YVO, fE By b
WAEEH - HEREEWENENS » HAEKRR 808 nm EEDERFER A
Ak i > SCE HEREA 0.9 um ~ 1 um k& 1.3 pm SLANEE B © ST Ak H A
Nd:GdVO, H 8 rg H AR M B Nd:YVO, MR » HEAR &I AEERE - K
T b8 B 53— SRR o FI R AR B o A R P e QAR T LT RL A1 R B B i
BRAL ~ #% ~ B AEEDE - AR EEEHE R L L] kR 1.2 -

ASCAIRIGE ¥ RE R AL SRR - e R BT R 8 - S s le A
7] Nd* JFF Nd:GdVO, B Nd:YVO, & 435418 - PFFRIH 808 nm [y -3 i1 7 4 AF Fy
BRI > BRI E R A A 1342 nm STALYMNE BEOE - 0 IR I O
LBO FE4: £k 671 nm (1958820 (continuous-wave) fLEAFEHOE -

3 1.1 SR F IR/ R AR AERE [1-12]
14 544 UL

3 Wi f%’ i o P =] b
EFIRB AR Nd : YAG k& Nd : YVO, k& Nd : GdVO, 1484 K

Fan—Ton 946 nm 473 nm 914 nm 457 nm 912 nm 456 nm

*Fap — ‘T 1064 nm 532 nm 1064 nm 532 nm 1063 nm 532 nm

Pan—Tian 1319 nm 660 nm 1342 nm 671 nm 1341 nm 670 nm
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BHRFEZEEBENANAEH AR

Rik AT RER
i A W R

w =

A R B AR e e e B ZE A )R R A [ I B R 1
YRS T EE A PR Ry 1342 nm (AL AN B 1 Hodi HY o 3R R i s
o A L B HRE B IR B i S LBO B I3# 1342 nm
& FESERAMEBHEASAE R 671 nm FLEGEBY o MFELRT AP GELLT S
T IR e A R S AR S AT HEIAY - E AT Ry 12 TLRE
PR IR 0.5 at.% & Nd:YVO, HEHRRAMNE Bt i Adi i oh
Ry 1.8 FLTTEHRAERT Ry 15 % « [FRES Rl shRE— LRI 5
20 I, o G A —PE 4x4x10 mm® {f LBO [7 58 ke $ 5 1 45 1 0.3
at.% B Nd:YVO, f1 Nd:GdVO, Fy3a 35N Em] LIE A 130 Z R, 241
TEREEHE -

RE#EEE :Nd:YVO, "Nd:GdVO, ~LBO ~1342 nm ~671 nm ~JEER {0 -

# Corresponding author, Tel..+886-2-29052018; fax,+886-2-29021038
E-mail address: Ibchang@mail.fju.edu.tw
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16 Inference on the process incapability index C,(a.b) based on Generalized Pivot Quantity
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Inference on the process incapability index C,(a.h) based on Generalized Pivot Quantity
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(b) For process with Cpp(a, b)=0.129551
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(d) for process with Cpp(a, b)=0.406406

Figure 2: Differences between the MSE of PLE and GPE
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Fig 1: Values of indices for processes with u € (10,16) and o € {0.1,0.2,0.3,0.4}.
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Inference on the process incapability index C,(a,b) based on Generalized Pivot Quantity

PP

Table 3(a): Level of quality based on the rule of C}, when p is fixed.
quality (,u, a) L C" pp(a, b) b C‘;m
super (13.80, 0.11) 0.077850  0.029756  0.117225 2.920722
excellent (13.80, 0.30) 0.253125  0.205031  0.292500 1.849001
good (13.80, 0.38)  0.375525  0.327431  0.414900 1.552488
capable (13 80, 0.42) 0.447525  0.399431  0.486900 1.433112
marg. capable (13.80, 0.48) 0.569025  0.520931  0.608400 1.282051
inadequate (13.80, 0.65) 1.001250  0.953156  1.040625 0.9830286
super (13.90, 0.11) 0.039881  0.027541  0.049725 4.484478
excellent (13.90, 0.33) 0.257681  0.245341  0.267525 1.933382
good (13.90, 0.40) 0.372656  0.360316  0.382500 1.616904
capable (13.90, 0.44) 0.448256  0.435916  (0.458100 1.477474
marg. capable (13.90, 0.50) 0.575156  0.562816  0.585000 1.307441
inadequate (13.90, 0.67) 1.022681  1.010341  1.032525 0.984124
super (14.10, 0.11) 0.077850  0.253628  0.049725 4.484478
excellent (14.10, 0.30) 0.253125  0.428903  0.225000 2.108184
good (14.10, 0.38) 0.375525  0.551303  0.347400 1.696622
capable (14.10, 0.42)  0.447525  0.623303  0.419400 1.544137
marg. capable (14.10, 0.48) 0.569025  0.744803  0.540900 1.359695
inadequate (14.10, 0.66)  1.030725  1.206503  1.002600 0.998703
super (14.20, 0.11) 0.229725  0.667585  0.117225 2.920722
excellent (14.20, 0.16)  0.260100  0.697960  0.147600 2.602898
good (14.20, 0.27)  0.366525  0.804385  0.254025 1.984093
capable (14.20, 0.33) 0.447525  0.885385  0.335025 1.727673
marg. capable (14.20, 0.40) 0.562500 1.000360 0.450000 1.490712
inadequate (14.20, 0.60) 1.012499  1.450360  0.900000 1.054093

Table 3(b): Level of quality based on the rule of Cj, when o is fixed.

quality (p, ) (A C (e, b) s Gl

super (13.90,0.30) 0.215156 0.202816  0.225000 2.108184
excellent (13.65,0.30) 0.357539 0.216066 0.478126 1.446202
good (13.60,0.30 ) 0.405000 0.222750 0.562499 1.333334
capable (13.50,0.30) 0518906 0.242051  0.765000 1.143324
marg. capable (13.30,0.30 ) 0.822656 0.311027 1.304999 0.875376
inadequate (13.05,0.30 ) 1.344726 0.473779 2.233124 0.669181
super (14.05,0.30 ) 0.215156  0.282546  0.208125 2.191986
excellent (14.10,0.30 ) 0.253125  0.428903  0.225000 2.108184
good (14.20,0.30 ) 0.405000  0.842860  0.292500 1.849001
capable (14.25,0.30 ) 0518906 1.097432  0.343125 1.707158
marg. capable (14.30,0.30) 0.658126 1.378920  0.405000 1.571348
inadequate (14.40,0.30) 1.012498 2.013712 0.562499 1.333334




Table 2: Coverage rate and expected length of GCI and EMP.

WS35 47 109

Cppla,b)

m

GCI

EMP

1

C.R.

E.L.

G.R.

E.L.

0.129550

300
400

0.9600
0.9675

0.372545
0.336872

0.9600
0.9675

0.323164
0.312949

300
400

0.9500
0.9750

0.197714
0.199294

0.9500
0.9750

0.195792
0.195948

300
400

0.9600
0.9675

0.172630
0.175226

0.9600
0.9675

0.171939
0.174768

300
400

70

0.9533
0.9575

0.165911
0.166846

0.9566
0.9575

0.164915
0.166461

300
400

90

0.9466
0.9575

0.160748
0.159239

0.9466
0.9550

0.160442
0.158934

0.311027

300
400

10

0.9466
0.9550

0.804080
0.838429

0.9466
0.9550

0.734324
0.751157

300
400

30

0.9733
0.9675

0.460773
0.461094

0.9700
0.9650

0.455749
0.460149

300
400

0.9466
0.9650

0.414853
0.420999

0.9466
0.9600

0.412728
0.420217

300
400

70

0.9666
0.9675

0.399090
0.404117

0.9666
0.9675

0.397340
0.398484

300
400

90

0.9500
0.9675

0.383505
0.381648

0.9500
0.9675

(0.382453
0.381023

0.503714

300
400

10

0.9600
0.9500

0.613362
0.613119

0.9600
0.9500

0.604596
0.606632

300
400

30

0.9600
0.9475

0.548331
0.550039

0.9600
0.9425

0.547276
0.549047

300
400

50

0.9500
0.9550

0.537127
0.538185

0.9500
0.9550

0.536522
0.537797

300
400

70

0.9766
0.9500

0.534315
0.532290

0.9766
0.9475

0.533866
0.531973

300
400

90

0.9633
0.9525

0.529990
0.527684

0.9633
0.9525

0.529645
0.527406
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Table 1: Comparison between PLE and GPE of a process with C,,(a, b).

[nference on the process incapability index G (a,0) b

ased on Generalized Pivot Quantity

’

PLE GPE
Cgp(a,b) n  estimate bias s.e. MSE estimate bias s.e. MSE
0.091068 10 0.090149 -0.000918 0.044559 0.001986 0.134675 0.043607 0.129521 0.018677
30 0.091491  0.000423 0.022616 0.000512 0.101811 0.010743 0.038834 0.001623
50 0.090798 -0.000270 0.017747 0.000315 0.096649 0.005581 0.027906  0.000810
0.129551 10 0.129835 0.000284  0.046868 0.002197 0.169094 0.039543 0.113152 0.014367
30 0.130054  0.000503 0.020813 0.000433 0.140796 0.011246 0.038422 0.001603
50 0.129358 -0.000192 0.016282 0.000265 0.135439 0.005888 0.027590 0.000796
0.311027 10 0.308631 -0.002396 0.082062 0.006740 0.400538 0.089511 0.233188 0.062389
30 0.309997  -0.001031 0.053969 0.002914 0.334422 0.023395 0.092918 0.009181
50 0.310360 -0.000667 0.042166 0.001778 0.324767 0.013740 0.068032 0.004817
0.406406 10 0.408680 0.002274  0.088868 0.007903 0.457395 0.050988 0.173324 (.032641
30 0.408034 0.001628  0.040318 0.001628 0.419778 0.013371 0.063288 0.004184
50 0.407919 0.001513 0.032767 0.001076 0.414381 0.007975 0.048583 0.002424
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for indices Cp, and Cp,,, the values are the same when the process means are symmetric to the
target. See Table 3. Over all speaking, the value of C",,(a,b) is highly asymmetric compare with
the other two incapability indices.

When parameters are unknown, the PLE performs well even for small sample. However, it
is hard to derived a pivot quantity based on PLE because the lack of information about the distri-
bution. In addition, for a given sample, PLE is just a single value, and it is impossible to create a
confidence interval from it. On the other hand, for a given sample, the generalized pivot estimator
Tc-;; (a,p) 18 a function of a standard normal variate and a chi-square variate, and is therefore ran-
dom. Therefore, a confidence interval of C}j,(a,b) can be achieved via the sampling distribution of
Tcu (ap)- In the current study, both GCI method and EMP method are based on the generalized
pivot quantity Tc;,;(u.b)- And the simulation result shows that the generalized confidence bound
provides the inteneded coverage even though the true coverage rate may not be exactly the nominal
value 1 — e. In practice, use the information derived from both PLE and GPE, one should get
a good idea about the information of C';,’p(a, b) and therefore the quality of a process. Further-
more, the graphs show that the standard deviation does not affect the value of the indices too much.

It was mentioned in literature that a process is categorized as inadequate if Cgp > 1, as
marginally capable if 0.56 < C}j, < 1, as capable if 0.44 < C}, < 0.56, as good if 0.36 < C};, < 0.44,
as excellent if 0.25 < Cp, < 0.36, as super if C}), < 0.25. In order to set up a similar standard
about the boundaries of the quality of a process based on CJ/,(a, b), we may use the above standard
to find a proper range of process mean and then transform back to C;;,(a, b). However, from Table
3(a) and 3(b), problems have occured. For instance, with different i and o, the quality of a process
with C;,'p(a., b) = 0.520931 is classified as marginal capable if 1 < 14. Nevertheless, for a process
with p > 14, with the same incapability index value, the process will be classified to have quality

between excellent and good based on the rule set up for the incapability index C;p. So, how to set
up a reasonable boundry for C;,(a, b) will be a research problem for further study.
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Step 4. Compute T, =T — \/‘% 8, and T,e= 4/ -8, and the GPE T, 1 (a,h)

based on formula (1);
Step 5. Repeat Step 3 and Step 4 [ = 10° times to get T (a, b T £ Ja Ry s T aiB)

and also compute their average;
Step 6. Find the 100(1 — a)'" percentile T{Iﬁa:b of T " tab) Ter
Step 7. Define ky = 1if Cpy,(a,b) < T,
Step 8. Solve equation (2) via Newton method for the value of the upper confidence bound e. The
approximation stops when the difference between two consecutive solutions is less than
1075, The initial value of ¢ is set at PLE.
Step 9. Define k; = 1 if C,,(a,b) < c;
Step 10. Repeat Step 1 to Step 9 m times to get ki1, -+ ,kim and kop, -+, ko,
~l—a l—o =
Icn( )1 T,,(ab)m and ¢, , Cm;
Step 11. The coverage rate of the EMP-method is 30" | k1:/m.
Step 12. The coverage rate of the GCI-method is Z:’;l kai/m.
Step 13. The expected length of the confidence interval of C}),(a,b) based on EMP-method

s 3 Té'”a{ab /m;

ppE(a' b)yr" " ’T pp:{a b)*

Step 14. The expected length of the confidence interval of C// (a,b) based on GCI-method

PP
is 3%, ei/m;

From Table 2, the simulation result indicates that the confidence bound based on either
methods do provide coverage probability close to the nominal confidence level. Surprisingly, the
coverage rates of both methods are quite similar. But the expected length from EMP-method is
shorter than the expected length from GCI-Method, Since the EMP-method is much easier and
faster to compute, the EMP-method is highly recommended than GCI-method.

4 Concluding Remarks

From the left panel in Figure 1, when the mean shifts away from the targe value T towards
LSL, C »{a, b) is more conservative than C »p and Cp, regardless the value of the process variance.
However the situation is reversed if the process mean shifts away from 7" towards the USL. In
either cases, pp(a b) can detect the shift faster than the other two incapability indices. Same
behavior occurs for the case when the target is 12. In conclusion, based on Cpp(a, b), it is easier
to detect the shifts when the mean locates at the side while the specification limit is closer to the
target. From the right panel of Figure 1, for p € (13.8,14.2), the zoom in figure shows that for
processes with the same process standard deviation, C‘;,lp(a, b) always has smaller value when the
mean g is on the left side of the target value than when g > 7. The minimum is reached when
the mean is exactly at the target value. The level of the difference between these two situations
becomes smaller when the standard deviation increases. Same thing happens to C;p. However,
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l—-a= P(TC;;P(G,!;) <c)

1, ,T+25 -2,  ns o o B
:P("b?{d[ﬁw] +W}Scand—oo<m—Zﬁ§T)
+P(L{d2(jfzﬁ_r1)b+n—sz}<candT<aT'—Z—8— < o)

D2 D, W= : JW

CDQ— ns? . TLS2
e — Mf &
=PO0LTH+Z—=-Z< D e )Q,W>E)
c POz -2 -T2 Dy (T s
! VW = d? ? eD?
o0 CDQ— ns> 5 e
= [ ., D(——0p ) + & - T) Y2 fuw ()
nsl 3
oo ch— ns? 3 "
_[,”2 @[_(Du( (12 C )g_f'i'T)—]j‘W(w)dw

where W ~ y2_,.

3 Simulation Study

In this section, the comparison between EMP-method and GCI-method is made via a simula-
tion study. Consider the case when the lower specification limit LSL = 10, the upper specification
limit USL = 16 and the target T' = 14. The sample size n considered are 10, 30, 50. Larger
sample sizes were also studied, however, the results did not vary too much, so here we only list
the results from small samples. The confidence level is 1 — & = 0.95. For each combination of
(#,0,m), an upper confidence bound of C} (a,b) based on the EMP-method is achieved by using
100000 replications. And then the whole process is repeated m times, where m = 100(100)400
(To save the space, here we only list the results for 300 and 400). The coverage rates of both
methods are the proportion of times that the true index value C}(a,b) lies below the empirical
(1 — a)t® quantile Tlﬁo(“a_b) or below the 100(1 — )% generalized upper confidence bound ¢ which
can be derived from gqua.tion (2). In addition, the estimated expected lengths for GCI-method

and EMP-method are the average of the m Tcl;oéa b) and the average of the m ¢, respectively.
pp i

The algorithm of the simulation study is given below:

Step 1. Generate z1,--- , 2, from N{u,c?) and compute the incapability index C;p(a, b);
and the PLE C} (a,b) ;

(X -X)?
Step 2. Compute z =Y\, z;/n, s* = §2 = T

Step 3. Generate Z from N(0,1) and W from x?_;;
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By comparing the bias, standard error and the mean square error of the PLE and GPE,
it can be seen that in general PLE performs better than GPE. However, when the sample size
increases, the performance of both estimators are about the same, see Table 1. Figure 2 is the
differences between the MSE of PLE and the MSE of GPE for process with different quality. As
we can see, the difference between the MSE of PLE and MSE of GPE are quite small.

Even though the point estimator PLE may perform better than the GPE for small to mod-
erate samples, a confidence region can provide more information about the unknown parameters.
However, the explicite form of the true distribution of PLE is almost impossible to get. And for
a given sample the PLE is only a single number without randomness. On the other hand,
based on the design of the GPE T; cr (a,b)s with the same sample, Tc;’P(a,b) is a random variable.

A confidence bound of Cj,(a,b) can therefore be found by the sampling distribution of Ti» (, 1)

even for small samples. In what follows, all the disucssion will base on GPE.

Let Té,:‘?a » be the 100(1 - o)t percentile of the sampling distribution of T~ (ap)- Then,
P\ BES

TéZO(‘a » can be treated as a 100(1 — «)% generalized upper confidence limit for C}j,(a, b). We shall
call this approach EMP-method in the latter discussion.

On the other hand, from a theoretical point of view, let ¢ be the value which satisfies the
equality P(Ib;p(a,b) < ¢) = 1 — @, then ¢ can be considered as the minimum performance of a

process, and is therefore a 100(1— a)% generalized upper confidence bound (GUCB) ¢ for Cj;;,(a, b).
We shall call this approach GCl-method.

Theorem 1 Let X, -, X, be a random sample from N(u,0?). Then the GUCB ¢ of Cppla,b)
is the solution of the following equation:

1—a= [ @205t +a-)
_ @[?(_DH(C’D%)% +z — ) }Hw(w)dw (2)

where fu(+) is the pdf of a chi-square distribution with degrees of freedom n — 1.

proof:

Since ¢ is a 100(1 — @)% confidence limit of C)

wp(a,b), implies that
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which is a function of the unbiased estimators X = 3" | X;/n of u and the uniformly minimum
variance unbiased estimator (UMVUE) S2_, = ¥ (Xi — X)?/(n — 1) of ¢* (Lehmann (1983)).
However, the explicit form of the distribution of C},(a,b) is not available hence a pivot quantity

based on C}j,(a,b) is hard to reach either.
In order to concure such drawback of regular pivot quantity, Weerahandi {1993) extended
the definition of a pivotal quantity and proposed a generalized pivotal quantity as the following:

Def1: Let T(X; x,g) be a function of X, x, and 5, then T is called a generalized pivotal quantity
if (i) 7 has a probability distribution free of unknown parameters and (ii) the observed pivotal,
defined as t.s=7(x;x, ) does not depend on the nuisance parameter ¢s.

In addition, for a given generalized pivotal quantity T'(X; x, 5), a subset C_,, of the sample space
of T is a confidence region of # with confidence level 1 —a if Pr(T € C1_,) =1 —a.

Now, let X;,---, X, be a random sample from N (u, 0?) where  and o2 are both unknown.
To construct a generalized confidence interval for the incapability index Cy (a,b), two quantities
T, and T, will be used:
7z

A —
ﬂl-(x‘lxuu'ao):T‘u:_’E— \/W.s

T,2(X;x, 1, 0) = Tpe = 4 - 8%,
_ " AP , o LAXi=X)?
where Z and s"are observed value of the sample mean X and the maximum likelihood estimator S ==——

respectively. Z = /n(X — p)/o is a random variable from N(0,1) and W = (n — 1)S2_,/o? is
from x%_,. It is obvious that T, and T, satisfy conditions (i) and (ii) in Def 1 given above and
are therefore the generalized pivotal quantities for i and o2 respectively.

Define

P {1520 + Tpe} if —co<Z— s <T

3

TC;’p(a,b) =

(D

PAP[ETP + T} f T<Z-Fm-s <o

where T is the target value. Notice that if X = # and S = s, then the observed value of T~ (a,b) 1
pp
exactly the incapability index C};p(a, b), which is independent of any nuisance parameters. Further-
more, the distribution of ngp(a.b) only depends on a standard normal and a chi-square distribution,
and is free of any unknown parameters. According to Def 1 given above, Tc;;p (a.b) 18 a generalized
pivotal quantity of the incapability index C(a,b), for convenience, let’s denote it as GPE.
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99 (2 + 02} ifp< 14,

a(a,b) =0,.(3,3/2) =
pp\™h ppATY
%{9.(1f}%‘3)3+52} if p > 14.

On the other hand, when the target locates at the left hand side of the mid point of the specification
interval, assume T = 12, then D = 2/3,d =3,D,, =4,D; =2,a=3/2,b = 3, and

29 (B4 + 0%} ifp <12,

29 (2523 + 0%} ifpu>12.

CH

" (a,b) = CL,(3/2,3) =

pr

Values of indices C}/,(a,b), Cy, and Cyp when the target T = 14 are computed under dif-
ferent combinations of process mean p and process standard deviation o. From the right panel
of Figure 1, the value of incapability indices increases as the process mean shifts away from the
target, which is not surprising. But the amount of increaments on both sides are quite different.
The increament on both sides are not symmetric and increases much faster when the process mean
locates at the right hand side of the target especially the indices C}/(a,b) and Cy),. And, compare
to the curves of C}, and Cpy, the curve of index Cj,(a, b) shows smoother pattern when the process
shifts away from the target value toward the lower specification limit. But the situation changed
when the mean is on the right hand side of the target. Cy,(a,b) increases more rapidely than Gy
does on either sides, which means that Cjy,(a,b) can detect the shift of the mean faster than s
can do. To see the effect of o, those processes with mean close to the target values are zoomed in
as shown in the left panel of Figure 1. As one can expect, the larger the standard deviation, the

larger the value of the incapability indices.

As was emphasized in Kotz and Lovelace (1998), results of calculations of process capabil-
ity indices should always be qualified via confidence regions with a discussion of the impact of
the sample size and sampling scheme on the index estimation. On the other hand, as in Hsu et
al. (2008), since the minimun performance of a process is required for quality assurance, a lower
confidence bound (LCB) of a capability index can therefore be used to provide critcal information
regarding process performance. Therefore, an upper confidence bound of the incapability index

Cpy(a,b) is worth to study.

Let X be an observable random vector with the cdf F(x|6), where § = (6;,65) is a vector
of unknown parameters, f; is the parameter vector of interest, and f, is a vector of nuisance
parameters. A conventional approach to construct confidence intervals of # is based on a certain
kind of pivotal quantity. However, statistical inferences of such kind of pivote quantity may not
be easy to handle. For instance, in the current case, Pan and Lee proposed the natural estimator
of Cpy,(a,b) as the following (for convenience, let’s denote it as PLE):

{555 + 82} i X<T
C.

pp

(a,b) = .
{55+ 52 X >T,
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md(a,b o ..
Cyp(as b) = % (5)21
where the modified desirability function md(a,b) is defined as :

g—;(i"wu)“ if p<T
md(a,b) =
%%(p—T)b it p>T.

It was further suggested that the two parameters @ = YSL=LSL 4 p = USL=LSL Ngtice that
g8 i, Dy

a>bif Dy > Dy and a < bif D; < D,,. In addition, C},,(2,2) = C,,, and C, (2, 2) = C,,,, when the
target 7' is at the midpoint of the specification limits. Furthermore, when u =T, C},(a, b)=C},=
Cpp=(%)?. Even though the moments of the natural estimator C‘]’,’p(a, b) of Cy,(a,b) were derived
in Pan and Lee (2009), the distribution of the estimator is hard to get and is not easy to find the
confidence bound of C}),(a,b) either. Another approach for finding the confidence bound of the
index is via generalized pivot quantity which was porposed by Weerahandi (1993).

There have been many researches apply the idea of generalized pivot quantity to discuss
confidence limits on several process capability indices. Among them are Chang (2001), Mathew et
al. (2007), Kurian et al. (2008), Hsu et al. (2008), Jose and Luke (2011, 2012) and Ye et al.(2011).
In this article, we would like to discuss the confidence bound of the incapability index C},(a, b)
based on a generalized pivot quantity. Throughout this article, all discussions are made assuming
that a process is in a state of statistical control and the characteristic under investigation arises
from a normal distribution with mean p and standard deviation o.

The rest of this paper is organized as the following: In section 2, based on the generalized
pivot quantity, a point estimator and two methods for confidence bound of C}},(a, b) are introduced.
In section 3, a simulation study is conducted for the comparison between the natural estimator and
the generalized pivot estimator, also the comparison between the two types of confidence bounds.
In section 4, concluding remarks are given.

2 Generalized Condence bound of I’,i,(a,b)

As an example, consider the case when LSL = 10,USL = 16 and assume T = 14 which
locates at the right hand side of the mid point of the specification interval. Then the parameters
D=2/3,d=3,D,=2,D;=4,a =3,b=3/2. This implies that
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1. Introduction

Let X be the process quality characteristic of interest with mean p and standard devia-
tion o. Chan et al. (1988) proposed a general form C},, of the process capability index €, to
handle the problem of asymmetric tolerance where Cp,, = \/7-———1(9——~—T—)~2- D = min{D;/3.D,/3},

o+(u—

D, =T—LSL, D, =USL—-T, LSL and USL are the lower and upper specification limits, respec-
tively. T is the target (nominal) value such that LSL < T < USL. Greenwich and Jahr-Schaffrath
(1995) modified the index further and introduced the incapability index C, by taking a reciprocal
squared transformation of C7,,, and is defined as Cyp = ((u = T)/ D)? + (¢/D)?. Notice that the
transformation is bijective, therefore the C,,, index contains the same information as that ot C7,,. In
addition, ), provides an uncontaminated separation between information concerning the process
precision and process accuracy. The advantage of this separation is the indication of the degree
the process inaccuracy contribute to the process being incapable of meeting the specifications.

Even though the separated information of €, can be used to recongnize the processes which
have different levels of proportion of conforming output, unfortunately, the advantage of handling
asymmetric tolerance is disappeared. Chen (1998) pointed out that for processes with asymmetric
tolerances, it might happen that processes with the same ), can have very different expected
proportions non-conforming. For example, by assuming that the target 7' = {3 - USL + LSL}/4
and o = d/3, where d = (USL — LSL)/2 is the half length of the specification interval. Consider
two processes with mean p; = T'— d/2=(LSL+USL)/2 (the midpoint of the specification interval),
and po = T + d/2 = USL, respectively. It is obvious that the quality of these two processes are
different and the exp cted propo tions non-conforming are approximately 0.27% and 50%. But it turns
out that Cpp = Cpp2 = 13. Apparently, the index Cpp inconsistently measures process capability
and process potential and can not properly reflect the true manufacturing risk for asymmetric
tolerances.

To overcome such problem, by taking into account the asymmetry of the tolerances and the
asymmetry of the corresponding loss function, Chen (1998) proposed a new incapability index Czl);:
as C, = (A/D)? + (c/D)?, where A = maz{(—T)d/D.,(T — p)d/D;}. Under the same param-

eter setting as the previous example, C;)’m = 8, C';,’pg = 40, which leads to the same conclusion as

the expected proportions non-conforming that the first process performs better than the second one.

By shifting the means of both processes given in Chen (1998) by one unit to the left, Pan
and Lee (2009) pointed out that Cjy,; = Cp5 = 13, but leads to very different nonconforming
rates, namely 1.23% and 22.66% respectively. It means that the index Cyy, can’t properly reflect the
true manufacturing risk for asymmetric tolerances either. Therefore, Pan and Lee (2009) further
proposed a modified incapability index C}/,(a,b) based on the idea of desirability function (Myers
and Montgomery (1995)) as the following:
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