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Maximum Likelihood Estimator of the Three-
Parameter Generalized Beta Distribution

Sy-Mien Chen

Department of Mathematics
Fu-Jen Catholic University, Taiwan, R. O. C.

Abstract

This research investigates the maximum likelihood estimators
for the three-parameter Generalized Beta distribution. It lays out the
conditions for the central limit theorem of MLE besides the Fisher
information matrix. Statistical inferences are also discussed. A simulation
study is carried out to explore the bias and standard error of the
maximum likelihood estimator. In addition, the hazard function is studied

when all the three parameters are unknown,

Key words: words: CLT; Digamma function; Trigamma function; Incomplete
Beta function; Simulated annealing; MLE.
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1. Introduction

The three-parameter generalized beta distribution was also named the Sahinoglu-Libby
(SL) distribution due to the fact that the distribution was pioneered in 1981 by Sahinoglu[14].
In 1982, Libby and Novick [8] proposed a multivariate generalized beta distribution of the
first kind with applications to utility assessment. For the univariate case, the three-parameter
generalized beta distribution is denoted as G3B («a, 5,7 ) or G3B for short. Apart from
being more flexible than the regular Beta distribution, the three-parameter generalized beta
distribution is very versatile and is capable of modeling a varicty of uncertainties. Gelfand
(1987)[4] applied the distribution to the problem of Bayesian estimation of the ratio of two
variances. Sahinoglu (2000)[15] used the distribution to study the reliability of integrated
software network when the software failure and recovery data are insufficient. Sahinoglu and
Libby (2003)[16] formulated the density function of the unavailability or variability random
variables by G3B distribution in order to estimate the network reliability and quality indices
for engineering and utility considerations. By assuming that the forced outage ratio of an
embedded hardware component follows G3B, Sahinoglu, Libby and Das (2005)[17] evaluated
availability index with small samples for component and network reliability. Nadarajah
(2005a)[10] discussed some probability properties of G3B, which includes the moment
generation function, expectation, variance and the Rényi entropy. Nadarajah (2005b)[11] also
considered the densities of the sums, products and ratio of two random variates from G3B.
Chen and Chen (2008)[3] discussed G3B from Bayesian point of view. See Pham-Gia (1989)
[12], Kegan and West (2005)[5], Chen and Lin (2005)[2], Verheijen (2001)[20], Bandourian
et. al. (2002)[1], Kleiber (2005)[6], Tunaru and Albota (2005)[19], Sepanski and Kong (2007)
[18] for more applications.

So far most of the results in the literature about G3B(«, 5.y ) are probability
properties. However, in the real world, the knowledge of the objects which we are interested
in is estimated from data collected, and it is important to know the statistical properties
of the estimator in order to prevent from misinterpretation. In this paper, we study the
inference problem except the sampling distribution of G3B. In section 2, the three parameter
generalized beta distribution is reviewed. Some of its properties are derived. In section 3, the
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maximum likelihood estimator (MLE) is considered. A numerical and simulation study is
presented in section 4. Conclusions are given in section 5.

2. Maximum Likelihood Approach

A random variable X is said to follow a Libby- Novick (or Sahinoglu-Libby) three-
parameter Generalized Beta distribution G3B( @, 3, 7 ), if it has the probability density function

J/afxafl (1 _ x)ﬁvl
B(a, B){l-(1-y)x}** °

The shape of the density functions of G3B(a, /5,7 ) varies under different values of

Lo lEJ= for 0<x<l, a,B.7>0.

parameters, see Fig 1.

The hazard function of G3B is defined as
}/(Ita7I (1 _t)[j—l
Bla,p)il-1 , (a.P)iil-d — )’

m—])l

hy ()= which is increasing in t,

1
where B(a, ) = Iﬂ u“"(1—u)”"du is the complete beta function and

r B - du

L is the incomplete beta function.

B(a,p)

Let X,, X;,..., X, be a sample with sample size » from G3B («, 8, 7 ) distribution, then the

I.(a,p)=

log likelihood function is defined by
la.B.y|x)=an In(y)+(a -1 In(x,) + (-1 In(l-x,) —nlnB(a, B)
i=l i=l
—(a+ )Y In[l-(1-y)x].
i=1

By differentiating the log likelihood function with respect to @,/ and 7 respectively and
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setting the results to zeros, we have the following estimating equations:

ol
%—nlnyfn{‘{‘ ()=, (a+ )} +;1n[T]—O
ol
8,6 -n{¥,(B) - ‘P(](a+ﬁ)}+;l [IL—(I——)x] 0 (2)
o _an - %, _
oy v = ﬁ);l—(1~y)X,

d
where ¥, is the digamma function defined by ‘¥, (m) = d—-]n ["(m).
m

; d
Let ¥, be the trigamma function defined by ‘¥, (m) = "
m-

Lemma 1: Let X, X,,..., X, be a random sample from G3B («a, /3,7 ) distribution with
parameters ¢ , 3, v . Then with probability tending to 1 as n tends to infinity, there exist
solutions of the likelihood equations.

Proof: It is easy to see that the pdf of G3B (a, 3,7 ) meets the regularity conditions
(A0)~(A2) in section 6.3 and (A)~(B) in section 6.5 of Lehmann and Casella (1998).
Furthermore, since the trigamma function ¥, (m) is decreasing in m, the regularity conditions
(C) and (D) in section 6.5 of Lehmann and Casella hold by Lemma 3, Lemma 4, Lemma 8.

Theorem: Let X, X;...., X, be a random sample from G3B («, 3, 7 ) distribution with parameters
a,B.,v.Let &y.PBy .7, bethemaximum likelihood estimator of &, 3, 7 , respectively.

(1-1) @,, is consistent for estimating « and is asymptotically efficient in the sense that

. ) 1
e WA (0’ ?](a)—wmmj

(1-2) /3’M is consistent for estimating /3 and is asymptotically efficient in the sense that

) . 1
\/;(ﬁ.w — ) isAN (0’ \Pl(ﬁ)l{ﬂ(a‘*‘ﬁ)J

(1-3) 7, is consistent for estimating 7 and is asymptotically efficient in the sense that




B R 45 2l 5

JiGy -y) isan (0, @EEHDr7y
o

(2-1) Jn (&, ﬁM ) — (a, )] is asymptotically normal with mean zero vector and covariance matrix

L ‘{’,(ﬂ)—‘P,(a—#ﬁ) ¥ (a+ B)
D\ W@+  W@-W@+p)

12

where D), =¥ (a)¥,(8) - ¥, (a + S)Y,(a)+ ¥, (B)) -

2-2) n [(@, .7, ) — (&, )] is asymptotically normal with mean zero vector and covariance matrix

off B
LIP@ g e h |
D, - ’
v+ B) Vile) ="t (x +f)
__ ap ) [ 8 T
D, = @+ B+’ RACERACEFI) l:(aﬂ-ﬂ)}/} -

(2-3) /n[( ,@'M V) — (B, )] isasymptotically normal with mean zero vector and covariance matrix

@+«
1| 7@+ g+ HeEBY | e
Dol -2 9 p-wa+p)|
ya+p I
B s | a T
Do= o (B~ ¥ e+ ) LMWJ.

O O O
(3) \/E((d;w ’ﬁM aJ;.w T —(e, ﬂs 7)) is AN((0,0,0), On Opn Oy ), and
O3 Oy Oy
o

! aoff ~ e
"”*det(n{w(mﬁﬂ)”“(m ¥ (a+ B)] yz(mﬁ)g}
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1 af _ _/3—2
O, = det(]){}/z(a+ﬁ+l) [lpl(a) q"](a"i'/g)] }/z(a+ﬁ)2}

.
B det(])

Wiy =iy, = = {, i ‘Pl(a+/3)—1—q8—a}
det(Z) | y*(a+ B +1) y (a+p)

W, ()Y, (B) - ¥, (a+ BIY (a)+ ¥, (D]}

— o 1 1 . —
O3 =0y _det(f){y(a+ﬁ)[ﬁ ¥ () (a+[3’)‘P,(a+ﬁ)]}

-1 1
Oy =03 = det(]){y(a+ﬂ) [a-\{ji(a)_(a-‘_ﬁ)\}’l(c{-’_ﬁ)]}‘

Proof: The parameter 7 has no effect on the conditions for eigenvalues to be positive.

By a numerical study viaMATLAB, all three functions with a,5>0,

¥, () ¥, (B) -, (a+ B (@) + ¥, (B)],

— o ~
(05+ﬁ)2 +[(a+ﬂ+1)][lpl(a) ¥, (a + )] and
(a_+a,6’) + (@ +ﬂﬁ 1) [W,(B)—"Y,(a+ F)] are all positive. The theorem is therefore

proved by Lemma 2 ~ Lemma 8 in the Appendix and by theorem 5.1 in Lehmann and
Casella (1998) [7].

Corrolary 1:Under the same conditions as inTheorem,

(1-1) An approximate 100(1- & )% confidence interval of & is given by
(df —Z sy Oy /Nn,é,, FE i, i /\/;) :

(1-2) An approximate 100(1- & )% confidence interval of S is given by
(B — 2,0, 0n /N By + 2,0, -0 /)

(1-3) An approximate 100(1- @ )% confidence interval of 7 is given by

(J;M —Z,.,, Ol NPy +2 . 'GBS/VH)-

o
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(2-1) An approximate 100(1- « )% Bonferroni joint confidence intervals
of («, 3 )are given by
(éM —~B s /\/;,Oﬂt!\, B s /\/;) and
(ﬂ":\'f - Z(,‘,';; : 022 /‘\/;’ ﬂn;\fl o Za",t4 : 0-22 /‘\/;)

(2-2) An approximate 100(1- & ")% Bonferroni joint confidence intervals
of (5,7 ) are given by
(Bu =z, o I By 42 0y 1) and
(};M B s g /\/;,};M $E o . O /\/;)
(2-3) An approximate 100(1- ¢ ")% Bonferroni joint confidence intervals
of (@, v ) are given by
(dM =2 ., /\/;,(3.'“ + 2 5 /\/;) and
(}9_4, —~& 4, Oy /\/;,}?M ¥E ., Ty /\/;)
(3) Anapproximate 100(1- & )% Bonferroni joint confidence intervals
of (a,f,7) are given by

@ /\/n),

/6

(ﬂM S e SO AT By 8 B /\,‘n) and
(}/M e Oy foafas i HE o -0'33/\4’:1).

a |/

(aM ~Z s 0NNy, +2 .

Proof: By Theorem.,

Corollary 2: Under the same conditions as inTheorem,
(1-1) The decision rule of an approximate size ¢ " test of
testing H,: @ =a ,versus H,: a#a , is rejecting H, if
@y~ | 2 oy /‘/; "Ziat
(1-2) The decision rule of an approximate size ¢ " test of
testing Hy: 8= 3, versus H,: 8% 3, is rejecting H, if
|BM Bl 2 0_32/\/; gyt

(1-3) The decision rule of an approximate size ¢ " test of
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testing Hy: 7 =17 o versus H,: v #7  is rejecting H, if

|#a—Fl 2 0-33/\/; "L
(2-1) The decision rule of an approximate size ¢ " test for

testing H,:(a,B)=(a,,B,) versus H:(a,B) # (o, 50) 18

rejecting H, if |&¢—a, | 2 o), /</n “Z_., Or 1B-B, |20, /n B ey
(2-2) The decision rule of an approximate size « " test for

testing Hy:(a, 7 )=( o, 7o) versus H:(a,7) # (Ao, 70) 18

rejecting H, if |a@—a, |2 o, /n "Z s, OF |F=pg | 205 /In HE o g
(2-3) The decision rule of an approximate size @ " test for

testing Hy:( B, 7 )=( By, 7o) versus Hi:(B,7) #F (Bo.7T0) 18

rejecting Ff, if |,60'—ﬂ0 | > 0'22/\/; “Z.,, 00 |y—¥, |20y /n “Z e,
(3) The decision rule of an approximate size @ "test for

testing Hy:(a, 8,7 )=( o, B, 7o) versus Hi:(a,B8,7) # (@, 8o, 7o) 18

rejecting H, if |a —a, | 2 7, /n -z B=PBy >0, /n “Z.,. OF

|?;_7o|20_33/\/;‘2a'

a'te?
/6"

Proof: By Theorem,

4. Simulation study

4.1 Parameter Setting

Since the explicite form of MLEs involves solving a highly non-linear optimization
problem, a numerical method is therefore required. On the other hand, since the positive
function W, is involved, therefore Simulated Annealing method (Robert and Casella 2004)[13] is

preferred over the Newton - Raphson method in finding MLE. While applying the Simulated Annealing

method, the temperature function we use to control the cooling is W (¢) = 1 andthesize

100 In(1 + ¢
of the interval around the current point is 0.5. o )

To generate random sample from G3B(a,S,7 ) we first generate random numbers W
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from Beta( &, 3), then take the transformation T (by Lemma 2). About the sample
A -7 + 5

size, when one or two of the parameters are unknown, 50, 100, 300, 500 are considered. When
all the three parameters are unknown, the sample sizes used are 300, 500, 1000 and 2000.
Based on the time consumption, for small sample sizes the number of iteration is 500 and 100
for large sample. Different combinations of parameters are chosen from 0.3, 0.6, 0.8, 1.2, 1.5,
1.8, 2.0, 2.5, 3.0 and 3.5. For each different combination of parameters, the simulations are
repeated 50000 times. All the computations and graphs are done by MATLAB with a PC.

4.2. Simulation Results

Through a Monte Carlo simulation study, the asymptotic results in section 3 are
verified. The accuracy is up to the fourth decimal point. Note that the trigamma function
W (m) decreases to zero as m — oo , this may render the Fisher information matrix only
semi-positive definite. But in practice, huge values of @,/ are seldom encountered, so the
asymptotic properties of the maximum likelihood estimator in the Theorem can still provide

valuable information.

From Fig 2, when only one parameter is unknown, the sampling distributions of the
maximum likelihood estimators are skewed to the right for small sample sizes. But when the
sample size is large enough, the sampling distributions become more and more symmetric. The bias
listed in Table 1 shows that the estimators are asymptotically unbiased. The standard errors decrease
as the sample size increases, and are quite close to the theoretical root Cramer Rao Lower bound.
These results fit the results we got from section 3. Note that from formula (4)(5)(6) in Lemma 6, the
regularity conditions for the asymptotically results to hold are independent from the parameter 7 .
To reach the same accuracy and precision of each parameter, the sample size needed for 7 is larger
than those needed for @ and /3. On the other hand, when the sample size is fixed, the variances of

: I ! (a+p+Dy’
the estimators are ¥ (@) — Vi@ + B)] > AP L(B) - ¥i(e + f)] and n_afﬂ_ s

which are increasing functions of @, /8 7 respectively. Therefore, the larger the true value of

the parameter the larger the sample size is needed.

When two of the parameters are unknown, the scatter plots in Fig 3 show that the
estimator ¢ and #, @ and 7 are positive correlated, but £ and 7 are negative correlated, this
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B
y(a+ f)
where ¢, > 0, i=1, 2, 3. The elliptical shapes agree with the

agrees with the results in Theorem that Cov(d, ) = ¢,'¥,(a + ), Cov(d,7)= ¢

A N — %
Cov(fB,y)=—¢, v(o + f)
asymptotic normality of Theorem. From Table 2, the bias, the standard error and the sum of

root mean squared error decrease as the sample size increases.

It is not surprising that one needs a larger sample size to achieve better estimating results
when all the three parameters are unknown. The bias, the standard error and the sum of root
mean squared error of the estimators of the three unknown parameters are given in Table 3.
Both characters decrease as the sample size increases; Again, all the results shown in the table
support the Theorem. In addition, the maximum likelihood estimator of the hazard function
can be obtained by the invariance property of maximum likelihood estimator. From what
we have in the table, the mle of the hazard function is also asymptotically unbiased and the
standard error of the estimator of the hazard function decreases as the sample size increases.

5. Conclusions

We have studied the maximum likelihood estimators of the parameters of the three-
parameter generalized beta distribution. The conditions for the central limit theorem of the
estimators are given. In addition, Bonferroni joint confidence intervals and hypotheses testing
problem are also discussed. From the expressions of the system of non-linear equations,
we can see that it is not an casy task to solve them analytically. Through a Monte Carlo
simulation study, the asymptotic results in section 3 are verified. Simulated annealing method
is used to get the maximum likelihood estimators. The accuracy is up to the forth decimal
point. For each different combination of parameters, the simulations are repeated 50000 times.
The results show that the effect of sample size on the accuracy and precision of estimation,
especially on the parameter 7 , is quite significant. The effect on the hazard function when all
three parameters are unknown is also very significant. Also, the larger the value of unknown
parameters, the more difficult the convergence of the simulated annealing technique, eased (in

one way among others) by an increase of the sample size.
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Even though the trigamma function W ,(m) decreases to zero as m — oo , which may
cause the Fisher information matrix only semi-positive definite. But in real world, huge values
of @, are seldom encountered, so the asymptotic properties of MLE derived in this research
is still a valuable information.

Appendix
Lemma2: Let X = Then X -~ G3B(a,p.7) iff W ~ Beta(a.p).
A=W +7

Lemma 3: (1) The Fisher information of G3B(«,5,7) is

- 8
¥Y(a)-Y(a+4) ~Wla+78) =
¢ ! (@ + )y
a
](a’ﬁv}/): 7‘\P|(a+ﬂ) \Pl(ﬁ)_k}l](a"—ﬁ) m (1)
- B o aff
(a+ By (a+ B)y (a+p+1)y’
where ¥, (m) = d_j In I“(m)z'r ! e“’if dt ,m>0,is the trigamma function,
dm” N

and is decreasing to zero as m — oo,

(2) The determinant of the Fisher information matrix 7 («, 8, 7) is

a

— D1, @), (8) - ¥ (@ + P, () + ¥, (B)]

1 |a+[+1
det(/) = — :

+¥ (a+f)~——[a’¥ () + B, (H)]

(a+p)
(3) The value of the determinant of the Fisher information matrix 7 (a,B,7)
may tend to zero as @ — o or S— o . But for small to moderate large

value of « and 5, is always positive.
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3

InT'(m), m > 0.Then for given «,

3

d
Lemma 4: Let ¥, (m) = di—‘{’l (m) =
m

M
a’ ln_f'(X;Sa,ﬁq}’) :|# ¥, (o) + Y, (a +/)’)] .
oa
31 X
0" In f( ,3a,ﬁ=)/) =¥, (8)+ ¥, (a+ B);
op
o | [1-(1=7)X]
PE ]nf(X;Ol,ﬂ,,V) _ a3 lnf(X;a,ﬁ,}’) — “'I" (a+,b’)|
0a’0p op*oa 2 ’
9 Inf(Xa B.p)| |0 Inf(X;0, B,7)| |8 In f (X5, Bu1)| .
2oy ooy | | oadpey |
&nf(X;a,8.7)| | 1 +(L)3
oy*0a e L=l
PhjXafpp) = X .
a}/?aﬁ ]—(l—y)X 3

Lemma 5: The characteristic polynomial of the Fisher information matrix is

aff

R (@) + P () - 2W, (o + )+ ey B |
y (a+pf+1)
o _
@ M2, @+ A
[, (o) = ¥, (@ + DI, (B) - ¥, (a+ B -2 P (%, + P12
e+ p)]
op

+————[¥,(@)¥,(B) - ¥, (a + S)(Y¥ (a) + ¥, (B))]
(o + f+1)

+%[2aﬁ‘l’. (a+B)- B (¥, (B)~ ¥ (a+p)-a’ (¥, (a) - ¥ (@ + p)).
[r(a+ p)]
3)
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The eigenvalues are

A =8+ 2L

bl

A, :—-;—(S+T)—%+1'M,

2
ae-Lisery-a_BE-D
2 3 2

where

S=YR+O*+R?, T=3yR-\J0*+R?,

2
3a, —ay

9a,a, —27a, - 2a;
’ R= ]
9 54

0=

and
. g af
a, =¥ (a)+¥,(B) 2‘P1(a+ﬁ)+y2(a+ﬁ+1),
g = 9P . _
= s g @+ ) -2 @+ p)]

[¥ (a)—¥ (e + L)Y, () ¥, (a+ﬂ)]+—a i —+ (¥, (a+8)’}
[y(a+ B)]
- O N
a, = Pt Bl [, (@)Y, (B) - ¥\ (a + B) Y, (a)+ ¥, (P))]

+——[?,(a i BT 2ap¥ (a+ B)- B (Y, (B) -V, (a+ B)—a’ (¥, (a)- ¥ (a+ B)]

Lemma 6 :

Fov ol
(a) The characteristic Polynomial of [ "

2 1s given b
I.'!l 122 g y

A =[¥(@)+ ¥, (B) - 2¥ (@ + BIA+ ¥, ()Y, (B) - ¥, (@ + B¥ (@) + ¥, (B)] .

The eigen values
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5 Ih@+¥,(B) 2% (e+ f)| £ VI (@)= ¥, (B)) + 4, (a+ B)]
2
positive provided that ¥, (a)¥,(8)—¥,(a + AHIY, () + ¥, (B)] > 0. (4)

2
arc

. . : |l o S
(b)The characteristic polynomial of the matrix [ U ”} is
31 733

5 _ apf - B 2
A —[¥ () ‘Pl(a+ﬂ)+y2(a+ﬁ+l)]f1 [y(a+,8)]
B N

+[y2(a+ﬁ+1)][‘l’l(a) ¥ (a + B)]

The eigenvalues are

af ]2+[ 24 2
yila+f+1)  ya+p)

[‘Pl(a)f‘{‘l(a+ﬁ)+—2—a€—]i\}[‘f‘;(a)—‘1‘;(a+ﬁ)—

Q= y(a+p+1)
2
are positive provided that (a?—fﬁ’)l + @ +‘?; 0] [¥,(a)-Y,(a+£)]>0.(5)
I > ¥ Jr22 ]23 .
(¢) The characteristic polynomial of the matrix I, is
32 433
2 aﬁ a 2 aﬁ
A=Y -¥ = W - )
[Y,(B)-Y\(a+p)+ yg(a+ﬂ+1)]/1 [y(a+,6)] + [;/2(a+ﬁ+l)][ (B)-Y\(a+P)]
The eigenvalues are
[%w%%m+m+——@——h$%wr%m+m— P 2E_p
e yia+p+1) yia+pB+]) r(a+f3)

2

—a_, B
(a+p) (a+p+])

[¥,(8) - ¥ (a+B)]>0.(6)

are positive provided that

Lemma 7: (R. Tunaru and G. Albota (2005)) A matrix has an inverse <> zero is not an

eigenvalue.
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Lemma 8: (Magnus and Neudecker 2007) A symmetric matrix Ay is positive definite
« All its eigenvalues are positive

« All principal minors | 4y | are positive for k=1,2.....5.

Table 1: The bias, standard error and root mean square error of the maximum likelihood
estimator when only one parameter is unknown

A 0.3 15 1.8 3
N bias s.e. rtmse | bias s.e. rmse| bias se. rmse | bias s.e. rmse
50 0037 .0424 .0422|.0148 .1970 .1976| .0197 2417 .2425|.0175 .3663 .3668
100 0035 .0300 .0299|.0109 .1378 .1384| .0156 .1646 .1655|.0156 .2665 .2669
300 0015 .0173 .0175|.0047 .0775 .0775| .0071 .0917 .0917(.0062 .1490 .1491
500 0008 .0141 .0134|.0010 .0616 .0620|-.0008 .0728 .0726|.0019 .1175 .1174
+JC.R.L.B 0132 .0608 0721 1170
(a) @ is unknown ( S=1.5,7 =0.6)

B 0.6 1.5 2.5 35

N bias s.e. rmse| bias s.e. mmse| bias s.e. rmse| bias s.e. rmse

50 0093 .0843 .0847|.0234 .1960 .1973|.0354 .3124 .3145(.0760 .4750 4810

100 [.0054 .0566 .0571|.0160 .1439 .1449|.0131 .2191 .2194|.0380 .3148 3171

300 |.0025 .0346 .0344|.0055 .0781 .0781|.0077 .1273 .1277(.0120 .1825 .1830

500 [.0010 .0265 .0257[.0013 .0624 .0621|.0027 .0933 .0934|.0002 .1386 .1385
JCRLB 0257 0608 0985 1353

(b) 8 is unknown (a=1.5, ¢y =2.0)

r 0.8 1.8 2 3
N bias s.e. rmse| bias s.e. rmse| bias s.e. rmse| bias s.e. rmse
50 0186 .2071 .2080|.0555 .4825 .4857|.0557 .5525 .5553|.1062 .8490 .8556
100 0152 .1530 .1538[.0123 .3365 .3367|.0237 .3715 .3722|.0264 .5904 5910
300 0055 .0849 .0852[.0113 .2015 .2017|.0170 .2186 .2194/.0171 3161 .3165
500 -.0002 .0648 .0648|.0075 .1507 .1508|.0103 .1661 .1665|.0195 .2439 .2448
JCRLB 0663 1493 1661 2490
(¢) v is unknown (a=1.5, 5=0.6)
Remark: 4/C.R.L.B is the root of the Cramar-Rao Lower Bound when the sample size is 500.
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Table 2: The biases, standard errors and the sum of root mean square
errors when two of the parameters are unknown

0=0.3; p=0.8 0=0.3; p=2.5
. Vi : B
o a
n bias s.e. | bias s.e. |[srmse| bias s.e. | bias s.e. [srmse
50 |.0134.0539({.0381.1375|.1986(.0142 .0529|.2911 .7671|.8751
100 |.0067.0387(.0140.0922|.1324{.0080.0361|.1266 .4969(.5491
300 [.0016.0200/.0073.0500/.0701{.0017 .0200(.0328 .2713|.2930
500 [.0018.0141|.0031.0387|.0553.0018.0141/.0276.2114/(.2283
o=1.2; p=0.8 o=1.2; p=1.5
. B . )i
(24 o
n bias s.e. | bias s.e. |srmse| bias s.e. | bias s.e. |srmse
50 |.0591.2587/.0368 .1612|.4306|.0578 .2435|.0738 .3071|.5660
100 |.0434.1741{.0244 .1077|.2899(.0346 .1679|.0436 .2218|.3974
300 |[.0103.1020/.0054 .0600|.1625(.0117.0922/.0189.1212|.2157
500 |.0042 .0735|.0008 .0458|.1195(.0095 .0700,.0098 .0927(.1641
(a)«, 8 are unknown (y =0.6)
0=0.8; y=0.6 0=0.8; y=3
a 4 & ¥
n bias s.e. | bias s.e. |[srmse| bias s.e. | bias s.e. |[srmse
50 |.0803.2496(.1213 .3351|.6185|.0774 .2400/.5311 1.565|1.905
100 |[.0381.1533|.0556.2081|.3733(.0336.1487,.2474 .9852(1.168
300 [.0101.0787|.0112.1044|.1844|.0106.0812|.0780.5383/|.6261
500 [.0063 .0583|.0102 .0787|.1382|.0026.0592|.0206 .3861|.4462
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a=1.8; y=0.6

HE R e g
BEEE
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o=1.8; v=1.5

a
bias

S.cC.

~

¥

bias s.e.

SIrmse

a
bias s.e.

7
bias s.e.

SIrmse

50
100
300
500

4940 1.394
1541 .5929
.0743 2816
.0403 .1975

23236598
.0747 .2691
.0354.1330
.0217 .0954

2.178
.8918
4290
.2996

.52701.440
.1951 .6712
0774 .2795
.0301 .2064

6068 1.635
27199359
0896 .3219
0349 .2362

3,278
1.674
.6242
4472

(b) &, v are unknown( 5=1.5)

p=0.6; y=0.3

B=0.6; y=3.5

A
bias s.e.

7

bias s.e.

SIrmse

yij

bias s.e.

¥
bias s.e.

SIrmse

50
100
300
500

.0462 .1584
.0242 .1030
.0043 .0520
.0022 .0387

.0064 .1292
.0031 .0933
.0027 .0490
.0021 .0387

.2942
.1993
.1010
0783

.0417 .1446
.0176.1010
.0045 .0520
.0047 .0424

.0065 1.405
.0875 1.090
.0450 .5838
.0163 .4688

1355
L.197
.6380
.S5116

p=1.2;y=0.3

B=1.2; y=1.8

B
bias s.e.

7

bias s.e.

srmse

Y]
bias s.e.

¥
bias s.e.

STImse

50
100
300
500

1732.5303
.0804 .2777
.0228 .1425
.0131.1054

0011 .1334
.0000 .0949
-.0001.0520
-.0002 .0387

6912
3837
.1963
.1457

.1865 .6463
.0602 .2867
0207 .1418
.0108.1063

.0080 .8055
.0283 .5648
-.0012.3129
.0079 .2400

1.478
8585
4561
3469

(c) B,y are unknown( a=1.5)
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Table 3: when all three parameters are unknown.

o= 0.3; p=1.5; yv=0.6

o= 1.5; p=1.5; y=0.6

n a s 7 |srmse| h(0.5)| & Vi 7 |srmse| 7(0.5)
bias || .0016 |.2793(.0043 -.1034{.0474|.0433|.0455 .1955

300 | s.e. [.0239(.9122|.2987|1.235|.8436(.2491(.2432|.2481|.7404 | .9848
bias [ .0006 |.1158(.0143 -.0322|1.0251/.0300|.0212 0784

500 | s.e. [|.0173|.4238|.2337(.6907|.6462(.1855|.1857|.1769|.5535|.4025
bias |-.0003(.0503(.0023 -.0274.01441.0140/.0118 0376

1000| s.e. |[.0141 |.2490|.1559|.4221 .4396(.1233|.1237|.1183|.3682.2467
bias | .0003 |.0180/(.0062 .0008.0093|.0054|.0078 0215

2000 s.e. |.0100|.1568/.1105|.2779(.3041|.0854|.0860|.0812|.2531|.1610

o=3; B=1.5; y=0.6 o= 1.5; p=0.6; y=0.6

n @ | B | 7 |srmse|h05)| a | B | 7 |srmse|h(0.5)
bias | .3129 .0189(.1092 16.50(.1070|.0066|.0883 792

300 | s.e. |.9859].2073(.3606|1.619|374.9.4851|.0583(.3761|.9415|25041
bias || .1658 |.0137(.0544 2.348(.0568(.0017].0470 .0448

500 | s.e. |.7242(.1520|.2516/1.153|63.85(.2500(.0436|.1987|.5045|.1521
bias | .0725 (.0037|.0257 .0461(.0249/.0029|.0187 0185

1000| s.e. | .4119(.1077|.1446|.6724(.1929|.1830|.0316(.1432|.3598|.0949
bias | .0283 |.0033(.0112 .0198(.0097|.0016|.0062 0058

2000| s.e. |.2903 |.0742|.1015|.4686 .0894(.1149|.0224|.0900|.2271|.0581




a= 1.5; p=1.2; yv=0.6
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o= 1.5; p=2; y=0.6
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n a B 7 |srmse| 7(0.5) | a V;; 7 |srmse| #(0.5)
bias [ .0501 |.0249|.0483 .1429(.0508|.0666|.0504 2805

300 | s.e. |.26801.1713|.2456/|.6960|.5790(.2359|.3934|.2529|.8982|1.130
bias || .0377 |.0112|.0362 .0859(.0251(.0497|.0226 1330

500 | s.e. 1.1997 |.1249(.1817|.5141|.3309(.1729|.2895|.1865|.6564 .6909
bias | .0105 |.0135|.0073 .02251.0100/.0268|.0086 .0487

1000| s.e. |.1269 |.0849|.1145|.3284|.1771{.1187|.2059{.1261{.4536|.3795
bias | .0058 |.0073|.0013 .00521.0060|.01261.0046 .0233

2000/ s.e. | .0883 |.0574|.0781|.2241|.1163(.0806|.1393|.0860|.3075|.2504

o= 1.5; B=0.6; y=1.2 o= 1.5; p=0.6; y=3

n G B 7 |srmse| A(0.5) | a Vs 7 |srmse| (0.5)
bias | .0887 |.0070|.1389 6741(.11121.0063|.4354 30.13

300 | s.e. |.3444 [.0579|.5518|.9831|2.284.4012|.0573|1.616|2.148|182.0
bias | .0699 |.0026|.1038 .3850(.0643|.0036|.2449 5.419

500 | s.e. | 2638 |.0436|.4128|.7416|1.480}.2602|.0458|1.054|1.396|31.52
bias [ .0336 (.0021{.0520 .1490(.0331(.0011(.1258 1.712

1000| s.e. |.1697|.0316/.2700|.4801|.5249(.1744|.0316(.6923|.9120|6.356
bias |.0139 [.0012{.0214 .0595(.0186(.0007(.0672 6737

2000 s.e. [.11221.0224|.1806|.3168|.2996(.1082|.0200|.4286|.5641 |2.442
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(a,5)=(0.3,0.3) (a,6)=(1.2,0.6)

iy X iz a1 G oM % a T " ! 2 * »
(a) When ¢ and /3 are unknown and 7y =0.6;
(a,7)=(0.3,0.6) (a1 )=(1:8,0.6)
Ba ua aa 1 i % [y e ] ta . " 1 Fr 7a
(b) When ¢ and ¢ are unknownand S =1.5;
(8,7)=(0.3,1.8) (8,7)=(12,0.8)
» ¥R
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(¢) When 5 and 7 are unknown and «a =1.5;

Fig 3: The scatter plots of MLE when the sample size is 500.
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Using Network to assist tutoring after School's learning
is no limit- The MOE's Project of Online Tutoring After
School For Distance Learning Companion As An Example

Hong-Yen Lin and Chih-Tien Yang

Information Technology Center, Fu Jen Catholic University
Taipei, Taiwan 24205, R.O.C.

Abstract

With the quick improvement of Computer and Network technology,
the learning opportunity had become multi-dimensional. The long
distance online network learning education can solve the problem that
traditional face to face education might have such as lower learning
efficiency, traffic time waste and safety. In this article, with the
experience of the system operation and maintenance on the MOE's
project of online tutoring after school for distance learning companion,
we build a highly efficient management model for Hugh amount of
learning pairs that simultaneously held long distant online network class,
and analyze the problem occurred in it to find a solutions. We also will
propose the suggestion for improving this model.

The project of Online Tutoring after School's learning for lower
developing area has three cores: counseling area, teaching area, digital
technical, and all of it is Indispensable. Although the digital technical
is the basement of this learning model, also the key for the success of
teaching area, digital technical. We believe our model is feasible and
effective. We still keep on developing it, also very happy to share the
experience with you. It is our greatest hope that many college students
and children can improve themselves under this learning model.

Key words: Distance Learning Companion, system operation and
maintenance,Online Tutoring after School's learning for lower

developing area
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Application of Artificial Bee Colony Algorithm
to Adjust the Optimization Position of Antenna
Array

Siang-Kuan Yu and Kun-Chou Lee

Department of Systems and Naval Mechatronic Engineering
National Cheng Kung University

Abstract

The development of communications technology has done a lot in
improving the quality of human life, and array communications is the
basic medium for wireless technology. In this study, the Artificial Bee
Colony Algorithm is applied to adjustment of optimum position for
antenna arrays. Optimization is implemented by minimizing the side-
lobe level under the constraint of desired main-beam width. Initially,
fundamentals of antenna arrays and functions of radiation patterns are
introduced. Next, detailed procedures for achieving the optimization
are given under constraints. Simulation results show that optimization
of radiation patterns based on Artificial Bee Colony Algorithm is very
efficient. It spends less time to achieve global convergence, and is thus
suitable to treat linear and nonlinear problems in engineering. In addition,
the proposed scheme can also be extended to treat optimization problems

in many other fields of engineering.

Key words: antenna array, Artificial Bee Colony Algorithm, optimization

Department of Systems and Naval Mechatronic Engineering National Cheng Kung University, Tainan,
701, Taiwan.
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Grounded-inductor employing differential-
voltage current conveyors

Yung-Chang Yin

Department of Electrical Engineering
Fu Jen Catholic University, Taiwan, R.O.C.

Abstract

The simulation of grounded inductor using two differential-
voltage current conveyors (DVCCs), a grounded capacitor and two
grounded resistors is presented. Proper selection of the values of the
passive elements can yield very large as well as very small of simulated
inductances. The grounded inductor simulated can be used in the
LCR passive filters. Thus, their advantages include low component
sensitivities and the ability to utilize the extensive knowledge of LCR
filter design. In addition, these filters are suitable for integration. Finally,
a simple biquad filter is experimentally demonstrated. The experimental
result of a RLC passive bandpass filter confirming the theory is included.

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

Active tuned filters are widely used in signal processing. Several circuits configurations
for simulating inductors using current conveyors or four-terminal active current conveyors
as active elements have been reported in the literatures [1]~[14]. Recently, the differential
voltage current conveyor (DVCC) was constructed by Pal [15] and then was developed and
realized in CMOS technology by Elwan and Soliman[16]. The DVCC has become very
popular because of its high signal bandwidth, great linearity and large dynamic range, so it
has been applied in the areas of oscillator design, active filters, and cancellation of parasitic
elements [15]~[22]. For example: Elwan and Soliman employed two DVCCs and two
capacitors to synthesize current-mode bandpass and lowpass filters [16]. Ibrahim, Minaei
and Kuntman used three DVCCs and six passive elements to construct current-mode Kerwin
uelsman ewcomb biquad[20]. Yin employs two DVCCs and some passive components to
construct bandpass, lowpass, notch, allpass and highpass filters [21]. Yin used a DVCC and
some passive elements to realize lowpass, bandpass and highpass filters [22]. However, the
DVCC-based inductance-simulation circuit has never been presented.

In the area of active filter design, inductor simulation has attracted considerable interest,
because the advantage of designing active filters by simulating the inductor of a passive
LCR realization of the filter include low component sensitivities and the ability to utilize the
extensive knowledge of LCR filter design. On the other hand, the grounded inductor is also
frequently required for the design of analogue IC building blocks. It is, therefore, attractive
to use DVCC-based circuits for simulating grounded-inductor. In this paper, a grounded
inductance simulator using two DVCCs, a grounded capacitor and two grounded resistors
was constructed. This inductance simulator can be used to RLC passive filters and enjoy
the advantages of the RLC filters. Meanwhile, the use of the grounded capacitor simplifies
the etching process for monolithic or hybrid fabrication. Therefore, these filters are suitable
for monolithic implementation. Finally, a RLC passive filter using the proposed simulated

inductor is experimentally verified.
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2. CIRCUIT DESCRIPTION

The circuit symbol for a DVCC is shown in Fig.1. The port relations of a DVCC can be
characterized as V.= V,,- V,,, L+ =I,I,-=-1 and [,=1,=(0.The '+  and ‘- signs of the
current iz denote the non-inverting and inverting, respectively. The proposed simulation of grounded
inductor circuit is shown in Fig. 2. Using the standard notations of ideal DVCC, it is easy to show

the input impedance of the circuit of Fig. 2 can be expressed as
oty
Z=—"1= ... (1)
ZR

where Z,, Z, and Z; are the impedances. If the impedances are chosen as Z, = R,, Z, = R, and

Zi= . shown in Fig.3. This is equivalent to an inductor with inductance L, given by L.,
§

=RRC oo (2)

From (2), it can be seen that by properly selecting values of the resistors R;, R, and the
capacitor C, very large as well as very small values of inductance can be easily obtained.
Clearly, the grounded inductance simulator is constructed.

1Y Z+ —» I
DVCC
V2 1 Y2 Z- - |

I.
v

VY!

Vi
Fig.1. A DVCC symbol

A% Yi 7+
; pVCC —
Zin ----- Y2 % Z vV I Yi T+
7i DVCC
= = T ¥ X Z |
3 c
‘ Z1
L Ri Ca
T+ Y1/
nvcc | oy
Z X Y1 B m\(( S
72 R
Fig.2 The proposed ground Fig.3. Grounded inductance

impedance simulator. simulator
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3. EXPERIMENTAL RESULTS

The DVCC is implemented by three ICAD844s, three IC op-amps and five resistors.
The proposed grounded inductor simulated was experimentally tested using R, = R,= /KQ,
C =1 ¢ F and AD844s, so this is equivalent to an inductor with Z,, = /H. Then, this proposed
grounded inductor simulated was used to replace the inductor of the RLC passive bandpass

filter shown in the figure 4(a). The transfer function of the active filter has a biquadratic
]

0 r 5 = L v{)lll = (CR )S
bandpass characteristic with ——= | T e (3)
Vi sths(——)+
CR LC
the central frequency: ©, = ( 1 e
u T
q Y. . C
. C 1/2
the quality factor: 3 = R( L—)
ey
Y1 z;
+ pvce
s ¥ 5 oz
&
Ri C3
+ +
R Yin ‘ - Vout
Vin c Leq Vout | Z+ pvece Y1
z x Y
s i C
R2
(a) The prototype passive RLC (b) Bandpass filter circuit used to test the
bandpass filter inductor realized using circuit of Fig. 3

Fig.4 (a) The prototype passive RLC bandpass filter
(b) Bandpass filter circuit used to test the inductor realized using circuit of Fig. 3
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From the figure 4 (b), a biquadratic bandpass filter was constructed with R= 10’ Q,
C=1uF and L, = IH. The resonance frequency was monitored and measured and the
corresponding inductance value was calculated and compared with the theoretical value
calculated using equation (2). The experimental results for the gain and phase responses
shown in the figure 5 (a) and (b) show a good agreement between theoretical calculations and
practical measurements. The theoretical analysis correlated with the measured results with

few errors which due to the errors of the use of passive elements.

of - - iy
]

1t 10’ o 1w W [ " B 1 By
Fropsmer 21 Fregsesy 1

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

Fig.5 (a): The gain response curve of the banspass filter using simulated inductor.
(b): The phase response curve of the banspass filter using simulated inductor.
*. Experimental result for banspass gain
+: Experimental result for bandpass phase
-: Ideal curve

4. CONCLUSION

The realization of grounded inductor using two DVCCs, a grounded capacitor and two
grounded resistors has been proposed. A proper selection of the values of the resistors and

capacitor, of the figure 2, can yield very large as well as very small of simulated inductances.
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The advantages of designing active filters by simulating the inductors of a passive LCR
realization of the filter include low component sensitivities and the ability to utilize the
extensive knowledge of LCR filter design. Meanwhile, these filters are suitable for monolithic
implementation. Finally, the experimental grounded inductors results of a LCR bandpass

passive filter confirmed the theoretical analysis.
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Novel Realization Filter employing Single
Differential Voltage Current Conveyor

Yung-ChangYin

Department of Electrical Engineering
Fu-Jen Catholic University, Taiwan, R. O. C.

Abstract

A new configuration for single differential-voltage current
conveyor (DVCC) first-order and second-order filters is presented. It can
synthesize current-mode lowpass, highpass, notch and all-pass functions
with a single DVCC connected to two/four/six passive elements. The
passive and active sensitivities of the proposed current-mode filters
have been derived in order to determine the domain suitable for filtering
applications. Finally, the experimental results of notch and all-pass filters
are included to certify the theoretical prediction.

Key words: differential-voltage current conveyor, sensitivity, active filters,

analogy circuit design, continuous-time filters.




62 Novel Realization Filter employing Single Differential Voltage Current Conveyor

1. INTRODUCTION

The advantages of the current-mode active element have been demonstrated to provide
wider bandwidth and better accuracy compared with conventional operational amplifiers.
Many current-mode active filters have been therefore attracted in the signal proceeding
applications. For example, current conveyors (CClIIs), first introduced by noted experts,
B.Smith and A.S.Sedra in 1970, have attracted considerable attention, and their various
circuit applications have been explored [1][2]. Later, the four-terminal active current
conveyor (CFCCII) has been used widely to synthesize multifunction filters and simulation
inductance[3]~[13]. Recently, the DVCC was constructed by Pal [14] and then was developed
and realized in CMOS technology by Elwan and Soliman[15]. The DVCC has many
advantages such as large signal bandwidth, great linearity, wide dynamic range, high input
impedance and arithmetic operation capability, so it is beneficial to develop various analogue
signal processing circuits, such as low-pass, high-pass, band-pass, notch and all-pass filters
and oscillators [14]~[21]. First, Elwan and Soliman employed two DVCCs and two capacitors
to synthesize current-mode bandpass and lowpass filters [15]. However, the functions
of notch, highpass and allpass of the proposed circuit can not be constructed. This is the
drawback of [15]. Second, Ibrahim, Minaei and Kuntman used three DVCCs and six passive
elements to construct current-mode Kerwin uelsman ewcomb biquad [19]. This proposed
circuit can simultaneously realize lowpass, highpass, and bandpass filters, but the functions
of notch and allpass can not be found directly. Third, Yin employed two DVCCs and some
passive components to construct bandpass, lowpass, notch, allpass and highpass filters [20],
however, the single-DVCC filter circuit was not constructed.

Minimizing the number of DVCCs has the advantage of low cost and power dissipation.
In 2010, Yin proposed a current-mode filter circuit with only one DVCC and some passive
elements [21]. The single-DVCC circuit can synthesize lowpass, bandpass and highpass
filters, but it can not implement notch and all-pass filtering functions. In order to overcome
the drawbacks of [21], a novel network for realizing a current-mode notch or all-pass filter
using a DVCC as active element is presented. The new single-DVCC circuit provides a
systematic method for first-order and biquadratic current-mode filters. Not only notch and
allpass filters but also lowpass and highpass ones can be also obtained from the same single-
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DVCC circuit configuration. Meanwhile, the active and passive sensitivities are derived to
evaluate the performance of the circuit. Furthermore, the active sensitivities are zero. It means
that the resultant current-mode filters will be insensitive to the current tracking error of a
DVCC. Finally, the experimental results of the notch and all-pass filters are given to confirm

the afore mentioned theoretical analysis.

2. PROPOSED CIRCUIT

The electrical symbol of the DVCC is shown in the figure 1 and its port relations are
characterized by the following: V.= V,,- V.o, I+ =L, I, = - I.and I, = I,,=0. The proposed
filter circuit based on and employing only one DVCC and some passive elements is shown in
the figure 2. By applying routine circuit analysis, the transfer function of the figure 2 can be

derived as o 6 Cind 1) PR (1)
m YE}/j + Kyz
where Y is the admittance.
[ o | m Y1 7:
Vvi — Y, Z+ > L+ B L, Vel Lout
| Dbvec Bin fald =
V2 —'Y> i %4 I?_ | _-J I\:‘
Ix ‘ ;‘ | o
\j
Vs
Fig 1 The electrical symbol of the DVCC Fig 2 The proposed circuit using only
one DVCC

In equation (1), the notch, all-pass, low-pass and high-pass filters can be synthesized from
the same configuration. They are summarized as follow:

(1) If the admittances are chosen as ¥, = G, ¥> = sC, + G,, Y; =sC; + G; and Y, =sC,, then
the transfer function will be

s°C,C, +s(C,G, + C,G, — C,G) + G,G,

l,
I, $'CC,+s(C,G,+C,G, +C,G)+ GG, + GG, ceeninene(2)

A
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Hence, if C.G; + C;G,= C,G,, a second-order notch filter, shown in the figure 3, can be
realized. The natural frequency w, and quality factor ® of the proposed filter are

o= |GC:+GG SZJQQ@ﬁﬁG@)
C,C, C,G, +C,G, +C,G,

Y1 7+
Dvecce |

2 X Z-‘

lOlIt

Fig 3 Second-order notch filter

(2) If the admittances are chosenas ¥,= V,= G, ¥V, =G;and ¥, =sC,and V.= YV,=G ¥, =
sC; and ¥, = G, ,the first-order all-pass filter, shown in the figure 4(a) and (b), are given by
the following equations, respectively:

Gl

Y1 7 '47
Ci Toui s I);'CC j Tout
Iin & lin G
G G
G3 Ca
Fig 4(a) All-pass filter Fig 4(b) All-pass filter
(phase from 0’ to -180") (phase from 180" to 0")
—s+(2)

- G .0

I
]m 5+(G3)

G
i~
L &G (4)

/ G,
n g+ (=
( C, )
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Thus, the circuits yield a phase from 0° to -180° and from 180° to 0° without constant

loss in an all-pass characteristic, respectively.
(3) If the admittances of the equation (1) are chosen as ¥, =¥, = 0, ¥, = sC,. and ¥; = G, and
Y,=Y,=0, Y, = G,and Y; = sC;, the lowpass and highpass filters, shown in The figure 5 and

figure 6, are given by the following equations, respectively:

:\’l Z+ Y1
Ci DveC Toit BYEC Tout
Y2 oy z| Y2 X &
Tin o ) lin . ¥
G3 C3
Fig 5 First-order lowpass filter Fig 6 First-order highpass filter
G,
I, _ (Cl) 5
S = Lo s (5)
Lo s+()
|
% = (6)
n LTS 8
( c )

Thus, the circuits yield the lowpass and highpass filters characteristic, respectively. From
the above description, the notch, all-pass, lowpass and highpass filters used only one DVCC
and six/four/two passive elements are presented. The comparison between this paper and the
recent one [21] [Yin (2010)] is shown in the table 1.

Paper Filter | jowpass | highpass | bandpass | notch allpass
Yin (2010) v V V X X
Yin (present) V A% X V \%

Table1. Comparison of the filter function
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Taking into consideration the non-ideal DVCC, namely i., = fi, and v, = av,;, where =
I-g,and g, (g, << ) denotes the current tracking error of a DVCC, and where o= /- ¢, and
€ ( &, << ]) denotes the voltage tracking error. The transfer function of the proposed network
shown in Fig. 2 can be obtained from the characteristics of a DVCC and by the routine circuit

analysis:
L, _ pl-a¥Y, +VY, —a¥Y,] (7)
7, (I-a)¥Y, + XY, + 1Y,

By relating a sensitivity parameter F to the element of variation Xi

F_ X, dF
S, =~ —
o F odX,
The passive sensitivities of the proposed lowpass, highpass and notch filters are described
below: ]
(1): notch filter §2'=1 §"=g%=_1 g -G g=_ GO
=2 ‘ 224, . T

g? = G (G + G NG -GG -GG
2AA, ’

g4 = GG + G NCG + GG -GGy
= 20, ’

0 _ ¢ _GG (GG -GG -GG)
et 2AA ’
18,

¢ _ GG +GNGG+ GG -C6)
b 2A A,

Where A J= GjG_g+ GgGg and A = C_-»G_{ i C}G_‘) + C_‘lGj

(2): lowpass filter S:’ =1,82=-1
(3): highpass filter S ;' =1, S = -1
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All of above are small. On the other hand, the active sensitivities of the proposed circuits

@y

are given by S :” =5z =5 : =S Z: 0 Clearly, the filter will be insensitive to the voltage and

current tracking errors of a DVCC.

3. EXPERIMENTAL RESULTS

To verify the theoretical prediction of the proposed circuit, notch and all-pass filter prototypes
have been realized with discrete components to explain the reliability of the circuits given before. The
experimental and simulation network in Fig. 3 were built with G, =G, =G, = 10° 2", C,= C;= IuF and
C,=2uF. The figure 4(a) and figure 4(b) were built with G; = G.= G, =10° 42, C,= 1uF and G, = G:
=G,= 10° Q' C;= luF, respectively. The DVCC is implemented by three ICAD844s, three IC op-
amps and five resistors. The Matlab has carried out simulating the ideal curves of the filters. The figure 7
shows the experimental results for the notch and all-pass filters. The theoretical analysis correlated with the
measured results with few errors which were due to the errors of the use of active and passive elements.
However, the measured frequency response of the filter is in good agreement with the theory.

&%

Fig 7 (b) Notch filfer phase response

M 7 WY VI W .

| |

-~
B s SIS T

T

E e —

w

Fig 7(c) All-pass filter phase response Fig 7(d) All-pass filter phase response
for Fig 4(a) for Fig 4(b)
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Fig 7 (a): Notch filter gain response
(b): Notch filter phase response
(c): All-pass filter phase response for Fig 4(a)
(d): All-pass filter phase response for Fig 4(b)
0 and * : experimental result
- . ideal curve

4. CONCLUSION

A novel network for realizing a current-mode lowpass , highpass , notch or all-pass
filter using single DVCC as active elements together with two/four/six passive elements
is presented. Most of these circuits utilize very small number of components. The active and
passive sensitivities of these single DVCC filters are calculated to evaluate the performance of
the circuits. The proposed filters enjoy the advantages as following: (i) low passive sensitivities of
the parameters ), and 1 ; (ii) insensitive to the voltage and current tracking errors of a DVCC;
(i) the least number of active element (only one DVCC). Finally, the notch and allpass
filtering circuits with a single DVCC have been experimentally demonstrated to confirm the
theoretical analysis. The results will be useful in analogue signal processing applications.
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Finite Dimensional Nonlinear Filters
of a Class of Filtering Systems

Wen-Lin Chiou'

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

Abstract

Nonlinear filtering has been a hot topic not only for engineerings
but also for mathematicians for many years. The idea of using estimation
algebras to construct finite dimensional nonlinear filters was first
proposed by Brockett and Mitter independently. It turns out that the
concept of estimation algebra plays a crucial role in the investigation
of finite dimensional nonlinear filters. In 1990, Yau established finite
dimensional filters including both Kalman-Bucy filter and Bene filter as
special cases In this paper, we established a simple algebraic necessary
and sufficient condition for an estimation algebra in a more general
class of filtering systems including Yau filtering systems to be finite
dimensional. In particular we prove Mitter conjecture for the filtering
systems we consider, and give partial solution to the Brockett problem on
classification of finite dimensional estimation algebras.

Key words: Estimation algebras, Filtering systems, Finite dimensional recursive
filters,Classification, Maximal rank.

1. Introduction

Ever since the technique of the Kalman-Bucy filters was popularized, there has been
an intensive interest in finding new classes of finite dimensional recursive filters.
The Lie algebra related to the DMZ equation (cf. equation (2.1))is called estimation
algebra. Among extending Kalman filtering to nonlinear filtering by applying the Wei-

Norman theorem to this stochastic partial differential equation, one get a finite-dimensional
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filter based on a finite set of ordinary differential equation and generalized Kolmlgorov
equation. In 1983, Brockett[1] proposed the idea of classifying all finite dimensional esti-
mation algebras in his famous lecture at International Congress of Mathematicians. Ever
since estimation algebras play an fundamental tool to investigate nonlinear filters as well
as stochastic controls. The recent works Mitter[10], Wong[14][15], Tam-Wong-Yau[12],
Dong-Tam-Wong-Yau[9], Yau[16]. Chiou-Yau[7], Chen-Lenung-Yau[4] [5], Chion[6]. Yau-
Rasonlian[17], Yau [18]. in which they used Lie algebraic method, introduced new concepts
and classified new finite dimensional estimation algebras.

There were some interesting results in 1987 due to Wong [14] (ef. filtering system
equations (2.1) below) under the assumptions that the observation h(x) and drift term
f(x) are real analytic functions on R”, and f satisfies the following growth conditions: for
any i, all the first, second and third order partial derivatives of f; are bounded functions.
Under all these conditions, Wong provides partial information towards the classification of
finite dimensional estimation algebra. Namely he showed that if the estimation algebra is
finite dimensional. then the degree of I in @ is at most one and the estimation algebra has
a basis consisting of one second degree ditferential operator, Ly (¢f. equation (2.4) below),

first degree differential operators of the form

n

J : . o On
Zl(l;('{_):Ti_J, +;d,€)i

G

n - I T
where oy and 3; are constants and n = —% Zl g—{—i R ZI 7+ Zl fff). and zero degree

= t= =
differential operators affine in 2. In [12], Tam, Wong, and Yau have introduced the concept
of an exact estimation algebra with maximal rank of filtering system (2.3). Let n be the
dimension of the state space. It turns out that all nontrivial finite dimensional estimation
algebras are automatically exact with maximal rank if n = 1. It follows from the works of
Ocone [11], Tam-Wong-Yau [12]. and Dong-Tam-Wong-Yau [9] that the finite dimensional
estimation algebras are completely classified if n = 1. In fact, Dong, Tam, Wong, and
Yanu have classified all finite dimensional exact estimation algebras with maximal rank of
arbitrary finite state space dimension for filtering svstem (2.3). in which the drift term f
(ef. the following system equation (2.3))is a gradient field and the diffusion term g(z(t))
(cf. the following system equation (2.3)) is an orthogonal matrix. For arbitrary finite
dimensional state space. under the condition that the drift term f is a liner vector field

plus a gradient field and the diffusion term g(x(t)) is an orthogonal matrix. Yau[16]
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have classified all finite dimensional estimation algebras with maximal rank. 1t follows
from the works of Chiou-Yau [7] and Chen-Leung-Yau [4][5] that the finite dimensional
estimation algebras with maximal rank of filtering system (2.3) are completely classified
for n = 1,2, and n = 3.4. The method to get the classification is to prove that the drift
term f of a finite dimensional estimation algebra with maximal rank of filtering system
(2.3) is necessary a liner vector field plus a gradient field, and then use the results of Yau.
In fact, in 1999. Yan[18] have classified all finite dimensional estimation algebras with
maximal rank of arbitrary finite state space dimension for filtering system (2.3). In 1995,
Chiou considered a special class of filtering systems (cf. 2.5), in which the diffusion term

g(x(t)) = G is an invertible matrix with constant entry. Under the assumption that the
i

drift term [ satishies G~V f(2) = (G (T), ..., 0, (F) + %rp—) (—)(—').}—')> . where & = G la,
T T

{1.....0, are linear and 1 is a €™ function, Chiou have classified all finite dimensional

estimation algebras with maximal rank of filtering system (2.5), and also without the

above assumption concerning the drift term. Chiou have classified all finite dimensional

estimation algebras with maximal rank of filtering system (2.5) for n = 1,2, and n = 3, 4.(

in fact the classification can be achieved for arbitrary » ).

In this paper, we consider a new class of filtering systems (3.1) ( cf. the following
filtering equations (3.1)), in which the diffusion term g(x(t)) satisfies glaz(t))g(e())" being
a diagonal matrix with constant entry. We have two main theorems: Theorem C and
Theorem D. Theorem C states that the Mitter conjecture, saying that the observation terms
I;'s in the filtering system (2.0) are necessary affine if one has finite dimensional filters,
is true under the filtering systems we consider. Theorem D provides a simple necessary
and sufficient condition for an estimation algebra of filtering systems (3.1) to be finite
dimensional under a suitable restriction in drift term f.

Although the key ideas behind the proof of the main theorems are similar to Tam-
Wong-Yau[12Jand Yau[16], the main results here are quite fundamental. Besides. the
novelty in this paper is that the rank of the matrix g(z(#))g(x(f))" is less than or equals

to the state space dimension.

2. Basic Concepts.

In this section. we will recall some basic concepts and results we needed for the next
section. Consider a filtering problem based on the following signal observation model:

{ da(t) = fla(t)dt + g(a(O)du(t)  2(0) = o

dy(t) = hiz(t))dt + dw(t) y(0) =0 @0

73
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in which , v.y and w are respectively R, R?, R™ and R valued processes, and v and w
have components which are independent, standard Brownian processes. We further assume
that n = p, f. h are O™ smooth vector-valued functions, and that g is an n by n O
smooth matrix. We will refer to x(¢) as the state of the system at time ¢ and to y(f) as
the observation at time £.

Let p(t.2) denote the conditional density of the state given the observation {y(s) : 0 <
s <t} It is well known (see Davis [8], for example) that p(f, 2) is given by normalizing a
function, o(t.r), which satisfies the following Duncan-Mortensen-Zakai equation (see Zakai

[19], for example) :

m
do(t.x) = Loo(t. x)dt + Z Lio(t. z)dy; (t), o(0,2) = og, (2.1)
i=1
where i
Z()LC)JJ (99)is Z Z'IL
T ig=1 i=1
and for i = 1,--- ,m. L; is the zero degree differential operator of multiplication by h;.

og is the probability density of the initial point zg. In this paper. we will assume o
is a O™ function. Equation (2.1) is a stochastic partial differential equation. In real
applications, we are interested in constructing state estimators from observed sample paths
with some property of robustness. Davis in [8] studied this problem and proposed some
robust algorithms. In our case. his basic idea reduces to defining a new unnormalized
density

T

£t z) = oxp( g h(@)y(t ) (t,2).

=1

It is easy to show that £(¢, x) satisfies the following time varying partial differential equation

0 - Lo+ E o
+’2 Z yi (1)y; (6)[[Lo, Li], L;]E(t, x) ()

=1
£0,2) =ao
where [ ] is the Lie bracket defined as:
Definition. If X and Y are differential operators, the Lie bracket of X and Y, [X. Y], is
defined by
X, Y]p = X(Ye) - Y(X)

for any C° function .
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We further assume in system equations (2.0) that g(x(t)) = o(x(t)) is an orthogonal

matrix as follows:

de(t) = f(x(t))dt + o(x(t))dv(t) 2(0) =

dy(t) = h(z(t))dt + dw(t) y(0) =0 (2.3)
o(x(t)) is an orthogonal matrix

The filtering sysrem (2.3) was considerd by Yau[16]. Here

m

n P n (')f,‘ 1 5 e
Lo=3 Za,- 2 Figmy = L, 2 2N (2.4
H(Zer)

where
5] -
D; 0—71 fi
and
0/ i %
n= Z + Z f, + Z B2,
i=1 i=1

If we assume in system equations (2.0) that g(x(t)) = G is an invertible matrix with each

entry constant as follows:

dr(t) = f(a(t))dt + Gdu(t) z(0) = xo
dy(t) = h(e(t))dt + dw(t) y(0) =0 (2.5)

G is an invertible matrix with each entry constant

We get another filtering system considerd by Chiou[6].

Definition. The estimation algebra £ of a filtering system (2.0) is defined to be the Lie
algebra generated by {Lg,Ly, -+ ,Ly} or, E = (Lg, Ly, - s L. If. in addition. for
filtering system (2.3) there exists a potential function o such that f; = t‘]" forall 1 <i<n,
then the estimation algebra of a filtering system (2.3) is called exact.

In Yau[16], the following Proposition 1 and Theorem 2 were proven

s af; af P .  ER N
Proposition 1. B — iuf = ¢;j are constants for all 7 and j it and only if (fi,--- . f.) =
Oy, 8,) + {j%”l ,%“’—) where £y, edots, £, are linear functions of xy,--- ..

The following classification theorem was proven by Dong, Tam, Wong and Yaul9].
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Theorem 2. Let £ be a finite dimensional exact estimation algebra with maximal rank
of filtering system (2.3) with arbitrary finite state space dimension. Then it has a basis:
L&y, enn s @iy Digree 5 B, and Ly,

The following classification theorem was proven by Yau [16].

Theorem 3. Suppose that the state space of filtering system (2.3) is of dimension 7. Let
E be a finite dimensional estimation algebra with maximal rank of filtering system (2.3)
o sl af ; 5 s .
satisfying :—}% - (.rj{_‘ = ¢;; where ¢;; are constants for all 1 < i. j < n. Then it has a basis:

T x; ; :

1,21, «Zi, D150+, Dy, and Lg.

Note. If ¢;; = 0, then by Proposition 1, E is exact.

Suppose that the state space of the filtering system (2.3) is of dimension n. The

following theorem is proven by Yau[18].

Theorem 4. If E is a finite dimensionalestimation algebra with maximal rank of filtering
system (2.3). then the drift term f must be linear vector field plus gradient vector field and
[ is a real vector space of dimension 2n + 2 with basis given by 1,2, - -+ ., Dy Dy

and Lg. for arbitrary n.
The following Theorem 5 and Theorem 6 were proven by Chiou[6].

Theorem 5. Suppose the state space of a filtering system (2.5) is of dimension n and £

is a finite dimensional estimation with maximal rank having property

) hp ) :

ar, 7 0y,

G*If{.::) = {£1(T), - ‘,”(};))Ur(

where 1 is €™ smooth and #4,.... £, are polynomials of degree at most one in Z, here
7 =G 2. Then F has a basis: 1, 21, ... @y, @,(31 — f1s oo U‘: - fa.

Theorem 6. Suppose that the state space of a filtering system (2.5) is of dimension n,

n < 3. If £ is a finite dimensional estimation algebra with maximal rank, then

; ; t
b (oI
= g )

() = (G@), 0

where & = G ' and o is €™ smooth. Therefore F is a real vector space of dimension
25 + 2 with basis given by 1, @y, ..., @, % — iy ees % — fn, and Ly.

Note. In fact, Theorem 6 is true for arbitrary finite state space dimension.
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The following Proposition 7. Theorems 8, 9, Corollary 11 and Lemma 12 will be used

in section 3.

Proposition 7. (Chiou-Yau[7]) Let & = R, where R is an invertible matrix , then
(1) f(&) = Rf(a):

(2) La= Lo

where Ly = 5 Y “'f., — 52 0. w, E)— 5 LSk h 2(%), with E(T) = h(x);

dw? b

(3) E is isomorphic to £ as Lie algebra where E is the Lie algebra generated by Lo,
Rioeoo s B
The following Theorem 8 is an extention of Theorem A2 in Yau-Rasoulian[17]. Their
proofs are just the same.
Theoremn 8. Let By = z r;:—-h(' an Euler operator. Suppose that . is a nonzero
i=1
constant and £ is a O™ function on R* such that Ey(£) +mé is a polynomial of degree & in
Z1. @0, -+ @y variables. If k 4+ m > 0 then £ is a polynomial of degree k in @y, x9.-+- 24

variables.

Theorem 9. (Yau-Rasoulian[17]) Let E; = Z s (._‘_) be an Euler operator. Suppose that

i=1
& be a O™ function on R* such that K¢(£) is a polynomial of degree k in xy. 29, 1y
variables. Then & = P(xy, -, 2s)+alagey, -+ 2o, where Pz, -+, xg) is a polynomial
of degree k in @y, xa, -+ .z, variables, and a(-) is a O function on Re—E,
Theorem 10. (Yau[16]) Let F(xy.--- ,x,) be a C™ function on R*. Suppose that there
exists a path ¢ : R — R* and 6 > 0 such that lim [l¢(t)|| = oc and hm sup F = —o0,
e T Bs(e(t))
where Bj(c ={r e R*:|w—e(t)] <d}. Then there are no C'™ functions fi, fa. -+, fs
on R* sat 13%_\,'1115_{ the equation
& () f, & 5
— o= I
D 5w T2
i=1 i=1
Corollary 11. (Yau[l6]) Let F(2q,--- .2s) be a polynomial on R*. Suppose that there
exists a polynomial path ¢ : R — R” such that [lim [[e(t)]] = o0 and Ilim Foe(t) = —o0.
e e
Then there is no €™ functions f1. fo. -+, f, on R¥ satisfying the equation

&

)f: . "2
Z :7:” +Z}:ff =&

=1

77
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Lemma 12. (i) [D;. qa. |= 2o 8 +q:jf’ (i)[h Dy, ‘i(); |=hBL 8 4 pglli 40k p,

o, c)z du; dxj A ():
(iii) (DY, p2-] = 251D, +
T e

;
Dy,

Proof. The computation is direct.
£3. Estimation Algebras of A New Class of Filtering Systems.

In this section, we consider the following special filtering svstem, namely, in filtering
system (2.0) we further assume that g{x(#))g(z(#))" = G is an n by n diagonal matrix with
constant entries:

de(t) = f(x(t))dt + g(x(t))de(t) z(0) = &g
dy(t) = h(x(t))dt + dw(t) y(0) =0 (3.1)

qq' is a diagonal matrix with constant entries

we first notice that if rank(gg') = 5.1 < s < n, then we may assume d; # 0.i = 1,-+- . s
and dgy = -+- =d,, = 0 by interchanging the indice of z; if necessary, then

n .).!’ l_ m 5
fo=3 Zd Z hom c): B Z]: ({):z:.,- 2 Z h")

-3 ek

m

0 5 9 " oar
Vi af 5
S - T g g T

i=s+1 =1

5

3> s

i=1 fff

In view of (2.4), we have

I, @ 2 afi
25,-:1(0"}}, Vd; (Z Z +Z”) Zf"é)z, i:.zqilf)‘f’f

=1 &' i=1 i=s+1

soiffori=1,--+. 8, j=8+1,--+ ,n, weput z; = ¢T Ty =z, and f,(r) f"(f).fj(ﬁ) =

fi(z), then £ =37 8 92 — /.0 — _8  and hence ~9— — film) L _ (%)
J A, k=1 8z1, gy, dw; f)——‘/"— ()\/1}_ d; O,
and d!}‘” ) = ()f; for all I =1, ,n. Consequently, we have the following:
adry
Lemma A. Let 7; = \7= i=1,,8%;=2;,j=8+1,---,n Then

(1) ﬁ(?) = f\'/(r‘%) foralli=1,---,sand f,("f) =filz)forall j=s+1,--+ 13
(2) Lo = Lo

where Lo = § 50, (G2 = F@)* - §(SL (22 - X1, F@P + T, @)

r)r,

*EL\H fa. — Z:;H r)f]f(* with h(z) = h(z);

iy
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N

(3) E is isomorphic to E as Lie algebra where E is the Lie algebra generated by Lo.
hy. o .
So whenever we consider the estimation algebra E. we only need to consider the

estimation algebra F. If we drop the tilde notation. Define

B O o i e e 8 (3.2)
)1,
and
(}f, i ) .
= Z ) 4 Z Fi@)?+) k() (3.3)
i=1 =1 =1
then

ST TR TR

=1 i=s+41
Let U* denote the linear space consisting of all differential operators of order < & with
real O™ functions as coefficients. We have a similar result as in Ocone[11]
Theorem B. Let [ be a finite dimensional estimation algebra of filtering system (3.1).
If a €™ smooth funetion & is in £, then £ is a polynomial of degree < 2 in @y, 25

variables with coefficients in C®°- functions of @41, -+, Tn.
Proof. By Lemma A we may assume that

S S 5 A 5 40

i=1 i=1 =71 i=1 i=s+1 i=s+41

First we claim that

. k¢ o
\dh ¢ = E 7 ‘ 10d U*-1.
Adi,€ = Ay, -+ duy, Duy, - Oy, e §

{'1.-‘-.11.-:

Write Ly = % Eoy (;% mod U, For k=1,

& r.2
(Adp,&)() = [% Z ,.‘) 5 mod Ul__f](-)

1()'7

g 52wt} )

Z - m()d U
¢

8 0
= KE_, mod U77(+).
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Suppose that it is true for k — 1. i.e

B (-)J\:—ls 8.1.-—1 N
Adk € = — - | k-2
58 Z Drg, Oy, Oy, -+ Oy, s

i ik —1=1

Then

(Adh )(-) = (AdL Ar#‘-‘&)(-)

Z mod U!, Z A g mod U2 ()
u—l } 2 W/ dwy, - 0xyy_, Oy - - Oy,
s k-1 k-1
rl () 5 () ’ k—2
d U .
( Z ); R )(Z_l B, -0y, Bas, O, )()
i ()R—lg a}f—l £
— ; TR .00
(H ;',ZA_IZ ()1 it ()'?"fk 1 (.);?':il o (‘)‘T:i—k—w 11]()(1 € ) (‘) ;;l () 2 nlO( ( ))
z asE aF

= E : . . wiod TP1()
) 2 Ay, -y, Oxg, - Oy,
1,55t =

Since E is finite dimensional, there exists a integer £ such that

8‘-5 B
Oz;, ---Oz;,

for all 1 < dy,--+ iy < s, hence £ is a polynomial in xy,--- 2. Let po = & pp =

[[Lospr—1]:Pr—1], k = 1. We have

P = [[Ln-f'lk—d-m-—l]

Ipn_1 190%pr_y c)pk,l
= D; + 3 Bg PE-1T i
[Z dx; 2 Ou; Pls=1 Z hi dz,

i=1 i=s+1
o i (01[)1,._] )2
im1 i).l','
for # =1.2.3---. pr()'s are polynowmials in 2y, -+ x, and as a polynomial of @y, -+ xy,
deg pr = 2(deg pp — 1), If € were of degree > 2 in in xy, , s, then AIEL;C deg p, = oc,
ie.. {pr}po, has infinitely many distinet polynomials in @y, -, a,. This is contradictory
to the assumption that £ is finite dimensional. Q.E.D.

The following Theorem C states that Mitter conjecture is true under the filtering

systems we consider
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Theorem C. Consider a filtering system of (3.1) with the drift term F = (i, 5.0

satisfying (i) fi(z) = Li(2) + d; —Li'm—;)- where ¢; are (- functions on R* and [; €
C*=(R™) are linear in xq, . 2. variables with coefficients in C°-functions of w1, -+ L1y
foralli=1,---.s and (ii) fop1(2). - . fa(r) € C=(R") ave linear in a1, - - - , x5 variables
with coeflicients in %~ functions of x4, ., If the estimation algebra £ is finite-
dimensional and the observation terms fiy, - -+, are C°- functions on R”. then they are

polynomials of degree at most one on R*
Proof of theorem C. Using the notations in lemma A, we have for 1 <i < 5
> i

fi(@) = 1;(7) = (3.5)
().I,,'
where [;(F) = AR \/’k’ sls41"Zn)  Therefore
9F (5 9T (5 ) 7 ‘
('?—M(?) . J{m = d,J( wpl. ) €C(RTTE), foralll <45 < s.
oy €y (36)
Remark. : ﬁ.H (Ty, - @), ._f,,(::'l. oo an) € C®(R™) are linear in Ty, - -+ , ¥y, and
Le C™(R") are linear in .-~ . &g fori=1,--,s

Now by lemma A (with the notations of equation (3.2), (3.3) and (3.4)). we may assume
that Ly = %(2;1 D? — I;)—Z,_\_H fige = S “ *) in which the drift term f

satisfies the equation (3.6) and the remark stated as above if a; 's are instead of &;’s. Since

E is finite dimensional, by Theorem B and the assumption of h;’s, each h; is a polynomial
of 21.- - .. with degree at most two. We may assume hy is of degree two of xy, -+ x4
By a translation after an orthonormal transformation (cf. Proposition 9 in section two) .

we may asstie that by (x) is of the form

4

5
Ty e . T S
hi(T) = E ey + E T + o
i=1 i=f+1
where ¢y, ,¢¢ are nonzero constants, and £ < s (If £ = s, the second summation van-
ishes.) Notice that the drift term f satisfies equation (3.5) and the remark stated as above.
Consequently fi.i = 1,-+ s, satisfy the equation (3.6). Without causing any confusion,

from now on, we drop the tilde notation.

81
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Let Xy = hy. and define X; for i > 1 recursively by X; = [[Ln.X,-,l].Xn]. Observe

that if two smooth functions P; and Py are polynomials in a7+ .2, . we have

([0, Bi], B3] = H% (i: D? — I;) z f, dr, i: ():f;l(’r} P.]- P-.»J 3

=1 i=s+1 i=s+1

n

- ()11 1()[1 apl

- Z P, 1 ()Pz
dx; Or;

S0

X, = [[Lo, Xo]. Xo]

()X(] : ( 2 " 5
S5 e 5

=l i=0+1

[ .
r o 9X, 0X
= [IL,%;). Xo] = } -5~
1 Log vy

= Z v
X3 = [[Lo, X2, Xo] = Z

i=1
4
2
£, ddl

lu

X, 90X
du; duy

£

/Y] = 4"2 ’H-] I';z.

i=1

By the invertibility of the Vandermonde matrix, it follows after some relabelling, if neces-

sary, that

1\3|.~_-
-'M,\
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is an element in £. Observe

Y’| = [L(],j)]

I ) 4 i n [ )‘f
-3 07~ ZszUD 52 5.:-*2(2”3 ))

i=s+1 ]

S fs 2l 4 z(z 2

Let ov; = 3 wjdij(weqr, -+ ) and By = Z ri5,- First notice that () BEN = ky Bt
j=1 i=]
A% is a homogencous polynomial of degree k in ay,--- , 2, So if we express a polynomial

B in aq, -+ a2y being of the form g = g 4 gle= ... 4 B9 because ;i =1,--- .5 are

homogeneous polynomial of degree 1 in ay,--- .o and f;.7 = s+ 1.--- . n are at most
(1)

. . . i (1) o OF 0

linear in 2, , x5 and hence in zy,--- , x; we have Fy(f;) = ,fj( )L((:T{-j-) = (%) =

af"

e:);

J=s+1,--- ,nand E/(e;) =a;,i=1,--- .5 Then

F s n i )
. 5 X 0 Of; i
Yo=Y D?-Y aiDi+5 Ff (n) E j“}dh + 35 s S . ™

i=1 i=1 i=s+1 i=s+1 j= i=s+1
Ys = (¥, ¥i]
1 : ¢
{ZD‘ Z(HD‘;_FEE!{U)'ZIJDJ_Fi)j|

i=1 j=1
!

=y 9 Of; (
DI Ar R S R D W ZHDHQ]

i=s+1 =541 1=s+1 7=1 =
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—2ZD wZZ(lD + Z a; D; +er ——E( (n)

i=1 i=f{+1 i=1
i 7 T ~opll)
B (1) & (1) C)fj dfj - ()_}l?-
2 e = ZZf ZQZM;,Zwi
i=s+1 i=s+1j i=s+41 el i=s+1
Y = [Y3, Y1)
‘ ¢ 5
_ N2 _ . T - (1)
74ZD,_ JZ(I,DE Z a, D; E (m)—3 Z af + Z f o
i=1 i=1 i=f+1 i=l4+1 =s+1
n £ ) ()f I 1) ()f T ()]' n ()f(“
+ 2 D gt EIQQ:ﬁMfH+Z:@§3~!J ¥, Sy
: 7 % C).!',: ) a (),I'.;
i=s+1 j=1 i=s+1 i=1 i=s+1 i=l1 i=s5+1
Notice that (v,;-) are quadratic of x,.--+ , 2y variables with coefficients in C™-functions of
Toq1sr s,y forall i = 1,--- sand Z,—l f,,a,d!’ and Z - f“ ; 3’:‘ i=s4+ 1.
are polynomials of degree < 2 in 2.+ |, variables with coeflicients in C>-functions of
_ : ¢ ) ) L x (1 9/,
Tspl, 0 &y, SO are Zjqu ‘Pf‘(z,:l Jix; ((j_{i ). Z;‘:.‘-+1 Er(zj=1 Jf,( 'z r:),r ) and

Z:Ls+1E! ZJ_If, Jm 2. Then

9
B i N - pas i L
Yo —9% =15 Z a, D, r 2(n) — Es(n) — 3 Z % o
i=f+1 i=s+1
+ a polynomiial of degree al most two in axq. - Lag

5 . ; = [ o i)
Y,-2Y3=-3 3 r1;D1-+§b;‘(r;)+bf(n 43 Z i

i=f41 i=s+1 0(,
+ a polynomial of degree at most two in xq, -+ .2,
and
¥ =Wk =0
1 ) .
= gEf{L‘f + Ee(np) = 2n] + a polynomial of degree at most two in @y, - @,
By theorem B, £/ [E? + Ev(n) — 2n] is a polynomial of degree at most two in -« -, (¢ <

s < n). Since E [E? + E(n) — 2] = E¢(Ey + 2)(Er — 1)n, by theorem 8 and theorem 9,
is a polynomial of degree two in @y, -+, @, variables with coefficients in C"-functions of

Ll s n.



W EREEER 45 1

Recall that

m

Z 3—{ + Zf’ ==Y Wi+ (3.8)
=1 = i=1

=1
Let ¢ € C§° be any C™ funetion with compact support. Multiplving equation (3.8)

. ) . 3 i ;
with 1% and integrating the equation over R*,

' B oM e el S A ) .
/R (1} - ; Iq}) :_,-‘,2 — /R - (Z f,-’) + -/Rk - Z E)J:a. (3.9)

=] =1

E . i X . . ~
Integrating by parts on ]R e 3{‘! and using the notation dr;, = day - du;_dwipy - day,

/ t;’lfgf)—'fi(l,tf = / / 2O da;dr; (3.10)
Jre Oxy am1 01,

/4/ 011 S, dT;

- /R Qb v,

s 10X

|

Il

From the fact

(52) +@hr = 25200

da; dua;

v ) 4 2 . . '),;“', o -
R ]n (((}_:> N /H, W 5 /;1 (()j 20 (3.11)

In view of (3.9), (3.10) and (3.11) we have

[(-$n)on 2 [ Zuns [ w55

Jj=1

we have

N

|
5--.
i
¥ il
aE
e o

or
m

/Z(gj) / [Z’f —u}u > 0. (3.12)

3=1
which is true for all v» € C5°. Take any nonzero C* function # with compact support.
Define @ to be @ followed by a translation in @p.--- .x¢ variables directions. Observe
; . 1 ‘

that / |Va|? is independent of the translation selected. On the other hand. since 7 is
JRr+

T
L . 2 . . . . o
quadratic in 2. . ap variables and /3 is of degree fowr in @y, -+ @¢, 3 hi—n becomes
=17
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very positive when one of the @y, -+ ¢ tends to infinity while the other variables remain

fixed. We can choose translation in directions @y, --- . a¢ in such a way that
1 ¢ )

[(Xm- ﬁ) 2
JR® =1

is arbitrarily large while / |V is bounded. This of course contradicts the inequality
JR=
(3.12). Q.E.D.

Definition. The estimation algebra E of a filtering problem (3.1) is said to be the esti-
mation algebra with maximal rank provided that (i) all the observation terms are linear

in w, and (ii) @; +¢; is in & for all 1 <i <n where ¢, are constants.

Definition. The estimation algebra F of a fillering problem (3.1) is said to be the esti-
mation algebra with sufficient rank provided that (i) all the observation terms are lincar

in 2, and (i) #; +¢; is in E for all 1 <i < s ;where ¢; is a constant.

If we further restrict the assumption of f1.--- . f,,. we have the following:
Theorem D. Consider a filtering system of (3.1) with the drift term f = (f1.--- . fu)
. : O A= ) : :
satisfying (a) fi(v) = li(z) + di—"%—""=~, where [;(z) € C™(R") are linear in = and

¢; are C'™ functions on R° for alli=1,-+- .5, and (b) feiq1(x), -+, fulz) € C=(R") are
linear in .

(i) If 5 is a polynomial of degree at most two in @ and hiy, - -+, fy, are linear in z. then
£ is finite-dimensional and has a basis consisting of £y = Ly. differential operators E; of

the form

Bl

- o
Z!’\.,‘_J‘ DJ, + Z ”ij% + 3,
1

j=1 j=s+

for 1 < ¢ < p (for some p), where a;;'s are constants and 3;’s are affine in x. zero
degree differential operators E, .-+ . E; (for some ¢ > p) where Ej's are affine in @ for
p+1<k<q(if g=1, then p=10), and 1 (if 1 € E). Moreover the quadratic part of

i
17— )gl hf is positive semi-definite.

(ii) Conversely. if F is finite dimensional and if the observation terms A (.- L2, ). -
ho (1, -+ cg) are C'™° smooth functions of 1%, then hy.--- . hy, are affine in 2y, -+ .
Furthermore. if £ has maximal rank then 7 is a polynomial of degree at most two in

e AT
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Proof. (i) Let F' be the real vector space spauned by z o D + E a;— + 3 where

a;'s are wmtanr» and 3 € C>(R") is affine in .

ZnD -+ Z n,()

i=1 i=s5+1
and by Lemma 12, we have

i=s+1
Clearly the dimension of F'is 1 + 2n. If

t=1

+ 3 is an element in /', then by using the computation in Yau [16]

[Lg Z(YD + Z (h,""'*”{}}

i=s+1

—()[ZD +1, Z(\D +JZ n,,, . }

=1

[

T

IS WD e

s+1

Jj=s+1 —s+l i=1 i=s+1
: - ()J,-
7.21” g D =+ )Z Yo,
==
A df; I O f; . - an
i ““*]) }D S B o
+ZZ ﬁ(dt, 2 Ay +Z 2 Z “ A,
Jj=11i=s+1 i=1 1=s+1
~ v of; & | . 08f O
> X B By T Dy T Bl
i=1 j=s+1 o -
. af, a (‘)‘lfj- Z
Y Y. t g 16
i=s+1j=s+1 (}I dl’ ()ﬂ'f()ﬂf j=s+1
| T . (r)j‘; ) T mn ()J"
- Z. Zwﬁ,_,, + 3 gl + 8D = 3 (e dh)(h}
F=1 i= i=s4+1 Jj=s+1 i=l1
T 0 s T a A B )
42 el -3 Yy nfjdf £ fBeE (3.13)
i=1 i=1 j=s+1 J=s+1
where 3 = 3" Bix; + B0, Bo.- -+, Bn are constants. If Z alD; + Z u:% + 3 is
i=1 i=s+1
another element in F. then
[Z(1D+ Z (1,'. +J’ZnD + Z (JJO—-+J:{ (3.14)
i=s+1 =i j=s+1 L
) - ap
=Y -y > wa -y
i.j=1 J=1i=s+1 j=1 By
, Of; e , 08 - ai
-Jrz Z ;Q sz - Z ‘J + Qi%
i=1 j=s+1 j=s+ i=1

= constant.



88

Finite Dimensional Nonlinear Filters of a Class of Filtering Systems

By (3.13) and (3.14), we know that the Lie algebra I generated by Ly and F is exactly
the vector space spanned by Ly and £. In particular F has dimension 2n + 2. Since by
assumptions that by, . hy, are in I we have £/ C F. Next whether or not 1 belongs to £
depends on the following possible conditions: First if there exists a h; = Zf-:l hipoy + ¢;
with e # 0 for some 1 < k < s, where hyj, and e; are constants. Then it follows from (3.7)
that [[L[,.h.,],h.;} =Y ry h?. is a nonzero constant in E. and hence 1 is in E. Second it
no such h; stated as above exist, observe that in ( 3.13) if we put a; = 0,0 =1,--- . n, =
Bgw= Z!_H_] hjoj k=1, . we get (Z;=.-+1 fihi;)'s are in £, which are polynomial
of degree at most one in 2. 1f at least one of them is a nonzero constant or a linear function
of the form in the first case, we have 1 € E, otherwise 1 £ E.

From all above notes, we have that £ is finite-dimensional with basis as claimed .

To prove state (ii) in theorem D. we notice that the first result follows from theorem

C. Furthermore if £ has maximal rank. there are constants ¢;’s such that z; + ¢; is in E

for j = 1.--- .n. The following computations follow from (3.13):
[Lu..I‘J + (j] = D“,‘! 1 < j <s (5]3)
{L(],J'/ + (1] == in ] 2 s 4 | (31())
[Dists+ 85l =g L2 I 2615350 (3.17)
- 3] 7]
Lo, D3] =3 dyuDi + ”’ Z fig ff 1<j<s (3.18)
i=1

(3.15).(3.16), (3.18) and the assumptions of theorem D imply that 2 5s in B for all
I dua;

1 < . Hence, by theorem C ﬁ’— for all 1 <4 < n. are polynomials of degree at most

two in @y, -+, &, with coefficients in C> functions of zgq. -+ .2, If % is a polynomial
T

of degree exactly two in @p,--- , 2, for some i. we shall prove that this is impossible.

T x y v B 8
Without loss of generality, we may assume that the degree of T(fru.' is exactly two. So

n=xq+r
where ¢ = Y ai(Tepr. o)y + Z @5 (Tag1s = = B )Ly +0(Eey iy 0 y0p) 18 @
1<i<j<n
polynomial with degree two in @y, --- . 2, (1.11(1 r is independent of @,

Depending on the degree of ¢ in ;. we have three possible cases.
=1 & I 1
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(1) Degree 2 Case. 1) — 3 hf can be arbitrarily negative by taking a polynomial path
g=1

r1 = —(sign a1 (Tsq1,- - 2n)) Lva =3 = =2y = 0 as f tends to infinity.

i
(2) Degree 1 Case. We may assume a12(Tsp1.0 . 2n) F 0 and then 7 — Zl hf
F=
a1o(Teg1, e .,?Y,,).I'%.l'g - {)Q:z'f + Bay + r where b is a constant and 3.1 are independent
imn
of 1. 11— 3 hf can be arbitrarily negative by taking a polynomial path @y = t. 22
J=1
—a13(Ts41, " T ) T3 = - = &y = 0 as ¢ tends to infinity.

Trl m
(3) Degree 0 Case. li z hj is dependent on xy, then > hj = —b*a? + By +r where b
J=1 =1
L
is a constant and 3. r are independent of z; and hence — 3 hf can be arbitrarily negative
=1
T

by taking a polynomial path z; = t, 29 = --- =z, =0as 't tends to infinity. If S h,? is
i=1 "
independent of ., then we may assume oo (gir1, -+ n) #F 0 because of deg n = 3 in
17T
e 2 o F; .
2. g, and hence 5 — > hf = @a2(Leg1, " 3 Ln)T1T5 — c2a3 + Bxo + 1 where ¢ is a
j=1
kL iy
constant and A, r are independent of x2. Again 1 — 3 hs can be arbitrarily negative by
g=1

taking a polynomial path xo = 2 = —a22(Layr, v Ap) w3 =---=xs=0asl tends to

infinity.

In all three cases. there is a contradiction to the Corollary 9. We have proved that
é—;’- is a polynomial of degree at most one for all 1 < ¢ < s. Hence # is a polynomial of
i,
degree at most two in .-+ @, with coefficients in C°° functions of wgyy.--- .y, for

all 1 < i < s. consequently, 1 is a polynormial of degree at most two in oaq, -, with

coefficients in €' functions of wery, - - .2y .

We shall prove that in fact 1 is a polynomial of degree two in wy, -+ ¥, Now
T

writey = Y, @ij(Tsq1, 00 Ee)Tim+ 30 ail@ar1, o a2 +oBegr, L2 ), li(x) =
1<i<j<n i=1
n i PR
7a

X . ¢ Jee o —=2)
3 obipxp e fori=1,.--s.. and notice that f;(x) = L;(x) +d,-)#£. Plug them
k=1 '
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into equation (3.3), we have

S5
Z {1y o 5 BBy -+ Z i Bapryr v 5 Ba)5 + 0 Bag1s - 1 %)

1<i<j<s g=1
_ gl O Vi),
= dx; g
s A (')o(_'L _l;_) 065( 2. K ;LJ , m .
+ Z[l,—(;et)z + 21;(x) \ﬁ]c')'r'- Vd, + ( \/{_jl(-}r, vd, )]+ Z hi(z)
i=1 T e i=1
s ™m s 5 (i)c)( B o J..L) (‘)o(_’.l_ ;)
= !2 2 T : fi - Vid, Vi, Vid, Vd, 7 \2
[Z i<r)+§mw]+§zg ikoy + ) — o +( = ]
s n ()Q(f_,l Ts )
+32 Y baa—L0 Ve, (3.19)
L
i=1  k=s+1

Notice that [3_i_, [2(x) + 3.1~ h(z)] is a polynomial of degree two in @, 377 [2(byx; +

i=1
e)O(S e P ( - 2 )] is a O function of 2y, - -+ L2y, ¢ i 2(b;
‘)C(ﬂ, \/7,“)‘*‘@ (\/;h \/g)] sa (™ fu 1 vy, and )i 1 2birit
e o ey is linear in gaq. - - - L, with coefficients in C7°- functions of wq. -+ - 2.
’)’(\/t—h \/ﬁ) s linear in @44 i oeflicients in C uncti 1 s

By comparing the coefficients of the terms in the first and the third expressions of the equa-
tions (3.19). we have that a;;(vep1. -+ ) = @5, 05(vepr, -+ 2y,) = aj are all constants
and 7 is a polynomial of degree two in 2. Q.E.D.

If we further restrict the sufficient condition of fi,--- . f, in theorem D and replace
the assumption E being of maximal rank by being of sufficient rank in state (ii) in theorem

D. we get a result similar to state (ii) in theorem D.

Theorem E. Let £ be a finite dimensional estimation algebra of (3.1) with the drift term
. : e . : Ol = )

f = (f1, . fu) satistving (a)fi(wy, - xe) = Loy, - o) + (l;-—i{%. where
¢; are C' functions on R* and [;(x1.--- ,x5) are linear functions of @y, -+, for all
i=1,-.s.and (b) fop1(x), -, fu(x) are linear functions of x. If E has sufficient rank

then 7 is a polynomial of degree at most two in @y, - L@,

Proof. Notice that under the assumption of £, (3.18) is reduced to

- 1 dn
Ly. D] = i',’D;‘ T 1<y <s. 32(}
[ 0 .J] ;(J + 2():‘“‘}‘ =8 ( )
(3.15) and (3.20) imply that %”— are in E for all 1 < j < s. Again, we get that 7 is a

polynomial of degree two . @.E.D.



The following theorem follows from the proof of theorem D.

Theorem F. Let £ be an estimation algebra of filtering (3.1) with the drift term ifi =

) i . ) i (.-, =2 o )
(f1,+-+ . fu) satisfving (a)fi(z) = L(x) + (J;%”—d‘u. where ¢; are €™ functions on
R and [;(x) are linear funtions on R” for all i = 1,--- .5, and (b) foyi(2). - fnlx)

are linear functions on R™. If F is finite dimensional with maximal rank. then £ is of

dimension n + s + 2 with basis given by 1oy, 2, Dy, --- . Dy L

The following theorem follows from the proof of theorem E.

Theorem G. Let E be an estimation algebra of filtering (3.1) with the drift term =

T T
e S 1afr « g oy . o . v | Vel '“‘"‘ S Al . o® yEl
(f1,-++ . fu) satisfying (a) fi(x1, @) = L@y, o 26) + uf,-#”. where ¢; are
O functions on R* and [;(xy.--- . x,) are linear function on & for alli = 1.--- .s. and
i1 E s
(b) fogr(x), -+, fu(x) are linear functions on B™. If E is finite dimensional with sufficient

rank, then £ as a vector space is isomorphic to a vector space with a basis given by
Lyxy, - ,xp (some p > s), Dy, , Dy, Ly.

From the proof of theorem D and theorem E we have the following result.

Theorem H. The estimation algebras discussed in theorem D, theorem F and theorem

G are solvable.
Proof. Suppose E is the estimation algebra of theorem D or theorem F or theorem G.
Let E= EW E() = [E,'(”""). E(”"l)]. It is easy to see £ = (), so E is solvable.
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An Efficient Coverage Algorithm with Sleep
Scheduling and Range Adjustment for Wireless
Sensor Networks

Chun-Hsien Lu and Kei-Chen Tung

Dept. of Computer Science and Information Engineering
Fu Jen Catholic University

Abstract

The network coverage for wireless sensor networks is an important
issue because the information may not be considered useful when the
total coverage drops below a certain required level. One way to maintain
good coverage and extend the system lifetime is to schedule some sensor
nodes to sleep between active cycles, as well as dynamically adjust the
sensing ranges of active sensors. In this paper, we propose an algorithm
to determine if a sensor node should sleep based on its residual energy
and the size of the overlap area between the sensor and its neighbors.
For those sensors that remain active, we use our algorithm to compute
the sensing range of each active sensor such that the total coverage is
maintained above a user-specified requirement for as long as possible.
Simulation results show that our proposed scheme achieves a better
performance in providing the user-required coverage and extending the
system lifetime 20 percent longer than the Coverage-Aware method, and
3 percent longer than the Random-Sleep method, respectively.

Key words: wireless sensor network, sleep scheduling,
network coverage, dynamic sensing range adjustment
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1. Introduction

Due to the fast development of embedded system and wireless communication
technologies in recent years, wireless sensor network (WSN) has become one of the most
important research areas. A Sensor network is a network system composed of multiple small
and inexpensive devices deployed in a region to provide monitoring and communication
capabilities for commercial and military applications including fire detection, asset tracking,
habitat monitoring, and security surveillance [1-6]. In general, a wireless sensor network
consists of a base station and many sensor nodes operating on small-sized batteries as shown
in figure 1. When a sensor node detects an event within its coverage area, it would generate
a report and send it in a data packet to the base station. The base station is responsible for
collecting data from all the sensor nodes for further processing and decision making. A WSN
may contain hundreds or even thousands of sensor nodes and it is desirable to operate these
nodes as energy efficiently as possible. A sufficient number of sensor nodes must be deployed
in order to provide a satisfactory performance.

Sensor nodes
Basestation

Fig. 1. An example of wireless sensor network.

Some sensor nodes will stop functioning due to electronic breakdown or energy
exhaustion after the network system has operated for a period of time. Dead sensors can result
in holes in coverage or packet routing, which may lead to serious network degradation [7-
10]. The system cannot perform its desirable function satisfactorily since the base station will
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not be able to collect sufficient information when the coverage is too low. One way to prevent
this situation is to try to make the energy consumptions of different sensor nodes as even
as possible by asking sensors with more residual energy to cover larger areas. In addition,
sensor nodes in some system such as [EEE 802.15.4 ZigBee [11] can switch between active
state and sleep state. A node that enters the sleep state will stay in an energy-saving mode by
not participating in most activities. In this paper, we propose a mechanism to try to maintain
the coverage level of a WSN above the user requirement for as long as possible. We first
determine the set of the sensors in areas of high density that should enter the sleep state to
conserve battery energy. For those sensor nodes that remain active, we would dynamically
adjust their sensing ranges such that the total coverage can be maintained at or above the user
requirement.

The rest of this paper is organized as follows: Section two lists the related work. We
describe our sleep scheduling and sensing range adjustment algorithm in section three, while
section four shows the experimental results and the performance comparisons. The conclusion

is given in section five.

2. Related Work

Various mechanisms have been proposed to maintain a good coverage level for WSN.
One approach is to use mobile sensors that are frequently trying to move to new target
locations based on the virtual force interactions between sensors [12-15]. Each sensor
is assumed to generate attractive or repulsive force on the other sensors. There will be a
repulsive force to separate any two sensors if they are too close and an attractive force it they
are far away. The idea is to constantly keep the sensors spread out in a balanced way. Each
sensor then calculates its sensing range according to its relative residual energy and position
to the other sensors in the neighborhood, where a sensor with relatively higher amount of
energy should cover a larger area. The major disadvantages of this type of approaches are its
heavy computation and constant moving, which could require significant amount of energy
[16]. Another set of approaches try to mover sensors to predefined regular positions such
that they will be spread out perfectly evenly. ISOGRID [17] and CLP [18] both suggest the
movement of sensors to the vertices of a hexagon such that the system forms a perfect cellular
structure. This approach requires a minimum number of active sensors to occupy all the
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hexagon vertex positions, which may not be a problem at an early stage of system operation.
However, there may not be enough active sensors to maintain a perfect structure as sensors
gradually die out after the system has operated for a period of time.

Another class of mechanism is to do sleep scheduling [19-23], which is usually applied
to networks of high density where sensors can alternate between the active and sleep modes
from time to time to conserve energy. The active nodes in a neighborhood can cooperate with
one another to maintain a good coverage. In the Random Sleep scheme [19], each sensor goes
to sleep randomly with a probability set by the user. In the Distance-Based Sleep scheme [19],
the sleep probability is based on the distance between the sensor and the base station, where
a sensor node that is farther away will be put into the sleep state with higher probability.
The Balanced-Energy Sleep scheme [20] tries to determine the sleep probability such that
the maximal number of sensor nodes would consume energy at the same rate independent of
the distance to the base station. In the Coverage-Aware Sleep Scheduling scheme [21], each
sensor computes the total overlap area between itself and its active neighbors during each
scheduling cycle. It then goes to sleep in the next cycle with a probability proportional to
the size of the overlap area. The drawback of this method is that the computation may be too
time-consuming to fit into the small computational power of a sensor when there are a large
number of neighbors.

3. Distributed Sleep-Scheduling and
Range Adjustment Algorithm

We hereby propose a mechanism called Distributed Sleep-scheduling and Range
Adjustment (DSRA) that periodically determines the set of active nodes and sleep nodes for
each cycle. Our system consists of a base station and many sensors nodes that do not move.
We assume that every sensor node knows its own location by GPS or any other locationing
mechanism. Every sensor node can adjust its own sensing range R, ranging from 0 to R,,,..
A sensor is assumed to transmit its packets to the base station using multihop transmissions
along the path of minimum number of hops if such path exists. The sensor is considered
disconnected from the base station if there is no path between them. The sensors are assumed
to be randomly deployed initially. A sensor node in sleep does nothing except waking up
periodically to exchange control information with other neighboring nodes. The user is
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allowed to specify a coverage requirement C ranging from 0 to 100%, and our goal is to
prolong the time period that the system coverage stays above this requirement for as long as
possible. The DSRA algorithm consists of the three following stages:

A. Information Exchange

At the beginning of each cycle, every active node broadcasts Hello messages to find
neighbor nodes within its transmission range. The Hello message contains the following
information: node coordinate, node id, residual energy, sensing range, type, state and S-value.
Each active sensor node stores the received Hello messages in the neighborhood information
table shown in table 1. Assuming its own location as the origin, each sensor can then identify
the quadrant cach of its neighbors resides in based on their coordinates.

Table 1. Neighborhood Information Table.

Node ID | Coordinate | S-Value | Type Quadrant | State

Node 1 XYy 8773 Intenior 5 1 Active
Node? | N:1nY2) 10615 | Interior . 11 Sleep-
Noden |(X..Y.) 9124 Boundarv | ... v Active

Figure 2 shows an example where node p finds its neighbors a, b, ¢, d, and e, and the
quadrant cach resides in. A sensor node that has at least one active neighbor in each of the
four quadrants is called an interior node; otherwise, it is called a boundary node. We do not
allow a boundary node to sleep by setting its S-value to zero because its sleep may result
in undesirably large coverage holes. An interior node, g, will calculate its S-value using the
following formula:

[24

Svalue= ————
gsenergy

+ B x (totaloverlap areas in all four quadrants), (1)

where @ and S are two weight parameters. The formula takes into consideration both
the sensor’ s own residual energy and the sum of the overlap areas between the sensor itself
and the neighbors in all the quadrants. A sensor with large amount of energy should stay

active, while a sensor with large coverage overlap between itself and its neighbors is a good
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candidate to sleep. The active sensor nodes will wait for some amount of time to account for

network delay, and enters the next stage.
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Fig. 2. Neighbors around an active sensor.

B. Sleep Scheduling

After the calculation of the S-value, each active node will again broadcast its S-value to
its neighbors for comparison. If a sensor node has the maximum S-value among its neighbors,
it will broadcast its decision to sleep to its neighbors and switches to sleep. Otherwise, the

sensor remains active and enters the next stage of sensing range adjustment.

C. Sensing Range Adjustment

After the sleep scheduling phase, every active sensor node is fully aware of the identities
of all its active neighbors. The sensing range calculation is different for boundary node
and interior node. A boundary node should adopt a larger sensing range to maintain good
coverage. For each quadrant without any neighbor, a boundary node measures its distance
to the physical network boundary. Let  be the maximum of these distances. Let y = min
(R, » d). The actual sensing range to use will be C * y, where C is the coverage requirement
the user specifies. The sensor will then notify all the neighbors of its sensing range. The
interior nodes will wait until all the boundary nodes to finish their calculations and broadcast
their sensing ranges. An interior node p first computes a temporary sensing range for each
quadrant, and chooses the maximum of the four values as its final sensing range to use. The
computation is as follows: If there is no boundary node in a quadrant, the sensing range for
that quadrant will be set to (D/ /2), where D is the distance between the node and its nearest
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neighbor in that quadrant. Otherwise, let b be a boundary node in that quadrant and R, be its
sensing range. Let D, be the distance between the node p and b, and R, be p's current sensing
range, respectively. If R, is greater than (R, + D,,), this means that node p's sensing area can
be fully covered by node b. Therefore, node p will go to sleep and notify all the neighbors of
its decision. Otherwise, the sensing range of p will be set to (D,- R,) / V2. After node p has
calculated the sensing ranges for all the four quadrants, let R denote the maximum of these
values. The new sensing range of node p will be equal to /X C X R, where f is the ratio of p's
residual energy over the average residual energy of p's neighborhood.

4. Simulation Results

4.1 Simulation Environment
We built a simulator in MATLAB platform to evaluate the performance of our scheme.

We randomly deployed 100 sensor nodes in a square area of size 200m X 200m. The initial
energy of each sensor is 80J. Each packet is 512K bytes long. We use the following formulas
to calculate the energy consumption [24]:

-Transmission energy consumption: £,=H +6 X packet,.. X R}

-Reception energy consumption : 0.25 J per packet

-Sensing energy consumption : £,= ¢, +v X R!

where ¥ and @ are both adjustment parameters. // and e, denote the fixed costs of
transmission and sensing, respectively. R, and R, represent the current communication range

(maximum of 100m) and sensing range (maximum of 50m), respectively.

4.2 Simulation Results
In our simulation, we compared our method with two other methods: the Random Sleep

(RS) [19] and Coverage-Aware (CA) [21] schemes on the metrics of coverage percentage,
residual energy, the number of active nodes, and the total number of packet received by the
base station. The RS scheme randomly selects sensors to sleep with a user-given probability,
while the CA scheme puts sensor nodes to sleep in order to maximally reduce the overlap

sensing area while trying to maintain 100% coverage. Both these two schemes use fixed
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sensing range, which is set to 20m in our experiment. The sleep probability in the RS scheme
is set to 0.2 because that value produces the best experimental results. Figure 3 shows the
comparison of the coverage percentages where all three schemes try to maintain a 100 %
coverage. We can see that the CA scheme does maintain full coverage in the early stage, but
its lifetime is shorter than the others. Our DSRA can provide almost 1009 coverage with a
20% longer lifetime than CA because we try to make each sensor consume energy at about the
same rate. The RS scheme also has a comparable lifetime to ours, but its coverage percentage
is lower than the others because the sensors to sleep are chosen randomly. Figure 4 plots the
number of active nodes in these three schemes. We can see that our DSRA scheme uses fewer
active nodes to maintain the system coverage such that more nodes can preserve energy by

switching to sleep and the system can operate longer.
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Figure 5 displays the accumulative number of packets successfully received by the base
station. Both CA and our DSRA can receive almost all the packets since the coverage are about
the same. However, the curve for CA flattens out after 200 rounds because most sensors are
disconnected from the base station, while our DSRA still keeps receiving packets. Figure 6 shows
the residual energy in the system. CA consumes its energy faster than the others because it uses
a larger sensing range and has fewer nodes in sleep. Although our DSRA uses fewer active
nodes to operate in the network, it adjusts the sensing range of each active node effectively to
provide a good coverage. Both the DSRA and RS consume energy at about the same rate.
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Fig. 5. Accumulative number of data packets successfully received by the base station.
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Our DSRA allows the user to specify a minimum coverage requirement C while the
others do not. Figure 7 plots the actual coverage achieved given different values of C. For the
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case of C = 1, the coverage percentage achieved is in the range of 0.95 to 0.99 that is a little
bit below full coverage, while the system operates at a coverage above what the user specifies
for all the other cases. In general, our DSRA can maintain the system coverage that satisfies
the user requirement for as long as possible.
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Fig. 7. Coverage percentages under different user requirements.

Figure 8 shows the number of the active nodes given various values of C. It seems that
the value of C does not affect the number of nodes in sleep. Figure 9 shows that the total
number of packets received by the base station closely depends on the coverage percentage.
When C = 1, the number of packets received by the base station is the largest initially, but the
total number of packets is fewer than the others because the system lifetime is shorter. Figure
10 shows that the energy is consumed faster when the coverage requirement is higher.
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5. Conclusion

Wireless sensor network has been widely used in many important applications, and it is
essential to keep a minimum coverage for the network to function properly. We proposed an
efficient DSRA method to generate a total coverage at the desirable level the user requires.
Some of the sensors in an area of high density will be selected to sleep to conserve energy.
Each of the active sensors then sets its sensing range such that the total coverage by all the
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active sensors is maintained at the required level. The network is reconfigured periodically
such that the sensors consume their energy at roughly the same rate. The simulation results
showed that the DSRA scheme could achieve the required coverage for a long period of
time, and the system lifetime can be extended about 20% and 3% longer than the CA and RS
schemes, respectively.
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fEHLE FTRERTTR R P sRAYV R - [Kiktk PPARs EURHIAYH IS L AE I TTHE
PR LIMESSE 2l RIFARaHEY) -

AE NG HOc2 MM > RS R R B © REEH  BREE 15« g CRP

BE A I8 {# /By o A BEEE 10 M PPAR v E & ( troglitazone ) B¢ 1 4 M
PPAR & ( L-165,041 ) 0% - FEINA 15 £ g CRP K53% 18 fil/[NiF - Bs
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1. gy

C- ZJfEE T ( C-Reactive Protein, CRP) H Tillet 5 Francis F 1930 fEfT#$IRMAY -
R EAEIZE 2 BN 4 SR & ( Streptococcus pneumonia ) FRGLAYHE A » (E R A Z M
A ALLTEFE 3 I —FE S 8 - R F5BETAiR 00 T mT DAY Gt il 2 B BR B e
BEILY “C” polysaccharide + AT LUIFAZGEE By CRP 2HiHE - BACHIZE I CRP 2 JF%y
TR R EE (T S 2 PUAE - CRP v DATE L MUY ROFl #2 R - RIS MR /E A DL e #d
#r %l Fe v R ( immunoglobulin receptor ) » FEHEL Fe y R K5 & HEGEF 2% 8 R MFHEIVE L
[1] > AZHTEZMEE LAWY - CRP fEIMIE AR vl B ASERY B 7 %]
SERFANTRRREEES - MiEA 209 CRP 2 HFF AT &N 3 HiE &G
BRRERESES > 5 CRP KSR 4722 IL-6 ( interleukin-6 ) 4 CRP
(s - A6 HAT LGB S — {47 IL-1 8 (interleukin-1 8 ) #Y5& CRP fyREL& [2] -
IL-6 1 IL-1 8 wILLEEEH L STAT3 ( signal transducer and activator of transcription 3 ) »
C/EBP ( CCAAT-enhancer-binding protein ) Z¢ji% ~ NF- k B ( Rel protein ) %3512 1F =
MR SR E BRI E o B TR 2T LIS CRP Y28 MEFEIT ( neurons )
R EIIRRE{LBE ( atherosclerotic plaques ) ~ B%ER ( monocyte ) ~ WKELER ( lymphpeytes
) [3] - & CRP {F 201 58 48 I FERFHAZR B BB Ny - & 358 —3f 40 My Ay E L E
o SRS B R (R M0 A P B2 AR LR LA I« 3% 46 I 2 3 50K B
ARBEAL Y — i B S0 B - A ARYEFZE4E  CRP &4 & Bl bR AEIEE R 1Y
phosphocholine » S {55 P9 Rz AHRRASELHT K F-2EREN 0 - @S R b e
EEE L AMIIERG IR SRR IR E A (4] - TP ERE RN ( macrophage
foam cell ) » 3if FLREA Y — SLBA2E SRR OB S AL )T (5] - BEAE AR AR URE -
Z B ER T AERRIAERAL ( fatty streaks ) » JE 2R ENIRIE(L ( atherosclerosis ) i
fErh FEARYR S HATsEthigH - CRP {EIMEE 7 Kz M - &%t CD32 &1k T il
NF- £ B Bz MCP-1 - [K[t CRP e ik BARRE (L _Ein i —(HEEny At - HEirob
JEHER » CRP B LIS R A 2 — BT AR BER - - CRP By _E7-a] DI EAF
SLMEERNEE TR 2GSRI LSRR &R [6] - (BBS5H
f/* CRP #5Z 23M9WFFe L5 4 - HATSEE CRP fE HIMER FAYEEZES Ry Foy R {BIEL
WIAIRE | - B EHERH RS EASH 548 - ArERY Foy Rs J@% immunoglobulin
superfamily » ‘Z {2 Fe receptor & i E Y (7] » wJLAFFE e T e
Kk Fo v Rs B2 T-A5RE LR - 3SR Fo v Rs SR FIRsRERI AR (8] - FrLAAT
i Fcy Rs 43K Fc v RI(CD64 ) ~ Fcy RII( CD32 ) Eid Fecy RIII (CD16 ) ©
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(Peroxisome proliferations-activated receptor, PPAR) & — 2V % 8% B & =&
subtypes : PPAR a I 5 = B& H eIl A5 0% 5 PR F 28 B A - H Aij B §1 3% 28 09 AH B 1
A fHE 7 PPAR @ » PPARy FERCE RS BRI MHEE I ZE L - 5250k
Troglitazone A& 2 TEIGH 55 RUBEIR TR _LAURRPR FIZE - B 1 IEiEERE IR W AEE i 5T
E 9] TEREFERER - RO EATUEBEIEE - i ps3 ok a5 Sl it
Tt g [10] - PPAR & (YECRCRIth k38 B ] LUZEE ik NF- £ B 09351 - Ay
Tl 3 RS » T3 AT PPAR 6 AF—Sefffse th BHIR B G HI R R 0VEE ) - {EEFE#
HES R M ARG - HeifrZ B EEEA L E&KEE PPAR- 6 ENAEERT I'i#E - L
HEH®AER - 26 - 8RR [11] 0 & PPAR 6 #aE{Lth A HIFI 2 22 10RE
TE A B R Fa] CIHIH] VCAM-1 (vascular cell adhesion molecule-1) AR [12] » dyit
PPARs HYPLFE K RESTRTREEHY L ME RN & — 1 RIAFAVIGHE B AR - RTARYIFZE F2E4E
e CRP 1R Rl FAYIER] » SRt R EER R MeY LAl i et 4> - KIE
EalR T EPEET CRP H A LERANIEAYSZ 2L - thEEERET PPARs S0P ¥ CRP 7E.LoigdH
JE Ry 2 -

2. MEETE
H9c2 4HRAIEE :

{8 B A7 A9 DMEM ( GIBCOTM ) ¥ 7RHC 75 800mL J Y ddH,0 » NA 1.5 g
#Y NaHCO; - pH {E L HC1 & NaOH gk 74 Z BB LIEE dHOFE 1L » FHFH|
Laminar Flow [ 0.22 ¢ m 1Y@ R Ea 8% 57 8% » A 109 FBS ( Fetal Bovine Serum °
Qualified ; GIBCO" ) ~ 1% PSA ( Antibiotic-Antimycotic ;: GIBCO™ ) » iHY 3mL k%%
LA 3 em BURSRIERS BAAET R — B T E T - ISR B RTAAE 47C - M
MuBZEAE 37°C ~ 5% CO, #lfuE#58 ( CO, Air-Jacketed incubator ; NUAIRE) 1 -

(AR EEZBE AV HEY ( RNA extraction ) :

% ] Chomezynski F1 Sacchi(1987) [13] A9 3K HH Fit 2 4 #Y single-step method of
RNA isolation By /7 iE NN LUEEN « 15 561 3 & HY TRIZOL-Reagent ( Invitrogen ) HIA#H
HE &5 mAp - LA cell lifter BEAMAREN - &1 ABE.CE T - A& chloroform ( 0.2mL
cholorform/mL TRIzol" Reagent ) » iR &5 » EFENER b +405 - L 1BIGHOE
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L 14000rpm > 4°C - B0s 10 2388 - B0 % BUEERES —BR0E T - BIARN
fi isopropanol ( 0.5 mL isopropanol/mL TRIzol® Reagent ) » {REHIE)#% » @ E N -20TC
ti—/\KF - FELL 14000rpm > 4°C ¢ @0y 15 438 - {45 B3 DA 70% %G Ethanol
( 1mL 70% ethanol/mL TRIzol" Reagent ) Eil pellet JfEiR &1 » FFLL 14000rpm - 4°C - Hf
Lo 10 5388 » F2 FIEREHe 0 A 27ul By DEPC AKFE 414517 pellet o 7 #8HLHY Sul YAHEFRTE
— 1515  FIFHAEEREE - A& OD260 5z OD280 AR SEAE » LIFIE RNA RYIRAL -

R85 - REESRE

( Reverse transcription-polymerase transcripition ) :

EF & b 1| i§ MMLV RT 17-Strand ¢cDNA Synthesus Kit ( EPICENTRE ) 3 17 RT-
PCR : HY 1 g %= RNA A 0.5ml 0964 & 5005 o - 1] B RNase-free 7K #l E #81E £
10.51 > fA 2 114 Oligo ( dT ) primer > {F 65°C FIIZARR 43 SEER TN BE R vkrp - %
ENOA 7.5 1 | B9 FEAR TR G B O T - TR 2R » 1R 3T C e —/NRELLS
1 cDNA » $23% 85°C [ JfE 1143 $E % 37 Z'E A vk b —43 $ LA bk SOFE - B frfid -20°C
UkFEMEF o 7Y S0 | RYERE A S HEAIR P & 2 1 | Y SEEREY) - 10X PCR Buffer
( 200mM Tris-HCI » pH8.0 » 500mM KCl ) : 50mM MgCl, ;10mM dNTP Mix ; Taqg DNA
polymerase ( 5U/ 1) ( Invitrogen ) 5 10 ¢ M BY&¥5 [ 7 (21F—frR ) © flZKE 50 11 -
RE¥EZ%  NEE 94°C Fsr 5 » Pl RS TR BRI %% ( Biometra T1 Thermocycler
) SEITE A E o SN R - PCR IKFEFEVILL 2% BalahE Frd vk ot -
#& EtBr ( Ethidium bromide ) 4444347 LE#K -

#F— ' FfEAZ5F

Gene Primers Base pair
F : 5"GAAGCATCG CTTCTT GGG AG 3

CD16 192 bp
R : 5ACCAAGTTT GAG TGG CAG GAAT 3’
F : 5'GGT GCC ATA GCT GGA GGAACAAAC 3

CD32 264 bp
R : 5’GGA GGC ACATCA CTA GGG AGAAAG 3
F : 5GTC CCCAGT CATCAGCTCCTG 3

CDe64 188 bp
R : 5CGC TTC TAACTT GCT GAAAGG AAZ
F: 5AGACAG CCGCATCTTCTTGT 3

GAPDH 223 bp

R:5TTC CCATTCTCAGCCTTGAC 3
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Gene Denaturing Amplification Extension
CD16 95°C : 3 54 95°C : 30 # 72°C 10 54
CD32 56°C : 30 #
CD64 72°C - 3 48

36 &4 3%

2 ERES T (Enzyme-Linked ImmunoSorbent Assay ) :

Fi] F§ MCP-1 ELISA development kit ( PEROTECH INC. ) A2 ] £ medium {1y
MCP-1 & & - fifi i Kit tf 1 Capture Antibody ( FI|fH] PBS R 0.5 ng/ml) f5:(E well
A 100 ¢ 1 7E 96 FLEEH » BEEERW L4 96 FLBHHIEE TR - FEAHE well TOA
300 ¢ 1 1] wash buffer ( 0.05%Tween-20 in PBS ) VYKt » FHIIA 300 1 14 block buffer (
1% BSA in PBS ) » SFEM 21—/ % - B ER R o 7R/ M8 well JILA 300 ¢ 1
wash buffer ( 0.05% Tween-20 in PBS ) $EPYKEE - TEEHE well HIA 100 g 1 G &S
B ZHEG ( 2ng/ml to zero ) » BREHA RV W/NG o ZEREHRIEEER » R well
A 300 11 /1 wash buffer ( 0.05% Tween-20 in PBS ) $EPYR#: » {8 well JIA 100 11
(1] Detection antibody ( FFEZ 0.5z g/ml ) » FREFE A/ B RAETEER - 1E
554 well 1A 300 12 1 9 wash buffer ( 0.05% Tween-20 in PBS ) LeVuR - 1R EE well
HIA 100 1 1 7Y Avidin-HRP Conjugate $iF8K [ 5.5 11 Avidin-HRP Conjugate fJIA diluent
buffer ( 0.05% Tween-20 » 0.1% BSA in PBS ) #fiF] 11ml ] - ERETASEIE 30 4788 0 KR
mEgie s ZEgAE well AITA 300 ¢ | (Y wash buffer ( 0.05% Tween-20 in PBS ) #EPYZK 0 F]
F ABTS Liquid Substrate ( sigma ) £ » [ 405nm AR YEE -

F$ EBE S E#EE R E ( Real-time quantitative PCR )

ErEa L) Smart Quant Green Master Mix with dUTP and ROX ( Protech Technology
Enterprise Co. ) 3 1T [ i g Py B 5& > LA StepOne' " Real-Time PCR System (Applied
Biosystems Inc. ; ABI ) {E#HIF5EHR < 20 11 (1Y EAW B AE 10 1«1 By Smart Quant Green
Master Mix ~ 0.4 21 {1 MgCl, ( 25mM ) ~ 2 1 f Forward and Reverse Promers (1 M) ~
2.5 11 19 cDNA ( 50ng ) #1 3.1 21 HY Nuclease-Free Water e e FEf 4 R A o B b
RS By % B AL RIS CT{H -
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Step1 Step2 Step3
95°C : 10 44% 95C 1 15 #» 95°C : 15 4
60°C : 60 #b 60°C : 60 #
B3 40 R 95C : 15 %

-~ [E#g CT {HAY i (Applied Biosystems ; ABI)

Step1 Normalization to endogenous control

Ct Target gene - Ct endogenous control = ACt

Step2 Normalization to cali brator sample

ACt Sample - ACt Calibrator = AACt
Step3 use the formula

2 -AACt

@5t 4 ( Statistical analysis )

Fir A B B s ELF B R A9 M 37 B B - Western blot £ IF ]y i 4[5+ A Dolphin-1D
Gel Analysis Software ( WEALTEC ) (LS R » & LG5 housekeeping gene ( 5 -actin
) FHERASHEAL - fEH R B A IR ( control ) AHBR (S H IR 1) - HEBUBLIY
){H £ S.E.M (mean = standard error of mean) 577~ « FI[f Turkey HSD Lbin 5 EES (
FIFHLL b ) BUE A A S - B P E/IY 0.05 FURAERGET LA B AR -
*P<0.05 ; **P<0.01
#P<0.05 ; ## P<0.01

3.6 R

H9¢2 HRIR CD16 ~ CD32 ] CDo64

Hek T HEE H9c2 5% CD16 ~ CD32 fi1 CD64 =82 25 AYAE K » K HLH]
FH RT-PCR B9l o347 » #5SRER I G HORTr FE B RY H9c2 H A ZRB L ) AR S A
ERZan A o B— Kk Fo a3 EEFEMRBMER - KEEECK B - Ay 5 M
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M YRR M b - e s SR BT H902 68 RT-PCR AR Vs S B MEFE IS ARIRT -
DNA BEYIR% LRI % %) - [KIIL B HO2 228 CD16 ~ CD32 il CD64 =
FEZ SR AL -

EHI2 £ CRPEFEHFXMABAMMEAIREM  AEZE

PPAR S Fl PPARY BUBIHNH

i AWFSCER S i AT BT BTS20 - CRP S i iz A Fr B2 28 - 1fif PPARs
SR BN CRP Fs Ay SR AR + L4 HOCY L@ P ardic s SNy 230
FEAHEE - AERE PPARs ECUEIE (A - RItAIAS bR EEE 10 « M PPAR ¢
11 M PPAR & RYZCECHE] 30 43855, > INA CRP B53 18 fll/\EF - H R R Bk IS e
A - WETT ELISA B ES - & — » H9¢2 52 %] CRP By il ##% » 158 MCP-1 ( monocyte
chemoattractant protein-1) 43 30 &34 i1 » {H 52 ] PPAR ¢ (Troglitazone) Bl & % H (
L-165,041 ) RYHIH] - £ HATHE RO E A - KRR PPAR 6 BUaCHi| I8 R AL P2k
HEZEFIED PPAR v BESEIEIFIAVEER -

fEHI2 s CRPE # i CD64 fH mRNA R E L H M T F
Troglitazone B L-165,041 g930%l » @ CD16 B CD32 Al BBFEE S &

CRP Y% 2% % Foy 285505 - (HHRBIFEE CRP Ay FFZ25 ks CD32 » 1fif HAE A
o -t B CRP @Rl CD32 (2B 171 + il CD32 IBRASHEAS iy NF- B
151bEL VCAM-1 ( vascular cell adhesion molecule-1 ) ZE &840 [13] » {HETEEEE Bl
I A B A 0 LB AR 5 T I 4 SR g E - T PPARs BSCROBIET Y CD32 A2 8t A
#% o R EEE S HOc2 HHRE 5 B EijFEEE PPAR vy (Troglitazone) B2 & E0%] ( L-165,041 )
Bom| 30 434 > FEATHIOIA CRP £53% 18 {B/ M - [B= - 1Y ~ 7 » $55HEE CD16 ~
CD32 f9 mRNA 8 7E & HAH 7 - g B A2 2% - {HIZ CD64 YR B Al 2
CRP ()il L 7f » 3 HAZ %] Troglitazone ~ L-165,041 f94] + H il CRP #5 by T
HERVIRTE S CD64 -
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e I FE B 2 M SRy 2 B 0 i ARBITSE T - fEBAEER LR PPAR o E580H (
WY 14643 ) Eil PPAR v E3CE] ( troglitazone ) %] CRP a4 interleukin 4335 [15] »
T 70 A KE Y 19 B 4 e 1% B B IS R B PPAR 7 ( troglitazone ) F1 PPAR G ( L-165,041
) B G R0 H ] CRP AT 3% 309 MCP-1 ~ IL-6 ~ VCAM-1 ( vascular cell adhesion
molecule-1) ~ IL-8 I H [FF [16] - Rtz ¥ CRP Huik st AKHAY A B ffletE T THI i
JATC ( apoptosis ) « IRV EESZEE - 7oL M7 1H - HIe2 thdrszE] CRP RYHEIE -
g b RS2 e) _LRAET - 36 HAE AN ERAY S A i ( MCP-1) »

A ATE ABE P Bl AYRSE - fifE € CRP GHSR OB EE Foy 2285 0E
CRP 355t Fey 323y CD32 (i H R BREL A Rz B A9 R R VE T [17] > 36 A thodr fil
CD32 RE{HE LFt - 5E® NF- £ B BYRRARH L MCP-1 YR [14] » 88URH Fey &
aeEY CRP fE A Rz RO Es i M E Ayt (AR E R h 3
H9c2 |9 CD32 mRNA &5 52 F| CRP WY EEEKR R B G 2R EHEEE - HAlhE
e CD16 BYEH % 38 2 ¥ F| Src kinase [18] » iif H th A #9545 H Il MSUM (
monosodium urate monohydrate ) FFERE 4 ER ( neutrophils ) BERFIZEAR T - 251E
CD16 ~ c-Src &€ [19] - FEFRAMIRVEERAKSE (B = - /49 ~ 71) » CD16 ~ CD32 ) mRNA
9% CRP ~ troglitazone ~ L-165,041 (Y5225 » {H1E CD64 ) mRNA 2% CPR 9]
AR R FTF o 0 H S E] troglitazone ~ L-164,041 AYHNE] » KIELHERIAE HOe2 | » AJHE
BB Foy RGN CD64 55 RIS -

EeAh - e B B A 8 Y PPAR v B0 Ky troglitazone » 5 HFFTHE H H9c2 %
5% PPAR v » {HZAFRHE PPAR « ~ PPAR G [20] » {HAEIRAMIRVFFFE R ATE RN A
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fiz (ligand ) #pthj2 PPAR a WUBCHE © HAT PPAR o 1F WG s 28 AP
WHYRES) » W] LAY/ LPS Ed INF- ¢ ( interferon-gamma ) 31|/ B A o kA e e fric 5%
KN+ [21] - KPLAEEE A troglitazone 7] HER Ry AN A & HIHI M SR IR 3%
KAARE A E AR - jif AWTFE K B Ay 2RI ( astrocytes ) » £2H PPAR 7 &
HIm PPAR 6 HYFH - {HJZ PPAR o €78l PPAR 6 (9 [22] » [AI L HEHIFE Hc2
th - AJHEE I trogliazone - PPAR o HYERIRHIHI PPAR & HYFRI - 7F H9c2 LI HRH
PPAR v » {HE G # I H PPAR « I PPARS - HHAEER Al #: 3% PPAR ¢ Il PPARS 7E
HOc2 by Atan]fELl PPAR v SEEARAVEEEL - (KL > E—4 PPAR a EOAHEITEL
AILIFH G A B i T A

AP EEEEE CRP & 3%53E H9¢2 43 MCP-1 » 3if Hfilli# CRP #5225 CD64 [y3k
Bl - T CRP MY 2 RIB MCP-1 Y43 » B2 H B2 23y e _EiREiRE - &1
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2% PPAR v B 6 BUSCEIATHIE] - TSR CRP B2 280 LU EIy3E -

A A BA S PPAR v Bil PPAR 6 BCUBITE R AR M0 CIILE TR B ER -

cD16 | CD32 ‘ CD64
Marker

CD16 ‘ CD32 ‘ cD64

Rat WBC

H9c2

B— - H9c2 B%=IR CD16 ~ CD32 #l CD64

Rat WBC ( AEEMER ) : BY Rat A9$7EEM S 0% - 4§ buffy coat BRH » MIAGE
21 TRIZOL-Reagent 47 RNA BIER < HOc2 @ LL# # #9 TRIZOL-Reagent NIA#ff
BsaE MR » LL cell lifter 454MAREIT » UEER| eppendorf #HE1T RNA BY$HEY o 5 BEX
11g B9 RNA 1T/ 885% » 4 RNA 8882 5E cDNA » 72 L4 cDNA #£1T PCR » &8 1%
PCREM#ETE X 2R -#5558T » Rat MR PCREHB CD16 (192 bp ) »
CD32 ( 264 bp ) ~ CD64 ( 188 bp ) » H9c2 th 2IRAERAVAESR » FHE HHR FAER HIc2

H7IH CD16 ~ CD32 f1 CD64 ©
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Medlum MCP«1 ( pg/mL )
g 358208282828 9E8

control CRP+TGZ CRP+L-165,041

B - Hoc2 %%| CRP AORIES MCP-1 RIRE EF » WZE| PPARs BRI
H9c2 #EEH TR IR 10 u M TGZ ( troglitazone ; PPAR y E3E| ) £2 1 4 M L-165,041

(PPARS Bl ) #52 30 9447 » BIA 151 g/mL CRP 47 18 B/ 05 -

2 185 B R HE 1T ELISA I8 MCP-1 1028 8 - # 288K CRP 8 Hoc2 933

MCP-1 FO 8110 » 185 TGZ ~ L-165,041 A& » (n=6)

"="“Eﬁ§ control #8fH & LE#28% » **p<0.01 ©

EEH CRP AHFEE LLERS - ## p<0.01 °

1
08
06
04
0.2

a

control CRP+TGZ CRP+L-165,041

CD16 ( fold of control )

B =+ 7£ H9c2 A1 + CRP iU 882 — CD16 ' H mRNA R B3 S RIBENRE
H9c2 #EHATRRIE 10 u M TGZ ( troglitazone ; PPAR v E%{E ) Eﬁi 1M L-165,041
( PPARD Ex0E ) 258 30 2§87 » BIIA 151 g/mL CRP 1T 18 E/\EFRIZEE
Z SRR AL FE R #ETT reverse transcription E& real-time PCR - #5887~ » CD16 Y
mRNA RIFEI2E 52| CRP » TGZ # L-165,041 BIRIHBEEEAINEE o (n=5)
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e 2 2 © Bos e e
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-
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B A ~ £ HI9c2 /A + CRP #IIj8 CD64 B mRNA RIFE FH » IiS%| TGZ B |- 165,041

BIRE

H9c2 #EHRTRIE 10 L M TGZ ( troglitazone ; PPAR y B ) B2 1 p M L-165,041
( PPAR® E3UE| ) 185 30 487 » BIIA 15ug/mL CRP 1T 18 {E/\EFAIZEE
2 1 HG HBR L £ #E AR EE ST reverse transcription E2 real-time PCR - #5888 » CD64
B9 MRNA RIRE 2| CRP FIRIMFRIRE LF » It B2 E| TGZ 71 L-165,041 AYHNH] o
(n=5)
=& control #i8 & LELEZRF » *p<0.05 » **p<0.01 °
EE CRP A+ E LL#%RF - # p<0.05 » ## p<0.01 °



120

10.

1.

12

AR T L ESERE v Bl 6 BOAIY C- SOREE FBESZRRE HOC2 LUSTHINE Pyl

23R

Pepys MB, Hirschfield GM. C-reactive protein: a critical update. J Clin Invest. 111:1805-
12, (2003)

Cha-Molstad H, Agrawal A, Zhang D, Samols D, Kushner I. The Rel family member
P50 mediates cytokine-induced C-reactive protein expression by a novel mechanism. J
Immunol. 165:4592-7, (2000)

Jialal I, Devaraj S, Venugopal SK. C-reactive protein: risk marker or mediator in
atherothrombosis? Hypertension. 44:6-11, (2004)

Paul A, Ko KW, Li L, Yechoor V, McCrory MA, Szalai AJ, Chan L. C-reactive protein
accelerates the progression of atherosclerosis in apolipoprotein E-deficient mice.
Circulation. 109:647-55, (2004)

Libby P. Inflammation in atherosclerosis. Nature. 420:868-74, (2002)

Danesh J, Wheeler JG, Hirschfield GM, Eda S, Eiriksdottir G, Rumley A, Lowe GD,
Pepys MB, Gudnason V. C-reactive protein and other circulating markers of inflammation
in the prediction of coronary heart disease. N Engl J Med. 350:1387-97, (2004)

Fridman WH. Fc receptors and immunoglobulin binding factors. FASEB J. 5:2684-90,
(1991)

Indik ZK, Park JG, Hunter S, Schreiber AD. The molecular dissection of Fe gamma
receptor mediated phagocytosis. Blood. 86:4389-99, (1995)

Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO, Willson TM, Kliewer SA.
An antidiabetic thiazolidinedione is a high affinity ligand for peroxisome proliferator-
activated receptor gamma (PPAR gamma). J Biol Chem. 270:12953-6, (1995)

Okura T, Nakamura M, Takata Y, Watanabe S, Kitami Y, Hiwada K. Troglitazone induces
apoptosis via the p53 and Gadd45 pathway in vascular smooth muscle cells. Eur J
Pharmacol. 407:227-35, (2000)

Peters JM, Lee SS, Li W, Ward JM, Gavrilova O, Everett C, Reitman ML, Hudson
LD, Gonzalez FI. Growth, adipose, brain, and skin alterations resulting from targeted
disruption of the mouse peroxisome proliferator-activated receptor beta(delta). Mol Cell
Biol. 20:5119-28, (2000)

Fan Y, Wang Y, Tang Z, Zhang H, Qin X, Zhu Y, Guan Y, Wang X, Staels B, Chien S,
Wang N. Suppression of pro-inflammatory adhesion molecules by PPAR-delta in human



L3,

14.

15

16.

17.

I8.

19.

20.

2.

22.

T BLEESE 45 [ 121

vascular endothelial cells. Arterioscler Thromb Vasc Biol. 28:315-21, (2008)
Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guanidinium
thiocyanate-phenol-chloroform extraction. Anal Biochem. 162:156-9, (1987)

Liang YJ, Shyu KG, Wang BW, Lai LP. C-reactive protein activates the nuclear factor-
kappaB pathway and induces vascular cell adhesion molecule-1 expression through CD32
in human umbilical vein endothelial cells and aortic endothelial cells. ] Mol Cell Cardiol.
40:412-20, (2006)

Xie L, Chang L, Guan Y, Wang X. C-reactive protein augments interleukin-8 secretion in
human peripheral blood monocytes. J Cardiovasc Pharmacol. 46:690-6, (2005)

Liang YJ, Liu YC, Chen CY, Lai LP, Shyu KG, Juang SJ, Wang BW, Leu JG. Comparison
of PPARdelta and PPARgamma in inhibiting the pro-inflammatory effects of C-reactive
protein in endothelial cells. Int J Cardiol. 143:361-7, (2009)

Devaraj S, Davis B, Simon SI, Jialal I. CRP promotes monocyte-endothelial cell adhesion
via Fcgamma receptors in human aortic endothelial cells under static and shear flow
conditions. Am J Physiol Heart Circ Physiol. 291:H1170-6, (2005)

Korade-Mirnics Z, Corey SJ. Src kinase-mediated signaling in leukocytes. J Leukoc Biol.
68:603-13, (2000)

Ryckman C, Gilbert C, de Médicis R, Lussier A, Vandal K. Tessier PA. Monosodium
urate monohydrate crystals induce the release of the proinflammatory protein SI00A8/A9
from neutrophils. J Leukoc Biol. 76:433-40, (2004)

Pesant M, Sueur S, Dutartre P, Tallandier M, Grimaldi PA, Rochette L, Connat JL.
Peroxisome proliferator-activated receptor delta (PPARdelta) activation protects H9¢2
cardiomyoblasts from oxidative stress-induced apoptosis. Cardiovasc Res. 69:440-9, (2006)
Crisafulli C, Cuzzocrea S. The role of endogenous and exogenous ligands for the
peroxisome proliferator-activated receptor alpha (PPAR-alpha) in the regulation of
inflammation in macrophages. Shock. 32:62-73, (2009)

Aleshin S, Grabeklis S, Hanck T, Sergeeva M, Reiser G. PPAR {gamma}positively and
PPAR {alpha} negatively control COX-2 expression in rat brain astrocytes through a
convergence on PPAR {beta}/{delta} via mutual control of PPAR expression levels. Mol
Pharmacol. 76;414-24, (2009)

Received October 31,2011
Revised January 3,2012
Accepted January 16,2012



122 EEUCRMAFECEZES « B 6 BouIY C- RIREE FTEESERRAE HOC2 /LSRR3R

Peroxisome proliferations-activated receptor Y and
O agonists attenuated the C-reactive protein
receptor expression in H9¢2 cardiomyoblasts

Chao-Yi Chen, Wen-Huei Tsui and Yao-Jen Liang *

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

Abstract

Cardiovascular disease is one of the serious health problems in the world,
in which atherosclerosis is a common cardiovascular disease. Inflammation
causes endothelial cell dysfunction which is a key step of atherogenesis. Recently,
C-reactive protein (CRP) was considered to play an important role in cardiovascular
disease. CRP used to serve as clinical nonspecific inflammation marker. It is mainly
secreted by the liver and circulates in serum through out the body. Endothelial
cells and cardiomyocytes are directly exposed and affected by CRP. PPARs play
a very important role in growth, differentiation and metabolism in cells of higher
organisms. There are three kinds of PPAR subtype which have already been found:
PPAR ¢, PPAR v and PPAR & . PPAR ¢ and PPAR 7 are therapeutic target for
hyperlipidemia and type 11 diabetes, respectively. Clinically, activation of PPAR 7
was considered to increase insulin sensitivity, and inhibit inflammatory cytokines.
These previous studies show that PPAR ¢ agonist can be used for diabetes and anti-
inflammatory treatment. PPARs have been showed to be beneficial for patients with
cardiovascular disease, despite the exact mechanisms are not yet fully understood.
Currently, activation of PPAR & shows the anti-inflammation ability. Therefore,
PPARSs may be a good therapeutic target for inflammatory cardiovascular disease.

We used H9¢2 in the experiment. The cells were treated in different groups :
untreated; 15 1 g CRP alone for 18 hours; 15 g g CRP for 18 hours with pre-
treated 1 M PPAR & (L-165.041) or 10 M PPAR 7 (troglitazone) agonists for
30 minutes. This research focused on CRP induced signal molecular changes and
mechanism of PPARs agonists. Our results showed that CRP induced inflammation-
related protein (MCP-1 ) up-regulation in H9c2. PPARs agonists inhibited CRP-
stimulated MCP-1 secretion in H9¢2. FC 7 receptor is one of main receptor for CRP
at present. CRP stimulated that CD64 mRNA expression increased and inhibited
by PPARs agonist in H9¢2. In our experiment, the potency of PPAR 6 (L-165041)
and troglitazone are the same in anti-inflammatory effects, but PPAR & agonist
concentration is only one in ten for PPAR 7 agonist. This study clearly provide a
potential application for the use of PPAR & agonists in inflammatory cardiovascular
diseases.

Key words: C-Reactive Protein ~ PPARs ~ Fc 7 Receptor

* Correspondence: Yao-Jen Liang, Department and Institute of Life Science, Fu-Jen Catholic University School
E-mail: 071558@mail.fju.edu.tw
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The Synthesis and Chemistry of
8-Chlorobicyclo[5.1.0]oct-1(8)-ene

Gon-Ann Lee* , Hsin-Yi Lee, Chaur-Sheng Shiau and Jay Chen

Department of Chemistry, Fu Jen Catholic University,
Hsinchuang, New Taipei 24205, Taiwan, R.O.C.

Abstract

8-Chlorobicyclo[5.1.0]oct-1(8)ene (7), a 2-chlorinated bicyclic
1,3-fused cyclopropene, was synthesized from 1-bromo-8,8-
dichlorobicyclo[5.1.0]Joctane by treating with MeLi. Compound 7 in THF
/ ' H,0 (I:1) solution would undergo ring-opening reactions to produce
carbenes, and ene reaction to afford ene dimers. Carbene 18 reacted with
water via conjugate addition and ipso addition to give compound 12
and 15. Carbene 17 underwent oxidization with oxygen to result enone
13. The ene dimerization adducts also rearranged to vinyl carbene and

transformed into enone and diene products.

Key words: bicyclic 1,3-fused cyclopropenes ~ carbene insertion ~

ene dimerization.

* E-mail address: 016850@mail.fju.edu.tw
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1. Introduction

Cyclopropene as the smallest ring cycloalkene, which contains 52.2 kecal/mol high
strain energy (27.5 kcal/mol ring strain energy and 24.7 kcal/mol olefinic strain energy).’
In order to release the high strain energy, cyclopropene will undergo several specific
reactions, such as ring-opening reactions to yield vinyl carbenes and ene dimerizations to
give 3-cyclopropylcyclopropenes.” These unique properties of cyclopropene have attracted
considerable attention of both theoretical and experimental chemists.™

The chemistry of 1,3-fused bicyclic cyclopropenes are complicated and have been
studied for many years. Billups had reported that 7-chlorobicyclo[4.1.0]-hept-1(7)-ene
(1) rearranges to vinyl carbene 2 and subsequent intramolecular C-H insertion to deliver
compound 3 under neat condition.® Banwell's group also found that under solution condition,
the intermediate vinyl carbene 4 is then protonated and followed by the conjugate addition of
chloride ion or hydroxide to result compound 5 and 6 (Scheme 1).” The 8-chlorobicyclo[5.1.0]
oct-1(8)ene (7) also has the same transformation under solution condition to afford compound
8, otherwise, for the neat condition, our group has found that compound 7 could generate two
regioselective ene dimers through the ene reaction * (Scheme 2).

Scheme 1
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For the chemistry of the more stable bicyclo[6.1.0] 1,3-fused cyclopropenes, our group
had found out that 9-chlorobicyclo[6.1.0]non-1(9)-ene dissolved in the THF/H,O (5:1)
solution, the carbene intermediates would undergo 1,3-addition, 1,1-additon and oxidization
with oxygen.” These results were different from the Banwell's study, only afforded the
conjugate addition products (Scheme 3). The interest results inspired us to study the chemistry
of the less stable bicyclo[5.1.0] 1,3-fused cyclopropene 7 under solution condition, in this

paper, we wish to describe the reactions of 7 with oxygen and water.
Scheme 3
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2. Results and Discussion

We previously reported an easier synthesis of the 2-substituted bicyclic 1,3-fused
cyclopropenes,'’ 8-substituted bicyclo[5.1.0]oct-1(8)-ene, usingl-bromo-8,8-dichloro-
bicyclo[5.1.0Joctane, which was generated from cycloheptene. The cycloalkene reacted
by bromination, dehydrobromination and dichlorocarbene addition to give 1-bromo-8,8-
dichlorobicyclo[5.1.0Joctane. Treatment of cyclopropane 11 with 1.2 equiv. of methyllithium
in diethyl ether at =78 °C generated bicyclic 1,3-fused cyclopropene 7 (Scheme 4).

Scheme 4

Br
Br Br
@ Brz / CH,Cl, morpholine ©/
0°C reflux

CHCl3

20% Nao"'{w! MeLi ether o
Bu,;NBr 78 °%C .

reflux
7, 49%

After compound 7 had been synthesized in 49% yield, it was dissolved in the solution of
THF / H,O (1:1) and kept at room temperature for 7 days, the adduct was purified by column
chromatography, six compounds afforded, 12, 13, 9, and 14 were isolated in yields of 31.2%,
2.5%, 46.2%, 8.8%, and trace amount of compound 15 and 16 (Scheme 5).
Scheme 5

Q}CI THF / H,0 (1:1)
i, 7 days

7

12, 312% 13, 2.5% 15, trace

9,46.2% 14, 8.8% 16, trace
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From these results, we demonstrated that compound 7 could undergo ring-opening
reaction to generate vinyl alkylcarbene 17 and vinyl chlorocarbene 18, carbene 18 is more stable
than 17 due to the resonance effect of chlorine atom, therefore, most of the ring-opening reaction
products are formed from carbene 18. Protonation of carbene 18 gives the carbocation which can
be stabilized by the neighboring chlorine atom. The carbocation reacted with water to give the
conjugate addition adduct 12 and the ipso addition adduct immediate followed by repulsion
of hydrogen chloride to form compound 15. From the yield of these two adducts, it is proved
that the conjugate addition with water is more favorable than the ipso addition. In the presence
of oxygen, the small amount of carbene 17 was oxidized to form enone 13 (Scheme 6).

Scheme 6

[ &cﬁ — C?>>*C| . QC' 0
I 17

13, 2.5%

11 addmcy 1 1,3-addition
@A - O\r O\(

15, frace 12, 31.2%

The unstable cyclopropne 7 also underwent ene reaction to give two regioselective
isomers, the major dimer 9 converted into enone 16 via cyclopropene-vinylcarbene rearrangement
followed by oxidization with oxygen. The minor dimer 10 underwent the intramolecular carbene
insertion to generate cyclic allene which then isomerized to form diene 14 (Scheme 7). The

ene reaction results were briefly reported from our previous work in 1995.°
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Scheme 7

Ci
Cl
O}c‘ ene reaction .
= = " Cl >—Cl

9,46 2% 10
o]
cl
cl B
§ o
—n ©l
o]l Cl Cl cl
=0

16, trace 14,88%

In summary, the unstable 1,3-fused bicyclic cyclopropene 7 would undergo ring-opening
and ene reaction to release the high strain energy. Carbene 18 reacted with water to give
conjugate and ipso addition products, and carbene 17 was oxidized with oxygen to result
enone. The ene dimer adducts also converted into carbenes and afforded carbonyl and diene

compounds.

3. Experimental Section

The synthesis of 8-chlorobicyclo[S.1.0]oct-1(8)-ene (7).

Compound 11 (1.0 g, 3.9 mmol) in 5 mL of dry ether was cooled to -78 °C, and 5 mL of
1.5 M methyllithium in ether was added. The mixture was stirred for 10 min at -78 °C. The
reaction was quenched with water (I mL) and allowed to warm to room temperature. The

ethereal solution was dried, concentrated, and chromatographed to give 7 (49%).
Compound 7: '"H NMR (CDC1,) 6 2.48-2.41 (m, IH), 2.25-2.16 (m, 1H), 2.03-1.76 (m, 6H),
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1.57-1.43 (m, IH), 1.35-1.18 (m, 2H); “C NMR (75 MHz, CDCl,) 6 116.75 (C), 111.04 (C),
33.40 (CH,), 29.58 (CH,), 29.40 (CH,), 28.55 (CH), 26.93 (CH.), 24.50 (CH,).

The chemistry of compound 7 in H;O/THF solution

Compound 7 (0.6 g, 4.3 mmole), was dissolved in 5 mL THF and 5 mL distilled water
was added. After 7 days, the mixture was extracted with ether (50 mL). The ethereal solution
was dried, concentrated, and chromatographed to give compound 9 (0.55g, 46.2%), 12 (0.21 g,
31.2%), 13 (0.016g, 2.5%), 14 (0.11g, 8.8%), trace 15 and 16.
Compound 9: IR (neat, cm™) 2915, 2855, 1695, 1440; 'H NMR (300 MHz, CDC1,) 6 2.85-
2.59 (m, IH), 2.45-2.28 (m, H), 2.27-1.90 (m, 20H); "C NMR (75 MHz, CDC1,) & 119.27
(C), 109.45 (C), 67.14 (C), 44.70 (C), 32.96 (CH,), 32.70 (CH,), 29.19 (CH,), 29.08 (CH,),
29.04 (CH,), 28.90 (CH,), 28.22 (CH), 28.16(CH), 26.6 (CH,), 26.4 (CH,), 26.0 (CH,), 23.4
(CH,); MS m/z 284 (M | 4%), 247 (42%), 193 (100%); HRMS calced for C,H.,C1, m/z
284.1098, found 284.1094.
Compound 12: IR (neat, cm™) 3400, 2940, 2880, 1625, 1450, 1350, 1295, 1055, 1015, 810,
775; '"H NMR (300 MHz, CDC1;) 6 6.06 (s,1H), 4.21-4.16 (m,1H), 3.15 (s, 1H), 2.35-2.32
(m,1H), 2.26-2.23 (m, 1H), 2.01-1.97 (m, 1H), 1.72-1.33 (m, 6H), 1.18-1.15 (m, IH) "C NMR
(75 MHz, CDC1;) 6 145.78 (C), 115.91 (CH), 73.90 (CH), 36.42 (CH,), 29.60 (CH,), 26.44
(CH,),26.34 (CH,), 23.34 (CH,); HRMS caled for C;H,;OC1 m/z 160.0655, found 160.0653.
Compound 13: IR (neat, cm™) 2915, 2855, 1665, 1430, 1245, 1085, 1010, 875, 845, 790;
'H NMR (300 MHz, CDC1,) § 6.73-6.67 (t,1H, J = 7.9Hz), 2.80-2.75 (m, 2H), 2.57-2.50
(m, 2H), 1.86-1.77 (m, 2H), 1.67-1.52 (m, 4H); "C NMR (75 MHz, CDCI1,) 6 197.96 (C),
137.61 (CH), 132.95 (C), 41.84 (CH,), 28.45 (CH,), 24.54 (CH,), 23.24 (CH,), 22.88 (CH.,);
HRMS caled for C;H,,OC1 m/z 158.0498, found 158.0492,
Compound 14: IR (neat, cm™) 2890, 2830,1595,1425,1245,990,840; '"H NMR (300 MHz,
CDCl,) 6 6.00 (s, H), 5.54 (t, J = 7.9Hz, H), 3.10 (d , J = 7.1 Hz, 1H),2.42-1.22 (m, 19H);
°C NMR (75 MHz, CDC1;) & 139.60 (C), 136.65 (C), 130.31 (CH), 124.48 (CH), 46.70
(CH), 36.87 (CH,), 34.90 (CH), 32.18 (CH,), 28.67 (CH,), 28.35 (CH,), 28.07 (CH), 27.66
(CH,), 25.58 (CH,), 25.17 (CH,), 24.18 (CH,), 21.67 (CH.); HRMS calcd for C,;H.,C1, m/z
284.1098, found 284.1092.
Compound 15: IR (ATR, cm™) 1679, 1641; 'H NMR (300 MHz, CDCl,) & 9.34 (s, 1H), 6.87
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(t, J= 6.4 Hz, 1H), 2.49-2.41 (m, 4H), 1.84-1.76 (m, 2H), 1.64-1.58 (m, 2H), 1.54-1.46 (m,
2H); HRMS caled for CgH,,O m/z 124.0888, found 124.0896.

Compound 16: IR (neat, cm™) 2940, 2865,1690,1440, 1260, 1080, 1020, 860, 800; 'H NMR
(300 MHz, CDCL,) 6 2.70-2.65 (m, IH), 2.56-2.52 (m, IH), 2.17-1.30 (m, 20H); "C NMR (75
MHz, CDCl,) & 202.34 (C), 142.41 (C), 128.66 (C), 58.24 (C), 42.50 (CH,), 32.60 (CH,),
32.26 (CH,), 29.95 (CH), 28.82 (CH,), 26.94 (CH,), 26.31 (CH,), 24.27 (CH,), 22.80 (CH,);
HRMS caled for C,(H,,C1, O m/z 300.1048, found 300.1049.
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Development of the Data Preprocessing
Approach for Proteomic Data
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Abstract

With the fast development of mass spectrometry technology,
application of proteomics to the classification and the diagnosis of cancer
has become an important research field. However, the classification of
proteomic data is usually hindered by the excessively high dimension
and the presentation of noise. This leads us to the study of the data
preprocessing and develop a novel four-step procedure for proteomic
data. The objectives of our approach are to reduce the data dimensions
and remove the noise in the data under the premise by keeping the
important features. In particular, an algorithm called Maximum Envelope
Peak Search (MEP search) is developed for peak detection. MEP search
is a simple and low cost computational method to determine the peaks
from a proteomic spectra data. The MEP search, as well as other data
preprocessing steps, is implemented and demonstrated in comparison with
a manual peak selection method using a proteomic data set. The results
have shown that our method is comparable with the manual selection
method. This indicates that our approach provides an advantage of fully
automated data preprocessing and may have potential being used for
analysis of other high-throughput spectral data sets.

Key words: Mass spectrometry, proteomics, baseline subtraction, normalization,
peak alignment, peak detection.
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1. Introduction

In recent years, rapid development in the application of mass spectrometry in proteomics
studies prompts to the need of new strategies for the data analysis. Surface Enhanced Laser
Desorption/Ionization Time-of-Flight Mass Spectrometry (SELDI TOF MS) is a high
throughput technology for the detection of many protein simultaneously. It only needs very
small amount of sample, such as body fluids or lysate from organisms or tissues, for the
assay and it virtually takes only few minutes to read a single sample. However, the mass
spectrometer generates excessively high dimensional spectra data which demands for a more
effective and efficient way to analyze the data. The major challenge for analyzing spectral
data is how to reduce both the noise and dimensionality before we can select the relevant
features for further analysis, such as classification or clustering analysis.

A typical approach to analyzing mass spectrometry (MS) data consists of data
preprocessing, clustering or classification. In this paper we focus on the development of
algorithms for preprocessing MS data. Some common issues for data preprocessing include
alignment [1], denoising [2], baseline subtraction [3, 4], normalization [3], and peak detection
[5]. To date, no standard method has been established for the MS data preprocessing,
including the steps and the order in which they might be executed. This leads us to develop a
preprocessing procedure for MS data.

The reminder of this paper is organized as follows: in next section, a brief description of
the MS dataset and its past usage are given. The proposed algorithm that performs baseline
subtraction, normalization, peak detection, and peak alignment is explained in section 3.
The computational experiments to verify the approach of data preprocessing are reported in
section 4. Finally, some concluding remarks are presented in section 5.

2. Datasets and Previous Works

The database used for our research is provided by the researchers at Eastern Virginia
Medical School (EVMS), and the data was generated using the technology of SELDI TOF
MS. This technology is similar to the Matrix-Assisted Laser Desorption/lonization-Time-
of-Flight Mass Spectrometry (MALDI TOF MS) technology with the ability to pre-select
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specific group of proteins onto a chemically activated surface. Its sensitivity and the ability
to detect many proteins in one assay in a short period of time provide the potential for
discovering biomarkers for diseases, especially for cancer [6].

The database contains 326 patients in four groups: Normal, BPH (Benign prostate
hyperplasia), CAB (Early stage of prostate cancer) and CCD (Late stage of prostate cancer).
There were repeated assay for each patient's sample to make 652 records in the database.
Every record displays as a two dimensional spectrum. The X-axis is the value of mass per
charge which is denoted by m/z and its unit is Dalton. The Y-axis is the intensity which
represents the quantity of received ions at every time unit. There are approximately 48,000
(x, ) data points in each spectrum, and we refer to this data set as raw data. A manually
preprocessed data set is also available from EVMS. Spectra in the set were preprocessed with
the manual peak selection and stored as vectors of dimension 779. We applied our four-step
procedure to the raw data set and obtained a new data set which was defined as automatically
processed data set. Both automatically and manually processed data sets were used in the
classification algorithm of decision tree to measure their performance.

This prostate cancer dataset was first studied by Adam et al. [7], and was also
investigated by several other authors [5, 8-12]. Most of them were concerned about the
problem of classifying different groups of patients using the manually processed data [7-9]
or the raw data set [10-12], and few of them discussed the problem of data preprocessing [5,
11]. Although those authors who used the raw data set [10, 12] for classifications also handled
the problems of data reduction and noise removal, they transformed the original data set in
the X-Y (m/z — intensity) space into some other feature spaces and lost the ability for further
data analysis, such as biomarker discovery. The authors [5, 11] indeed provided the data
preprocessing approaches that were available for the study of biomarker discovery, however,
Yasui et al. [11] investigated the effect of their approach in the cases of binary classifications,
and Yasui et al. [S] considered 3-way classification only. In this study, we perform 2-, 3- and 4-
way classifications on both automatic and manual data sets in computational experiments and
compared their results to show the validity of the four-step procedure. As to the related works
of data preprocessing for mass spectra, there is a great deal of effort that has been made on
this problem, such as [3, 5, 6, 11, 13-15]. However, it seems to lack for providing a systematic
approach in detail for the entire procedure of data preprocessing.
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3. Methods

To assist data analysis of high-dimensional complex proteomic data, we developed
a four-step procedure for data preprocessing. These four steps are baseline subtraction,
normalization, peak detection/selection, and peak alignment. We will describe how to
implement each step in this section. In particular, the MEP search used for peak detection and

selection is introduced and explained in detail.

3.1 Baseline Subtraction

The baseline is an offset of the intensities in the y-value, which happens mainly at small
x-value of m/z ratios, and baseline subtraction is used to eliminate the excess baseline for
each sample. After the process of baseline subtraction, the resulting spectrum is hovering
slightly above zero value of intensity and maintaining the peaks in their true intensities. The
baseline adjustment method we applied is based on the approach of Wong [1] and used the
percentage of spectra range as a parameter to define a window size. The sensitivity of baseline
subtraction depends on the window size; a smaller window size which causes a higher
sensitivity removes more baselines in the adjustment. The parameter setting for our procedure

was 10% of spectral range.

3.2 Normalization
The purpose of intensity normalization is to identify and eliminate any systematic effects
between mass spectra. The normalization approach we developed is very simple and can be

calculated using the following three steps:
1. For a certain sample, compute its total intensities, or called total area under the curve (AUC):

total intensities = AUC = 2 intensity (x;) (1)

where the intensity (x;) represents the intensity at the ith value of m/z.
2. For each x,, evaluate the relative ratio between its original intensity and its AUC of the

spectrum:

intensity percentage (x;) = intensity (x;) / AUC (2)
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Thus, the calculation is to find the percentage of the total intensities at x, .

3. For each x; in the spectrum, calculate its normalized intensity by the following equation:

normalized intensity (x;) 3)

= intensity percentage(x;)* average AUC over all spectra

Thus, each spectrum has same value of AUC after the normalization.

3.3 MEP Search

As we have mentioned earlier, one of the changeling problem in the data preprocessing
is noise appearing in the mass spectra. This particularly increases the difficulty for peak
detection and selection. The noise data may produce spurious peaks and must be treated with
care. To overcome this problem, the MEP search is developed in our procedure. The algorithm
was originally used to find the direction of sound [16] and was performed by a moving N-point
maximum envelope peak (MEP) search. The size of the sliding window, A, is a parameter
used to smooth out the spurious peaks. The algorithm of MEP search is described as follows:

1. Start at some point, &, in the X-axis.

2. Search the next N-1 points in the window.

3. Compare the y-value of intensity corresponding to each of these N points and store
the point with the local maximum intensity in the window. Note that a point
corresponding to a maximum is stored only once.

4. Move to the next point and repeat step | through step 3 until all points have been
visited.

To explain the method of MEP search, an illustrative example is given and shown in Fig.1,
the MEP search is performed with N =4 in this case:

(1)Set the parameter of window size 4, and start at point 1.

(2)Perform a moving 4-point MEP search, find the point with the local maximal intensity
during this window search and store the point and its corresponding intensity.

(3)Slide the window one point to the right and repeat (2) until all of 27 windows are
examined (the last three windows are short of size 4.).
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Fig. 1. Anillustrative example for MEP search

A portion of the resulting 4-point MEP search is shown in Table 1. Note that a point is
corresponding to a local maximum in the several searches of consequent sliding windows, we
only store the point and its intensity (not shown in the table) for the first time. For instance,

point 7 is not stored again in the window starting at point 5.

Table 1. Applying 4-point MEP in the illustrative example shown in Fig. 1

Start Point Search Points Maximum Point | Data Disposition
1 1 2 3 + 4 Store
2 2 4 5 5 Store
3 3 4 S 6 6 Store
4 4 5 6 7 7 Store
5 5 6 7 8 7 No store
12 12 | 13 | 14 | 15 13 Store
24 24 | 25 | 26 | 27 24 No store
25 25 | 26 | 27 25 Store
26 26 | 27 26 Store
27 27 27 Store
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The step after the MEP search is to smooth out the mass spectrometry by using the
linear interpolation. Thus, we only keep the original information at the point corresponding
to a local maximum. For those points not stored during the process of MEP search, their
intensities are interpolated using the left and right nearest neighbor points to estimate. The

calculation is shown as follows.
intensity (x;) = (intensity (xg) — intensity (x;)) / (xg —xr) + intensity (x; ) 4)

where intensity (x;) represents the intensity at x;, and x, and x, are the left and right
nearest neighbors of x;. Fig. 2 shows the results after 4-point MEP scarch with the linear

interpolations of Eq. (4).
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Fig. 2. The result after performing 4-point MEP search

The number of peaks detected by the MEP search is related to the parameter of the
window size VN, a larger value of N would reduce the number of obtained peaks and minimizes
the detection of spurious peaks. However, this also increases the possibility to miss the
detection of true peaks. Thus, the sensitivity of peak detection is depended on the window
size and its value of setting is very important. In our implementation, we have chosen either
a constant or an adaptive window size during the MEP search. The reason to consider an
adaptive window size is based on the feature of the mass spectrometry, peaks on large m/
z ratios are wide and peaks on small m/z ratios are narrow. Therefore, a larger window size
should be applied on large m/z ratios, and a smaller window size would be suitable for small

m/z ratios. Eq. (5) is the formula we used to determine an adaptive window size.
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N (i) = ( Nmax — Nmin ) * i / dimensions + Nmin. (%)

where N (i) is the window size for the ith point along the X-axis, Nmin and Nmax are
the window sizes for the starting and ending points of the sample, and dimension is the
total points in the X-axis of the sample. In other words, the parameter of window size is
determined by a pair of values for each spectrometry, Nmin and Nmax, one with the smallest
window size in the spectrometry at the starting point and the other is the largest one at the
ending point.

3.4 Peak Alignment

The step of peak alignment for proteomic data also plays an important role during the
data preprocessing. There is always a difference in the samples due to machine drift that does
not reflect any real sample variations, peak alignment is therefore required to detect and adjust

these variations between samples. The procedure of our peak alignment is stated as follows:

1. For each class of patients, average their mass spectra as a reference spectrum.

2. Perform MEP search on each reference spectrum to generate a list of peaks as the
common peaks for the related class.

3. Collect the peaks over all reference spectra to produce a set of the overall common
peaks.

4. Align each sample with the overall common peaks using a sliding widow.

To provide a consistent approach for both training and testing processes in classifications,
we do not use the individual reference spectrum of each class in the alignment, since we do
not know the class labels in advance for testing samples. The sliding window size is defined
as mass values T r %, where r is mainly affected by the instrument resolution or calibration.
For example, the variance for SELDI may be £0.1% - £0.2% [1, 5, 11].

The setting parameter of the window size must be handled with care. A larger window
size would be reliable to contain all the peaks reflected to the same point of m/z ratio.
However, it may also have the possibility to include spuriously associated peaks.
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4. Experimental Results

The purpose of our study is to provide a data preprocessing procedure for proteomic
data. To validate the effect of our approach, we utilized the four-step procedure to the prostate
cancer data set to generate a low dimensional data set. We then applied the classification
algorithm of decision tree to this new processed data set and evaluated its classification
accuracies using 2-, 3-, and 4-way experiments.

The accuracies of six categories of binary classifications, and 3-, 4-way classifications
with different parameter settings of window sizes in MEP search are shown in Table 2. The
numbers listed on row 2 are the dimensions of the new generated data sets. As we have
mentioned in section 3.3, the number of peaks (dimensions) detected by the MEP search is
related to the window size of N, a larger value of N would generate fewer number of peaks
generally. This also can be verified from the results of Table 2. The computational results
were verified for 10 times by ten-fold cross validation. In each ten-fold cross-validation, the
data is divided randomly into ten parts, cach part is held out in turn and the learning scheme
trained on the remaining nine-tenths, then its test accuracy rate is calculated in the holdout
set. Thus the procedure is executed ten times on different training subsets. Finally, the ten
accuracy estimates are averaged to yield an overall accuracy estimate. In our computational
tests, all of the experiments were run 10 times of ten-fold cross-validation. As can be seen
in Table 2, the classification accuracies were not much different among various parameter
settings of window size. We therefore chose the generated data set with the lowest number of
dimension 740 for the further experiment testing.

The chosen data set which we called an automatically processed data set was compared
with the manually preprocessed data set from EVMS. We performed the classification
algorithm of decision tree on both automatically and manually processed data sets to measure
their performance. The computational results using 10 times of ten-fold cross validations were
shown in Table 3. The results have shown that our method is comparable with the manual
selection method. This indicated that our approach provides an advantage of fully automated

for data preprocessing.
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Table 2. Accuracies of 2-, 3-, 4- way experiments with different window sizes

% of m/z ratio (= window size N) 0.001 0.002  0.005 0.01 0.02 0.04
Dimensions after preprocess procedure 2574 | 2176 1749 1462 1082 740

NO vs. BPH 100% | 100% @ 100% @ 100% @ 100% = 100%

NO vs. CAB . 84.5% - 80.8% @ 82.0% V 83.5%  83.3%  86.1%

NO vs. CCD . 90.8% | 90.8% | 91.3% | 91.3% 91:5% 90.0%

BPH vs. CAB 100% | 100% | 100% | 100% @ 100% = 100%

BPH vs. CCD 100% | 100% = 100% | 100% | 100% @ 100%

CAB vs. CCD 70.5% | 75.0% | 74.0% | 70.8% @ 72.0%  70.5%

3-way (NO/BPH/PCA) 91.4% | 91.9% | 92.4% 7 92.6% @ 91.6%  90.8%
4-way (NO/BPH/CAB/CCD) . 78.4% | 80.4% | 79.5% | 78.8% @ 76.0% | 76.1%

Table 3. The comparison of classification accuracies between the manually and
automatically processed data sets; the manually preprocessed data set is
provided from EVMS, spectra in the set were preprocessed with the manual
peak selection and stored as vectors of dimension 779 ; our four-step
procedure to the raw data set is defined as automatically processed data set

Manually processed data set Automatically processed data set
Classification
(779 dimensions) (740 dimensions)

NO vs. BPH 95.2%+4.2% 100%+0%
NO vs, CAB 93.0%+4.3% 86.1%+7.5%
NO vs. CCD 89.0%+5.6% 90.0%+5.1%

BPH vs. CAB 93.5%+4.9% 100%+0%

BPH vs. CCD 87.9%+5.8% 100%0%
CAB vs. CCD 85.7%+7.1% 70.5%+8.2%
3-way (NO/BPH/PCA) 86.1%+4.8% 90.8%+3.3%
4-way (NO/BPH/CAB/CCD) 75.9%+4.7% 76.1%+5.0%




il BAEEEE 45 1] 143

5. Conclusion

This study focuses on the development of a preprocess strategy to analyze a prostate
cancer database generated by SELDI system. The major obstacle of cancer classification
and discovering biomarker from proteomic data is the excessively high dimension and the
disturbance by the noise. Therefore we have developed a four-step preprocessing approach
and used it to analyze the prostate cancer database. The first step is baseline subtraction which
subtracts the amount of intensity caused mostly by chemical noise from matrix molecules.
The second step is intensity normalization which is essential to remove any sources of
systematic variation between samples, such as varying amounts of protein or degradation over
time in the sample, or even variation in the instrument detector sensitivity. The third step 1s
peak detection for which we use an MEP search algorithm to identify and select peaks in each
spectrum. The last step is peak alignment which corrects miss-aligned peaks across spectra.
From the experimental results, the effectiveness of our proposed method has been proven.
The results indicatecl that the problem of data noise could be handled efficiently and the
number of dimension was able to be reduced dramatically without losing important features.

Besides the results shown in Section 4, we also performed some other numerical
experiments in our study, such as an individual testing for every single step of the four-step
procedure. According to the results we had, although the performance of baseline subtraction
was not satisfactory in some certain cases, it seemed that the step was still required and
indeed improved the results of the classifications in most cases. In the experiments of other
three steps, the benefits from these processes were quite obvious.

Regarding the performance of the entire procedure of data preprocessing, the results
shown in Section 4 were quite successful. In particular, the step of the MEP search for peak
detection and selection was very crucial to data reduction. In our numerical results (not
shown in this paper), we found that we could reduce the number of peaks down to 500 and
the classification accuracies were still satisfied and comparable to the data set with 700 peaks.
This result indicated that the MEP search seemed to be an appropriate approach for peak
detection and selection.

Finally, the experimental results have also shown that the proposed approach is
comparable with a manual data processing method. This indicates that our approach provides

a systematic procedure for data preprocessing and has an advantage of fully automatic. This
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also designates that the approach may have potential being used for other type of spectral data
sets, such as gas chromatographic data.
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[FVBRE) 2 AR DL R R B — R » RIS 51 0 TR S B RTAE LIRS 350 3 ke PO A 135 3 41
Table 1 » B EER ERUGHEM: - SERMIBVBTeth RIEET S E RTINS LR % 5
FPRIRIERST AR - S MR R R PP R —5 R HALE LUFSINI TS5
T PRI AR BUR PSR SA S - HARBLUESIRIRIREELE 3 SUF 9 B —
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Table 1 : Four cases in sequence clustering.

|
Equal-length | Variable - Iength‘f

BB

Whole similarity (single-label) O s

Partial similarity (multi-label) A &2 l
%€ 2 i 1HEAZE

TIPSR G EEYE SR Y ZH $3% € Keogh E A1 Lin J [1] B9HF
gerh o $REIFEY5 B EAVRIRE - R YIS BRI sliding
window BT S FEFIVIEIR T3 » B DAATSRREFIA B 2 P iaag - o8 i ss
T8y - HRRELLER I UILL Sk A FIFF IRt @ IR R AR L » BOrE A AR ch 25 5 B e i
BRSPS (BHIERZEEIFGER S 779  4RMIAE Chen JR [5] Ry »
oy Keogh 7Ry A E R EREARYE FEIEE  HISEBFEYIRLY temporal
I formal FIFEIZZCAUARL - AT oo/ e a3 -

TEFPF S REAURERREF 24N Lai C-P [3]  $2H4 T (8 “ B IFEFI S B - &
wo Ry NG B BB T FE VI B HB S 5 15— B G S B 2 da 53
BE R RS IS F S4B » 5558 Symbolic Aggregate ApproXimation (SAX)
SN P FLART SR 7 20 S B R R A - I — 18 %5 B BE RS04 43 B /5 75 Cluster affinity
search technique (CAST) F&55 — [ g 43 B > PRI S —FSRG 119 N BESE 40 BI7E N 2%
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CAST #Y5E —FEG 778 » #Eci e NIRRT -

TifER AR E T - ey ERRE T B (R ERE) - 2R TR
FEYRSIRE » 76 Li Y R Lin J [4] A9RFZE 3207 — R ER R A R0 S5k -
YR SAX S 775E - FIIH sliding window FUFEX5 R BR YR BEFRF9% - FIFIH
R FEREAHESR F7 1k Sequitur $HH B RSN R > EHER D B EE
BHETH N EEAR —SY 35 - K RENERTHEAFERI LK linear-time
AR ECE (0 SAX B g AR SR et sy ey
gkl o LM RFEIG A — BRI Ry B R AR R0 R

£ 2 509 FRE 22 4l Lukashevich [2] » HAES 4400 B B{LEEI - HER0H » 16
LA S 4 R R B 1 G T 2 A S A T R R 2 {18 B — AR 0
KERFIRE > HUSS SR S I B 4 o BUSEE A Fr B 280 1 ~ BT A
##4% > FIF Principal Component Analysis [t » Fxf%#4H1 Gaussian Mixture Models ZAF
fposEazn , Jp HprEach » FI| ] F-measure BE 38 =, » H5 S9EH 43 B R M HEME RS R]E
0.61 -

F2E8 HE

TEIESY » A eI B A R E SR - e Fr R R -
Definition 1. Sequence S: FFHIE— B XFFHIEEBES - S=<r, ru..r,> H[SFm-
Definition 2. Subsequence T: T & ST TFF4 » T=<t, t5,..., t,> H [TF w > Hpr=r. 0
0<k<m-w-
Definition 3. Distance: #&5E M EEEAHE R » 19551 - 58 i EF5] 8" 85 & {4
Feyil Y By iaEEE A= (1)

n 1/2
dist(S®,s%)) = (Z( ), — .r(_k)]_)z) (1)
j=1

AR » FRABERR E FE5 A R - R EBEREFIRERY - 45
5 on BSR4 BEE B K A n BT K BE - 5 FH 2P
intra-distance /)]s + [ EEELEERIFEY1AY inter-distance K » FEZAREAAERFHINIE
W 45T n B SR MAEAEES - SIS TP 2D — 0 - =% MEIRE -
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Figure 6 : A MBR [6].
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Figure 7 : Subsequences of a sequence in 2-dimensional feature space [6].

Coeff 2
MBR 2
Pafe oPS
PSlC QP7
MER 1 MBR 3
(=3 F‘B
P12 oP2 clPg
MEBR 4
PIT—:MZ
olP10

Coeff 1
Figure 8 : MBRs of a sequence in 2-dimensional feature space [6].



T EREEEE 45 #HH 155

£ MBR {EEETHIZ B IR » HEZE M B0 - & IR /NS » P AT 83T
A EPHETE—H - I E LB BEARIR Z - FiLLE—4E% P YFE5IF]F MBR %3
NE 0 IR BN M % » IR A M #i/) + 410 Figure 9 BB IR {f : (a) 0.2 (b) 0.5 (c) 0.8 (d)
e WETAEBOR A E R BRI IR -

Coetf 2 Cosff 2

] Costl 1 (c) Coeff 1

Figure 9 : The effect of threshold /R : (a) /R = 0.2 (b) /IR=0.5(c) /R =0.8 (d)/R=116].

% 4 Bfi quantization

FF ST BT 1 51 7E o 1800 T A 2 180 2 i J 20 SRR A T e 51 oy 1K) 2
sliding window IKf overlapping #YBR{RITT#HIS SE3T » (HFFIAY S —EFIS % —E T Y
I S R B - AR RS R R B P AR S R R ey se A e e
b > KA K-means K730 ERAL » FEFIFT histogram (9 520 EFSEFY) 0 7]
SIS I BAESER IR -

R PIE - BATEFTEFFIH TSI & PO {F K-means (i AR - H
Ay P, HUACRS » FIF B CRESER T AU - #5HH K-means i K fE45204 mean [ -
KIELAEE P € — A 58T mean (A8 » $EFIH mean 4] EFEH YN T
FU - oI YO BB R FHET YO RANE mean [AEHIESL 0 FEHISEI



156 ST IRV e E

F5 P, KBS - L. HY FRoR -

L) Figure 10 2K 2 BH » H by — 4t DCT 2 A0 #1 7 FF 7 S 1Y R &Ml & o
Al PO, PO P I K-means (K=3) 1 n 1 /5 51 FT A /Y P #% H = {8 mean [7]
B Hr P &R — 18 mean A& C1» FTLL{ PO, PV, PV} G EHEIRL YO =
[C1,C1,C1,C3,C3,C3,C2,C2,C1] » #Z35 F#EHU DA 7 By Y O @5 =k &
H® » HA 4 {8 P igest C1 > 2l P ie&El C2 0 3 {8 P i5esl C3 » LA HY =[4,2,3]

y(1) H
Ve
s —1> (PW, P, .., PP, PV} — > [C1,C1,...,C2,C1] ——> [4,2.3]
[ |
f I I
G(2) —tiip [PI(ZJ. P2(2)‘ Ll PI(IZ)'};;(ZE)} ‘ | I
| | |
: l 5 | |
[ |
| | | |
( ) (€)) '
S(n) — {P(") p(u) P n P n } j Y[”) 1)
K-means | |
|
4

Figure 10 : lllustration of quantization module.
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DIFEBRRRSE » BBy JAEOHEAER mean [k EFAES |0 72t -
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MR EPIRTE TIPSR IR PES » ISREEARERIIA - DA P LA M (2878 -

%8 5 &ff Clustering
A R &84 MBRs » FAGR &L - %ﬂlr—ﬂ §DL—fl A bR -

1£ multi-label B9 &% - EAY#E Ff] threshold 228 » & {E4S T FF ¥ AL #V ik - LU
Figure 10 k5] » H H"=[4,2,3] » % threshold ﬁ;ﬁ&laﬁﬁél 1 HY #ih H S — e
{HEARSER 4 RS T S‘” — I ES —HEATER - A5 threshold 28k k3 - A,
T S —HEAREONIE = HEARES o KA B YA R S R AT A T o AR R A
BHUFFF 3 BI[ERE -

1E single-label A& H - FeA"#EH hierarchical clustering JiiETESTE » Hoby—fERS
JE AT RES =0 I R RS (agglomerative) 5k 53E (divisive) JifE - FeA™AY 76 A
hierarchical agglomerative clustering » 3B G5 #5715 __{ELL_EAY 51§ G iy BEEE[ETY
PEEE - KRR R s SRR S 0F o et & aELE —E IR ES AT dendrogram
Ifii 5 LAY linkage method 75 single linkage ~ complete linkage 1 average linkage » [fi7E3&
IRV single linkage » M AT LUER HO rhi A(EAVERS [ RS T HE5 IS4
A8 - AR AEFRAIAY 5 i b 2 R H hierarchical agglomerative clustering 1 58 SRS 431 -
B A BNER S [ 51 » LA Figure 10 f9BIF3iERHH » HY AU 4 - HEES R 1
P AETERRT B | IRV e fEE—EY -

% 6 Hi BRFEEA U (validity)

LB S3 43 R Single-label F1 Multi-label &3 = Single-label /] Rand index A9ZH25 H
I EE T E SR E SR 0~1 (YBLE RS R o 17 Multi-label £% F#THYER 3 =L »
AR Rand index » {HIA SALAYEES » PR 507158 R multi fY8E - R
FIR_multi BFREFEEAVSE - Rand index {§155 FH AR ks B4R 641 - TiETAY
Eig A A Y E % *E%F“W S BRSNS TERRN AR L o H
BUESE[E N Rand index o B EE0Y 5% 1 BUE N o BEATHS A pk RA A AP » P L
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%8 1 I8 Single-label

Rand index 5ei n EFF51EH—M8 n x n AORBIERARR M > BEBREERAAIE M, SR
P FER BT E o SIS IR B EAE( - AR R ZAE Y s [
— o M, BER 1 RZHE 0 - iR B B E R I MFEE - —ERTE
Fex R Bs A Mact  (actual class matrix ) {5 FEHIBAS HHFE Mpre (predicted cluster
matrix ) -+ HERAIAE (2) » R AYEAT 0 F 1 2R > Bl 0 AFRSEFHIVRCREGE -
Bz BT 1 R RS EFARSTE -

(A+B)

“IBYL1D) (2)

R
Msta; ;(Mact;; , Mpre;;) =ss.if Mact;; = Mpre;; =1
Msta; ;(Mact;; , Mpre;;) =sd . if Mact;; =1 and Mpre;; =0
Msta; ;(Mact,; , Mpre;;) =sd, if Mact;; =0 and Mpre;; =1

Msta; ;(Mact;; , Mpre;;) =dd.if Mact;; = Mpre;; =0

FEEH— (RS HERE Msta (Mact, Mpre) AGEEL + A J& Mact,; K11 Mpre,; 855y 1 1{RE -
B2 Mact, 5 1 Tl Mpre,, B 0 BYEEL » C &2 Mact,, B 0 1] Mpre,; ko 1 HEE - 10 D HI
= Mact,, K1 Mpre,, 555 0 WOES - EH ERRINRAERLZ /> BERERE - 5 B EE TR
W Msta PEIRBGETHE - [EHEAY pair @#EER SRR » ATLUGESHE F = ffE -
Example:

BERE AIEFT SV, SP,..., SO AR » AR C = (ST, 8} » C,= {8V, 89,87} »
Mact 4[] Table 2 » FEMIAY S EEE IR C = {SM.S, 89} » C,;= { 8¥, 8V} » Mpre {[ITable 3

Table 2 : Mact for single-label case. Table 3 : Mpre for single-label case.

0 0 1

s 0 0 1 0 s 1
s@ 1 0 1 s@ 1 g
5@ 0 1 O 0 0
NG 0 g4 1

5(5) 5(5)
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Table 4 : Msta for single-label case.

dd S8 ds

S dd

gt 58 dd sd
N dd sd
N ds
5(5)

Msta,, = Msta,; = ss

Msta,s = Msta,, = sd
Msta,; = Msta,s =ds
Msta,, = Msta;3 = Msta,, = Mstag, —dd

a=2,b=2,c=2,d=2

(2+4)

== __06
(2+2+2+4)

58 2 I8 Multi-label
UEEEEE T iR AR Single-label () RRBAAERE 2 B - 25 RBITERA FEFIARE SR B (&
AW INARACRIES - R U583 - 16 Single-label (B EE - M,
AY(EFE—HIZE - M4E Multi-label Hf » M, BERE 8 0 5 7B P BRI j FER
PER ARG S - RS S ) FE R B E A (E -
FEEIMEAT AR Msta ST R BEALE (R_multi) » HCFRA PR (B PO 1 &t
IKFFR2 ss,sd ds,dd BIELH] » Ha+b+c+d=1-

(A+B)

s iR
Rmulti= o e+ D)

n—1. 9N
V= [ABCD]Z Z Z v':j,vij: [abcd]

i=1 j=i+1

a = Mact;; + Mpre, ;
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c=(1- Mactl-,j) *« Mpre; ;

d = (1—Mact;;)» (1— Mpre;;)
Example:
BRSS9, SO G =B+ 5371 C= (S, 89 > = (S, 8

SO s C=1{8® .8} » Mact 4[] Table 4 - FEHEIFYAFHESR C = {SV,8Y 59 » C{8R,
S+ C={S™ 8%, S}  H: Mpre 4]l Table 5 » {fil Msta 41 Table 6 -

Table 4 : Mact for multi-label case.  Table 5 : Mpre for multi-label case.

OE I 28 0 0 Qa3

ey 0 R eb)
s@ 0 12 12 s@ T
5@ D2 s@® kg s
s® 173 @ 2/3
N& 5(5)

Table 6 : Msta for multi-label case.

dd 58 s

s dd

s 88 dd sd
g(3) dd sel
g(4) ds
5(5)

A = (0+HO0+1/4+0)+H0+0+1/6)+0+1/6)+2/9=0.8
B = (0+0+ L/4-H0)H(O+1/2+1/3)HO+1/3)+1/9=1.53

C = (0+0+1/4+1/3)H(0+0+1/6)+(1/2+1/6)+4/9=1.86
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Figure 11 : Six classes of synthetic control dataset [9].
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28 1 I8 Locality
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ZAES - AN SV YRR B M RS R R R R AR HZER 1 ik
5 LBk 1 MRS ER b EamiEwaEl - H Z Eg s - m L Blai
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Table 7 By F5111Y Locality FEHHEUE » 275 2 21| 7 Hilk 2800759 Locality SFE51H -
55 8 Wl Ry 2411y Locality SEYS{H - it —tii2 10 fREERE7E 4= FF 71 Locality SEH{H

4)

= (LN =N+l
£ =00,i Y [f] # YL + 1]

Table 7 : Locality value of different classes.

Increasing Decreasing Upward Downward
; % Average Random
trend trend shift shift ||

L| 05617 0.6046 0.8163 0.8832 0.82 0.831 0.7528 05430

|Normal  Cyclic
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58 2 I8 Multi-label data generate
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TERERH ORI T A SR FFIRY single-label BXEG » R RS I I FE 51|77 B 1 2
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Table 8 : Accuracy in R for single-label without MBR.

Method R (%) Elapsed time (sec))
Average 84.02 57203
Complete 83.95 57202

Single 88.04 572.04

FE MBR A9 {7 % /' » # (") 7E hierarchical clustering B9 &5 53 75 F L i B B e (2 11
Single linkage » [fij Table 9}y 10 X EERAYFIgHdE - FIHHE IR #ANF - FRFRE_EH
FAR T - MAEHERE E i (AR YR - SRIMIAE IR 1E 0.1 RFEL 0.01 IS 1 —LEHE(E
o BRI RE R B LRAR H K-means ERAG RO BERRIFmERHE R BT EIFTEL -

Table 9 : Accuracy in R for single-label with MBR.

IR R (%) Elapsed time (sec.)
0.01 87.48 496.37
0.1 87.87 482.52
0.5 84.61 313.71
1 84.38 89.95
F2JH SREEIAER

1E Mg B R M7 B EAR S EFYIR multi-label B5E - B AFFH A [FAY threshold
S LB TRV RER - MR EHEREEETE 75% DL L - R E N BB N lE
83.75% HHERE - SR HERERE S threshold 228y _ETH B » (HEE S| R E RS TEE -
Table 10 £y 10 ZXEERRYSEE B -

Table 10 : Accuracy in R_multi for multi-label without MBR.

threshold 5 10 15 20 25 30 35 40
R_multi (%) | 82.26 | 83.75 | 82.24 | 79.89 | 78.33 | 77.35 | 76.75 | 76.69

M FE MBR Y43 B Bl SRl AN AR 5 » 22 1| SEAE I I 2 Ak 20 Y R FECRG LA
DR STREEZR o FTLIAES 8 1 A JE /i threshold 228 - #FFjlIYE threshold
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28Ry 3 IRFRYHE I 55 /2 point case (Y 83.75 » TJHEE KB 7F point case 1 threshold 22
BRI TEA » HAERYHEEELE 10 FfE ST RRIGTF ks 10 » 53490 — {8 B K AT 45 MBR 4
trivial match & & HiJEERFTEL » Table 11 %5 MBR 2 10 ZCEF BRI S BdE -

Table 11 : Accuracy in R_muilti for multi-label with MBR.
threshold 2 3 4 5 6 7 8 9
R_multi (%) | 82.16 | 84.23 | 83.9 | 83.14 | 81.98 | 80.67 | 79.88 | 79.37

FE3IEBL

B PR F AR — 1161 5 BEL Y 2% 2fe 2B ERAM J5 3 F A Rand index 7F Single-label |-
KB R-multi 75 Multi-label [-(4HEEERIFRIAN Table 12 - 3B Yang HX HyFF5E
JK 5 Table 13 LLig -

Table 12 : Overview of our method quality.

R_multi (%) | Elapsed time (sec.)
Single -label and equal-length (point) 88.04 572.04
Single -label and equal-length (MBR) 87.87 482.52
multi-label and variable -length (point) 83.75 120.35
multi-label and variable -length (MBR ) 84.23 88.67

Table 13 : Overview of Yang HX's method quality.

R (%)
Single-label with equal-length (point) 86.67
Single -label with variable -length (point) 70.64
Single -label with variable -length (MBR) 67.86
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YEsAb A AR E T B2y & 2R 0 % 5 A hierarchical clustering (single-label
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Sy IS BN EE T 1HT - PR B LAYEE S 0 A E] Rand index F1A - $EH—EESEE S5
% 0 BRI A A E I Y E - EEEENER S - IME 2R
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Multi-label subsequence clustering method *

Yu-Shu Wu and Jia-Lien Hsu *

Department of Computer Science and Information Engineering
Fu Jen Catholic University

Abstract

The problem of sequence clustering is one of fundamental research
topics in data mining research. However, most algorithms are dedicated
to the case of single-label sequence. We propose a sequence clustering
algorithm which can be applied for finding multi labels with respect
to variable-length sequences. In our research, we map sequences into
feature space by applying feature extraction techniques. Then, the
feature vectors represent the distribution of sequences in feature space
by quantization techniques and histogram concept. We use hierarchical
clustering algorithm to determine sequence labels. We also apply
minimum bounding rectangle (MBR) techniques to approximate the
distribution of feature vectors, and the elapsed time can be reduced
accordingly.

According to our experiment, the accuracy can be up to 88% for
single-label and equal-length case by Rand index validity. By applying
MBR techniques, the elapsed time of improved approach can be reduced
as much as 15% of original approach. In addition, we add the concept of
quantization to Rand index propose a verification method, the accuracy

up to 84% for single-label and variable-length sequence.

Key words: sequence clustering, multi-label, subsequence
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——  Fealure extraction
Database Recommendation

Similarity
Power Graph
>

4 i Centrality

- Link analysis |
w Mediator —> .

User power :algebraic
method | solution

* Clustering

T [ T

3 REURIEEREE

T AT 8 (I8 SR 4 5% iE TRk — 1 Framework - (K35 & R ARV DHRERR SKAETT A
[BIHY TAE - Mediator W] LL$1 ¥ F5 0T Query #EFTEHE - Feature ZHIEFHH P EFFHY
BERLETTR I - a2 e B ERES o bR BE DL e & Y AV BT EE - Power Graph
HII 2488 Graph [19E F5 5 %44 Graph £E17 Hi3 » ST Link analysis » 7F Link analysis
3 B A 65 P A G =Bk T T - —FE A2 — A Y power method 5 53 4h 2 HAMEE Y
[y algebraic solution = {f¢§# Link analysis i1 7THYHE S ZH R i prestige « FFHETSHY prestige
S 17 1 [E] AY Function {4 &£ Auto tagging ~ Similarity ~ Clustering 5 » ¢ 1% 15 £ 5 1%
Mediator B AR E I - LUF AR AV EEY ~ 40{a[#E 37 Power Graph ~ Link analysis
AR A 5 T TRY Function {5 #E—2F AYERHA

56 3 Hi 5= EREN

Database —Z Feature exiraction

4 SRR RAURIERIEE
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Er5THF Database PUSEHEIYCT: ~ BCHh LU b SRS E0RHE T TR AU o B5 ARHRHLIS
3 > FATESCEH B MANATE R - S — B 2keaR - FRAMBEAEM I - S B R 1
Witz QIS SET A s AR - ot EEAR S T8 (Acoustic) | ~ T
f#t (Rhythmic) | LUK " #5H§ (Structural) | = {f{A MR T LIS 7R BEET - 8 5 4>
PIERA LA B S RO R A © EAh o [ S thABEE R I LK B #F Structural Hh
REREH] - oS fEmds LIRS - B4 L SRR T H I - 31740 RIS thaert
4% Structural £i5} < [ tag 2 FEHYE RFA S 59 2 Wit 22 MusicBrainz [11] FhE#
Social tag » iR tag BT AT SEHE fHOTLER -

. energy

‘Zerg-crossing rate

‘melody
‘repeating pattern
*motif

‘rhythmic pattem

~  "genre tag
! sacial facet
RN . 1 otsstagartist, sloum)
: *lyrics

5: BRMtZEE

Hrp 7R o L imes T BT 2 (Mel frequency cepstral coefficient) MFCC #%5 &
Gaussian Mixture model (GMM) #9547 « iy X T HIZLHE HI 2 818 tag LU @il 2~ f
R -

GMM A3t » Z24¢ MFCC BHAAZRIH - — ECHhRGE MFCC Bl s et %] 2 (F
FROMERER A S » IR T P R 1 ol o [ T A B 55 e R B (L T A e
BRI P iR e A RS i B AR 0 R PRI | LUKF MFCC it fsary 2k H Al 21
T RAIREFORIS B, - (R B TR ik B A R AR » IR
R R R SR SR A B B A I R -

EL30 B 5 28V akds » MR S GE SR8 5] 16 12 1Y MFCC Sy
x,x={xll =i=1} > FESUHEREAGERBGE k EE s - SE s R
R AP B e DU 3L BB 3 0 FRAIOE FH BRI p(x; 0 ) B3 45 (8 5 W A U245 A
AT R BEREARER - Hoh 0={poXdl =i = 1} EAHE i GMM B » 31
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T HEEITR S IR ¢ (c: 0) A2 GMM #A x T
IBEIBERIT - AFAT(®) + B X =1 -

.
g(x;0) = Zﬁk p(x; B (8)

Lb# GMM 255 B H % /0 (8 S W i AU sk ok 09 07 1 - TERF R TR 3R A log-
likelihood L (x,0) - 3HE AR x &R g (x;0) BEHLIVEERE ¢ (v |6) H log » 212
2 (9) > BIFIR A p (x| 0) BEHRAERE - RERE K B 6 TYRHESCER LT -

L(x,8) = log(g(x|6)) = log (ZZP - P(%I&)) 9

A 7RI AR, o R ARSIV E G BRI TR R
FEEEA@E framework T W LU RABEY R EOFEE - thn] DIGT & —LEn] DI HEHH 1S
FNRYARCIEEREE - AN~ 3Rdh - FRMERE R BEE I AT DU FIRUAR LR RT3 -

@ Acoustic:
B GMM: Kullback-Leibler divergence
B Vector: Euclidean distance
@ Rhythmic:
B String: Dynamic time warping
BVector: Euclidean distance
@ Structural:
K eyword/Tag: Ontology-based similarity, WordNet

FHAMEFE GMM {# FEAYFE{LLEE Kullback-Leibler (KL) divergence method 3¢E5tHH » £
FI|Z# Gaussian distribution JREEY 7 iEAYMFEE KL divergence [12] » [tk HEEFIFHME
S HBESR R IRARELE - FEA entropy FHRIN L. RIRYZEESE - AT ANEEH &
flél = o3 A 2 FIG T EEREE - 20482 (10) -

x|0
P (x| )) dx (10)

D(P1(X\8)JP2(X|9))=fp1(x|{})l ( 2(x]6)

P R R A L P x BB AGTE - (Rt 8: F] Monte Carlo sampling fi¢
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GMM p, PG EIEYE v - B2 x UAREHEDR » FTLAAAEE (10) 80k (11) - Hrbr &
TER x U -

P1(Xt|9))

1 t
D(py (x]6), p2(x]6)) = ;Z log (pz(xfle)
i=1

(11)

RSB 2 L /2 GMM B GMM . BRSO BERSE - 75 [13] 425 T Monte
carlo sampling > ;2 Gaussian mixture model [ LR FHBER /20 - 12 HRHE GMM £ T
MEl= T AR AU RE R~ BRI AN R AT SR P A L B B PR el g
Sl ST BRI B - 215 KL divergence ZREF R -

25 4 Bfi Power Graph

Feature extraction

\’

Power Graph
Link analysis |
! !
power algebraic

method | solution |
k I

6 : &1#4 Link analysis 2 R mf2 50 E

R B [f General Graph G=(N,E) » Hh N =N, UN, U ... U N, > F—1# N, F&x=
T SV LA R 7 58 5 SR T A H 0 e R L s nodee - Edge RYEA A MM - —F&
T E BRI R R R, o TR RO AR 1 T e S R B I
e TRETE w o SIOh—FR R R R B R W DA AL > A T8 St »
SRR R AR DL S B R i B f w > ] HE B AL IR LA FES I RE B IR (KL
divergence FHERRER RS IEEENE ) o WAEIZH M, = w (p.q) €E 19 Adjacency 4 - [&] 7
By PG RYRIEBEALRMT -
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Y @ music obhject
\ : ohject feature 1
@ object feature 2
&

@ tag

@: album
:artist
- artist feature

7 : PG RIS HEEFRARRE

AN @ 7 F o 0 558 node #EH — fiE 8§ 1 (property) ¢ R Z T ~ Wtk 2 DY
metadata » 50 L FRAFINY feature » FR{E node ZFIRYAHIUL - 45T FINVHREH(E
By 7 WS RWR B (E - L E T EE B Graph #ETTIERUE - K5724E node [1Y out-link
FEFIIERR bRy 1 -

£ Link analysis %543 » 32 8245 F b s mi fE 5 = > — Tl 02 (30 P 45 F Y Power
method » 8% 2 iteration 1% » {H35HE Y prestige B |-—2K iteration FHY prestige
FZIE/NA 6 0 AR LAY prestige E {Eft% node Al node Z [IFIFELLIRTL -

SR FMEEB > & graph Fy Undirected B » X334 damping vector YR T » BT
H! prestige B4 5 €1 52 46 degree A > TR Graph fEtEEITHES - $2H 55—
Algebraic solution ©

e MEE%%{E graph G=(N,E) > N| =5+ meN - 1<i<s- fj a,= M(Gj) =w " &%
A ELRAY3EE - Al a,= 0 - indeg 375 1, 1Y in-link degree » ZAZUHEEAT T - EHEHAT ()
R power method & H prestige FREE -

PR, = M x PR,_; (12)
AERME EE | RARIEHE - ik PR @I CRARIE - KL

PR = MPR (13)



W BAEESS 45 10

" 11 2 Ay A5 1
indeg; indeg, indeg; indegs
14 Ay oz Apj A2 1y
1y indegy indeg, indeg; indegs| [Nz
|| G an o _ay  a Ky
: inde inde indeg; inde :
5] 2 i Gs
g : : H i s
sy Qg2 . Asi Qsg
Lindeg, indeg, indeg; indegsj
yy Qjn Qg a;
ny = - Ny - Myt —— e — iy
indeg, indeg, indeg; indegg

- AR
_ indeg;
"~ Yindeg;

i

P Qiz E— Qi ot Qg
' Yindeg; ' Yindeg; Yindeg; Yindeg;

# PG 22 Y Adjacency Matrix 2 (EEREAIE » FIHLIRITATLIER a, = a,

=T (17) WIEAR ST ECR (16) - HIF RS AR -

58 5 B TheE

Operations

Recommendation

Similarity
Power Graph
& Y Centrali
-=> Mioio Link analysis l ¥
&b <~ 9 g A
User power iaigebraic
method | solution
Y Clustering

1= il

8 : #1¥#} Function =z R# A2 4012
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(14)

(15)

(16)

(17)

» AR
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i I % 1% Mediator $5 T Operation 3 A RHME > SRHEHIR B & P A0 R PRAETT
S o R E 4EA i Graph % - Kbt o] DUET 737 % Graph fHRARVERDIHE »
#1 Diane J. Cook, Lawrence B. Holder [14] #2314 54 71k - %72 Similarity, Centrality,
Recommendation, Global efficiency, Homogeneity, Density, Girth, Clustering Z£7F % LJHE -
LUt} Similarity {58 i G

Similarity: FA %5 prestige BUE T LIAGE Query BAIHA node & FRIARIALE - 5
B S AR B E - #5TARNIECT: ~ e - RS AR EAARE -

Iteration
many 0.149
times

9 :i&if Link analysis 5tE H prestige AIFER

@9 28 @=0.05» V., K Damping vector IRefIiF &I prestige AUTR - B
BIskERAH + #5/55845 1 node FoRIT - ThfE4E 6 node FoRatil » A8 E LAORIEE -
% { B 541 E node #£17 Query » 5% Link analysis 3 558045 40K - H node By
{5 #5775 E node B2 H node #H{L » RIBLEATR] LASTH B FIRY R MRS T#E SIS
2 FE0H S PRSI T 0 FRAM— 1B I8 prestige ot A B RR O FERCAEHIY B
node » G [EELS P - [EH > £212 Auto tagging L Fz Recommendation <5 DREth{#E H
Similarity fYLIHE T EIE - ¢ Graph trf =it tag 7 FAAARDURE B2 A s i BESF IhhE -

BIEE

FEETEE S5 FRAMBE A Million Song Dataset {F Ry HAHE » MSHAIZOR R AL LIV ETRHAE
NTHERH - BRSSP EIY Factor A TR - B2 ST Auto tagging FEERIVATR «
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#18 BRS

HAIFrEAAY dataset /£ Million songs dataset [15] £2#£f MillionSongSubset » H:rft
WE 10000 fE 4R % - Hh G AT S ESHT SHEEN s Hh R 20yE
chEATHGE L R TR SR Y

@ Metadata: artist ~ album - song

@ Acoustic: MFCC - Pitch

@ Rhythmic: §{# (Key) - loudness ~ tempo

@ Structural: artist tag ~ social tag

SHEF L RF G Y graph » F2 200 1] Matlab 2009b 257 o i 2B BSAC GG R4+
& {# F Intel Core2 Quad CPU Q9400 2.66GHz 2.67GHz, 3.25GB RAM YRS IF AF
windows XP T fTiEE -

HBAMERZ B 10,000 B EHACEET7. Graph AYEE + %818 Graph ZukS € f2 8 a0 i pe
il > IR R BRI 1,000 2 HTIE ELHEF 10-fold Ay StAR Tl - s
AR T Hi2KAY Graph A/ME G = (NLE), N = 3 000, E = 90000

TEFIREREEMITY MFCC 2 12 #£%08} » 34M{# A MIRToolbox [16] £l DCPR [17]
a P THAASH MFCC 315 GMM A9455 -

Tempo RYBHMERAIRA » FATIRIEAAL » LU HZH 095 525 node 8

FA& 1: Tempo IEFR{LEAFT#EIES2 A0 BB

Tempo Markings
[0,20) Larghissimo
[20.40) Grave
[40,65) Largo
[65.80) Adagio
[80,100) Andante
[100,110) Moderato
[110,120) Allegretto
[120,140) Allegro
[140,150) Vivace

[150.165) Allegrissimo
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[165,200) Presto

[200,c0) Prestissimo

%28 A™

Hop B R L R

K (component) 7% GMM Ff i e 2 2% D BB - A i BRI AR
— Ak L1 —F training 39h—F testing Fif} 5 Likelihood f9{F « T LU HHHERERFAY
FHRZH K R 6 -

Log Likelihood
Y 0
N

1 2 3 4 5 6 % 8 9 10 11 12 13 14 15
number of component

10 : K's component B2 88

@ (restart probability) #7A %/ R A RWR BYkS - 3 HILIARFEN o HKF
HEREEE B o T HE RS I B2 5 F MIREX 2010 Ay /= » 235 Top-1 B IERERE
HCESME - HETR2RE PR rate (97T E % - IRBAEER T tag 2T E
{9 recall {f » FEHPTERY precision  THFHRHSL S —(# tag 2 IEHERY precision {E Ry HE
HERE -

T2 a EEHR

a 0.05 0.1 0.15 0.2 0.25
Accuracy 75.36% 75.37% 75.38% 75.39% 75.40%
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FEI3E LR
HIBAERERYERAFL RS MIREX 2010 RS tag (138 BHA e s I B e -
Performers 5y > ARIGIAMEHAYRIFE Link analysis - HRISSRIRE /77 » DUFHE
HFHCRRY 1% -

Z%#% 3 Link analysis BB RE

Elapsed time (sec.) Accuracy
Power method 12.62 75.42 %
Algebraic solution 241 7536 %

o R BRI B B Algebraic solution [ » IFF SIS E3%/ N RWR FRaRiRf - &
IHERERE AL E 2R 21 -
Accuracy {553+ A K=6 - a=0.05 BRI T EHIT2E509 1000 258 iing

A& 4 $3TEBIE ER Damping V

Vv V

ilVEFﬂgC avel‘age
Undirected 75.36 % 75.42 %
Directed 75.32 % 7538 %

2E 4 Bf Discussion

TERTARIER S - MRS ST H S 7E3RAT - H— 248 TOP | fYZEsR T by e
FEAR A 75% > FEZERBHMEHEIYE tagging » 1,000 B R R R 2R H
i tag BokEIA 7,000 % - [ HAH % tag 2 G 5 — (8598t » 590 Wy
RFEEE - i H A Wiy ag 0SB 4,5 18 %81 15 2] 20 {F L TOP1 £
FHEAA - HE A% E Recall 10% fYL7E » HAp > j586 tag IR KGR ATE - B
SUEE A" folk rock” E2" folk-rock” ik AR[E] tag fHRI - TEARACHIBFFE i e gt
I RREEI TR R -
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1E RWR SHEESEFE T - &Kk node 1Y in-link BUE A fMERYEE » IRITE &M
45 node i in-link BEAS TREE] - a1 E HZREY prestige f_E in-link 2 - “F5@EiE el
BNENSEE L node (A2 S48 FEE nJRER A H N HAEEIAY node -

& 4 Z Conclusions

AR RSP AR T —EE &1 R4 > EE07—E#HY Graph 2845 - iR —
IR T SRR T 2l AN [E)A MIR SHEE - 1608 B EIELAR - FEOUEE LR 3 B - IEAE RS
fE ey 7 AR AR E R B SR I I bR - B2 T HTRY Algebraic solution FE{E A
77 Link analysis 35 R IYIER] -

TFEES Iy FAM{# F Million song dataset 19 subset » ¢ HHELHY 1000 kil -
SHEH RN B THRE - TAMIRE T restart AYBESR - FEREURERT 75.42% -
HESR 31814 Auto tagging HEEES B4 R Ik MIREX 2010 FrHg HHAYAS RHERE 5 - (H2 3K
AR LAY — 1 framework » [ 7R RS Fr A R 1 F (Rl — (R 2 sk i e el - a8t
AR R ERR -

2E8H
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Social Tagging for Music Objects *

Chien-Chang Huang and Jia-Lien Hsu *

Department of Computer Science and Information Engineering
Fu Jen Catholic University

Abstract

There are many related research about automatic analysis of
music in the Music Information Retrieval (MIR) community, include
identifying of music tag, recommendation of the similar song and
music clustering. We propose a framework that integrated auto tagging,
similarity, clustering and so on, it can make easier when user do different
query. In our research, we retrieval music features based on different
domain, then the feature vectors using Gaussian Mixture Model (GMM)
for machine learning to construct the graph-based link model, and using
Random Walk with Restart (RWR) for link analysis. We also propose the
algebraic solution that can be quickly for link analysis. In the experiment
of auto tagging, the execution time of algebraic solution is one-fifth of
power method, however the accuracy with both of the algebraic solution

and the power method are up to 75%.

Key words: cross-modal, graph, link analysis, social tagging
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RARFRBERG
ik S RN Jrd = (4533 1L

LRI IE S ST IS
BRI B A AT R R TR

W =

AWFEIEAE I B A A A T S A LS8R (AZO,
ZnO:Al) 1 » SARRHEIRIEAIE FEOESAFHE - AEHEHF P8R
PEEE - TEOESMEHE L FUFI RSB AZO WAL B0
att o AT RHRER - TERSHERIME |- o () X-Ray #8535 (XRD)
WFSEARAn - SPEMEE b o HIE P28 i SOUFE (Hall effect) 53] AZO 3
B2 FERHR ~ IR B TR R - A 4538y 1.3 X 107 Torr B »
HEREMERR 7.8X10% Q « cm ~ EEERSAETE » BA# AN
TR 1.72 X 107 /em3 )R B8 T8 8K 4.66 cm*/V-s -

RIS © AZO SEWTHANI - 7 HILHE (on-beam co-sputtering) -
FERTRCE (Hall effect) -

[l

1. gy

e 3C BESERERN B - AMEME 4RI Eskth HLIE » b T BREER )
GLARIE - BEFEEALRR T ARG/ Vb RS AL EF BRI - SRTTAN
AT REAR L A B R SRR Lo B SRR o {402 TS 3 I K B B2 ( Liquid
Crystal Display, LCD) ~ % _E#UEE & (Personal Digital Assistant, PDA) - TEAT AT PR

(Plasma Display Panel, PDP) F13C Fg5H% » 55 EERYMI 2L IR SR T 58 7E 2 BR A% Hh ik ibe —
IRehfF g 2
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PERE2E MR T i BT A - SEIEE BN (R R EA AT 2
R R e T LI B i (27ER > 80%) KKEHR (~ 10° Q-cm)
A HP L ITO (In,0, & Sn) MRS FTEHZIER < {HEEFR 1TO Ml R EA
ELR B B A B T A e RV R AME E M B RN « IR R RRBE S At ]
Bl [TO 7 EE ML B A M R ELEE 2 AR - R - B 1TO BT YRR M BRI 1 _LREA
FHLHT 2 eSS (ZnO:Al AZO) T2 EIREE - Hh$(ksE (Zn0) thAVFER
FE R B AN, BIRSE HAEA SN - KSR LA ZnO 25 Al »
Ga S5T03E » B 2 S AME nl 2 St SR 1 A e g s ik » I HE A AT
AA e AE bR FHER T -

HT R WFFE/ 5+ ZnO FYELEE B 70 B B R8I ( Zine Interstitial ) B S22 R

(Oxygen Vacancies) - 7B 2 DUBIgE S 1L #7275 Py S L EEER B BB - 17
O BT 2 B I B B 2 B o U R A RS R (lon Beam
Sputter System ) LIF§E (co-sputtering) A7 eSS BUEALEFERAIE - SATIHEF R IEFLAT
i LAt A S B B SR VS T b s SR R IAE e R R P i Fl S e E R
BRI > RO I R B s - BRI S A B R T SR R AR R 4N UG
BRSPS HE o (R 28 e o L {08 1 5 i o L R (R R e R A - iR
SEI ST AZO BUPEE R AR - KRR B R - [1-4]

=1 BFREERRZSH

e R B A A A MM EETREE B ERE

45 20 mA 1000 V 43V

2.8 R

B B (1 P A S0 2 HU AR By B270 (B RE BE AR - BB EEAR YR/ 1.3 emX(1.3
cm o PERIHIEATEAS 2 T > BESER M e S R BEED (- S RIERM R I
SHEALYHE TR - 5 LE e R R S E BRI M LK
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M o FERAARBSE R % - I EAENERE T BT 6X10° Torr » SeE 8k 2.8
cm ([&E 1) - bR e LaEie 2 M mEmt L any 12 % » SEfEpaersi AR RN EE S
B RBRACHE TPl A SRR CIFRR - SRR E B T IR R s 28 (£
D) SEEROREEE T AZO BWHSITERE - T MY My B IS RS DU S R e SR R 426 4 140
nm - [fif BRI FARS B e 41 (38 00 L SRS B By 22027.5 nm - EERTh AZO WSS &
HIANE] - BRdhLL AZO-K Torr 2657 + K ARV AE i RURARE FTE AR RS By
FOTRE - BEEELL S 2 WO T HAT - 2BIE ¢ AZO-1.0X 10 Torr ~
AZO-1.3 X 10" Torr ~ AZO-1.7x 10" Torr ~ 1 AZO-2.0 X 10* Torr » ff% » {EFERITAIHE
a3 IR R - FECERIAT L BEFIERHEETEM B 200 nm ~ 2000 nm &I LA
LR - FREH TR RRER Btk o IR - T ROCEEEALMSEE ok
SR « (ERSERIE L > R X-Ray #E83 (XRD) 25T 45 MERY A s i
it EAYCiE - A XRD RGN (grain size ) BliEMOVIHIFNE (d-space) - 1E75
PRSI > PR AR SRS R RS B e R B R R ~ T T BT T RS A -

S X  Ar
Ubs‘trata a Al

2Zn

1 BEFIR ~ SEMEREARAVEHRARE
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3. ERRAS R EAET

MRS S EE AZO HiEFEEE

ABTER R IS SERTAITIZE O B E EELE 2.8 om » it B0 0L MR 2 0 iR HL A1
(12 96 » BSELAR I A BT AZO B RS 51 T
R s .

MEFRAERE AZO HiE B

— MRS » ZnO Mg L HASHEAERF R 3.3 oV » B AR Z RER AT HRERRI
SR o T ABT N BERRRE S 5B - RO BRI IS IR A - IBE > AR B
WEIs AZO WA 5855 - [ 2 J2ASHH Varian Cary SE SRR AME FHY AZO
R 2 B AR ] -

FER[ELE (380 nm ~ 780 nm ) WRIEPY » BEHSE S BERYREN - ZREEREIEIR A A
FEREE » - 8096 LA EINZEESR - MAEHR EL 380nm KIHYEESN (UV) B > 14
SYIE 1.0 10 Torr FWMHGMIZE 1.3 X 10 Torr B » WG A R BMIAE R K RTE (blue
shift) YRS - BT ZEAR RIS R 12 % AZO MRS R RE (d) REEEGHE (T)
M AT SR R HRER (band gap ) AYA/]N - 4110E] 3 -

100
. P i
Ll e, iy, g PR
iy A e i TN
B0~ }t\'ﬂ \\‘
. i s
- B0 I'J
g ¥
g 1 i
£ ‘
= 404 ¢ AZO-1.0 < W Torr
= F —— AZO-13 = W 'Torr
oo AZO-LT w W0 Torr
20+ i; - AZO-20 % 10 Torr
H
¥
4 E
I8
0 L

+—T T T T T T T T
200 400 60O BCD 1000 1200 1400 1600 1800 2000
Wavelength{nm)

2 NEES R AZO BIEZ FESEE



WAL 45 1 -

6.0x10°
—a— AZO-1.0:10"Torr (3.76cV)
5 —— AZO-1.3<10"Torr (3.81cV)
S.0x107 - AZO1.7.107Torr (3.68cV)
e AZO-2.0:10"Torr (3.60¢V)
4.0x10° 1
>
qw
= 3.0x10°-
3
=
= 2.0x10%4
1.0x10°
0.0 .
25 3.0 45

E (eV)

3 TRIEDE AZO 588 Z BEfE

FH# 2 HI5E 57 RE 1.0< 107 Torr SFEHHEH0ZE 1.3 X 10 Torr B » REFEIREIE 3.76 eV il
FENNE 3.81 eV » SR RERAN S MBI B A T B I 0TI 0RF% - 35 2R B il —
FEWT RS © P Bk o 1 A BETEAE 1.3 X 107 Torr FMiH4 N ZE 2.0 X 10* Torr K » 1§
Wg s XS AT R A 0 wES o B IR Ry 8 4840 B Z W B I e o Tis by
172X 10" fem® K FREE 8.59 X 10™ /om’ (HT-IRREal fiZe 2 15501) - SEHEREEAEH
fi& 3.81 eV [ 3.6 eV - {RIGHEMEL (A, ) Bl T2 A 7 o LIBsHE AZO
SR TR S PRI - HLAEBREL IR G o FTLUE S0 ERG I - 5 T B T Rl
frEd TRIRE 5 BUBISAETT S 0 ML EREC i n R KGR S S R R RS - I8
PALE 780 nm BAYALAN (IR) & TGRS RE SIS 5 EEiF RS
THEHTSBFTE S © o E ST RERE 1.0 107 Torr 2 1.3 10* Torr I - # ARG 1o
IIRTREES » RILLHE S ERE R IR AZO-1.3 X 10* Torr AHECHMEES: AZO-1.0 X 10* Torr
BEANRHR R ES - RIELEERGE AN FEE - REBE SR 1.3X10% Torr
2.0 10" Torr I » & T-IREE R M B M0 (L 8.59 X 10 /om® » (KL BHEAM AL 22
LIS A BEE RS 0% FLR AT AV ER S Sl il (O R - R gl il B i e
MIZ AR AZO HIERTEN - I B B s R -



196 e SRR B TR S L 5 AN ) Sl o o S i

52 TEIES R AZO TBIRZRERRE T RE

AZO-1.0x10"  AZO-13x10"Torr  AZO-1.7x10" AZ0-2.0x10"

Torr Torr Torr
gEPE (eV) 3.76 3.81 3.68 3.6
HTRE (fom’) 1.22x10” 1.72x10" 1.04x10" 8.59x10”

MEFRELE AZO HiE &g

AWFFEELL X-Ray #8385 A [ 58 40 BE A B¢ 1 iy AZO IR E0RS RS Ay S
S S RIS - i X-Ray B MEER 6-20 38 BT &HI1%] B270 A FI#HE E
AUERERLASL » FEFREART 34.16° AYHL A ERRER MBS LEE (002) AY&RI » 2N0E 4 AT
A% o ETESTRETE 1.0 X107 Torr 840 1.3 X 10* Torr [Ff » BHEHEE| AZO FHIRATHES] 54
EHEAEEF - TEESL AZO-1.0 X 10 Torr By &AM & HE AZO-1.3 X107 Torr 72 » #f
BRI SRR ERMNA 2 o SEECE D [EEE - ik R R R o AL E
S5 BE B InE] 1.3 107 Torr IFf - W4T & ER M B 28 0 KA B £ 1Y & 7
P ZERFIEA A E 2.0 X 107 Torr » #EG98 N e AMRERY T RS - fitkan
AZO-1.7% 10" Torr 81 AZO-2.0 % 10* Torr BB RS 22 RS -

20000
— AZO-1.0 < 10°Torr
160004 —°AZON3 <10 Tor

~ AZO-8.T < 10 Torr

— v —AZO.2.0 « 10 Torr

12000 4

8000 -

Intensity (a.u.)

4000+

33 34 35
20 (deg.)

4 TR\ IR AZO EhE.2 XRD



Wi EAEEEE 45 1) 197

U S 5 E XRD 1y AZO BB B A SR (4 = A cwe = 1.54055
A) - RAMRRIRGSERE (Bragg's law) A% » A{HAISHOERERIEE « HAME2 MR AZO
BT FARE P 2 - [KIRAE XRD [EZE (B 4) o B E5 BEHE 1.0 X 10% Torr SFjliiHe
HIZE 2.0X 10° Torr I » HEH A 4312 34.16° ~34.17° ~34.15° El134.16° : A
LL(002) 4% SEHREIBR 2 B2 2.623 ~ 2.622 ~ 2.624 B 2.623 A » [A|JHL{EHE 5 b » FsE1
SASTREZ WG AN - HL A% R IR G 1 A DO o T E SRR AN Y A AL (53 ~
67.5 pm) BYEETHEUNA Zn® (74 ~ 104 pm) ABET-EEE - KIS HERZH8E (Al)
R BIUCEE (Zn) JEFHF - 558 I REE & 8t/ - ATLUEE S5 chasss » Sas
REZ MG 0 » S P HRIRE 12 A R SR - PRS0 » R4S RS 2 9 AR > 698
HELEHE DRI TR -
g2y 5 (FWHM) 2F]H OriginPro 8 fEFIFENLIENT (Gauss) 514
A FES (fitting) HH2K o R 5 BB » 355 S804 ESE W B NS - AZO JifiE 27 S mn 2
(FWHM) @il ina izt « s - 1 s o N o e s e e oy s
£ 1 o Ktk XRD [ElRE (B 4) ENZE » £55 AZO-1.0 X 10* Torr B AZO-1.3X 10" Torr 45
bog/ NV R RIS R S A o SRS (grain size) RIS ABDERE (A
= ACuKa =1.54055 A) ~{EZ ViR ( B ) Blfgesp fa e A shEh#g 7228 ( Scherrer
equation) FHEHZRAURER « FHE 5 £3H1 - B A BERWN e - HoE S e e
B iR R T oy LAAH I ER B3 Mt/ )

0.43 i . 2630 422
-@— FWHM
—8— Grain size _
0.42 [ —&— d-space ’ Ja
T ‘."--..,
— -
- s o 2626 E
o ~u =
Z o TREE]
: 2| 2
A - 2624 £
E // T = '3 3
A - T o
0.40 e 418
/Q‘ - 2622
-
0.3 2620 18

5 PRIENE AZO B BT ~ SIS FEMERAR THESEHEE

1.‘0 1.‘2 1:4 ' 1:5 1!8 2‘I0
Oxygen partial presrure ( x10™ Torr)



198 PR A R S R RS 2 SR A

0x10™ -9
1.0 10_, <r Resistvty (flecm) 2,051
AOx 1
- Concertration |.'|:m'} 21
| @ Mobiity(emivs) o e e i
_ 1.0x1074 . .
& N A L
A 9.5x10% =
o} . L1.4x10" g ]
z 9.0x10™ 5[ g
2 K . b2x10” & =
g s 2
2 i @ 5=
@ 8.5x10% . . H.ox10" © a
© ; . g [ 2
8.0x10™ ; Le.ox10® © 4
7.5%10™ 6.0x10° L3

10104 1310% 17109 2010

Oxygen partial pressure (Torr)
6 TREIEDNE AZO BIEZEEZE T REHEBREX

METREAE AZO FBRZ B4

AR » ANy AZO FEHEE #IEACH Hall effect Sl 2 n-type ° [&
6 B R EE TR FHEHR - # R R E TER R R E o AR EIEER AZO
(14732 e 1) R P B0 - B RS - B B2 R I AR T R TR - (R
A IRE Sy (o T B 17 4 SR I A R A L 23R AR+ HR e S B kA S 2R
1T 96K 20 o - s o R P SR AY T - ] 6 1R - ST REAE 1.0 107 Torr HEANE]
1.3 % 10* Torr [ » EBFHAEEE 8.2X10* Q - cm FHREH] 7.8 10" Q - cm - FEEMEINE
SYREE 2.0 10° Torr B - BEIHZE & AIFHEFE 1.0X10° Q - cm « K - ER T E
1.3 10* Torr [ » AZO M5 K EIHHE 7.8 x10* Q - em BliRfERY R mME (HIE 4
FMAT) - FESUYRERE 1.0 10° Torr BEMIE] 13X 10° Torr » BBy iBEcAty 201 -
S R R R - SRR TR [KILEAE 1.3 107 Torr A i/ MY EERHER 7.8 X 10
Q - cm e [ H - FEHE S B KBIEE s MEEWTRE A [E R © AZO FIRA B &g
PR EE IS B B TR - FLL o AT LAHERR R A 4 B 1.0 10 Torr H§ANE] 1.3 10"
Torr [Ef » #% FHRE Srbe i A2 KA B ZH9aIE L IARERE T i Z2 R A 2R
() B T B T BT - R N (> 1.3 X 10* Torr) - EFHRGH KWEE
B ES > FER R AZO SRy E R - DIERE IR AR R (HiE
7RH1) - M EMEE IS U E R R T IESE - hE 78 B EE
1.0 X 10" Torr B&fiE 1.3 X 10 Torr [ » H# 7B RE TN FHEE 4.66 cm™/V-=s < £



Bk 45 1 199

RIS AR 2.0 X107 Torr » TR G LARMEAEESEW 715 7.22 cm™/V-s -
8B R G T BRI -

MEEATZER AZO SERBR BT - g3 3 &1+ S0 REEMII - HSKIR el
21.02 nm JAE] 19.56 nm o IRFTACHFEIE AR (L) A1

5

1
L=037")(he®)p'n ?
h REEASCH B e R BT EM © 0 BB o bl 7IREs -

% 3 TREHE AZO IS EH R T B4
AZ0O-1.7x

AZO-1.0x10* AZ0-1.3x10* * AZ0-2.0x10"
10
Torr Torr Torr
Torr
LR ~F (nm) 21.02 20.73 20.25 19.56
B 8.56 7.16 7.70 8.79

(nm)

FHZAZAN - SRS S & 2 8 T 524 P DU B R SR e S A T
I=EAR o n BLEHEENE (transparent conductive oxide film, TCO ) o » E2EM{FERHE
HHHAE % - S LUESEFRIRETAAE G 7 - A s it 781 1 7 TR A )
PR YIE SR I RIS - th@ R 7B FAEE L - PHERE ROk ED 1Y - HfE
7 HHL - ERSRERE 1.0X 10% Torr BEANE] 1.3 10 Torr Ff » # e B inif 73875
BTRE - BRI E 2.0 X107 Torr » H#l TR HI& 2 F RS » FHE
Hh o BT SRETEW BTG4 o T BTk U 5T RN ZnO R
H#FIREAE 10° ~ 10" om™ » S22, T8 RG T HE 2 5 LB F 2 e i 7 5
5t (ionized impurity scattering) i SR} » i FIEEEELE 10° ~ 10" cm™ » Hij i B4
Hl &R MY 8 - R o] DUHERR A B B O B i S B s 2 124
Vst Bo -

RIS RE BB - B4R R 1.3 X 10 Torr B - A fEIYEILR 7.8 X 107 Q -
em LR i RIS A PE RS RAY#E TR 1.72 < 10* em™ » Y65 i/ NT#L T-BRER h, 4.66

cm?/V-s o



200 FRBEF R HE A HE I & R R S o Z S L S

4. 45 W

ACE bR [ E A R o A R A R A S R IRy 12% o DA ST REAK
PRSI S BEB AZO WA ERE (R - (BT b AT AR B (e ] ROt
809 L FHIZEER - LML » FRETE 1.0 X 10 Torr H§fiN=E 1.3 10 Torr »
T - FEE B S RE R AR I+ AR AT B — T AORE R A v A T R 1R
B o WA REERER N (> 1.3x10" Torr) - PRy Tt BERE RS ERER LB/ )N - [A]
TR GES e RIS o KTAMEIEIRA - RO S R @ B R e i
I > BTSSR PR A » 2R - FERSHERENE L P AZO sk
AR 34.16° MUt G R EEE (002) WYSIA - FESE ST RERy 1.3 X 10" Torr FFEE
HREMSEMYE - HEEMMEASRE (> 1.3x10" Torr) - H G MEE#ZN
oo FEBMRME L EESRER 1.3X 10" Torr B » AZO #EH & /N EIH R
7.8%10* Q « em DU ARSI - RUBHEE REEBRTGAT » S0 BERgUa I A iR
S SR PR et - (P ENEE AT e/ M TERH SR B R b A= R AV IG N » (S it b a1
WEEERIEETE WA REE SRR 7 ZIREFIE T o mifedmh T B SPEg E g3
o EEE T ER R N R R B RS B A o R A IS - R
AZO0-1.3 X 10" Torr i/ MUBBRHE 7.8 10" Q « em ~ fRAEAY&E TN - BRI
TR 1.72 10" fem® LLECFE T84 4.66 cm’/V-s



—

10.

11.
12.
13.

W EAEES 45 1 201

288

H. Sheng, N. W. Emanetoglu, S. Muthukumar, B. V. Yakshinskiy, S. Feng, and Y.
Lu, “Ta/Au ohmic contacts to n-type ZnO", J. Electron Mater 32, 935-938 (2003) .

H. K. Kim, S. H. Han, and T. Y. Seong, ‘Low-resistance Ti/Au ohmic contacts to Al-doped
Zn0 layvers”, Appl. Phys. Lett. 77, 1647-1649 (2000) .

H. K. Kim, K. K. Kim, S. J. Park, and T. Y. Seong. “Formation of low resistance
nonalloyed Al/Pt ohmic contacts on n-type ZnO epitaxial layer”, J. Appl. Phys. 94, 4225-
4227 (2003) .

Y. G. Wanga, S. P. Laua, X. H. Zhangb, H. H. Hnge, H. W. Leea, S. E. Yua, and B. K.
Taya , Journal of Crystal Growth 259, 335-342 (2003) .

HINERE , “LUBHE 7R IEHEILRE LI TE AZO ZHEFE G FEG ~ #ts ~ 3 s
R R R RA RS (2009)

Z. C. Zin, 1. Hamberg, and C. G. Granqvist, “Optical properties of sputter-deposited
ZnO:Al thin films”, J. Appl. Phys. 64, 5117-5131 (1988) .

F. Urbach, “The Long-Wavelength Edge of Photographic Sensitivity and of the Electronic
Absorption of Solids ', Phys. Rev. 92, 1324-1324 (1953 ) .

K. L. Chopra, S. Major, and D. K. Pandya, “Transparent conductors-A status review”,
Thin Solid Films 102, 1-46 (1983) .

Y. Y. Chen, J. C. Hsu, P. W. Wang, Y. W. Pai, C. Y. Wu, and Y. H. Lin, “Dependence of
resistivity on structure and composition of AZO films fabricated by ion beam co-sputtering
deposition”, Appl. Surf. Sci. 257, 3446-3450 (2011 ) .

L. Li, L. Fang, X. M. Chen, J. Liu, F. F. Yang, Q. J. Li, G. B. Liu, and S. J. Feng, “Influence
of oxygen argon ratio on the structural, electrical, optical and thermoelectrical properties
of Al-doped ZnO thin films "', Physica E 41, 169-174 (2008) .

C. Kittel, Introduction to solid state physics ( 8th ed., Wiley, New Caledonia, UK, 2005 ) .
TR BV ENR (B ARG, St 2008)

T. Minami, S. Suzuki, and T. Miyata, “Transparent conducting impurity-co-doped ZnO:Al thin
[ilms prepared by magnetron sputtering ”, Thin Solid Films 53, 398-399 (2001 ) .

Received October 31,2011
Revised December 29,2011
Accepted January 9,2012



202

PR T RS AR R USRI o LS

AZO Thin Film Fabricated by lon Beam Sputter
Deposition in Various Partial Pressures

Jin-Cherng Hsu 2, Yun-Yu Chen ?,Chung-Yi Lee '

! Department of Physics, Fu-Jen Catholic University
2Graduate Institute of Applied Science and Engineering, Fu-Jen Catholic
University

Abstract

In this study, zinc oxide doped Al (AZO, ZnO:Al) films were co-
sputtered by ion-beam sputter deposition in various oxygen partial
pressure at room temperature. The optical, structural and electrical
properties of the films were investigated. Optical ellipsometer and
spectrometer were used to find the optical bind gaps. The AZO film
structure was measured by XRD. And, the electric resistivity, carrier
concentration and mobility were determined by Hall effect. Moreover,
the AZO film deposition at oxygen partial pressure of 1.3 X 10" Torr had
the least resistivity of 7.8 x 10™ Q@ + cm and optimum crystallinity; it
had the largest amount of carrier concentration of 1.72 % 10" /em’ and
electronic mobility of 4.66 cm’/V-s.

Key words: AZO transparent conducting film, ion-beam co-sputtering, Hall effect




T EAREEE 45 1)

A Current Sensing Circuit for the Average
Current Mode DC to DC Buck Converter

Chih-Kang Liu and Ding-Lan Shen*

Departement of Electrical Engineering
Fu Jen Catholic University, Hsin Chuang 242, Taipei, Taiwan

Abstract

This paper proposes an average-current sensing circuit applied to
the dc to dc buck converter. The circuit utilizing a single rail to rail input
amplifier with negative feedback forces the drain source voltage between
the Power MOS and the mirrored transistor in equilibrium to sense the
inductor current in different working periods. This sensing circuit is
fabricated with TSMC 2P4M 0.35um CMOS technology. Experimental
results indicate that the inductor current is sensed through the sensing
circuit in the switching frequency between 200 kHz to 1 MHz at the
input voltage of 3.6V.

Key words: Current Sensing, Average Current Mode, DC to DC Buck Converter.
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1. Introduction

The demand for consumer electronics and the advance of integrated circuit
manufacturing process dominate power supply technology with high efficiency, light weight,
small size switching approaches. Buck switching converters include voltage mode[1-7] and
current mode feedback architecture [8][9]. Voltage mode operation means that the sensed
voltage moves through the resistor divider. The difference between the sensed voltage and
the reference voltage is amplified through the error amplifier. Then the amplified result is
compared with a sawtooth ramp to control the switching duty of the buck converter to obtain
the demanded voltage. Another current mode is coupled with a current loop to compensate the
output of the error amplifier in the buck converter. This additional loop can effectively speed
up the dynamic response in closed-loop operation.

Current modes are divided into three types. The first peak current mode [10-13] detects
the positive half cycle of the inductor current into voltage with the output of the error
amplifier to the pulse width modulation (PWM) to achieve the demanded output voltage. The
drawback is that when the duty cycle is greater than 0.5, the harmonic distortion is induced.
This distortion requires adding a slope compensation signal to moderate the undesired effects.
The second hysteresis current mode [14] is sensing inductor current and pre-generated
hysteresis current for comparison to obtain the corresponding duty cycle of the output voltage.
The drawback is that when the input voltage and loading current has a great variation, there
will be a pre-set voltage or current limitation. The third average current mode senses the
inductor current of both positive and negative half cycles. This sensed signal accompanying
with the deviation signal from the voltage-error amplifier is compared with a fixed frequency
sawtooth ramp through the PWM comparator. Then the controlled pulse duty achieves the

desired output voltage.

Fig. | shows the DC to DC buck converter with an application of average current
sensing circuit. The average current mode has the following advantages [15]. The current
sensing circuit suppresses the switching noise of the Power MOS. Because the Power MOS
is ON, the input of A, amplifier is away from the input voltage signal of PWM comparator
when the slope is decreased. Compared with the peak current mode, the stability requirement
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of loop gain limitation in average current mode needs no slope compensation circuit when the
switching duty is greater than 0.5. This paper presents an average current sensing circuit with
a signal negative feedback amplifier in inductor current sensing which is applied to a current-
mode buck converter.

Current

Driver Sensing

comparator

Figure 1.The average current mode DC to DC buck converter.

2.The average switch current sensing circuit

2.1.The average current sensing circuit of a synchronous buck conversion

PWM
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Curent ”{ uan
Detector | | Val 1M,
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L i a Cx 2.
Mpq Mpﬁ Mr» °
rC

§Vsens
Rs
4 5k
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Figure 2.The average current sensing circuit of a synchronous buck conversion.
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This paper proposes an average current sensing circuit for the DC to DC switching buck
conversion as shown in Fig. 2. To avoid adding a small resistor to detect the inductor current
in change-pump path, the circuit utilizes a rail to rail operational amplifier (op) in feedback
structure to sense the inductor current. As the input voltage range is between 2.5V to 5V,
a single full input range operational amplifier with negative feedback senses the inductor

current to save the area and power consumption.

Vdd
On chip &
Van EA‘B v
ﬁMp?t " sSw
le L
M
Mps & a CJ L
=y e
1Vsens 3 +
$R
i 5k
(a)
Vo
On chip
Vin
o
SwW
Vg Mz " %
¥ "2I n1
L L L
Mpa Mps | M ¢
rC
Vsans v T
R
LIk

Figure 3.(a) M, conducting sensing circuit diagram, and (b) M. conducting sensing circuit.

Fig. 3 (a) shows that when driving circuit generated V, and V, go low, the high-side
Power PMOS (M,,) is ON. Then IM,, performs inductive energy storage. The inductor current
is equal to the IM,, of Mp1. And the low-side switch of the Power NMOS (M,,) is OFF. Drain

current, I, of the Power PMOS operating in the linear region is as in (1).
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i = %#pcox(%][z(ysg i IVIPDVSC] B Vszd:' (1)

When M, M;, M; are ON, the node, a, is pulled to V,, through M,;, and then M, M,
turns OFF. Because both ends of the positive and negative input of OP are virtual short, V.
of M, and M,; are the same. The designed size of M, and M,; is at the ratio of N,:1, then the
relationship between Iy, and I, is given in (2). If the charging path of M,, is connected in
series with a conventional resistor as R.ugs the relationship between sensing resistor, R., and
R..., are shown in (3). The sensed current, Lyips, flow through R, to generate sensed voltage,
Ve As shown in (4), if select R, / N, = 1, the sensed voltage is equivalent to the inductor

current.

%/’lpcf)x(%JM [Z(Vw _MPDK" - Vﬁ,]

Iy

pl

p3 ) RS (3)

pl
Vsens :lMPl Rsensp = ]Mp-j "Ry = "Ry ®

Similarly in Fig. 3 (b), when M,, is OFF, Iy, can not continue the inductive energy
storage. Therefore the inductor current provides energy to the capacitor while the low-
side switch of the Power NMOS (M,,) is ON. The inductor current is equal to I, of Power
NMOS (M,,) plus the I, flowing into M,,. As V,, is high, M,; and M,, are ON, the amplifier
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regulates the gate of M, to force the V, of M,; equal to the V,, of M,,. Current Iy, and
L., have the relationship of (5) as the size ratio of M,, and M, is N,:1. When Nn is larger than
1, the inductor current is approximately equal to ly,,. The equivalent resistor of the inductor
current sensing circuit is given by (6). Since Vgss of M,,, and M,; are identical, M, duplicates
the current of M, to the sensing resistor, R,. Therefore, Ly, = Iy = Ly Consequently, the

voltage across R..,,, is equal to Iy, times R,, as shown in (7).

1 w
*ﬂnCox(TJ [2(Vgs -1 IH)VdS - Vaz,J

2
[M,,] _ Mnl =Ny
I, 1 W , 2 ©)
n2 ﬂncox(—J {Z(Vgs - l’m)VdS i ]
2 k Mn2 ds
K]
R _ RS zRS _ ~ Mn? < -
sensn N,+1 N, [EJ S (6)
L
Mnl
IM.'J]

Vsens =1M ,, ~Rsensn =IM 5 Rs =IM 5 *Rs = R (7)

Np

Using the same amplifier for sensing the positive and negative half cycle of inductor

current in the switching buck converter, which effectively saves the circuit area and power

consumption.

2.2.Rail to rail input folded cascode amplifiers
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Figure 4.(a) A rail to rail folded cascode op circuit. (b) Vdd=3.6V Bode-plot simulation.

Since the average current sensing circuit requires a high-gain amplifier with full input
swing, the rail to rail folded cascode amplifier [16-18] in Fig. 4(a) is adopted. The PMOS and
NMOS input pairs enlarge the input range of the amplifier. When the input is at high potential
(Vg), the NMOS input pair is ON and the PMOS input pair is OFF. Conversely, as the input
is at low potential (gnd), the PMOS input pair is ON and the NMOS input pair is OFF. In the
switching power converter applications, the amplifier input is normally high potential (V,,) and
low potential (gnd), so both PMOS and NMOS input pairs do not conduct at the same time.
Therefore, the constant transconductance biasing circuit is eliminated to simplify the amplifier
design. Fig. 4(b) shows that as Vy = 3.6V, 0.5pF capacitive loading case, the DC gain of the
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amplifier is about 60dB in the post-simulated Bode plot. In the (TT, SS, FF, SF, FS) five corners,
voltage gain of the amplifier is 37dB with a phase margin 50 at IMHz input signal.

2.3.Driving circuit

The driving circuit is shown in Fig. 5(a). The applied synchronous buck conversion uses non-
overlapping signals to prevent the large current from the simultaneous conduction of Power PMOS
and NMOS. In Fig. 5(b), control signals V,, and V, generated from the PWM signal, prohibit the
Power PMOS and NMOS conducting at the same time. The Z, is the zero-current-detection signal
[2]. As the inductor current is less than zero, the Z,, is high. Then driving circuit turns M,, OFF
to prevent the reverse current. When V, is low, Z, is pulled to low at the end of the zero-current
detection region.
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Moy
signal °l L VL'; :
Zey SW
,._|
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O P— , — : !
s v T iy |
og 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10
time(s) x1Q'_5

time(s) x10®

(b)
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Figure 5.(a) Zero-current synchronous rectification control driving circuit. (b)
Simulated zero current detection waveform .

3.Experimental Results

In this paper, the average current sensing circuit is fabricated with a TSMC
2P4M 0.35 pm CMOS technology. Fig. 6 shows the microphotograph of this current sensing
circuit with power MOSs. The area occupation is about 1300 pm x 700 pm.

Figure 6.Chip microphotograph.
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Figure 7.Test setup.
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Fig. 7 demonstrates chip test setup. The inductor current sensing circuit realized in this
paper senses the current of Power PMOS and Power NMOS at the ratio of 4500/1 and 5000/1,
respectively. Accordingly, the designed ratio of sensed voltage, V.. ,,, and the inductor

current, i, ... 1s about unity as follows:

", =
R L)y, 0.5u
R, =—Y= =R =————-5.1k =1
e » (EVJ * 90000 ’
L M, 0.5u
== V:\'en.v ]Mf,, i wa ~ [Vf',,l
[K) ou
R, R \LJy 0.5
R')nm: —m—= = 'Rsz ——. 5.1k =1
TN, +1 N, [Mi J S 45000u ’
L)y 0.5n

= Vs'en.\- = J[M &

nl sensn

=l

The sensing resistor, R, is equal to 5.1 kQ. The output inductor and the output capacitor
is designed to 4.7 uH and 4.7 uF, respectively. The PWM signal is provided with the function
generator and the input voltage, V,, is provided with the DC power supply. The equivalent
sensed current is measured in voltage, V.. from the top node of R and the output current,
1., 18 measured from the output inductor through the current probe. The loading resistor, R,

1s selected as 6.2Q).
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Figure 8. Measured waveforms. (The corresponding signals is Vsens pp, itpp, PWM
and V, from upper part to lower part in the same scope.)

Table 1. Corresponding Experimental Results

Vin=3.6V Figure 8(a) Figure 8(b) Figure 8(c) Figure 8(d)
Vseiis p-p 300mV 960mV 176mV 520mV
itpp 280mA 400mA 136mA 200mA
PWM IMHz 200kHz 1MHz 501.1kHz
Vo 1.8V 2.4V 1.07V 2V
Rp 6.2Q 6.2Q 6.2Q 6.20

Table 2. Specification Summary

Technology TSMC 2P4M 0.35um
Input Voltage 3.6V
PWM Input Frequency IMHz(Max)
Chip Area (including Pads) |  1300um x 700 pum
Power Consumption 1.92W(Max)
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Table 3. Comparison of Current Sensing Technique

[9] [10] [11] [12] [13] [14] This
work
Technology (m) N/A TSMC AMS AMS AMS TSMC | TSMC
BiCMOS 0.35u 0.61 0.6u 0.6 0.35n 0.35n
Input voltage (V) N/A 2.7~5 3~4.2 3~5.2 1.2~2 3~6 3~5
Maximum 1000m 500m 300m 450m 120m 750m 300m
load current (A)
Switching N/A IM 0.3M~1 0.3M~1 0.5M 1.8M 0.2M~1
frequency (Hz) M M M
Maximum power N/A 900m N/A N/A N/A 2.442 1.92
dissipation (W)
Close loop N/A Yes No Yes Yes Yes No
Feedback
Sensing Yes Yes Yes Yes Yes Yes Yes
rise current
Sensing No No No No No Yes Yes
fall current
Chip area N/A 1.88 2.03 2.87 4.87 2.16 0.91%
(including pads)
(mmz)

*only current sensing circuit

The experimental results are shown in Fig. 8 and Table 1. As V,, is set to 3.6V, the
operating frequency is test within 200 kHz to | MHz. Though the ratio of the measured V. e
and the measured i, is larger than unity, the waveforms are similar in shape. This difference
may be induced form the second ordered effect of the MOS transistors and the approximation
of the designed parameters in the circuit. Such phenomenon causes the gain error but can be
compensated in the closed-loop application of the averaging current mode buck converter.
The chip specification is summarized in Table 2. The maximum input frequency of PWM is
I MHz, and the maximum power consumption of this sensing circuit including the Power
MOSs is about 1.92W at the input voltage of 3.6V. The comparison of the current sensing

technique is summarized in Table 3.
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4.Conclusion

This paper presents an average current sensing circuit for the switching buck
converter. Because the positive half cycle and negative half cycle do not occur at the same
time in switching buck converter, the Power PMOS and Power NMOS do not turn ON
simultaneously. Using this property, this circuit applies a single rail to rail amplifier with
negative feedback to equal the source and drain voltage of Power MOSs and mirrored
transistors for current sensing. This approach saves the area and power dissipation of the

sensing circuits.
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