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Implementing a three-echelon integrated model for
quality promotion and setup cost reduction

Victor B. Kreng

Institute of Industrial and Information Management, National Cheng Kung University

Fang-Tzu Chen

Department of International Business Management, Tainan University of Technology

Abstract

For the JIT buyer, to reduce inventory cost is an important purpose in
the supply chain logistic system. Overall system optimal benefits are con-
sidered, for the purpose of maximization of supply chain surplus. Traditi-
onally, most of the literatures deal with vendor-buyer two-echelon integ-
rated inventory model. In practice, distribution center (DC) widespread
exists. Coordination of three parties or more than three parties will have
more managerial implications than relatively two parties. We first recall
the three-echelon distribution system which includes the manufacturer, the
DC and the retailer. In order to motivate the buyer to cooperate, we follow
the literature paper to consider a cooperative strategy. These include the
analysis of the impact of (1) quality improvement investment (2) reducing
setup cost investment. The numerical results reveal the overall system cost
is reduced significantly under the three-echelon integrated model with op-

timal setup and quality.
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1. Introduction and literature review

To reduce inventory cost is an important purpose in the supply chain logistic system.
Therefore, the JIT system plays an important role in supply chain management. Not only con-
sider each party's optimal policy but also consider total system's optimal benefits. Traditionally,
most of the literatures deal with two-echelon integrated inventory model. The two parties must
to negotiate to determine how to divide the substantial saving benefits (Thomas and Griffin
1996). Sharafali and Co (2000) show only the supplier benefits from full cooperation. The sup-
plier has to motivate the buyer to order larger quantities. The buyer would cooperate with
manufacturer only if compensated and motivated. The supplier offers the following options:

(1) To share the savings with the buyer.

(2) To offer a discount in unit price.

(3) The buyer may agree to order more but may request the order to be sent in partial deli-
veries.

Due to the changing customer requirements and increasing introduction of new products,
the retailer's inventory has to be reduced drastically. Goyal (1988), Lu (1995) and Aderohunmu
et al. (1995) assumed that items are sent to the buyer in equal sized shipments. Goyal (2000)
assumed that each quantity will be received by the buyer in n shipments. The first shipment will
be of small size followed by (n-1) equal-sized shipments. These models consider multiple deli-
veries of an order, but they don't emphasize the optimal number of shipments. Kelle et al.
(2003) studies quantitative models of establishing and negotiating buyer-supplier partnerships,
and explored two typical cases: supplier's dominance with large production lot sizes and
shipment sizes, and buyer's dominance with small, frequent shipments, and compared the opti-
mal shipment policy of the dominant party to a joint optimal policy. The joint model can con-
tribute to improve the vendor-buyer relation (Pan and Yang, 2004), and reduce total system
cost.

Furthermore, the retailers often sell many kinds of goods which come from a lot of ditfer-
ent suppliers. If they lack the efficient delivery planning of distribution center, not only the in-
ventory cost will increase, but also will make the personal cost raise and have seriously influ-

ences on the operation because of the delivery and unloading of numerous suppliers. In addi-
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tion, the supplier is facing the problem of more frequent delivery with small batch. All the abo-
ve give rise to the demand for Distribution center { DC ) . The existence of distribution center
is for a long time; its contributions and importance on supplier-buyer relationship were less
likely to study at the same time.

Because of the above reason, we borrow Kreng and Chen's (2007) three-echelon integ-
rated model with distribution center (DC) as an intermediary. This literature model focused on
partial deliveries of an order. In addition, the manufacturer would share the savings with the
buyers.

Porteus (1986) introduced the notion of a simultaneous investment in process quality im-
provement and setup cost reduction. Using logarithmic functions to model quality and setup
cost, he found that the joint optimal cost with simultaneous investment (45%, saving percen-
tage) was below that of the classical EOQ. Following Porteus, there is abundant quality impro-
vement related literature; for example, see Hong and Hayya (1995), Ouyang et al. (2002) and
Pan and Yang (2004). In this study, the manufacturer adopts the investment functions of Por-
teus (1986) quality improvement and setup cost reduction to motivate the buyer into cooper-
ation.

This paper is organized as follows: first, a quantitative model is recalled. In section 3, a
cooperative strategy is considered. These include the analysis of the impact of (1) quality im-
provement investment (2) reducing setup cost investment. In section 4, we illustrate with a nu-
merical example and the cost savings of the three-echelon is compared with the two-echelon.

Finally, the paper ends with a summary.

2. Model review

2.1 Model assumptions and notations

1. Demand for the item is constant over time
2. Shortages are not allowed
3. Time horizon is infinite

4. Ordering cost/setup cost, unit inventory cost and the cost of a shipment are known
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5. Annual production rate is larger than demand rate
6. Lead time is constant
7. The out-of-control probability t and setup cost Aum are continuous decision variable and fol-

low Parteus (1986) are described by logarithmic investment functions F and S as follows:
F=a,-bIn(r),for 0<7<7,
S=a,-b,In(4,,), for4,, €[0,4,, ]

8. Replenishment of the retailer's inventory is instantaneous, and the retailer follows the (s, ¢1)
policy. Whenever the inventory position falls to s, the retailer places an order for g, units.
9. The distribution center's order quantity is an integer multiple of the retailer's order quantity,

and the distribution center (DC) follows the (-¢,, (n-1) ¢,) policy.

The retailer's demand and cost parameters are

D annual demand quantity of the retailer

d annual demand rate of the retailer

AR the retailer's ordering cost per contract

hr stock holding cost per unit per year for the retailer
Zr the fixed cost of receiving a shipment from the DC
Or cost of losing flexibility per unit per year

The distribution center's cost parameters are

Ap the DC's ordering cost per contract

hp stock holding cost per unit per year for the DC

Zip the fixed cost of receiving a shipment from the manufacturer
2o cost of a shipment from the DC to the retailer

Op cost of losing flexibility per unit per year

The manufacturer's production and cost parameters are
p Annual production rate of the manufacturer

Am Production setup cost per lot
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Zm cost of a shipment from the manufacturer to the DC

hm stock holding cost per unit per year for the manufacturer
T Probability of producing defective products

Cu Cost of replacing a defective unit

i The fractional per unit time opportunity cost of capital

Relevant variables

m, number of shipments per order of retailer

M number of shipments per lot of manufacturer

qi shipment quantity from the DC to the retailer

q: shipment size from the manufacturer to the DC

Qi shipment quantity due to the joint model of DC and retailer

G shipment quantity due to the joint model of DC and manufacturer
i economics order quantity

2.2 A quantitative model review

Kreng and Chen (2007) consider a three echelon model - one manufacturer, one distribu-
tion center and one retailer. This model focused on partial deliveries of an order. The authors
develop a two-integrated model (TIM), accordingly. We briefly review their models and we

will modify them latter.
2.2.1 Retailer's total cost

Based on the above assumptions and notations, the annual total relevant cost for the reta-

iler is described as follows:

Dap  DZr hrq  Orr:

TRCR =
mqy 4 2 2

(1

First term is ordering cost.
Second term considers transportation cost of receiving products.

Third term is stock holding cost.
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The last term, Kelle (2003) introduced cost of losing flexibility. Since the products are deliv-
ered by partial, concerns of products change and long commitments can result in a severe risk

that may outweigh the annual saving in ordering cost.
2.2.2 DC's total cost

The annual total relevant cost for the DC includes ordering cost, receiving shipments cost
(from the manufacturer), and the shipments cost (to the retailer), holding cost and the cost of

lost flexibility can be expressed as

DAD 5 DZ]D " HT]DZZD +((fﬁl —I)(J2)

TRCD -
myq; 42 ) 2my

hD +‘9Dm292 /2 (2)

2.2.3 Manufacturer's total cost

The manufacturer delivers the entire batch quantity, m1. ¢., in m, shipments, each equal to
g- . The annual total relevant cost which includes setup cost, the shipments cost (to DC), and

holding cost (Joglekar, 1988), can be expressed as the followings:

D . s - (‘1_im 1 2d

TRC}V{ = (AM +H?2ZM)
Mg 2 p my  pm

) (3)

2.2.4 The first integrated model

Kreng and Chen (2007) develop a two-integrated model (TIM), accordingly. The first in-
tegrated annual total cost of the retailer and distribution center, TRCy, can be represented by
TRCy = TRCr (Eqg.1) + TRCp (Eq.2).

The annual total cost function can, then, be rearranged to be:

TRCR{) (m| s gur )

D 1
=—(—(4d, + A, +m,Z, )+ Z, +Z,, )+

g My

—q-z”* (hy +Ogm, + by (m, —my)/ my +6,m,)
4)
In the above expression, m, is an integer representing the number of shipments delivered

to the retailer from the DC with the shipment size of ¢ In addition, m. is an integer represent-



WA 41 4 !

ing the number of shipments delivered to the DC. With the fixed m, and m,, the integrated op-

timal shipment size, ¢, can be obtained as follows:

2D0( Ak Ak ML Y + 2 .85 )

*

G =

/2
)l--

by +6,m, +hy (T ~1) 4+ m,6, )
m

2

By substituting g in the cost function of TRCy,, and differentiate the function with respect

to m,, the one of two nearest integers of the optimal m, can be found in the followings:

m = AR +4, +mZZID)(hR _hn) 12
L (Za+ 2O, + 6, + By i my)

(6)

2.2.5 The second integrated model

TRCpy is the sum of the manufacturer and the DC's annual total cost which can be repres-

ented by
TRCpy=TRCp (Eq.2) +TRCwum (Eg.3),
The integrated annual total cost function can, therefore, be rearranged to be:

TRCpy (m:, G )

D
m—A{ Ay + Ay YL 3 0 + 2y L)

qm

+%(h9(1 —my / m,)+0ym, +h,ym,(1= D/ P)—h,, (1= 2D/ P))

' (7)

In the above, m- is an integer representing the number of shipments delivered to the DC
from the manufacturer with the volume of g, .

Once again, by minimizing TRCy,, the integrated optimal shipment size and, the number

of delivery for the manufacturer and DC can be obtained as follows:

2DW(Ap + A, +mZ,p)) my + 2, +Z,,)
hy(I=m, Im)+ 0 m, +hyym,(1-D/P)=h, (1-2D/P)

G =( )" (8)
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(4p +mZ,, + A, Xhy —hy (1-2D/ P)), ),
(Zip +Z, N6, —hy/m +h,(1-D/P))

*

my = (

)

Using the expressions from (5), (6), (8), (9), the integrated optimal integer of m, , and m,
can be obtained by iteration. Accordingly, the decision variables of m,, m., g, and g can be
optimized simultaneously.

Kreng and Chen (2007) link the two integrated models. That is, the manufacturer's actual
production lot size, m: g, is the same as the DC's order quantity, which deliver in m, equal-si-
zed shipment with quantity of ¢, . The retailer's contract order quantity, m, ¢ , is the same of

m, ¢ and deliver in m, equal-sized shipment of volume, gz .

2.3 The modified second integrated model

The manufacturer enhances the quality and reduces the cost to motivate the buyer to co-
operate. In order to include an imperfect production process, consider the assumption made by
Porteus (1986), the expected defective cost per unit time is given by m. ¢, C,, Dt/2. Additional-
ly. we consider the invest rate per unit time is /, and base on assumption 7., the costs of the op-
tions of investing in improved process quality and setup costs reduction is i(F+S) (Porteus

1985, 1986). Thus, the annual total cost of the manufacturer is modified as follows:

TC (s sty sl )= TRC F Mg Ca DT 2 4 1(F 4 8)

=(Ay +myZy) & + h g m2q2(1*££—41_+-22L0
mMaqo 2 p my map
+myq,C, DT/ 2+i(F +5)
(10)

Where, F(t)= a,— b, In(x) and S(4.)= a.— b.In(4,)

Subjectto O =t < t,and 4,, € [0, A4,,]

Porteus assumes the logarithmic form F = a,— b, In (1) is investment cost of changing
the probability of imperfect product to the level T from original levelt,. Also, investment cost
S = a,— b, In(4,,) is required to change the setup cost to 4, from original level 4,,, where

a, b, a., and b, are given positive constants. The logarithmic case is convex and strictly de-
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creasing in its domain of the interval of T or 4,,,.
TRCpy, is the sum of the manufacturer and the DC's annual total cost which can be repres-

ented by
TRCpy=TRCp (Eq.2) +TRCwm (Eq.10),

The integrated annual total cost function can, therefore, be rearranged to be:

TRCppyr(my,q 1p1)

D
z_—((AD +AM +leZD)/H”}2 +21D +ZM)
q4IM

+‘q{9_M'(hD(1—mz fm)+0pmy +hyymy(1= D/ P)=hy (1-2D/ P)+myCy D7)

+i(F+395)

(11)
In the above, m, is an integer representing the number of shipments delivered to the DC

from the manufacturer with the volume of ¢,,,.
The integrated optimal shipment size, ¢, : deliver number, m, ; setup cost, 4,, : and the
Probability of producing defective products, T, for the manufacturer can be obtained simu-

Itaneously as follows:

2D((Ap + Ay +mZyp) my +Zip+Z ) 172

M= 12
WM (hD(l—mz/ml)mez+hMm2(1wD/P)—hM(1~2D/P}+m2CMDf (12)
.. (Ap +mZyp + Ay Nhp —hy (1-2D/ P)) 172 "
2" (Zip +Zy NOp —hp ! my + hyy (- DI P) + C3, D) (13)
ibymyq ju
Ay st A 14
M D (14)
_ 2ip s
myq jp Cpp D

The decision variables of m, , m., gu, qx, Ay, and 1 can be optimized simultaneously.
Link the two integrated models by m, gjx = m. ¢, . The linkage methods used, like Kreng and
Chen (2007).
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3. Cooperative integrated models

3.1 The delivery policy I-A two-echelon integrated model

As the DC is integrated backward and established by the retailer, naturally, the DC coop-
erates with the retailer to determine order quantity, and shipment lot-size, in order to reduce the
inventory cost. By substituting ¢ (Eq. 5) in the cost function, TRCy» (Eq.4), and differentiating

with respect to m, , and m, , separately, the optimal m, can be reached as the one of two nearest

integer to
] =i A + Ap + myZip)(hg —hp) \1/2 g
(Zp +Zyp)Og +6p +hp/my)

And the optimal m, can be reached as the one of two nearest integer to
m; _ (hD(AR +AD +m]ZR +mIZZD))”2

- h hp (17)

Zip(R+6p -—L+0p)
my ny

The manufacturer schedules production in anticipation of the order; this is two-echelon deliv-

ery policy.

3.2 The delivery policy 1I-A three-echelon integrated model

A lot of approaches discuss different topics with integrated model. Buying and selling
relationship often involve more than three parties in supply chain. It will be difficult to reach
the real minimum cost if we don't adopt system coordination strategy. Coordination of three
parties or more than three parties will have more managerial implications than relatively two
parties. Base on the results of the previous sections formula (5), formula (6), and formula (12)
to formula (15), the shipment lot size, the number of delivery, the optimal setup cost, and prob-
ability of producing defective products can be obtained. We link the first integrated model and

the modified second integrated model. That is, the manufacturer's shipment size, g, is arran-
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ged just enough to cover multiplication of g ., and m, = nm. . The delivery quantity and num-
ber of delivery are jointly determined within common inventory cycle. So that total of produc-
tion quantity is equal to total of shipment quantity, i.e. m, gu,= m, ¢ .

In order to motivate the buyer to cooperate, manufacturer invests in reducing the setup cost
and improving quality. Reducing the system total cost what can be expected. Thus, the manu-
facturer enhances the quality and shares the cost savings with the buyer. This model can be used

when both the vendor and the buyer belong to the same or different organization.

4. Numerical Example

As an illustration to the proposed model, an example is considered which is taken from the
work of Kreng and Chen (2007). The cost parameters and production quantity are illustrated in
table 1, and the numerical results for the example are shown on table 2. The probability of im-
perfect product, 1, is 0.0004.

(a) When the two-echelon model is adopted, all parties’ optimal quantity can be obtained as
gm— 144, and g, = 144, then, to ascertain the numbers of delivery (m,= 2, m,= 2,
n = 1) through coordination. The numerical results (the first column of table 2) reveal
that the annual total cost of system is $48,876.

(b) Through the expressions of (5), (6), (12)—(15), the integrated optimal integer, m,=4,
m,=2, and, shipment quantity, ¢, =288 units, g»=144 units can be obtained by iteration.
The integrated optimal quantity addresses the effect of collaboration. The savings can
then be analyzed compared to the two-echelon model. The annual total relevant cost,
$39,258, of the integrated system is significantly less than the annual total cost of the
typical delivery policy.

As to operate in coordination with the retailer's JIT purchasing plan which one contract
and multiple deliveries, the manufacturer considers quality improvement and setup cost reduc-
tion simultaneously (the last column of table 2), the retailer's total cost, $15,460 increases, but
gains superior quality (= 0.000005). And, the manufacturer's annual total cost decreases. Ob-
viously, the manufacturer acts as an intermediary, all the parties benefit from the three-echelon
joint model with optimal setup and quality, and the overall system cost decrease significantly.

We showed that significant savings could be achieved.
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We note that the integrated analysis the retailer's loss and DC's loss are less than the manu-
facturer's gain. Hence, the manufacturer can share the gain with the buyers. The manufacturer
compensates the retailer's loss, $1,342(=$15,460-$14,118), and compensates the DC's loss,
$122(=$11,488-$11,366).

5. Conclusions

Many researches focus on the two-echelon model. The manufacturer tends to lot-for-lot
production and shipment. However, consideration of the retailer's JIT purchasing plans, coop-
eration is increasingly important.

A three-echelon model which includes the manufacturer, the DC, and the retailer is prac-
tice. This study modifies a two- joint model, the manufacturer considers quality improvement
and setup cost reduction simultaneously, this is delivery policy II. The impact of quality impro-
vement investment and reducing setup cost investment are analyzed. We showed that signifi-
cant savings could be achieved. In order to have a better cooperation with the buyer, the manu-
facturer will pass part of his savings to the buyer even if he perfectly dominates the buyer (Lu.,
L., 1995). A saving-sharing mechanism is proposed so that Pareto improvements (i.e., one party
is better off and the other is no worse off)(Chen & Chen, 2005) can be achieved among channel
participants. As compare with Kreng and Chen (2007), there is very large saving in the total
cost of distribution center. All the parties benefit from the policy II, the relevant total cost is
low and quality is promotion. This is the main reason persuading other party to adopt the policy.

If distribution center is established backward by the retailer which is the focal company in
the supply chain, the retailer enforces others to adopt its own optimal policy. The manufacturer
has quite high total relevant cost ($23,392). The manufacturer would like to consult and coop-
erate with retailer. The manufacturer's annual total relevant cost, $12,310, of the integrated sys-
tem is significantly less than the annual total cost of the delivery policy I. The buyer would co-
operate with manufacturer only if compensated and motivated. The manufacturer offers the fol-
lowing options:

(1) To share the savings with the buyer.

(2) To offer a discount in unit price.

(3) To enhance the quality.
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The DC plans an important role in the logistic distribution system, and lowers the conflict
between the two parties. Once again, for the purpose of global minimization of the total cost,
coordination between all parties has to be implemented. However, there are several limitations
in this study, which suggests that further research is needed. The assumptions of the fixed de-
mand and shortage consideration should be relaxed. In addition, a model of multiple items pro-
ducts and multiple manufacturers should be undertaken, which implies the need for a further

research into a more general model of the optimal setup and quality.
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Table 1 Costs parameter for the case (P=2,000unit/year, D=1,800unit/year)

Retailer

Manufacturer Distribution Center

Ordering cost

Awm= $1600/order Ap = $400/order Ay, = $400/order

/setup cost

7Shipment

cost/receive cost

7y = $864/shipment

Zip= $-21-6/shipmen-l
Z2p=$400/shipment

Zy = $100/shipment

Stock holding cost

h. = $21.6/unit/year

hy = $21.6/unit/year

I, = $108/unit/year

(Cu * ru) (= Coc * roc) (=Ck *re)
. o 0, = $8. [ /unit/year hy, = $18/unit/year
losing flexibility cost .
(: C{)(' % r ) (= Cpe * Fr )
Production
4 C\f—_— 270 C,')(: 270 CR= 600
cost/selling cost
Annual inventory
_ rw=0.08 rpe=0.08 r=0.18
carrying cost rate
Cost rate of losing
r=0.03 »=0.03

flexibility
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Table 2 Summary of the comparison of delivery policies I and 11

15

Delivery policy I Delivery policy II
(Joint DC and retailer) (Two-Joint model)

Retailer's annual

14118 15460(14118)
Cost (Allocated cost)
Manufacturer's annual cost(Allocated cost) 23392 12310(13774%)
DC's annual cost(Allocated cost) 11366 11488(11366)
Joint total annual cost 48876 39258
number of shipments per order from 5 .
manufacturer to the DC : m1,
number of shipments per order from 1 5
DC to the retailer: n
number of shipments per order of retailer: m, 2 4
shipment quantity from manufacturer to DC: g, 144 288
optimal shipment quantity from DC to retailer: ¢, 144 144

*$13,774=$12,310 + ($15,460-$14,118) + ($11,488-$11,366)
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Minimizers of Energy Functional over IRY Space

Mao-Sheng Chang' Shu-Cheng Lee? Chien-Chang Yen3
123 Department of Mathematics, Fu Jen Catholic University, Hsinchuang, Taipei, Taiwan
Abstract

This paper considers the energy functionals over the whole space R".
Under certain constraint, we show the existence of minimizers for this

problem via the direct method in the calculus of variations.

Keywords. energy functionals, minimizer, direct method

1. Introduction and Statement of Results
In the Van der Vaals-Cahn-Hilliard theory of phase transitions, the total energy functional
is
E,@)= [ () +e| Vux) P lar
with the constraint
[[udc=m|Q| ()

in which the density distribution of a two-phase fluid is based on a free energy that depends on
both the density « and its gradient Vu. In general, people assume that the fluid is contained in
a bounded domain © CR" and characterize the stable distributions of fluid in €, that is, to find

a minimizer of E, subject to the constraint (1) (cf: [4]).

*Corresponding author. Tel:-+886-2-20053547

E-mail:yen@math.fju.edu.tw
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In this paper, we try to consider an extremal case, € is large enough and the quantity of
one phase is relatively far more than the other phase. More precisely, the problem is described

as the following. A family of energy functionals is
E)= |, W u(x)+ e | Vu(x) [P ldx, e>0, )
1 S 2 . .
where W (u) = Zu (I1—=u)", with the constraint

IR\‘ e Mu(x)ydx=mo,, 0<m<l. (3)

The notation of oy denotes the volume of the unit ball in R". Let us define a subset of the

function space H' (R")
_ 1 N, —x| - _
¥ = {ue H'(RY): | e™u(x)dx = mo-,\,] )

The main result of this paper is the following theorem.

Theorem 1.1  The functional E. defined in Equation (2) has a minimizer on X, defined in
Equation (4) for N=3 .

2. Preliminaries

We give an brief introduction the direct method in the calculus of variations. Let us define
Q be a subset of RY . It is known that a bounded continuous fon a compact set (bounded and

closed) Q attains its minimum value. Since fis bounded, the infimum exists
m=inf f(x).
xef2
Furthermore, there is a sequence {x,} such that

lim f(x,) = m.

n—ye0
The set Q2 is compact, it follows that there exists a subsequence {x,,} and a point x&€£2 such that

Xxp—x as j —co. By the continuity of fat (x), it implies

m=lim £(x, ) = f ()
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This shows the existence of the minimum value.

The space R" is replaced by L*(Q, du) and let F(u) be some functional defined on the spa-
ce. Let the subset T={u&L’ (Q, dy) :||ul[,<1} of L}(Q, dr) . We wish to show that the infi-
mum of F'is attained on the closed and bounded set X. If the functional F is strongly continuous,

t,— u|l,—0as n—oco . It is a fact that for a bounded

that is, F(u,) — F(u) as n—co whenever |
sequence {u,}CZX, there need not be a strongly convergent subsequence. Furthermore, the
strength of convergence is relax to be weak convergence, every sequence in £ has a weakly
convergent subsequence. Indeed, the set of convergent sequences has been enlarged-but the
functional F need not be weakly continuous- and it rarely is. Let us summarize that the more
sequences exist that have convergent subsequences the less likely it is that F is continuous on

these sequences.
Definition 2.1 A functional is weakly lower semicontinous if

liminf F'(u,) = F(u) whenever u, —>u weakly.

Definition 2.2 {1} is a minimizing sequence of F if
F(u,) = inf{F(u):ue Q}= 1.
Definition 2.3 A sequence {u,} in L'(Q) converges weakly to u€L(Q) ,denoted it by
u, 2% sy in L7 (Q)

provided that

lim |, (xX)v(x)dx = J;zu(x)v(x)dx,

n—yoo
for each vEL/(Q), where pi-l_é: land 1 <q <co,

The space L”(Q) has the property of weak compactness.

Theorem 2.4 (/2]p.57) Suppose 1 <p < co . Let { u, }::1 be a sequence of functions in
LA(Q) satisfving

< oo,

suplt, [, g,
n
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Then there is a subsequence YU, ( and a function u€L(Q) such that
4 Hjdiz

u, ——Hmkb u in L7(Q).

Assume that {u }Oj | is a minimizing sequence, then there is a subsequence {u” }
H 1 24=1

weakly

such that u, ———> U, and hence
A=limF(u, y2Fu)=A.
e j
Therefore, F(u) =24 is attained and our goal is achieved.

We further introduce the concept of weak partial derivative of a function u.

Definition 2.5 Let Q be a subset of R and u€ L}, (Q). A function viE€L;, (L) is the weak partial

derivative of u with respective to x;, where 1<i<N , in Q if and only if
4
[ u(0) == (x)de == [ v, ()@,
ox, Q

Jor all peCl (Q).
A Sobolev space W'” (Q) means that the collection of all functions u which satisfies

uEL/(Q) and the weak partial derivatives 0u/0x, exist and also in L7 (€2). A norm is introduced

for W' (Q),

1/p

ey =| J e CO1” +Z| .(x)|” x

for 1 < p < oo, We denote
% 1,p
u, —u in W7(Q)

provided

u, _uHW'-f'(Q) —0

and
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u,—u in W:r(Q)

oc

which is equivalent to

“u —u“ —0 for each U cc Q.

n whru

Let us recall some lemma and theorem which will be used in the proof.

Theorem 2.6 (Rellich-Kondrachov Compactness Theorem) . Assume Q is a bounded open
subset of R and 0Q is C'. Suppose 1 < p < n. Then

wh(Q) cc L1(Q)

. N,
foreach 1Sg<p = P , means that
N-p
: = L.p s
(i) HHHU(Q) = C”MHW._,,(Q) forall UE W (Q) and for some constant C.
(ii) Each bounded sequence in W' (Q) is precompact in L (Q).
Theorem 2.7 (L.C. Evans, PDE. 1998, p.263) Galiardo-Nirenberg-Sobolev inequality: As-

sume |1 < p < N. There exists a constant C , depending only on p and N , such

that
”u 27 (RY) = CHDUHLP(R“’)
| «_ Np
JorallueC!(R"), where P = 7.
N-p

3. The proof of the Theorem 1.1

We first show the lemma below.

Lemma 3.1 Letu, € L and E, (u,) —a as n-—>co | then { u”} is bounded in H' (R") .

n=|
Proof. Since E. (u,) —a as n — o, the sequence {E ; (u” )}:;1 is bounded, denoted by M . For

such u, , let
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A, = {xe RY||u,(x)-1< %}

Since 1<2u,<3on4A4,and 2 < 2%, we have
L (2u, (x))? dx < L (2u, (x))* dx. ©)

By H; (RY) = H'(R") and Gagliardo-Nirenberg-Sobolev inequality [1] (p.263), there is a

positive constant C depending on N such that

L{ (2u, (x))* dx < C( jﬁ |VQu, (x)|? dx)* 2. 7

Since {E{.(u" )}:;1 is bounded above by M and by (6) and (7), an upper bound of the integral

of the function u; over the set 4, is

2/2
jj u, (x)dx < c*z‘”‘f""”[l M} ,
“n &g

Furthermore,
2 2 2 g
L-\\A,, ur()dv <4 @)=, (1)) dr <16 le W(u,(x))dx <16M.

Therefore, u,€ L’ (R") is obtained. Note that E, (u,) < M implies that each first order weak

oo 0 s opNy o - . .
derivative TLH”E L (RY),i=1,..,N. So, {u” }n=l is bounded in H'(R") . This lemma is

proved.

Proof of Theorem 1.1. We divide the proof into two steps.
Step 1. Let {u” }:;1 cX2,and E (u,)—> & as n—> oo, By Lemma 3.1, {uf B

1 Jn=l

bounded in H'(R") . By Rellich-Kondrashov theorem [3] (p.198), there is a subsequence, still

named { u, };:], and a function # in H'(R") such that
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- . 2 N
u, —u strongly in L, . (R")
Vu, ey Vi weakly in 17 (R ¥R ‘V)
u, —u ae.inR".
Then
j | Vi (x) [* dx < liminf j |V, (x) [ dx
R n—seo R
and

[ G (1=ii(x))* dr < liminf [ ; (x)(1 =, (x))’ dx.

n—ro0

These imply

E.(i) <liminf E,(u,) = .

n—eo

Step 2. We show that # € L,. We also assume ”u”“

B; ={xe RY| || < 5}..

12(RY)

< K and denote

23

Fix & > 0, choose » > 0 and an increasing sequence of positive numbers {R” }::] such that

R,—ccas n— oo,

~

&

~

S gN1/2 € x|~ &
(L\.\B},e dr) " <——, L-\-\g,.e u(x)abc<4,

4K

and

~

.[9,1 e "u (x)dx—mao,

Pick m such that R, > r . Since u, — u strongly in L* (B ), there exists M>m such that

2VE
”-"-:(B;e,,,) <40' (N‘)
it Y

~

””M —u

£
<Z, for each n.
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We calculate

~ [ eMi)dc—mao,

+

< =¥l
< ‘ LA,\BM e " (x)dx

[ e @) -u, ()

R m

+ L R e Mu,, (x)dx — J‘B e Mu,, (x)dx

m Ry

< £,

+ L e M, (x)dx — mo,,

Ras

So, Equation (3) is holds for «. It follows that # € X, and Theorem 1.1 is achieved.

(1]

(3]
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Study on Optimization of the Influential Factors on

Natural Frequencies of Tapered Helical Springs

Lung Tsai and Horng-Yith Liou*

Dept. of Mechanical Engineering, Ching-Yun University, Zhong-Li, Taiwan.

Abstract

The development of grey relational analysis model to survey the in-
fluential factors, i.e., the helical angle, coil diameter, wire diameter, the
number of active coils, and the angle of inclination on the dynamic proper-
ties of a tapered helical spring is presented in this paper. As to those pro-
perties, the natural frequencies of free vibration are quite often the main
concern for engineers; consequently, they are selected as the quality targ-
ets in the present research. In order to bypass the tedious laboratory tasks
in measuring the natural frequencies related to these 3° combinations of
the influential factors, a finite-element model with the aid of ANSYS
package is established for the computer simulation instead. The degree of
influence on the natural frequencies that the controllable factors exert on
is surveyed by the correlation among them, and based on the grey rela-
tional grade matrix, the parameter which primarily dominates the quality
targets reveals in the research. Among these five significantly geometric
variables under investigation, the helical angle is found to be the most in-
fluential one for the first four natural frequencies, two for longitudinal
modes, and two for bending modes, respectively. The method proposed in
this paper may serve the purpose of furnishing the researchers with an al-

ternative approach to some other relevant applications.

* Corresponding author: Fax: +886-3-468-3301.
E-mail address:johntsai @cyu.edu.tw
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Keywords: Grey Relational Analysis, Tapered Helical Spring, Natural
Frequency, Finite Element, ANSYS.

1. Introduction

The applications of helical springs have been greatly enhanced to industries through their
unique dynamic properties, and they have played the major role in many engineering designs,
such as the components of shock- absorbing and shock-isolation systems, automobile suspen-
sions, fuel supply and valve mechanisms in the vehicle manufacturing world. With an eye to
getting a clear understanding of the dynamic characteristics of helical springs, numerous re-
ports have been published for over one century using both an analytical approach and a numeri-
cal approach.

In the analytical approach, mainly in the establishment of the governing equations, Mi-
chell derived equations of the helical spring motions with four degrees of freedom, i.e., three
independent axial and one rotational variable, which was probably the earliest governing equa-
tions to describe the behaviors of the helical spring (Michell, 1890). Following the assumptions
made by Michell, Love (Love, 1899), developed six equations of motion, which included the
other two independent rotational variables lacking in Michell's paper. With the inclusion of
mechanical properties, two researchers (Yoshimura, 1952 and Wittrick, 1966) respectively plu-
gged the torsional inertia and Timoshenko shear effect into the governing equations of motion,
and then under the assumption of small deformation, Jiang et al. tried and presented success-
fully an analytical solution to those of the helical spring, in which the mechanical properties
were more involved by taking into account the extensional and torsional dynamic properties to
describe the behaviors of the helical spring (Jiang et al., 1989). The analytical approach, which
incorporates the geometric as well as the mechanical properties, herein is well established and
has achieved a high degree of sophistication and success in recent years. However, in evolving
the governing equations to simulate the real-world dynamic behaviors, the difficulty arises to
such a limit that the exact analytical solution can hardly exist. Even though lots of work has
been done in this respect during the past time, it merely leads to a tedious and time-consuming

approach. As a consequence, a variety of numerical methods have been proposed to deal with



il SRS 41 1 -

such problems.

In the numerical approach, finite element method has become one of the most popular to-
ols owing to its efficiency of transformation from governing equations into a finite-element
model, the convenience of picking up the shape function for elements suitable to elucidate the
physical meaning of the model, and the success of the numerical solution compared with the
partial success from the analytical approach. Busse chose a helical beam element to set up the
discretized governing equations with the global stiffness and lumped mass matrix (Busse,
1974). Go, however, applied the inverse iteration technique for the solutions of eigenvalues and
corresponding eigenvectors by using the so-called straight beam element (Go, 1982). Later,
Chen utilized a three-node element with Hermitian shape functions to interpolate the primary
variables for simulating the large-deflection dynamic behaviors of a helical spring (Chen,
1983). In the same year, through a finite-element model, Sawanobori introduced the governing
equations of motion which includes the effects of the helical angle as well as the number of ac-
tive coils, and a deep discussion on the dynamic behaviors was propound therein as to both ef-
fects (Sawanobori 1983). Later, the same author also surveyed the influence of helical angle on
the stress and the life of a helical spring using a finite-element model (Sawanobori, 1985).

From the above review, it reveals the fact that while lots of efforts were made to deliberate
the governing equations by taking into account more and more influential factors and whatever
approaches were undertaken to reveal the dynamic behaviors of a helical spring, the interesting
couple effects among the helical angle, wire diameter, coil diameter and the number of active
coils were less involved and the preferential ranking of them was far less concerned in the lit-
eratures. Tsai et al. presented the grey relational analysis as a tool to investigate the influential
factors on the dynamical behaviors of a helical spring and found that the helical angle plays the
most important role controlling the behavior (Tsai et al., 2005). With the goal of providing a
deep insight into such problems, the authors of this paper will continue on the study with the"
grey relational analysis". Emphasis in this paper is specially placed on the influential factors
stated above together with the angle of inclination on the dynamic behaviors of a helical spring,
the so-called tapered helical spring in order to get a wider vision of the helical-spring world.
Since the natural frequencies are always the major concern for engineers, they are thus chosen
as the targets in this article, and grey relational analysis is adopted to assess the preferential ran-

king from the grey relational grade matrix. In saving the expenses on the manufacturing of heli-
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cal springs as the tested samples and the tedious tasks for the measurement of the natural fre-
quencies in the laboratory, the finite-element method with the aid of ANSYS package is used

to set up 33 samples from three randomly picked values for each of these five influential factors.

2. Grey Relational Analysis

2.1 Data Processing

The essence of grey relational analysis lies in the survey of the correlative degrees of some
comparable sequences of data on the preferred reference sequence by means of a straightfor-
ward and simple model, from which the preferential ranking influencing the target, i.e., refer-
ence sequence, can then be made. However, the raw data sequence may every so often differ
from the others in terms of the range and unit; as a result, it brings about the incomparable con-
dition during grey relational analysis. Based on the above reason, ahead of implementing the
present analysis, data pre-processing of transferring the original sequence to a comparable one
is required.

Usually, there are four criteria of data pre-processing (Tsai, 2002; Fung, 2003) available
in grey relational analysis. Suppose the target and comparable sequences are respectively de-
noted as x{(k), and x\"'(k) , where i= 1,2, 3, ..., m,and k= 1, 2, 3,..., n. If one of the values in
the original sequences is infinitely large, then there is a characteristic of "the larger the better".
The original sequence can be normalized as

x(k) — min x”’ (k)
max x* (k) — min x(k)’

x; (k)= (1)
where x;(k) is the sequence after data pre-processing, max x;”(k) the largest value of ,
x'”(k) and min x(k) the smallest value of x{”(k). Conversely, if the original sequence bears a

characteristic of "the smaller the better", it ought to be normalized as

max x'” (k) - x“' (k)
max x* (k) — min x“ (k)

(2)

x (k)=
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If there is a specific value needed to be achieved, then the original sequence will be nor-

malized as follows

|x (k) - 08|

3 (3)
max {max x'” (k) — OB, OB —min x/”' (k)}

x(k)=1-

where OB represents some specific value. Alternatively, the original sequences can be
normalized in such a way that the original sequence is divided by the first value of the respect-

ive sequence, i.e.,

x (k)

* 0= "ma

(4)

2.2 Grey Relational Coefficient and Grey Relational Grade

After the establishment of data pre-processing as stated in the last subsection, the grey re-

lational coefficient can then be calculated, which is defined as

¥(x, (k), x, (k)= A (K)+EA, Y

where A, (k)= |x,(k)— x/(k)|, the deviation sequences

A, =max max |rn (k) —).'}(k)'

T A
vjEi

A, =min min [x; (k) — x; (k)]

{= distinguishing coefficient, € [0, 1].
The grey relational grade is actually a weighting sum of grey relational coefficient and can

be derived from
N, x )= B, y(x(k), x) (k) 6)

The weighting factor, 5, must satisfy > pi=1.In general, the grey relational grade is per-
1

formed in equal weighting fashion, i.e.,
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,Bﬁzi, ki=1,2,3,m (7

The grey relational grade.I” (x; , x)), stands for the level of correlation between the target
sequence and the comparable sequence. It also indicates the degree of influence on the target
sequence exerted by the comparable sequence. Therefore, if one of the comparable sequences
influences more on the target sequence than the others, the corresponding value of grey rela-

tional grade is larger than those values of the other grades.
3. Numerical Experiment and Results

In this paper, in order to assure the validity of the numerical experimental model, a finite-
element technique with the aid of ANSYS package is adopted, and the pipe- element (Kohnke,
1999) is chosen as the shape function for interpolating the primary variables of six degrees of
freedom, three for axial and three for rotational directions. The comparisons of the data out of
the present model can then be made with those from other papers. The geometric and material
properties of the spring in this study are tabulated as follows (Unliisoy, 1988)

Helical angle = 59.75°
Mean coil diameter = 10 mm
Wire diameter = 1 mm
Number of active coils = 7.6
Material density = 7900 kg/m?
Modulus of elasticity = 200GPa
Shear modulus = 77 GPa.
Angle of inclination = 0°
In general, the dynamic behaviors of structure for undamped natural frequencies can be

expressed in the following mathematical equation,
mii+ku=0. (8)

For transferring the above equation into the global finite element system, it can be refor-

mulated as,
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[M14ii} + K] fu} = 0 ©)
where
[M] = i{M,J
GEDS

i=]

{#}=nodal displacement vector

{i1} = nodal acceleration vector

n = number of elements.

Based on the above properties and the chosen element, the finite-element model with 345
elements and 1031 nodes is built and shown in Fig. 1 with fixed ends on both sides as the

boundary condition, which is exactly the same as that from Unliisoy's paper for comparisons.

AN

JUN 30 2005
22:25:49
NO. 1

ELFMENTS

FLCT

Fig. 1 The finite element model of helical spring

Listed in table 1 are the first ten natural frequencies together with the results obtained by Mot-
tershead, Pearson and Unliisoy (Mottershead, Pearson and Unliisoy, 1988). The survey indica-

tes a remarkable agreement between the theoretical and experimental results; accordingly, the
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conclusion can be made that the model performed in the present analysis is adequate for the
purpose of this study. Again, by following up the procedures in Tsai's paper, the current experi-
ment is conducted with five influential factors to deal with four response variables, i.e., the four

quality targets.

Table 1 Comparison of present work with other results

Mottershead Person Unlusoy Present Work
Exp FEM Error  TMM Error SRFEM  Error ANSYS  Error
| 391 396 1.2 % 395 1 % 389 05 % 391 0%

2 301 397 15% 398 18% 392 02% 394  08%
3 459 469 21% 456 06% 461  04% 457  04%

4 528 532 07% 518 18% 523 09% 52 11%

5 878 887 1% 80 2% 856 25% 858  220%

6 878 900 25% 875 03% 869 1% 872 06%

7 906 937 34% 902 04% 910 04% 900 07%

8 — 1067 — 1024 = 103 — 1029 -

9 1282 1348  51% 1293 09% 1305 18% 1300 14%

10 1386 1409 16% 1352 24% 1352 24% 1346 28%

Three different levels on each of the five influential factors, which include helical angle, coil
diameter, wire diameter, the number of active coils, as well as the angle of inclination, are sho-

whn in table 2, and the finite element model is set up in Fig. 2.

Table 2. Levels of influential factors

Influential factors

Levels of
3 i ) Coil diameter  Wire diameter ~ Numbers of Angle of
influential factors Helical angle .
(mm) (mm) active coils inclination
1 59.75° 9 1 7.6 5°
2 54.75° 12 3 10.6 10°
3 49.75° 16 6 12.6 15°
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Fig. 2 The finite element model of the tapered helical spring

Four response variables consist of two natural frequencies for longitudinal modes and two for
bending modes. By virtue of the fact that the traditional experimental runs in the laboratory for
the current 3° combinations will result in the tremendous expenses on spring manufacturing as
well as time consumption, the numerical experiment is introduced instead as part of the main
idea of the present research. The results obtained after normalization by the present method are
plotted in Fig. 3, 4, 5, and 6 with four different modes, respectively, in which quite different
natural frequencies associated with some combinations of the influential factors can be perceiv-
ed. This hence demonstrates the urgency of surveying the influence of those factors on the natu-

ral frequencies.
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Fig.3 Comparisons of the frequencies of mode 1 (straight or zigzag lines) with the
helical angle, coil diameter, wire diameter, the number of active coils, and the

angle of inclination (fluctuating lines), respectively, after normalization.
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Fig.4 Comparisons of the frequencies of mode 2 (straight or zigzag lines) with the
helical angle, coil diameter, wire diameter, the number of active coils, and the

angle of inclination (fluctuating lines), respectively, after normalization.
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Fig.5 Comparisons of the frequencies of mode 3 (straight or zigzag lines) with the
helical angle, coil diameter, wire diameter, the number of active coils, and the

angle of inclination (fluctuating lines), respectively, after normalization.
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Fig.6 Comparisons of the frequencies of mode 4 (straight or zigzag lines) with the
helical angle, coil diameter, wire diameter, the number of active coils, and the

angle of inclination (fluctuating lines), respectively, after normalization.
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4. Analysis and Discussion

With the results computed by the formula in the preceding section, that the influential fac-
tors affect the natural frequencies of helical spring can be investigated according to the grey re-
lational analysis in section 2. In this study, let the original natural frequencies out of the 3° runs
be denoted as x7(k) , x2(k) , x'%(k) and x'9(k) , where the subscripts 1, n2, n3 and n4 represent
the natural frequencies from 1 to 4, respectively, and the influential factors, i.e., the helical ang-
le, coil diameter, wire diameter, the number of active coils, and the angle of inclination are re-
spectively denoted as x{(k) , x&’ (k) , x2(k) , x2'(k) and x(k) , where k = 1, 2, 3,....243.

The data pre-processing is followed in accordance with eq.(4), i.e., the individual se-
quence is divided by its first value, which thus leads to the normalized procedure to the data
pre-processing. The deviation sequences are calculated and the distinguishing coefficient C is
chosen for substituting into eq.(5) to obtain the grey relational coefficient. Normally, if all the
process parameters are of equal weighting,  is 0.5, which is the value selected in the present
study. In the last step, the grey relational coefficients are averaged in equal weighting in eq.(6)

s0 as to attain the grey relational grade in Table 3.

Table 3 Grey relational grades for frequencies 1, 2, 3 and 4

Grey relational grade

Mode 1 0.8562 0.7773 0.5774 0.7764 0.6892
Mode 2 0.8563 0.7780 0.5792 0.7766 0.6915
Mode 3 - 0.8563 0.7778 - 0.5788 0.7785 _—0-.6900
Mode 4 0.8563 0.7770 0.5763 0.7770 0.6886

The grey relational grades can then be rearranged in the matrix form similar to Fung as follows
{Fung, 2003):
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Pl %)

F(x;,x:,) F(x;,x:,) F(x;,x;,) F(x;,x;) r(x;’x::l)
F(xj, vx:z) l—‘(x;,x:z) F(x;,xf;z) F(x;,x::z) r(x;’x;l)
r(x;’x;:}) I—‘(x;,x;) F(x;,x:3) F(x;,x:3) F(x;,x:3)

I“(xf,,xL) l"(x:;,x;) F(x;,x;() F(x;,x:4) I’(x;_.,x;‘)

0.8562 0.7773 05774 0.7764 0.6892
0.8563 0.7780 0.5792 0.7766 0.6915
0.8563 0.7778 0.5788 0.7785 0.6900
0.8563 0.7770 05763 0.7770 0.6886 (10)

where
row 1= [0.8562, 0.7773, 0.5774, 0.7764, 0.6892 |
row 2= [0.8563, 0.7780, 0.5792, 0.7766, 0.6915 ] .
row 3= [0.8563, 0.7778, 0.5788, 0.7785, 0.6900 ] ,
row 4= [0.8563, 0.7770, 0.5763, 0.7770, 0.6886 ] ,
and
column 1= [0.8562, 0.8563, 0.8563, 0.8563 ]T,
column 2= [0.7773, 0.7780, 0.7778, 0.7770 ",
column 3= [0.5774, 0.5792, 0.5788, 0.5763 1T,
column 4= [0.7764, 0.7766, 0.7785, 0.7770 ]™,

column 5= [0.6892, 0.6915, 0.6900, 0.6886 T

In the above matrix, the values displayed in rows 1 and 2 represent the grey relational
grades for the influential factors on the natural frequencies of the longitudinal modes in y and
z directions, respectively, while the values in rows 3 and 4 represent those of the bending modes
iny and z directions, respectively. From rows 1, 2, 3, and 4, hardly can it be perceived that there
is any difference between them, and it reveals that the natural frequencies associated with the
longitudinal and bending modes have equal correlation to the five influential factors. On the

other hand, the grey relational grades for any corresponding influential factors are shown in the
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columns 1, 2, 3 and 4, respectively indicating the influences on the behaviors of natural fre-
quencies controlled by the helical angle, coil diameter, wire diameter, the number of active co-
ils, and the angle of inclination. The degree of factors influencing on the natural frequencies
can therefore be observed from these columns, where column 1 exhibits the maximum values
and column 3 the minimum. It means that the helical angle plays the role dominating the beha-
viors of natural frequencies for both the longitudinal and bending modes, while the wire diam-
eter is of the least importance among five factors. In this paper, with the angle of inclination in-
cluded, though the most and the least preferential ranking are the same as those revealed in
Tsai's paper (Tsai et. al., 2005), it indeed plays some important roles controlling the behaviors
of the frequencies as shown in column five. Furthermore, of these four items in column 1, it
clearly shows that the first one is less than the rest of the items, which means, although the heli-
cal angle plays the most important role for the modes of helical spring, the longitudinal mode

in y direction is harder to be affected by the helical angle than the other modes.

5. Conclusions

This paper provides a simple and an efficient tool for assessing the degree of influence of
five geometric parameters on the natural frequencies of a tapered helical spring. The finite el-
ement model with the aid of ANSYS package is performed first to set up natural frequencies
out of the 35 combinations of the five influential factors, and then the grey relational analysis
model to establish the grey relational coefficients and grey relational grade matrix as a profile
for the preferential ranking. The results are summarized as follows:

1. The longitudinal and the bending modes of the natural frequencies in y and z directions
demonstrate the equal strong reference sequences, which mean that they have an equal
correlation to the five influential factors.

2. Of the five influential factors, the helical angle reveals the most important to control the
behaviors of helical spring, while the wire diameter the least among them. In addition,
with further insight into those grey relational grades related to the influential factor of the
tapered helical angle, the variable of the angle of inclination plays to some extent the con-
trolling role on the behaviors of the helical spring.

3. The results shown above may offer an alternative approach to the research associated with



(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

)
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the behaviors of helical spring and the controlling of the natural frequencies in the spring
manufacturing industry. However, for some other types of springs with different geome-
tric and mechanical properties, such as the torsion spring, blade spring, etc., the influential
factors on the dynamic behaviors of them are still an unexplored field in the research. This
topic should be further investigated in order to make the grey relational analysis applicable

to large sets of practical problems encountered in the spring manufacturing industry.
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Floating Inductance using Four-terminal

Active Current Conveyors
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ABSTRACT

An active resistor-capacitor (RC) network, employing three four-ter-
minal active current conveyors (CFCCIIs) as active elements, is proposed
for the realization of floating inductance. The unique features of this cir-
cuit offer the following advantages: (i) No requirement on component
matching for the desired schema; (ii) Independent control of inductance
value facilitated through two resistors. The inductor in the LCR passive
filter circuits can be replaced by the proposed simulation floating-induc-
tor. Thus, the advantages of these new active RC filters without an induc-
tor can include low component sensitivities and utilize the extensive capa-
bility of the primary LCR filter design. The experimental results of a series

RLC passive bandpass filter confirming the theory described below.

Key words: four-terminal active current conveyor
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Floating Inductance using Four-terminal Active Current Conveyors

I. INTRODUCTION

Current conveyors (CCIIs), first introduced by noted experts, B.Smith and A. S.Sedra in

1970, have attracted considerable attention, and their various circuit applications have been ex-

plored [1][2]. Many circuits for filters [3]~[9] and a few circuits for floating inductance simu-

lation [10]~[12] have been presented earlier employing CClls as active elements. R. Senani and

V. K. Singh, circuit experts, conducted three experiments on circuit simulation:

1.

Senani employed only a single CCII along with a single capacitor and two resistors to realize
a circuit for the simulation of a parallel floating- inductor and resistor (parallel RL). This cir-

cuit does not require matching components. [10].

. Singh used a single CCII, a single capacitor and two resistors to simulate a lossy floating in-

ductance series resistor (series RL), with no component-matching requirement [11].

. Senani proposed two new active RC networks, employing two CClls, a single capacitor and

four resistors, to realize series/parallel RL impedance, with no element matching conditions
[12]

Four-terminal active current conveyor (CFCCII) is a versatile active-circuit building

block. It can also be used to synthesize multifunction filters and simulation inductance. Several

experiments have been conducted in pursuit of this theory:

L.

Gunes and Andy employed three CFCClIs, two capacitors and two resistors to synthesize
current-mode universal filters [13]. This proposed circuit can simultaneously realize low-

pass, highpass, and bandpass filters.

. Chang and Tu also constructed universal current-mode filters using four CFCClIs and some

passive elements [14].

3. Yin realized a current-mode biquad using two CFCCIIs and three/six passive elements [15]

. Yin employed only one CFCCII and some resistors and capacitors to realize highpass, low-

pass, and bandpass filters. The functions of notch and allpass were not constructed [16].

. Yin realized notch and allpass filters using only one CFCCII and five/four passive elements

[17].

In 2006, the first grounded inductance simulation circuit with two CFCClIs, a capacitor

and two resistors was constructed by Yin [18]. However, the floating inductance simulation cir-
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cuit using CFCCII as active element has never been synthesized. Therefore, the purpose of this
paper is to propose a circuit configuration for the simulation of floating inductance. The pro-
posed circuit is composed of three CFCClIs, two resistors, and one capacitor with no compo-
nent matching condition imposed.

LCR passive filters with simulated immittance have also received considerable interest,
because designing active filters by simulating the inductor of a passive LCR realization of the
filter includes low component sensitivities and the ability to utilize the inherent advantage of
LCR filter design. If the inductor of the LCR passive filters was replaced by the proposed simu-
lation floating inductance, the new RC active filters will benefit from the LCR passive filters.

Therefore, the proposed simulation-inductor circuit using three CFCCIIs and three passive
elements was used to replace the inductor of the passive LCR filters. In addition, the CFCCII
can also circumvent the finite gain-bandwidth limitation of the conventional operational ampli-
fier. It can also offer both a constant bandwidth and a high slew rate (i.e. 2000 V/us) [19] [20].
Finally, the series LCR passive bandpass filter using the proposed simulated inductor is experi-

mentally validated.

II. CIRCUIT DESCRIPTION

The circuit symbol for a CFCCII is shown in Fig.1. The port relations of a CFCCII can be
characterized as i: == iy, vi = v, iy, = 0 and iy = ir. The '+' and '—' signs of the current i
denote the non-inverting and inverting, respectively. The proposed simulation of floating in-
ductor circuit is shown in Fig. 2. Using the standard notations of ideal CFCCII, the input impe-

dance of the circuit in Fig. 2 can be expressed as

- .

Ix 1z
Vy —>»— \ 7 ——
CFCCII
Vy —>— Y O H—e——
iY i0

Fig.1. A CFCCII symbol
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\%
10— X
I CFCCII-
(0 Y M
Z;
7,=V/1 7 7 X 02
CFCCII+ CFCCII +
— X (0] Z (0} Y
Z,
Fig.2 The proposed floating impedance simulator.
T Z|Zg
Zin = 7 (1)

where Z — 7> are the impedances. If the impedances are chosen as Z; = Ry, Z> = Ry, and Z =

(1/sC)) shown in Fig.3. This is equivalent to an inductor with inductance L, given by
L.?q = RIRZCI (2)

From the above equation, and properly selecting values of the resistors R1, Rz and the capacitor
C\, both large and small values of inductance can be obtained. Thus, the floating inductance
simulator is constructed and its value is independently tunable through the three elements R,

R, and C) in the circuit of Fig. 3.

111. EXPERIMENTAL RESULTS

The AD844, as integrated circuit is now commercially available. The AD844 can be used
when constructing a CFCCIL. If the proposed simulation floating-inductor was experimentally

tested using Ry = R> = 1KQ, C) = 1pF and IC AD844s, the proposed circuit can be equivalent
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to an inductor with L., = 1H. Then, this simulation floating-inductor can be used in the reali-
zation of the series RLC passive bandpass filter as shown in Fig.4 and the transfer function has

a biguadratic bandpass characteristic with

V
1G—» Z X
I CFCCII-
Y
0} R,
— Y Z X -0 2
CFCCII+ CFCCII+
— X 0) 1 0] Y —
G
R,
Fig.3 The proposed floating inductance simulator.

YV [
|l ke

L C

+
Vin _ R Vout
—0
Fig.4 The prototype passive series RLC bandpass filter
R
v (L )s
Lout 2 3)
Vie R 1 (
s+ S(L_m)'i‘ I.C
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= of i s 1 12
the central frequency: @,=/( 3% C) 4)
the quality factor: Q = R (%1)”’ (5)

The sensitivity of wp and Qaccording to passive components are:
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all of which are small.

In Fig.5, a second-order bandpass filter was constructed with R = 1KQ, C =1uF and Le,
= 1H. The Matlab has simulated the ideal curves of the bandpass filter. The measured values
were found using a Hewlett Packard network/spectrum analyzer 4195A. The resonance fre-
quency was monitored and measured and the corresponding inductance value was calculated
and compared with the theoretical value calculated using equation (2). The experimental results
for the gain and phase responses shown in Fig.6 (a) (b) demonstrate similarity between theor-
etical calculation and actual measurement. There is a high correlation between the heoretical

analyses and the measured results with only minor errors due to the use of passive elements.

Z X
CFCCII-
0 Y

R,

Ye CD 1y z Z X

1l ”
CFCCII+ CFCCII + &
— X 0 I} 0 Y

G,

Rg Vlll"

AN

Ry

Q

Fig.5 Bandpass filter circuit used to test the inductor realized using circuit of Fig. 3
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(a) The gain response curve of the banspass filter using simulated inductor.
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(b) The phase response curve of the banspass filter using simulated inductor.

Fig.6 (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
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IV.CONCLUSION

The concept of a floating inductor using three four-terminal active current CFCCIIs and

three passive elements is proposed. The inductance value of the proposed circuit can be inde-

pendently tunable through the three elements — Ri, Rz, and C, and it does not require matching

of any passive component. The advantages of RC active when constructing filter transferred by

the proposed circuit includes low component sensitivities and the ability to utilize the extensive

capability of LCR filter design. Therefore, the experimental results on floating inductor utiliz-

ing a LCR bandpass passive filter confirmed the theoretical analysis.

(2]

(3]

(4]

[9]
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A Serial Feedback Digital PWM Regulator
for DC-DC Buck Conversion

Steve Hung-Lung Tu and Philip Jung-Wei Huang

Abstract

This paper describes a newly proposed digital pulse-width modula-
tion (DPWM) power regulator using the system serial-error feedback vol-
tage to adjust the input voltage for high frequency switching de-dc buck
conversion. The proposed digital controller comprises an error process
unit (EPU), a table look-up based PID compensator and a digital PWM.
Compared with the conventional architecture with an analog-to-digital
converter, the employment of a serial comparator and an EPU can greatly
reduce the system complexity. A prototype is realized to validate the cor-

rectness of the proposed regulator.

Index Terms-Pulse-width modulation, buck conversion, PID compens-

ator.

I. INTRODUCTION

Recent efforts in digital technologies have seen a breakthrough in both performance and
size through the employment of device scaling, which makes digital controllers offer a number

of advantages such as flexibility, lower sensitivity and programmability over their analog

* Corresponding author. Tel.:+886-2-29052427; fax: +886-2-29042638

E-mail address : s.tu@ieee.org
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counterparts in dc-dc power conversion. Moreover, the power management function has been
increasingly desirable with the proliferation of systems-on-a-chip (SOC) applications. On the
other hand, the common control rules can also be applied in different parameters of dc-dc power
converters. Fig.1 shows a general regulator based on a table look-up approach [1]-[3]. The sys-
tem includes a buck converter, a PID compensator, a DPWM and an A/D converter. A digitized
reference voltage is generated by firstly changing the Vref into digital format Vref[n]. Then
digitized output voltage Vout[n] is compared with Vref[n] and the resultant error signal is sent
to a PID compensator. According to the output signal, the DPWM develops different duty cycle
signal duty, d(#) which controls the switching buck converter and hence, develops Vout on the
load.

In this paper, we propose a digital PWM regulator based on the system serial-error feed-
back correcting mechanism. Moreover, the proposed architecture employs a 1-bit comparator
and an EPU, which not only makes the implementation much more easily but also does not ne-

cessitate the conventional non-linear delay-line A/D converter [2].

load

Switching

AD
- Vi
i o Converter Vayd

buck converter

d(l)‘ fs=1MHz

Regulator

Digital | d[n PID

PWM [, compensata Vrefin]

FPGA base

Fig.1. General regulator controls a switching converter.

II. THE PROPOSED SERIAL FEEDBACK ARCHITECTURE

Fig.2 shows the proposed regulator, which employs a comparator to control a switching

dc-dc buck converter. The regulator comprises an error process unit, a PID compensator and a
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digital PWM, where Vg and Vout are the line input voltage and output voltage on the load of
the switching converter, respectively. Vref is the reference voltage employed to compare with
Vout and yields a serial error (1 or 0) from the comparator. The serial_error is developed with
the difference of buck converter output voltage Vout and the reference voltage Vref as shown

in Fig. 3.

load
Switching
DC-DC Voul —p»  Comparator e Vermp

buck converter

G’(U‘ " fs=1MHz serial_error

| i Process |
. PWM —{compensator Uint

FPGA-based implementation

|
|
| Digial [dn] ppp |eln] Emor ||
{1l
|
2 |
|
|

Fig.2. Proposed regulator controls a switching converter.

Vref =9 v J-I— Switching | vout

Comparator Digital

L Buck
Vout VouteVref? [ serl_arror Profeseor d(t) | converter

Fig.3. Relationship of the comparator with the system.

When Vout is greater than Vref, serial_error = 0, which decreases the duty cycle of d(1)
signal. By contrast, serial_error = 1 when Vout is less than Vref, and then increases the duty
cycle of d(f) signal. The output of the serial_error signal is sent to the EPU which generates e
[n] ranging from -4 to +4 [2]. Since the requirement for a high-resolution digital PWM is one
of the important considerations in digitally controlled high-frequency power regulators [2], the

compensated signal d[n] is ranging from 1 to 255. Therefore, the digital PWM generates a
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IMHz switching frequency d(f) signal with a duty cycle d[n]/256. According to d(#) and all in-
ternal parameters, the converter develops output voltage Vout on the load and the operation

iterates until Vout is approaching to Vref.

Fig.4. State diagram of the EPU.

A. EPU (Error Process Unit)

The EPU is a state machine developing error signal e[n] according to serial_error signal.
Fig.4 shows the EPU state diagram. If input serial_error is 1, then e[n] is not greater than +4.
On the contrary, if serial_error is 0, then e[n] is not less than -4. Obviously, it can be imple-

mented with a 4-bit register to cover the range from -4 to +4. Table 1 shows the truth table.

TABLEI TRUTH TABLE OF THE EPU

Next state
present state

serial error=0 serial error=1

Q3 Q2 Q1 Qo0 D3 D2 DI DO D3 D2 DI DO
o 0 0 0 O|1 1 1 1 D0 0 0 1 (D
0O 0 0 1 (/o 0 0 0 (M 0 0 1 0 (2
0O 0 1 0 @/ 0 0 0 1 (MW o 0 1 1 (3
o 0 1 1 3» 0 0 1 0 2 0 1 0 0 @&
0O 1 0 0 %/ 0 0 1 1 3 0 1 0 0 &
1 1 0 0 (9 1 1 0 0 (4% 1 1 0 1 (3
1 1 0 1 (31 1 0 0 (% 1 1 1 0 (2
1 1 1 0 (/1 1 0 1 (3 1 1 1 1 (I
1 1 1 1 (D1 1 1 0 (20 0 0 0 (0
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The logic equations for the truth table are given by

Di=0,-(_e Q- Q)+(s_e+ Ot O+ Q) (1)
D,=Di+s e 0y (Ot Qi - Q) 2
Di=s _ed(Q®0)+ Q- 0 (3)
D=0 (Q+s_e®0+s_e-0.) 4)

where s_e represents serial_error.

B. PID Compensator

The PID compensator can be described with the following general form [1],

_ds)
Uls)= o) K- (I tot Tos) (5)
in which K is the proportional gain, 7; the integral time, 7 the derivative time and the differ-
ential equation relating d(f) and e(?) is

d= B +Tie L T,8) (6)

With the Euler's method [6], equation (6) can be expressed as

dn)— din — 1) re(n)— eln — 1) e(n) .

where the last term is given by

T (@) =Ty (8= € = Dy To po) 26— 1)+ el — 2)) ®)
Therefore, equation (7) can be described as

d(n)= d(n — 1)+ K[(1 +—+ Tj Ye(n) e(n —2}] ©)

The PID control law supported by the configuration shown in Fig.2 is therefore given by
dn)=dn — D+a-em)+b-en— 1)+ c-eln—2) (10)

where d(n) and d(n-1) are the current and last-iteration outputs of the compensator, respectiv-
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ely. e(n), e(n-1), and e(n-2) are the current, one-iteration before and two-iteration before error

outputs, respectively. Comparing (9) with (10) yields

a=K(1 + TJT,+ TolTs) (11)
c = K(Tp/Ts) (13)

where Ts =1/ fsand fs is the switching frequency. K, 77, and Tp are the constants of a PID
compensator. Note that as shown in Fig. 5, the products of (a - e), (b - e), and (¢ - ¢) can be
implemented with look-up table a, table b, and table ¢, respectively, in which a, b, and ¢ are the

gains.

dnl

embed in FRGA
Fig.5. Block diagram of the PID compensator.

C. Digital Pulse Width Modulation

In Fig.2, the DPWM generates switching signals with a frequency £ and variable duty cyc-
les according to the input values of d[n]. The DPWM is based on a multi-phase/counter ap-
proach. The multi-phase clock source is generated from the VCO of a PLL instead of a ring os-
cillator, which the former one can provide even more accurate timing leading to accurate duty
ratio and lower ripple of the output regulated voltage. Notice that due to the effects of process
and/or temperature variations, the output clock signals of the ring oscillator constructed with

flip-flops may suffer serious jitter problems.
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The n-bit resolution can be achieved using n,-phase clock signals [4] and the remaining
n.-bit resolution is obtained from an #s.-bit counter. Note that here # = n,, + n.. The multi-phase
signals 1, 2, 3,. .. 2" are generated from a PLL, in which the VCO is constructed with a differ-

ential ring-oscillator as shown in Fig. 6(a).

LI =
S 2 e 2

1 2

B ) AL

2

(a) Differential ring-oscillator VCO of a PLL

to generate multi- phase clock signals.

(VCOofa PLL)

2"-fogic circuits -
ne-bit g mu(=2) | 30
counter | r1:q) dz:2) | s

- comparator
Nn(=2)
:D reset Out
R Q
cnt{1:0]==2b0 set |

(b) Simplified block diagram of a 4-bit DPWM.
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aif1:03_X 0 X 1 2 X 3 xC
@[] 1 1 1 [
o] \ [ | J l I |
(o) I ! I | I | = il
Q] \ [ \ I l [ [
st r
Reset 1
atl [ I

(c) Operating waveforms of the DPWM.
Fig. 6. The DPWM details

The PLL can therefore operate at much lower frequency (27/2") fs instead of 2 f;, where
£+ s the switching frequency of the DPWM. Figs. 6(b) and 6(c) show the block diagram and op-
erating waveforms of the proposed DPWM, respectively. An example of 4-bit resolution (n=4)
can be used to describe the operation with 2-bit counter (n.=2) and 4-phase clock timing (n,=2).
Initially, the SR flip-flop is set ("Our" =1). When the counter output matches n. and the logic
circuits of the multi-phase clock timing matches n. , "reser" signal is high to reset output signal
("Out"=0). Since the digital input vector d is preset (d=4' b1101 in this example) and total res-
olution is 27, the duty cycle of "Qut" is therefore |d |/2" (duty cycle of Out is13/16 in this exam-

ple).
I11. SIMULATED AND EXPERIMENTAL RESULTS

The complete discrete-time model for the proposed closed loop system is shown in Fig.7,
in which the parameters for the buck converter are: the input voltage V, is between 3~4 V, the
output voltage is regulated at Vou = 1.8 V, R =3.6~18Q, L =47uH, C = 100uH. The parameters
of the PID compensator a = 25, b =— 47, and ¢ = 23 are computed with the Euler's method
using K =2.25 and 75 = lps.
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Fig.8. Steady state operating waveforms.

When Vou is less than Vier, serial_error is in high level and vice versa. The EPU performs
addition/subtraction operation when it receives serial_error and sends e[#] to PID compensator
every T period. Initially, Vou is O, which is less than Vier. The pulse of duty will more and more
extend to follow T period. When Vou is greater than Vi, the pulse-width of d(7) will be reduced
until Vou is equal to Veer. Fig.8 shows the steady state waveforms. Obviously, different d[n]
value is corresponding to different pulse-width d(¢). Fig.9 shows the implemented circuit with

FPGA, in which the PMOS Qp and NMOS Qn act as the switches in the converter. The input
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dc voltage V, responds to the load of the buck converter. The comparator takes Vou to compare
with the reference voltage. Since Vou may cause overshot and large current will pass directly
through the comparator leading to breakdown at the start-up, we divide Rload into two parts:

Rloadl and Rload2.

Vemp
Qp - Vout §
F- Rloa Rrefl
V Comparator
T ‘\JE L - rrerz|
‘V Rluad% L=
L = 5l o
dit)| I 1 | fs=1MHz serial_error
Regulator
Digital | dIn] PID e[n]  Error
P\gMM K =] compensator{, ] P[?'Ciss il
in
Implemented FPGA
Fig.9. Test circuit configuration.
v
2 : E
J
1
03
2 - st
\
1 -
Oﬂ
us

-100 -80 -60 -40 -20 O 20 40 60 80 100

Fig.10. Measured waveforms of Vout for load transient response.
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Fig.10 shows the load transient response for the load current from 500mA to 100mA (i.e.
the load is from 18 to 3.6€2). Fig. 11 indicates the line transient response for the case of V,
from 3V to 4V. The supply voltage of the system including FPGA voltage is 3.3V, Ve is 3V
and the output voltage is regulated at Vou = 1.8V. The power-up transient time is about 150ps

as shown in Fig.12.

T S—

:
$

-25 20 -15 10 -5

ms

w
.
1 i
O e B
.

o

10 15 20 25

Fig.11. Measured waveforms of Vout for line transient response.

| us
-250 200 -150 -100 50 O 50 100 150 200 250

Fig.12. Waveforms of Vout at the power-up transient.
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IV. CONCLUSION

This paper describes a serial DPWM regulator. The employment of the proposed compar-

ator and EPU makes the implementation much more efficiently. Furthermore, the EPU, table

look-up based PID compensator and DPWM can be implemented with hardware description

language (HDL) and embedded ROMs. The proposed architecture is suitable for the integration

of the power management function in SOC implementations.
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( consolidation ) @AM PAZE RO THELA TE ~ B EL4 - IR (non-manifold construction ) M4
(articulation ) -«

PR EATRREROY  EIEFUREA S (non-manifold complex) » EMAZUL A THEL A TH ~ B ELEAIHE S
(articulate ) = PSS (consolidate ) (i FHEEIENE T -



Bl EREEEE 41 1Y 7

— ARG SRR & A NIRRT 8 A E > AIEHKR 16 (= 2x 8) » [FERFA
HfERY 12 & - AIEEK 12 (= 1x 4x 3) ; AlHe 12 g% 8% 2 i - EE8K

24 (=2x 4x 3) - FBHREE= -

B= ENEENRREEENET \ERREL

WA FIFEE » BREIEFEBGETEAT ¢
6x VFE (56, 128, 184)— VFE (2x 8+1x 4x 3,0, 2x 4x 3)

= VFE (336 — 28, 768, 1104 — 24)

— 308+768 — 1080 = — 4
KEEV+C—Ch=24+1—Ch=— 4 #a[5EsEA—A 158 Ch = 29 - &
3 1 RIS P B A SRR R A AR B 5 - ASHHRIESAS B 30 - [NEE 30 {ElHE:
HGENY - EASHE R 0 MEEH R L E > & SRR EUE 29 - GE2EEIM -

51.2 MRiEEA_"HE
FEFSIEAR TR FHSHPUEGESS AR o DUEERSREL - [ BRE - mIEIEE
14 (=3x 242x 4) HLE2EH8 (= 2x 4) - (REFFEHE » BERFEEETELT ¢
4x VFE (18, 32, 48)— VFE (3x 2+2x 4,0, 2x 4) = VFE (72 — 14, 128, 192 — 8)
= 58+128 — 184 = 2
K V+C — Ch =4+1 — Ch = 2 i{ga]#5PY{f B ALY SEAS TR R EEAS 8 Ch = 3 -
[ElEk D o ASAH PO REAS A » M N IH i E - IRE IR > BURIRF M BGTE
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T

6x VFE (58, 128, 184)— VFE (2x 8,0,0) = VFE (348 — 16, 768, 1104)
= 332+768 — 1104 =— 4

FEBV+C—Ch=24+1—Ch=— 4> {o]EEM{ER_THEEE Ch = 29 - &
= 0 KB PU(E B AT SEAS TR AR AR B 3 0 SIS EEEE 18 ¢ JRTHSAME 12 {3
BSEREE » D REBREE 1 JIFREAIE 30 - RIFSIE 30 {ERFLE SEmA ZEIER 1 1
o FAYEESEUE 29 - T2 EEMY -
5.1.3 fRiGAIR—3Y

FEES AR AL R RARERE BRI T ARARECEE ) A - EES
FHPU{EREAS IR - SHEE R - S TO(EE R - SRR - S E = EAIEF
% edrdeEmlE 12 (=3x 4) B8 8 (=2x 4) - {REFRFHE » BHFRHEEETHE
mr

4x VFE (18, 32, 48)— VFE (3x 4,0, 2x 4) = VFE (72 — 12,128,192 — 8)
= 60+128 — 184 = 4

[K£5 V+C — Ch =4+ 1 — Ch = 4 - Hr{5 P BAIH s AR IEE Ch = 1 -
[FlfEHD - PO ERBASIEEI S - AN AME £ o ARYIRK - S RmdElss » 751
By 8 EMAEEL 2 H - B AEHEN 12 {88 - RE% 2 - HIEKAHIE 40 (=
2x 8+2x 12) 5 @AYIEL - NIRRT 12 {f2 > AHEK 2 - SHRIGE 24 (=2x 12) -
R RFFE > BB IEBETRAT

6x VFE (60, 128, 184)— VFE (2x 8+2x 12,0, 2x 12)
= VFE (360 — 40, 768, 1104 — 24)
= 3204768 — 1080 = 8

KIFS V+C — Ch=24+1 — Ch = 8 » frr]#5aks il —BURRSHR R Ch = 17 - Biag
DX B3 VUl BEA A FEAS IR AR AOREAS B0 1 KBS IS BERZ 6 © 12 (AR m s R BT
12 {[ > (LA 18 {# - BFE 18 {EiFZHuma Sk 1 - # BEEsisEoE 17 -
a2 A E Y



B SRR 41 1] )

5.1.4 pRESAHR A

RGP A e Yr*ﬁ?—[iiff”él" PRARE ) BEEY o el = ERAT R
i o ={EEF AN 3 [EinBhiEs - MR 2 - {&%’:‘rﬂiﬂfi@ BRI RGN ¢

3x VEE (18, 32, 48)— VFE (2x 1,0,0) = VFE (54 — 2, 96, 144)
= 52496 — 144 = 4

KFV+C — Ch=3+1— Ch =4 a5 {8 E{AIBEMREAYEEH Ch =0 -
[Flfitl > /G = (ARSI > fE e /N RE R L - / Kﬂ‘iﬁ"”ﬂﬁ 6 fiélfs - 4 fERREA
SrAHES: 3 HMAIE - HEAMIE 18 (=3x 6) - RERFH - BEFHEHETENT

8x VFE (52, 96, 144)— VFE (3x 6,0,0) = VFE (416 — 18, 768, 1152)
= 398+768 — 1152 = 14

E)'Ec

KEEV+C — Ch=24+1 — Ch = 14 S PR —BRIEIEE Ch = 11 - BRg
RIS /RS RRAERY 12 (i - %E 1R - AEsrEE 12 - RIS 12 ﬂ_llﬂﬂax—;@ﬁ’ﬁ;cm
b LA - R LR an 2 A=Y -

Bowtie Ll 01 Bowtie Lasic 02 Bowtie e 0l Bowtie iiter 07

BN SEMEEA—F « BATE « hif—BUsE g A
5.2 IRIRBAE

521 REES—E

ARIREEA—BY » JEeh /S AH PO A B AR RIS AR - PUERRIRIEAY - TETRAPY ~ fRAG
BiE - mlEsEis ETSEA 2 HAE - BARATES (= 2x 4) - IRAEFFE
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BCTRFIES - BT

4x VFE (18, 32,48)— VFE (2x 4,0,0) = VFE (72 — 8§, 128, 192)
= 64+128 — 192 =0

KRR V+C — Ch=4+1— Ch =0 #r#GV{EEAHRRERT B #H Ch = 5 -
[EIARIE AR PO B AT AR RS - AN REAE L - Ny 12 (82 - %
8L 4 EAIE - HBXATEAS (=4x 12) | ANHESHYEHEZRSHRE 3 % - 8568
36 (=3x 12) - RAFFEH - BOEFEEET AT -

6x VFE (64, 128, 192)— VFE (4x 12,0, 3x 12) = VFE (384 — 48, 768, 1152 — 36)
— 336+768 — 1116 = — 12

KB V+C — Ch=24+1— Ch=— 12 {{{SHRREA R EE# Ch = 37 -
ae - PRI PO BT AR RS AR B0 5 BV BORE 30 ¢ ANTHISHEST /(]
FAIH » BREA TR — 2 - KRS S 8 {1 - sk 38 {1 - KIFSE 38 {ElkE
IR 18 0 MBRESTSEOE 37 - SR EE A -
522 RIREAR

HRIREEAS T > S AR Al BEA AHRIRAR IR Y - PUEIRRIETY - st ~ Bk
BT - RIEA RS BT AHR% S A THE 4 (88 - HIEAAIE 20 (= 5x 4)
B 16 (= 4x 4) - {REFFEHE - B EEETHEAT ¢

4x VFE (18, 32, 48)— VEFE (5x 4,0, 4x 4) = VFE (72 — 20, 128, 192 — 16)
= 524128 — 176 = 4
A V+C — Ch=4+1— Ch=4 §A[{3a{EEAARREIIAESEE Ch = 1 -
[EIREME - ZSAHPUE B AT RORRIRARAY - MY ZA/E N TREARE | o ISR RIE S 4 K
I —8HE - BEE REERAE/SERERY 12 (@8 - - S84 1 HATH - 35
RAEIL2 (= 1x 12) - REFFEE  BAEEEETEAT ¢
6x VFE (52, 128, 176)— VFE (1x 12,0,0) = VFE (312 — 12, 768, 1056)
= 300+768 — 1056 = 12

K V+C—Ch=24+1— Ch= 12 i AISIRREEA " RIAEHEE Ch = 13 - Bgg -



AL 555 P B (S AR R B A B 1 SHHARS S BE0R0Z 6 ¢+ /IS RAE S i 255
1 {EZEr > PERSHSEeE 8 1 - Intlsk - #8148 - RIS 14 82 Him Ay S R
L - > RERESRE DS 13 - RF 2R 1L -
5.2.3 fRIRAR—E

AR AR —HY - EHRIRE AR T AR ) R o R R AR S ALARRIR
PR« BSIRERIRIERY R —fHE - 3R A - TR R IR S =l BT 38
& o SRtk > R ASERT B B B TR A TE S B - ST SR G R IHRoR 3 (8
TH » SHUKERHEEARIAL 4 [EATEA 3 (5% - AL MATH 18 (= 4x 343+43) BUAKE
9 (=3x3) - REFFEE - BdFHIEE O SIEATE -

6x VFE (18, 32, 48)— VFE (4x 3+3+3, 0, 3x 3) = VFE (108 — 18, 192, 288 — 9)
= 90+192 — 279 =3

KBS V+C — Ch = 6+ 1 — Ch = 3 » {{af/ Sl BEATHR IR A5 Ch = 4 -
[EIRERE » PUAESE EEAT IR R - B PTG SAE b o PURH 6 {EfSrkie S pE s e
TEVY HIBEARAE R VIS AR ATE - ATEHEAMEIETEA 12 (= 3x 4) « (KAFIFEEL > B
FIRHEBETELTT ¢
4x VFE (90, 192, 279)— VFE (3x 4, 0,0) = VFE (360 — 12, 768, 1116)
= 348+768 — 1116 = 0

K V+C — Ch =24 +1 — Ch = 0 » f AR P —BIRYESHE S Ch = 25 - Bggd -
S E AR IR R A Bt BT 4 0 DUEAIES IS RO 16 ¢ TUEEA) 4 fEA86 1
il Zeif - 6 (Higth&H 1 EZ5H - KILESEE 10 18 - Il 26 (& - [KiE 26 {4
TSR TR 1 - & SRS EUE 25 - SHB BRI -
524 RRAHR_E

ARYRAAR B - EHRIREEA TR TR R | AR o TSR PO B HORR IR A
RUSHRL - PU{ERRIRMEEY » g » EECAIEEEES - AlEIEL 4 (= 1x 4) - IKREFH
o BRRIR R EGETELT -

4x VFE (18, 32, 48)— VFE (1x 4,0, 0) = VFE (72 — 4, 128, 192)
= 68+128 — 192 = 4



84 FH AR B B AR

HfE V+C — Ch=4+1— Ch =4 eGP ufEEINRERIFEEH Ch =1 -
At » A PO BRI RAERY - B E /i ReRtiE L - ERHAVEEE A2 E A/ AT
b JEERER SSRGS - 3 BB EAE 8 i b - AEErHRKATE 3 {8 - HIEKATH
24 (=3x 8) - IRAFFEE » BOAEEETREAT -

6x VFE (68, 128, 192)— VFE (3x 8, 0, 0) = VFE (408 — 24, 768, 1152)
= 384+768 — 1152 =0

KR V+C — Ch=24+1 — Ch = 0 #e{FHRRH L RIRESHEE Ch = 25 - Bt -
RIS PO LA AR IRA U s R 8O | KRS BUE 6 © /\EREHUE - FE S —
822 - 34 8 (| ; 12 &% - &4 1 ER - 64 12 {8 ¢ Ikl 26 {F - KFRE 26 A
T HEmrg ETIER | - & MIORREDE 25 - S22 R -

Teardrop i 01 Teardrop Lassic 02 Teardrop fiter 0 Teardrop inter 02

Bh REEA—IZ - BEATE - hiR— R E

5.3 WpstER

5.3.1 PREEA—E
AEEA—A - R G = (8 BRI RBAUA A - = (EApsEIERTIn e
fE—i#tl - AIERAAIIRERS - IBMAIERK 2 (=2x 1) - #EERoAIRIRL 9 (=
3x 3) BEK9 (=3x3) - REFFEH - BEIRFEEEIEATT
3x VFE (18,32, 48)— VFE (2x 1+3x 3,0, 3x 3) = VFE (54 — 11,96, 144 — 9)
= 43496 — 135 = 4
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WREV+C —Ch=3+1— Ch =4 r{G={{ECHAFELNEHE Ch=0-
[k - M = RSB » M AE /U ESRRE L - \EREry S EmTE - ZRA
IR HHEKAIE 24 (= 4x 6) - REFFEHE - BEAFEEGETEATT

8x VFE (43, 96, 135)— VFE (4x 6,0,0) = VFE (344 — 24, 768, 1080)
= 3204768 — 1080 = 8

PIES V+C — Ch =24+ 1 — Ch = 8 » {n{BBEHATUHURSHS S Ch = 17 - B33 -
PR\ AR A< (LA T T — (B » 4677 6 8 - AR 6 ¢ /\IETAEHRAERY 1258 -
&AM RSB 12 0 TSR 18 - [RIEIE 18 (TN - RILEIR 1
> BRI 17 - SR EE A -

532 g1

ERR— B RSN T RIS SR B o = PR AR
BTE—IE » AIERE N RTES - JHESATERRE 2 (= 2x 1) » BB AIEERK 9
(=3x3) ;BEK9 (=3x3) REFRFEHE - BERFEEETRIT

3x VFE (18, 32, 48)— VFE (2x 143x 3,0, 3x 3) = VFE (54 — 11, 96, 144 — 9)
— 43496 — 135 — 4

R V+C —Ch=3+1— Ch=4 Wr{G=H AR E Ch = 0 -
IRk R =B AAYEEERY » (e /R IGAE L - /UIiRRy /S EATE - BBk
FIH4 - HRKAIE24 (= 4x 6) - IRAFHEE - BavRFEEETEarT

8x VFE (43, 96, 135)— VFE (4x 6,0, 0) = VFE (344 — 24,768, 1080)
= 320+768 — 1080 = 8

HE V+C — Ch=24+1— Ch =8 ¥r]E#FEPK—RIR S Ch = 17 - B
RS\ AR ER AN ATES A — B - 545 6 @ - B5REEUE 6 © /\HRSRMER 1252
FH—ER - EFEEUE 12 IEARSE 18 - IF%E 18 A2 dtmny » RIEEZER 1
T RS TR O 17 - FEREEN -
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Wing sk 01 Wing i a1

B7" BEESLUEERR—E

54 155 IIRER

54.1 ISR NERES—T
VS GREE AR » SR ph S AH PO B AT B AR o POfiErs e SRR -
THITES - BEYEHR S ([EIEE - AIEEK 15 (= 5x 3) HEGATHE 4 #4204
A 12 (= 4x 3) - REFFE - BOIFF BT RAT -
4x VFE (18, 32, 48)— VFE (5x 3,0,4x 3) = VFE (72 — 15,128,192 — 12)
= 57+128 — 180 = 5

P V+C — Ch =4+ 1 — Ch = 5 » (AAPU{HE 75 3RS A& 3 Ch = 0 -
[EEHE » /SIS BT RYS 5 IR » B ST REARE b - =AHPUE BT SR
FESAAE AT /A | > AIEIER 8 (= 2¢ 8) - (REFFEE - BRAAF UG AN
il

6x VFE (57, 128, 180)— VFE (2x 8,0, 0) = VFE (342 — 16, 768, 1080)
= 326+768 — 1080 = 14

FIE V+C— Ch=24+1— Ch = 14 #EBI55 IREA— TS Ch = 11 -

B A TEISEER 12 (E24F L ER - 45 12 F - JHRE 12 [MREdEEr - %
B L - 0 RERIEASEDE 11 - B EE L -
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542 1A FEEL_H
TG IR A 2l S {IE PO BT AT e R R o O XS v GRS -
AR - AIEEL 20 (=5x 4)  SENES 4 F:2 - 218516 (=4x 4) - (K3
FFIEE - BRRIRREEETEATT ¢
4x VFE (18, 32, 48)— VFE (5x 4,0, 4x 4) = VFE (72 — 20, 128, 192 — 16)
= 524128 — 176 = 4

FIES V+C — Ch=4+1— Ch=4 FATEIHEEADT S IHEBAMGHEECh = 1 -
IR AHLPHE SO0 SR © W S TTHAAAE - 7 IEHEC /RS IR
BAmIEEL 12 (= 3x4) > SRSAMTEEAL 16 (= 2x8) & B% 16 (=
2 8) « REFIREL » BRI HEBGT AT ¢
6x VFE (52, 128, 176)— VFE (3x 4+2x 8,0, 2x 8)
= VFE (312 — 28, 768, 1056 — 24)
= 284+768 — 1032 = 20

BB V+C — Ch =24+ 1 — Ch = 20 + A5 5 I EHA TGRS Ch = 5 - bR
2 ¢ S IIEELATTT 5 RSB 1+ AR 6 - SIS 6 iR
HSEEHIE | 5 EOBIEE S - WREE -

543 157 /0fERR—H

TGS R » SRITRA—I TRIRCE | A o R L= R
BT S YRR, © SRR  TREEEES © HURATE 2 - (REFIIE - B
FPEBGHEATT :

3x VFE (18, 32, 48)— VFE (2x 1,0,0) = VFE (54 — 2, 96, 144)
— 52496 — 144 = 4

R V+C — Ch=3+1— Ch =4 §rHG = &85 5 A Ch = 0 -
ARkt » K ={E AT 58 ORI RS AE i Re ARz (B == AT L - 1Y
RTTo JREAIR F THEE A R » o BIE AR /\HifERY 6 Ak - MIEAXN 18 (=
3x 6) - REFFE - BERUHEETEAT
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8x VFE (52, 96, 144)— VFE (3% 6,0, 0) = VFE (416 — 18, 768, 1152)
= 398+768 — 1152 = 14

I V+C—Ch=24+1— Ch= 14 HAEEG T BESHEE Ch = 11 - B
i A 12 @E&E @R - 8 128 - FRE 12 (S sEa 2R 1E
o RS EOE 11 - FEB AR -
5.4.4 I55e /R &
Y5 SR A B RREEE - RIS IR TR TRIRALEE ) 1
T o R {E DU BT AP 5 S BRI A, o DURYT IR - BERR RS - ATRIRA
12 (=3x4) »#H%8 (=2x4) - REFFH > BEIFEEEIEAT

4x VFE (18, 32,48)— VFE (3x 4,0,2x 4) = VFE (72 — 12,128,192 — 8)
= 60+128 — 184 = 4

IS V+C — Ch =4+ 1 — Ch = 4 » A EPU{E(I5 52 RSB Ch = 1 -
RIS » o (DU BT 5 TR > IHE S TIAOSME | - BN B RS
Sy o ATHESEG 12 i + FTEEE 36 (= 3x 12) AT 8 (67 - 3 MT5 5011
B A7ESE 7T - FIEIRLE 16 (= 2x 8) & ATHHSY 12 3% - #2848 (=
4x 12) o HRAS R BRI G
6x VFE (60, 128, 184) — VFE (3x 12+2x 8, 0,4x 12)

= VFE (360 — 52, 768, 1104 — 48)

= 308+768 — 1056 = 20
B V + C — Ch = 24 + 1 — Ch = 20 » AT SO SIS Ch = 5 - B8
% A AEEEHEEE —ER > 35 6 18 - TS 6 [EFZEm0EI 1 {8
0 SIS S - HBEBIG -
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Bar tasic 01 Bar sl 02 Bar intet 01

Bt DDROEER—Z - B2FTE - chfR—SUEMR "R

5.5 finfAUiRAl

5.5.1 fREYEA—E
ARUEEAR— o S pH 7S A YA B AORR B R RH A - PO - AREREE
& ATEEA S B EE G - LN REIAIEESL 6 (= 3x 2) - EEAIR 4 (
Ix 4) > BB 8 (=2x 4) < RERFEH » BEREEEIREAT |

[

X

4x VFE (18, 32, 48)— VFE (3x 2+1x 4,0, 2x 4) = VFE (72 — 10, 128,192 — 8)
= 62+128 — 184 = 6

IS V+C — Ch+Ce = 4+ 1 — Ch+ Co = 6 » ST{HPUENAHANEIRAISHS Ch =
0 K& Ce = 1 -

bR P RTAOAR RN - I e STRARE b - =LA O AT
198 {1 + S 2 BATE < MR IR - BRHIRSVERGH AT T

6x VFE (62, 128, 184)— VFE (2x 8,0, 0) = VFE (372 — 16, 768, 1104)
= 356+768 — 1104 = 20

KES V+C — Ch =24+ 1 — Ch+Cc = 20 » SR {HAREIEA—RIESHE S Ch = 11 R
g Cc = 6 - BaiE : N ATSAESR 12 182 - SHEEE R - 2245 12 - KR
38 12 {ER S EE A SRR L8 - 5 SRS 11 - SH2EE/\ -
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552 MBEATH

ARTUEEAR I > 2 e/ SAR DY B AR B AR B - PUMEIARTUARSEY - ARRE IR &R
- AIRIEA S B - ETHEMIERA 6 (=3x 2) - [KMAIAS (=2x 4

=) i Y s
BIEE S (=2x 4) - REFEH » BURHEEETRATT |

4x VFE (18, 32, 48)— VFE (3x 2+1x 4,0, 2x 4) = VFE (72 — 10, 128, 192 — 8)
= 02+4128 — 184 = 6

IS V+C — Ch+Ce =4+ 1 — Ch+ Ce = 6 » #ATf4 U BLATHR VSIS R5 0% Ch =
0 RIS Ce = 1 -
EIREHY » 7S E PO B AR BRI o S TR b - AR R e
BT
6x VFE (62, 128, 184)— VFE (2x 8,0,0) = VFE (372 — 16, 768, 1104)
= 356+768 — 1104 = 20

KIFS V+C — Ch=24+1 — Ch+Cc = 20 > Ha[BARRIEA " AIESH%E Ch = 11 fIfE
A% Ce= 6 - Bzl : KE/NHEEH 12 ([FEFMEEHE —EF - 5 12 # - RSE 12 @
AR A B2 IRR 1A & > MRS SR 11 - G2 EE )\ -
5.5.3 MREYAFR—BY

B AR —AY » EAREIEAR A T AHRECEE ) B o T/ URH = B AR AR
RUSHA - ZERAEVEEAN » 3 (ERGERA & —EE S e —il - BEATE4 (= 2x 2) T
2 (=2x1) - {KREFREH - BEFFHEETENT

3x VFE (18, 32,48)— VFE (2x 2,0,2x 1) = VFE (54 — 4,96, 144 — 2)
= 50496 — 142 = 4

B V+C — Ch=3+1— Ch =4 i(al{3=(HRAHLHTGHN Ch = 0 -
I » /= AL - e FIRARAE L - DAL R A TERR A
ey » EHEAE/\EIREN) 6 TBFATE > FATEIEZR 18 (= 3x 6) - HRAUFIREL » BREIRSHERE
FHEIT
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8x VEFE (50, 96, 142)— VFE (3x 6,0, 0) = VFE (400 — 18, 768, 1136)
= 382+768 — 1136 = 14

KISV +C — Ch = 24+ 1 — Ch = 14 SCTFAAAEIh#R— R4 EL Ch = 11 - Bty
PRI\ TR 12 158 - S — I > 14 12 - RESIE 12 (AR e S
Ul - # SRRORSHSBR 11 - FHBEIEL -
554 FREVAIR R

BRICfAf Y - AVREEA A TR | R - R LSRR
T - SEMSTIOIRTBRI S SRATE (= 2x 1) (kRIS - B
PEBGEHEIATT -

3x VFE (18, 32,48)— VFE (2,0, 0) = VFE (54 — 2, 96, 144)
= 52496 — 144 = 4

K V+C — Ch=3+1— Ch =4 a5 ={HHEAMTIEAEEE Ch =0 -
IRkl » /\AH = {l B8 A AORAHURSR - BFe / \IREARAE | - PUREAREIRAUAN e S g
FEFAT/\THIHEHY 6 A - HRARATH I8 (=3x 6) - KREFFEHE - B tEETEaT -

8% VFE (52, 96, 144)— VFE (3x 6,0,0) = VFE (416 — 18, 768, 1152)

= 398+768 — 1152 = 14

KHE V+C — Ch=24+1— Ch= 14 Hu{GHnAI Pk —RUE5HEE Ch = 11 - Biag
RS AHeA 12 ESEEEE R - 45 124 - HRSE 12 (dRZEEIZEIIER 1
{# » # » HERURSHEECE 11 - F2EEN -

Boat

B\ RREEA—E - BEATE - iR —BUEEER R
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5.6 SRUEHRI

5.6.1 EREA—T
FERUFAR—FRL [ HH UM B AT SRR R - P2 B - OHAIEE - FET R
& UERSEATERRS 3 (=3x 1) » FETAERK4 (=4x 1) « (REFFEHE - BL
FHEBGTREATT
4x VFE (18, 32,48)— VFE (3x 1+1x 4,0,0) = VFE (72 — 7, 128, 192)
= 65+128 — 192 = 1

PIFSV+C — Ch =4+ 1 — Ch = 1 » STfHPUAHA AR 5B Ch = 4 -
IR ARSI SRR » e AT AR L - SARATR EEi fa R
Heg ey o PETALE TR 8 T L > FTEHEZK 16 (= 2x 8) - (REFETE - MCRIRSPERL
SHELATT
6x VFE (65, 128, 192)— VFE (2x 8,0, 0) = VFE (390 — 16, 768, 1152)
= 374+768 — 1152 = — 10

R V+C —Ch=24+1— Ch=— 10 {r{5ERHEA g% HE Ch = 35 - &
ae ¢ KR I B A R AR AR S SR 4 0 SHRTETRRELE 24 0 NIEHEE 12 (8%
HEEE— 822 - 2 128 - IR 36 (F - KIS 36 fEEanEy kR 1 1 -
o RIS BLE 35 - S22 AR -
562 EEhH—E

FEAIg A SRR —TIRY TRIRA R ) AL o TN P BRI AR
R - PUERAEAL - FEFEHS > AlREKR4 (= Ix 4) - (REFFEH - BRI
ATRAIE -

4x VFE (18, 32, 48)— VFE (1x 4,0,0) = VFE (72 — 4,128, 192)
= 68+128 — 192 = 4

[ V+C — Ch=4+1— Ch =4 #n[{5/u{EEA 2RI EHKE Ch =1 -
Gl » ASARPU(E AT R AR » IEEAE /ST AT b - — IR A ERERES - B
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AE/NHIREHY 8 (B A L AIEIEL 16 (=2x 8) - (RAEFFE - B EEGEI R T ¢

6x VFE (68, 128, 192)— VFE (2x 8, 0,0) = VFE (408 — 16, 768, 1152)
= 392+768 — 1152 = 8

B/ V+C — Ch=24+1 — Ch =8 ARG EN il —AIRIEHEE Ch = 17 - B§FF
DA s DUl ER A A R R AR RS AR B 1 SRHAVESR IS 6 NIEfSH 12 (838 - &
A—E - S 12 (E - RS 18 ff - KR 18 (RS EEny =R 1 A - i - 48
HIRSIEROE 17 - G52 E(E L -

Star basic A1 Star inter 01

57 WerpERE

571 |UFEHMEER—TY
LI e R — A > R P AR PO BT A L FS il A T e, - DOl L pih Ay
SIRIREERS - AIEEA SRS - ETAIEHEL 6 (=3x 2) - FHIATEIRL 12 (=
3x 4) BfES 16 (=4x 4) o (RERIFE  BUFRFEEGTEATT
4x VFE (18, 32, 48)— VFE (3x 2+3x 4,0, 4x 4) = VFE (72 — 18, 128, 192 — 16)
= 544128 — 176 = 6

B V+C — ChaCe = 4+1 — Ch+Ce = 6 » HCRT{HISEN () A s
WSt 7% » Bl Co — Ch = | - SBLRFERURIAN Co — | UG Ch = 0 ST
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ot SE (U B LA EEAE B SRR D - A (IR -
[EIRESt » (VT BT LAl RS e NS ARAE L - A THRIHRSC RS I
53 ZHABEI A TERE RS » SR EEAE MR 8 E/M L AIEEAK 16 (=
2% 8) - HSATEIBIAE TS 12 (@8 L HHEAMATHA8 (= 2x 2x 12) B
FEATIRSEY 12 (#i% - SBEK 48 (= 2x 2x 12) < (REFIEEL » B G RA
ik
6x VFE (54, 128, 176)— VFE (2x 8+2x 2x 12,0, 2x 2x 12)
= VFE (324 — 64, 768, 1056 — 48)
= 260+768 — 1008 = 20

(RES V+C — Ch+Cc = 24+ 1 — Ch+ Cc = 20 » )5 [P fhE A —BURIE A& HL Ch
= 11 > EEHEESRS Co = 6 - Bats © PAESUIE S LT M oA S 0= 0 -
PRIFSEEE 1 BRI AHLAEBBESEEE 0 - [BIREDE 6 ¢ ATEiSH 12 % - FEa
] o deAT SRS 12 0 FRIRBOE 6 [ - NESIE 12 M EnmAryZ2 ke 18 » i BES
FEBOE 11 BRI A ASEEE - BRI E 6 - G2 a1 -
572 UFEMEHR—E

LBl — A R hEesA— R TR R ) B - e/ R = B
W LAl EEAE R A o =8 L fhEams sl - ATEIEA /I [EERREE SRR 2
(=2x 1) » [EEMEMESEIEN 6 (= 2x 3) 1 &EHK 6 (= 2x 3) - {REFEH
BRI B R

3x VFE (18, 32, 48)— VFE (2x 1+2x 3,0, 2x 3) = VFE (54 — 8,96, 144 — 6)
— 46496 — 138 = 4

KIES V +C — Ch+ Cc = 3+ 1 — Ch+ Ce = 4 » {§(A{§ = (8§71 B A RS 3
Ch = 0 » HEMAIFERE Cec =0 -

Akt /A = B LT Ay F3AE /T RSRME L - A IRIBA T RIAE T
DU IEERE)—(E A TESREEIEA 18 (= 3x 6) - /UMHEHy 12 (@@ 4% 3 fiMlE - 8K
FIE36 (=3x 12) ; 12 {E@&HHEK 4 $HKB 48 (= 2x 2x 12) - {REFIF - B
AFFEBETEAT -
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8x VEFE (46, 96, 138)— VFE (3x 6+3x 12,0, 4x 12)
= VFE (368 — 54,768, 1104 — 48)
= 3144768 — 1056 = 26

KIf% V+C — Ch+ Cc = 24 + 1 — Ch+ Cc = 26 - fu] 15| L sy ch fh— U st
B Ch = 0 > AN Co = 1 - BRt : WAMIISISI 0 - HIERE | - HBF

[t

Chevron bsic 01 Chevron it 01

B+ WEaEEAs—RE ISk —i

5.8 fEmRAl

5.8.1 BEEA—A
WL SR+ S A DM LA S SO DAY+ AR
£ FIEE 8 (= 2x 4) B 4 (= Ix4) R IRRERS - AIEEA T
(=3x 1+1x 4) 4 (= 1x 4) « (REUFIEUR - BT PERGHSEATT
4x VFE (18, 32, 48)— VFE (2x 4+43x 1+1x 4,0, 1x 4+1x 4)
= VFE (72 — 15,128,192 — 8)
=57+128 — 184 =1

KEEV+C — Ch=4+1— Ch = | - {§u]15Pufi BN il fa iR fR % Ch = 4 -
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IRk A POfE B AL S A A - M AE /S TEIREATE L - RIS IRE RS
VETE/NTEIRERY 8 (B8 b - ATERA 16 (=2x 8) - REFIFH - B HEEETRATT -
6x VFE (57, 128, 184)— VFE (2x 8,0,0) = VFE (342 — 16, 768, 1104)

= 326+768 — 1104 = — 10

IV +C — Ch=24+1 — Ch —— 10 {AT/HAIEA—AINRSHEB Ch = 35 - B
R IERA SRS OL 4 AHOBHBGE 24 3 AT 12 884
1R+ DHCACER 36 {8 - BT 36 THRREIEHI | (> § o I
35 - HEHHE— -
582 BRES M

B A+ SRR AR ST - PRSI + 3 4 S
Belbits - MBI 7 (= 3x Lhlx 4) - Bk 4 (= Ix 4) © RADHEES - FTH
BUC8 (= 2x 4) SR 4 (= Ix 4) o (REFRIRI > BOTRHHEBGBIAIT :

4x VFE (18, 32,48)— VFE (3x 1+1x 4+42x 4,0, 1x 4+1x 4)

= VFE (72 — 15, 128, 192 — 8)
= 57+128 — 184 =1

N V+C —Ch=4+1—Ch =1t {5 EEA R AREIREEE Ch = 4 -
[FlRERD - AHAPUE BRI - S e TR AME b - ATERK WALy - — A
fa iR R SR SR Y A N TS 8 (A - FTERSE 16 (= 2x 8) » 41 12 {2 - AIH
% 12 (= 1x 12)  ATERSHY 12851806 2 (8iE - 818K 24 (= 2x 12) - {REF
JFH o BRARFEBGETREANT
6x VFE (57, 128, 184)— VFE (2x 8+1x 12,0, 2x 12)

= VFE (342 — 28,768, 1104 — 24)

= 314+768 — 1080 = 2
KF V+C — Ch=24+1— Ch =2 » {{AMSMTFAEA " RIFE S Ch = 23 - Bgad
R 55 D[ BT A A Fe ARG A 2 4+ SAHAUREAR 0T 24 - (IRSIE 24 (Ri2dm
FIETIRR L8 - i MERESHREUE 23 - G2 alE+— -
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5.8.3 BERMHAR—A

B AR R TR TRIRITER | R - R\ (e A
B o BN © RT3 fIEES - HAMTE (= 2x 1) - REFEE B
B M AT
3x VEE (18, 32,48)— VFE (2x 1,0, 0) = VFE (54 — 2, 96, 144)
= 52496 — 144 = 4

WEEV+C —Ch=3+1—Ch =4 {{a{5 ={HEAHHARRIESE Ch = 0 -
[kl /A= (8 B ATER AR - A U AER IE = AP mi b - PR sl
AUHRER RS S [E¥AE/\ERSHY 6 Bf L - ATEIRZE 24 (=4x 6) - IREFFH - BX
PIFFEBETEATT ¢

8x VFE (52, 96, 144) — VFE (4x 6,0,0) = VFE (416 — 24, 768, 1152)
= 3924768 — 1152 = §

RFV+C — Ch=24+1 — Ch =8 > fiy {5l rhil —BUREHS B Ch = 17 - 8§38 ¢
RIS /IR RRAERY 6 (/A E2A—EiE - 4 6 (@i - /\Efery 12 [@i% » 59— (H4F
LR - A5 12 (80 Inacr 18 Rl - RIEEE 18 {EFEmny 224 kx 1 1d » &
MERURSTE R 17 - 2B +— -
5.8.4 RERMAR_EY

fga chi A > EET AR AR T RARECEE ) R < E R PR N BT A
RURARK - ANEEEAIEE - IRIEERIGRE S 7E—# - MIEENA 3 Al » AR 6 £HR
iR#ES - AIEIEK 5 ¢ A SESMIRIETE#E S - AIEEK 6 (= 343)  #hEsK > =
HIRFEIEES > AEEBL 6 (= 2x 3) [ EMNBEELEMIS - EHEL 6 (=
3+3) BB > KIAHEK 3 (= Ix 3) -~ (RERFFH » BhiREBET ST ¢

6x VFE (18, 32, 48)— VFE (5+2x 346, 0, 6+3) = VFE (108 — 17, 192,288 — 9)

=01+192 — 279 =4

WREV+C —Ch=6+1—Ch =4 A5/ E BRI AR EEE Ch = 3 -
[Elst - POAEL /R AL A B sy > B AP IS IE — AR b - PURH SR A U R
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HEe IR 12 (= 3x 4) « (RESFRIEUE - BRHTRFIMGHAATT

4x VFE (91, 192, 279)— VFE (3x 4,0,0) = VFE (364 — 12, 768, 1116)
= 3524768 — 1116 = 4

BIFS V+C — Ch=24+1 — Ch — 4 » HAT{R il ~AUAGRSHS Ch = 21 - Bt
PRI A LS AL S RIS 3 + PUAIA RS R 12 - DUTTABIRAE 6 (385 4
LB » S 6 el ¢ PETE 4 TRTEE S (B - 3647 4 (B - AIEEAAT 10 (B -
I 12 (B - 22 (8 - (RS » 3 22 MRREEAY - TR 10 > 5 IR
21 - HBEE+— -

Carp busshe 01 Carp busic 02 Carp inter 02

B+— ERES—E . EA—H - R DR

AR AR B L - EAT AR B E TR S o T B DA SR e AR
K 8 fEELAAIEAH » M E B2 A ST ke 20/ \ T e AEARAE b 2R 26 7H 24 H
(AIBEIRIERY « F—SATIR A REIRIEEL » oA B Pl AR, - LEREEE R
AR —HUBL AR A - SPRRREAR RIS AL BR TRk EE ) AR - FERRA —
RN AT — M » SRAUE FERR Al E R R R 12 - BRrd P B Ryt R 22
A% > FSIERE -

RIS R AR SIS R SR IR AR, » i 24 (8 BRSO R RU BN - 25772 768 (=
BT 32x24) - WAMATERIEE - S50t 24 (HERARAI AR 432 (=F{L
FIESY 18x24) WEESHAIAY v - EEEET - AEHBORSIEILIFHENER
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 FIERA R VRE 34 (= 432 — 398) - fATHIRA B -

B -
*— EREREEIOEEMMERIT
T e T I
e g | B Ry - KRR %
HEA—A | 308 1080 -4 | 29 0 4x6 | 6x4 | FER—AY
| ExTAE | 332 1104 | —4 | 29 0 4x6 | 3x8 | MR _— A
B w520 1080 | 8 17 0 4x6 | 6x4 | HAE—H
g A 398 1152 | 14 | 11 0 3x8 | 4x6 | EA
| Emx—® | 336 1116 | — 12 | 37 0 4x6 | 6x4 | rO#p—AY
= | BEATHE 300 1056 12 | 13 0 4x6 | 3x8 | mf A
RR w348 1116 | 0 | 25 0 4x6 | 6x4 | HA—E
iR — R 384 1152 | 0 25 0 3x8 | 4x6 | EA_A
- HEA—A| 320 1080 @ 8 17 0 3x8 | 6x4 | R—HE
rh#k—a | 320 1080 @ 8 17 0 3x8 | 6x4 @ HEA—E
BEA—R | 326 1080 14 | 11 0 4x6  3x8 | chip—EY
o5 EATE | 284 1032 | 20 5 0 4x6 = 6x4 | hfp_—#U
7| ehap—Rd | 398 | . 1152 14 | 11 0 | 3x8  4x6  EAX—#
R _E | 308 1056 20 5 0 4x6 | 6x4 | EA_H
| EA—7 | 356 1104 20 | 11 6 4x6 | 3x8 | HfR—
gy | BB | 356 1104 20 11 6 4x6 | 3x8 | rhig — &
"= map—a | 382 1136 | 14 | 11 0 | 3x8 | 4x6 | HA—A
hip —# | 398 1152 | 14 11 0 3x8 | 4x6 | EA_H
2 EA—# | 374 1152 | — 10 | 35 0 4x6 | 3x8 | rf—A |
= | ohfR—E | 392 1152 | 8 17 0 4x6 | 3x8 | EA—H
W | BEA—8 | 260 1008 | 20 | 11 6 4x6 | 3x8 | hfp—a |
hfR—2 | 314 1056 | 26 0 1 | 3x8 | 4x6 @ EA—A
HEA—# 326 1104 | — 10 35 0 4x6 | 3x8 | mifi—7Y
sge EAE 314 1080 | 2 | 23 | 0 | 4x6 | 6x4 | AR _7
T hR—B | 392 1152 8 17 0 3x8 | 4x6 | EHA—R
iR AY | 352 116 | 4 | 21 0 | 6x4 | 4x6 EA_H
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[k - TSR IEE - S50 24 (EHIATABE 1052 (= B{LE%E 48x24)
WEEGIES e - HERET  BEIRYRZHTRILP AR 144 (= 1152
— 1008) - BB RAIIE O (= 1152 — 1152) - BEGREA - R - 5T
—HAYE - AIER S E EEIR OB H R ZIEGE > RIPHENEA R E
EEAREPRENER - BREEDN

Bl s BURRIRE A — 1A 37 (M i L s il — 2SR R 0 -
B » A2 » fRESEYIREE P - SOtEYT - (LIP3 -

AARIELAR—RUBIARRIEA —AURA 6 IR - 1 P whes bl — BRI 1 (ERE -
SV - INBAMEIENE] - KA » ILIEFEE A RERE

{EIE IR E o AR B RIS B R S o P IR S « [P (R e
B2 BIAMEER - HEps G - AEAEHERIRIE - BB - 2GR - sEE T - BElNEBIR
AT, » AR IS T PRy LeHERTE b - 1) T ARAREEE | ATDURERI AR SRR T -
FAHLFE T - SPGB - SRS S S BT R 1 - SEER IR

o
$

7. S EARIRIAR LA

IR SRS BT A A - EE S o B e nr
REERTEZRIUFRAIMMES - FEGE - EIEE - MR - EHE - BEFHCSEANL
BT A IS R RERER IR - SN IERE R R R ROE T R - 38
RS » AT EIOMEERRIER - iAVEREE @ PUERRIUAR IR SR S
stEE L —{ERE - BEREWFSESRRE S BB RELIR - JE ARG — R A=
TR - SEiE MM — R E 2250 -

HMMIARAHIATE LA » MRAEIERIE R SRS AREERE £ SREGefhiE T
BE P 4 TR - 12 TEHEEE 20 THIHESE —FF - ARk - FTEOK{BIIAE P13 TEEsE IS
092 fd » BIHEE R SETRIEEE - iR - B EEINIBRERIFIP SR

W -

39 Archimedean solid, [ ooy s o
40 Johnson solids, g4 774 -
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Napoleon Origamic Lanterns and Genus

Keh-Ming Lu Alan S Tsaur

Abstract

Napoleon paper building blocks consist of Bowtie, Teardrop, Wing,
Bar, Boat, Star, Chevron, and Carp models. Having attached the modules
built by 24 units of the same models of building blocks onto the duality
wireframe of hexahedron and octahedron of Platonic solids, we developed
26 cage-like models. These cage-like models are divided into Basic and
Intermediate groups. Intermediate I and II models are the mutually rever-
sible models of Basic I and 11, respectively. Based on numbers of vertices,
faces, and edges of a complex, we can calculate its Euler characteristic by
using generalized Euler-Poincare formula. We then verify their genus and

cavity number of complexes.

We found the total face numbers of 24 units of Napoleon paper build-
ing blocks is 768 in the non-manifold construction process. The more re-
duction of vertex numbers, the tougher the construction process is. The
same observation holds true also on the edge number. Chevron Basic I
model has the most reduction of numbers of vertex and edges. Itis not only
the smallest and most compact one among these complexes but also the
one of four complexes with cavity. From architecture viewpoints, since we
can not see the cavity from outside, the application can be used as com-
partment or storage room. Method using generalized Euler-Poincare for-

mula to predict the cavities is innovative.

Among these cage-like models, we found graph isomorphism and re-
versibility for general polyhedral surface. Applications of graph isomor-

phism can be found in the fields of chemistry, network theory, data re-
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trieve, automation, switch theory, languish, computer aided design. It may
also be applied on the optimization of processes in aerospace issues. Ap-
plications of reversibility for general polyhedral surface can also be found

in the architectural design and development of intermediate models.

Key Words : Napoleon origamic lanterns, cage-like model, Euler-Poincare
formula, Euler characteristic, genus, wireframe, non-manifold
model, inclusion-exclusion principle, graph isomorphism,

reversibility for general polyhedral surface
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& BSCR 75451 H Ca [RF7£ 4p-5s [EHY
HIREREEMERE

FREE %
B R T

2

fEASC T Fo{9F FH BSCR(B-Spline based Complex Rotation) /5
BRtHE Ca F1E 4p — Ss M HARRERIRE B EM T - /655
FHREREH » EJuRES S(0=— 0.32) F1 d(0= — 0.32):5 RAElGH G
TERIRFE B B2 H1E 0.32 §110.28 » FHFIFLE R A 18 > FMIpzhey
ST CaJfi74% 4p — 5s (LRIHYHARREAT EFI TR #G E A HHRIE
TR -

BA%EsE : BSCR Jjik » JGif - #5051

I. INTRODUCTION

T.K. Fang % NTE %A BSCR HEEHBESEE R - B EEFEIA B i
BRAERR] AR EERER - 23  BRMRIFEREINA B hefhiE 22 A {FHR BSCR
(B Splme based Complex Rotation) /5 it B85 5 oG irskaEkal - S8R A E SR efH =W

o MAEFFIHI S B IERR T P HEEIRE T AR 48 — 3d [z i f AN HESE
fﬂ@ﬁa‘i@i@%}mﬁ‘ﬁu—% FIFLRELS] - TT 3d — dp Rz EE B EFIZHIRREA A
EASE DG T R A A 4.2 [6
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B2 TDEEMFE BT FIA BSCR J7ik3K% 4p — 58 (ZMIHVARRE(ERITE
& - RIESE — TR 5 R T (EBEGEE - i BAEE AR B Er S o B IR (L
EADLEEAIME - BRI - AEMCETHRTRIZAT - A edt i — AR EeEE 2 5 R
tEpME » AR FFHIES—M A EE L RERE BRI ENE - MR IRREAY A H

LAfEap 4 -
TEASCR » AR R B O S A H R R FHE B R » NE MEAE TRFTRE Al < 28

(E R A SR BN R EE A B B S A4 MO IR,

II. THEORETICAL PROCEDURE
{7 %A1 BSCI - BSK #H[A] » & B-splines ALK » A {3k B R
TR 78]
i TR R R )
ot by B B TGRS — ORI - thBUE BRI A L MR
Her b =(———,——,+*@ )+ V(4 V(1) e (2)

i Vi AR A R SO AL o FELE R PAZRE 91 P.218 Y1), - [FIN
158 FR A ZH S A A R G R RE AR PR A N (e AR AL V)

Het V,=—S-(1—exp e T 3)

$ o ERPFTABRCEAI v PN BRI B -
B I LESL A 7 i B-splines 2 PSS ITUS TR MR EAUIE > 49T B-splines
SEIEG e » TR CAYEO R LT R

wlp)= %C,— b2 0 5 TR ——————— 4)

EGE T B, (r) {5k 22 Y B-Splines FE XA (i= 1~200) - 38 200 {85 Rk $5rT
LIABH TG B (B2 EmEEE - BT Bi(r=0)=1: B.(r=R)=1#}Hfk
(1] B-splines }455 0 - )
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=1 fiw— g
Belfi=g—s B el 2 B B sisinssnisssssssimsctinmsocses (5)
i+ k=1 i i+k i+1

X (DHETE 2 1% » FEE BRI A r—re™ B5E HE SRR SRR B SL5] - that 2B icE

N
y(re )= %. O N O T (6)

KR E r—re I » IENBOFREBL - RS AFRA T e KB E - FELAN6)= AT L
S ()

Yre )= zl o T OO %)

P B=B, (e » BIRAIIGBY - rh BATRSHS MG TR R

AR [ﬂ%ﬁ@t]— 0 e (8)

SR/ M - SRR MBS R A B - — B BENE 215 o BRFTLLRIE A R
B2 (BB R « S5 A IEEHHIRAE B B B A B T s R B - B
(SR AT BSCR S rf g s A — I8 10 -

HERE TR 3KHE » R Rescigno et. al. [10] AR RIS BRI fITNY i - Hoep
(n(O)| HIn"(0)) TR TR (n,n'=1,2.3) «

< nn L’(} 8,‘ fp (9) | Hln'ﬂ [’U 8\:' l\" (9} >

= Z ( mie.l, (6) ] o by &y l:u > < ol &y ],u iHlnu’l”o'&.'l’w >

!

oyl g de | o BBl (B) ) svnvusnnmmanmiimims s drsisssssng (8)

i Gl H ) F1 (n ()| H|j) BITT4—Bi f= 0, 6= 0 » DUERHIEREE -
i GV ARG H i) s SURA S REARFTRERTTE - 5 75
TET  TRREEREE L » St LSS AR o B BBt H IR e
BE B (B » MRS IR T (- T12) -
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III. RESULTS AND DISCUSSION

1LEHEE -

FEBMUSEIEE TS » SRR P 2000, GRAEPAE) SR FAYY
R {5387 B-splines ARSIk = 13 » SEESHN = 80 » FLALEIEFTRZ S HAT T
£ -

®— EEEHERNREISH

Radius 200as
nuclear charge 20
Alpha 35

Effective Char_ge for electron in the 19.5(1s) 17.5(2s) 10.5(3s)

F— a 155(2p)  3.0(3p)

parameter related to orbit polar 175 1.81 1.9728 —' 71 .089 1 089_
B-spline number 80 7 _
B-spline order 13 7

number of states for s, p.d. f. g.h  75(s) 75(p) 75d)  75()  75(q)
Zeff 192()  7.9@)  189()  19.1(g)

EHAWEH r — re’ RISFAMCEE < - SEATLIETREEKRE - EITE - BRI
SRR FE3]H - A8 0 AT RAYHEE(F—32 - 288 0 RIAHAYEEERIAE — 0.2 2] —
0.5 Z [ » B3 O AR[E » BfER A EHE A LEEAE - BERNEREEFT > &M
¥ 6 Bl — 0.2 f1— 0.5 ZrP[EEfIES — 0.32 DAEEEHE=E - MIMHERTRAERITER
IRFFIF (s FH AR B AR AT - EAPEEHR s(0) IRF - #RA| 4(0) >HER| 1(0) >~ | 2(0)
> | 3(0) > | 5(0) >HTHEAR A « MiEHE A - #RAT| 50) >HER| 1) > ~ | 2(6) >+ |
360) >Fl1| 46) >EHRFAF < 3K s(O)F d(0);:E I {iH open channel .2 fzf: B fH -



B ERREEE 411

™ fEETE'P T - PTIEENAVAERE - Hh| 4sdp(6) > ~ | 4s13p(6) > ~ | 3d4p(H) > ~ |
3d13p(6) > ~ | 3d4f(6) > ~ | 3d15(0)> ~ | 4p5s(0) > ~ | 4p12(8)> ~ | 4p4d(0) > ~
| 4p14d(0)>EH B ERBRNEIERE » MERE MBI 27 H Rescigno
et. al. TIBRVET BRI R I FTEEAZREE -
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Number of the

Complete set for open

Al Comigiglon configuration channel
| 1(6) > | 4sdp(0) > ~ | 4s13p(0) > 10 | 4s4p > ~ | 4s51p >
120)> | 3d4p(6) > ~ | 3d13p(6) > 10 | 3ddp> ~ | 3d51p >
| 3(6) > | 3d4£(8) > ~ | 3d15f (0)> 12 | 3d4f > ~ | 3d33f >
| 4(6) > | 4p5s(8) > ~ | 4p12s(6) > 13 | 4pSs > ~ | 4p12s >
|5(6) > | 4p4d(0) > ~ | 4pl4d (0)> 1 | 4pdd > ~ | 4plad >
| 6> | 5s3p> ~ | 5s21p > 17 :
|7 > —[4d5p>~|4d21p> 17
|8 > | 4ddf> ~ | 4d23f > - 20 -
19> | 4£5d > ~ | 4£22d > 18 "
| 10> | 4f5g> ~ | 424 > 20

AT RS A 25 [ — R -

2. T8GR

(1) s(f=— 0.32)

(EEFE s(0) 5 BAHCEE FURF 40) > K88 | 10) >~ |2(0)> - | 3(0) > 71| 5(60) > 15
T - TEEMEEHE T » BN B BT 0 B 1 2RI 100 (625 - FEEGHITE 10 648
G F 53 7 53 R A M = S5 SRR © 7558 B SR8 A o LB
1+ FLBHRIBATS SO0 AT T AT -

PR B S RO A S BTG A SRR — B > BT = o7 » B T 25— (i

ARMERRAREE ZA HAMIIHERE -

fEERETES - MR SRR R EE - R — RS f A ER
R/MENERIRT HES—EEFEES—  BHERE (Hgtdit - f 0.2 £ 0.9
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BE Eres3 (8= 0.28) » Eresdt (8= 0.36) » Ews6 (8= 0.32) {7 0.32 {38 (E A7 2 sl

B A -

ey} [y e ey 18 7y By Py oy

B— FEBZERTEE

[ — Ca 7 5s %] 4d RSIfEHE S(6, 0= — 0.32) MH-EIEHRRE - Rl —EILR
REFYg B 158IFE 0.01 £ 0.18 U@ 0.99 » FHE ACE S A MERI (LB - ZEE¥ETR
4 S 3 ERAE(b) () (d) (D ch HH B A H (b)HHERAR A AE fmax = 0.46 » (c)HEAR/]N
8 Brmin = 0.28 » (d)HERFE M Brnin = 0.36 + (D-HER/ME frnin = 0.32 = [T H A e
REFAIR A HERAGAE -
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0w 2omot |
.. . |
- " 20 |
iy B3 St encnaasens®™” (e) e =0.99 |
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e Joaa
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vamer ] 20
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-
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2t H e) ity
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vonat] B=0.99 B=0.99
. Eru? E'“S
1o
L. aened -
T e Ly
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Ercs 1

EI'ES 2

EI‘ES 3

Ers7 | Ens8 | Ens9 | B 10

ﬁop

,ijn

no

0.46

(max)

0.28 no

no no no no

032
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0,40
042
044
0.46 -

0.48 W

. -0.50 1
> ]
X -0.52
w -0.54
-0.56 e
1 e E_3!
-0.58 4 e
-0.60 —- Ca (53'4d )Rutatiun ] [ :::
4 [~ E_
-0.62 4 |-~ E.9|
E ——E,!d
-0.64 - - T T T T T T T
0.2 0.4 0.6 0.8 1.0
B

= —

BI= Ca £ 5s 5 4d [lfiE8H S0, 0= — 032 H-HESLIERE - F4FIGE —EILIRE
B ST 0.01 (1 0.18 B3] 0.99 » 53— B FF EHHERY Br fif - S AT LIS
HOEE] Ers 1 525 OB SIRIZIS 1, > OB RIE TR S L3 LB B
BIRCEERTALE (e R e S -

(2) d(6= — 0.32)

M dOFS  FRF| 50) >HER] 10) >| 200) >| 3(0) ST 4(0) WS - fEEHRE
a2 % o TURTE 8 (BB ISR B 2 /MR » HUs AP 7% - {EsE Rt B
SRS | R T Eres 1A Bres 2 OB HHBR MBS » HERARISH BRI ME - HAS R
SETAE T F7 2 FAGFTT -
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1
2 oam L 008
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008 - o084
gl L — (@) | oo

=099

B=0.19

-
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08 0M 082 0K 05 0% 05 OR 05 048

462 080 O 0% 4% 052 0N 04 046 D He2

-28010",
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az0t] Eras 3 " ooy Eres 3 - "res 1
bt - =0, a0 .,-"} |
Py . : =099 |
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H H
S awnf  d
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. = | ] =021
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Q.0007 -1 410",
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2 B=021
Q0024 T
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0001 p=0.19 prer =
i T s E_6 .
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220" ., 230" |
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Eres 7

Eres 8 | Eres 9

Eres 10

ETES l ! Ell'Ci 2

EI'ES 3

EI'ES 4

Eres S

Ers 6

Pop

ﬁ min

0.26 |

(max)

no

0.26

0.21

0.26

0.21

032 | 043 | 0.28

0.32

BE R ABEERIE ST p AETER GRS —E - 2B AR - FEE W E R A
L Bres 1 F1 Eres 2 f3 B ROCCET 2IBEMRERTH S - HERSHIRIEAMAETRE -
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[@PY Ca 7E 5s £ 4d FEIfEEE d(8, 6= — 0.32)MfH/ \HILHRAE - 7553 R —E 2L
REFY B fFRIFE 0.01 F 0.18 S %] 0.99 » HHET AR 22 Hof/ IMEYAT1E - FEEESETHERY
FEER IR LG (D) S A IR - HER@HEBMAE fna = 0.26 » () HEBME Smin
= 0.26 » ()HEUIME Boin = 0.21 > (HBURME Smin = 0.26 » (OHFTFRIME fruin =
0.21 » (HFRAGE/ME Bmin = 0.32 » ()R RIEFR/ME Smin = 0.24 F10.43 -

-0.40
-0.42

-0.44 ]

-0.46 ;:

-0.48 T y

-0.50

-0.52 /

e
= -0.54 - .
L 4
-0.56 7 =
-0.58 4 e—E_2
B +E,"3
-0.60 ry—E_4
7 <—E_5
-0.62 ] I
-0.64 4 [ Ewfl
E -—-O—EMB
-0.66 +
T T T T T
0.2 0.4 0.6 0.8 1.0
B
Bh

[& 71 Ca £ 5s 2| 4d [HfEH (6, 6= — 0.32)if A/ \EHIRRE - F il —(E 3k
REFY f FTHERE 0.01 H 0.18 %) 0.99 » 43 HIFEHE—( B AT FERY Er {8 © 51 A] LA
HHREIEE] Eres 1 7l Eres 2 B B WU SIBIZ N BME - BOS il fEERE = PR R
B AT R LR FACEE - fEarALRiafE T R HAs 2 -

RSB - bR T R RS ELIRRERE B fai 2B MRS - HaRsR(E It
PRREH EAHERRRE - RIELEHSE ERYIRHARAEN B AR - I IR RE
A = (| HIRHE Eres3 (8= 0.26) » Eresd (8= 0.21) » Eies5 (8= 0.26) » Eres6 (= 0.21) » Eres 7
(B= 0.32) » Ewes8 (= 04317 HHEHIFS 0.28 FREM AT Z it B {H -

QEIRHIRREEEBUENTEER
AT S TERFF 7 E o AT AN 5 B FGIIE 2 B B (R AR =R - fEREE LR
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Ca [RFZHEEERZ 2 open channel 2 FRiE S B
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(LERIERE - HADRANZR

The range of resonance energy

Open channel

Optimized £ value

4s ~3d (Ref.[5])

4sep (= — 0.32)

0.21

3d ~ 4p (Ref.[6])

4p ~ 55

3dep(#=— 0.32)
3def(f=— 0.32)

0.21
0.24

dpes (f=— 0.32)
dped(8=— 0.32)

0.32
0.28

RO ERTE 4p ~5s 'P AODFIRAERIBTUIE (IRy = 13.6ev) « B N REREFH -

Closed Channel Closed Channel+Open channel
T ERY N New ERY New  News 12
555[)71; —-—0..535-55 2.68 2.33 — 0.52436 2.80 2.40 —0 00;1;;
T1£pt115’ 7;_0.;8291 3.40 2.5 — 0.47609 3.55 2k8_2_ _ ;—(Jk0637227
TSG; 1.P _—_0:45930 3.99 3.03 — 0.45849 4.02 3.0; o 0.00177
587p'P — 0.44130 4.73 3.32 — 0.43798 4.91 _3;.38 — 0.00061
4dop 'P — 0.43376 5.19 3.47 — 0.42558 5.87 3.65_ - 00—0037/7
5s8p 'P — 0.42691 5.74 3.62 — 0.42094 6.41 3.77 — 0.00095
IV. CONCLUSION

{1 BSCR Jjiiat i Ca R T4 ARREAI BN R R AR & PUEIRE - B2 » 1erEk
B R & IR — eI HRABAASEE - REHHFEHIRG T T A S SRR AT

E1% o BB NEREE AR

HIAEAEL 72 - 1 RO ER A e B {18 W e 25 R RE 4

18 - BB SF - TEEMERFSE R HEE B R A1 - A0 FELE( - HBI RS LRAE
fERIEL -
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Calculating Resonance Energies and widths of Ca
between 4p and 5s by BSCR method

J. H. Chen

Center for General Education, Chin Ming Institute of Technology

Abstract

We utilized BSCR (B-Spline based Complex Rotation) method to
calculate the position and width of the Ca resonances energy between
4p-5s. In the course of this calculation, we obtained the optimized § value
of these two open channels, s (6= — 0.32) andd (0= — 0.32),is 0.32 and
0.28 respectively. By using these optimized P values, we calculated out the
position and width of the Ca resonances energy between 4p-5s and gave

its name successfully.

Keywords: BSCR method, photoionization, Calcium
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NAESEERZE TR LY EHEF

Rk E A2
BT KBS TR S

m =

BN S 85 & SR A5 ( content-based music information retri-
eval) USRI IGEEN RS T RERERRES 5 E LR
Ji o FEEAFIY 2 E S 44 & e (polyphonic music information retri-
eval) t » NERENELIETE T ST R ABENIE » EFTAEHRC
et L Ly 5 =k ioer 46 ias - bR T katRe sy st S &
P& SR E 3 - AVRES T 55 S 8RS B, - thph 2t

(voice) HUMES - IRIGEEH » H LS T8 EERETR > 2
P18 B SRR R R R, - S BRI - RS R i
FirEESHHHRYRE R AT RV ER P - HOAEMDL R HERL A S
Ahaam L TR S TR DESEREMER - E4k
RS SR DI EOR » B ARG s AT 4]
BT RRE T (SRR » R REO R AV EIRERI# (dynamic pro-
gramming ) JEEEFTEIARUL - A FMCE B R & S4B HE
Fe o etk - Agma AR L EDE B ERM -

RASEED : £ 5 Z &AM E (polyphonic music information retri-

eval ) - EFEUJEEE L (voice segment algorithm ) ~ &
BERFERLEE (music dissimilarity ) ~ $5%55EFF ( music ran-

king )

ARSI A SRS - FEARAE © 409531040123
* Corresponding author. E-mail: alien @csie.fju.edu.tw



120 FII R ATASAAN % B 48 & EER BIE

LB &

AR Z 552 S (content-based music information retrieval ) ZET A CASHE —
(A AR TR R FEREI - AR S A ERRR T E R E &
(pitch) SEEHE (frequency ) FEFAERBIEENFTIR - WLUFY] (series) HY/TEFROR » i
—#LIerE L% (string matching ) [Korn98][Uitd98][Uitd99] ~ EfjHEH] (dynamic pro-
gramming ) [Dove01][Pard0515 & ] & §#[Pick02)55 /5 1AHEfTER -

FEEA] B B4 (monophonic ) BAZHF4% (polyphonic) o [RIRF A —{EE
THEITOES ) S BEE ) HEN » S8y e R M s E LA LAY
B - Hih e u & WEis © FE S (homophony ) B %% (polyphony )

([E—) - FHFEF% (homophony) fESHEAFHR—{EELS (LEIENERmEFH) 1Y
i ) B HERERTLL TR ) 5 TEIZS ) FFEREAER - TR S S
(polyphony) 2—Ff " HRIHLE, » MELFEERGLILE (&) BIrbeErE - FIAH
RIERRS - ARSI AL BRI E R MR T =% () -

TR FREEFENARORE TSR ERENEREMRRRS N T TRE
FHEAE S © FFRIFNSEFEEFAME (polyphonic music information retrieval ) {5
E o KEROEELGIE S SR AE - BT HE b ey AR e
o MR R E SR AR A S (R ANRNE TS AR - a2 (voice)
HIMES: -

B —()BES =BT AIRME B = - W SEEE - thE TR e /NR -
3/4 F091ENR > BRI/ NETLABAE R R (B (c)) - HAREiSsas (meter) - FEd
B (pitch) - FFESREY (segment) SRR —FRF « HHFREHGEEIEHYEE =/\ET >
BREEHA RS R - IR B = RS » MRS - B (0B
FHEFT T2 - EHERE )P 2 R AHE » HaoBot s —E s Bl
[ o 7ELLS FRESER IR - ARHIDIE S4EREN AR ZRER - LA RIAIRE R RIS — Bl
g NIGERATRS R - BRIMGEEBTAEE M "ML | (exact matching ) HY
BEHER



S EAEEER 41 4] 121

SR
(polyphonic)

HEZ TEH

(polyphony) (homophony)

B— IESEL EESSQETSERIMNGE
*x— ZESEMDLE (206)
FE==4 (homophony) EEE% (polyphony)

DIFERE N (ZHERs | — T SRIEe, - (R
HHR) 0 THEMR, X HEMEE | S AMELE (&) Wik

TR | DL TRE o T, B | AT - Rk
Fzs EATE—HE
55 Aegep ; D

KiEam ST 25 T RERE - R MusicXML S48 - $RIEARIE S %ERH
RSB - (RS RTINS S SRR - H o RS E R AEMER
BT ER N ~ AP Csimilarity ) YA RIASAEE BRSNS E AR OGS - (#
FERSH T RS EHRNER - AREL T E SR EN L - HEHARETREE
AR R AR DA B S A AR B 1 & R B

KRBT 58 et A A AR E R R R EF S R - =
(PR RS REE R 2 MusicXML B2 MusicXML Tag » SEPUBSE A SERE T 4%
AR B PR AR MR E 2 S A E S RS SRR e B - B AR
{#EEE (Voice Segment Algorithm ) FIFLEAME{LUE (Music Dissimilarity ) 55 /52 HI|
ERMEIERR - ERF CEEARR SR E AR TE -
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T
_l-——#———_‘_*T_.,_ (pitch)
g — [
O

/
Vi
22308728
|
|
|

() (b)

ﬁ
=)
s
— o
Rl

® - % 5
C— mo®E

(=}
FS
{ S SN O s ] O (SO (P [ PO OO OO I RO O .

rrrryrrrrrrrrrrr+rrr

EoRE - it

(beat)

(c)

B (@ OSSR C 2 -
(b) (7
(0) FAR LIRS

2. X IBREREY

SHE 2 AR 44 E H A S (Polyphonic content-based music information re-
trieval )  EEBREIHEFLMBNGE 0 FEHESB=H - B EREZ SR
HHH— B S S e - AR A B S SS90 31775 © Themefinder[Korn98]
BHFE S S SR B A e e - BT TR 0 AIDIF RIS
(1588275 (string matching algorithm ) $HHAH{PIFTGERE < Uitdenbogerd F[1 Zobel|Uitd98]
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[Uitd991FI] R HEH R 5 et JT M 2 B G I i B 5 5 o 3B S IT Bh
F e S T A RRE S L B B eI R - RTMAE[Pick01] P 52583 > i3
A IERE -

SRR E S SOKTUIEI B 5 - L S SR s Hit
TTERRRENE o (K02 IR ARE AT g7 A8 T # Ry £E S (voice sep-
aration algorithm ) » FRIFSELATHIFE - HEEEAFHERDIFE LR EFEZ (chord)
FUAFAE + Il HAESOR SRR B AN (RO (R 7 AE A [H] BRI 44 A% » Stream Segregation
Algorithm [SzetO3RFZEE LI —EERF(F (event) BV EHR > DI ETEAE [ FHEY A
FER A B S 7 IR FEA 1% - SRZERR ABRH (S - BT IBA R Ry
RIS B AR RS - TR B e 2R - [ChewO4 )& AEPZEEHI ) Con-
ting Mapping Approach F{7ii{s FI{F 2 & & 44ny R tE] (voice separating ) - FRIBEARE)
A8 (voice count) WEEHHUTEIREME contings » FEREASHH B R BN T EURT I HL B2
& o [KilOSIEHFIEF 7 — (%M — VoiSe » gL EFEEchaE] (voice) Rk
A L ARMEEHE A RFIR =0 (symbolic) 945 MTE | o [Pard05 1§13 %35 544
EERHE » $2H] homophonic alignment 4§ 5075 » [T #E % 2 polyphonic alignment [ »
25 B SR S A S T S string alignment -

GRS T PR R B 2 5 44T T2 - SEMEX [Lems00]4E
FIWu92]FfF2 Y shift-or algorithm » DL ER Y 5 0 2 55 442 Rl AR 1940
PIERE S AR IWRMER AR ) BRI AT B E e 3 2 AR
% o JfE- 25 » PROMS [Clau00] £ sz i 2014 /77% (inverted-file based method )
RLRRRE—E LT EREN P E ISR - WEER - /N - RIARE > SR
RESHET T2 B S EEE - ANFI > RV SRS RERE RIR AT o B AR R R AR A
(A EF ST o FR e S R AR R A B A S TP AR - (RIS E M A B
TR A AR TERIAS SR - ARSI - BRBGRIE SR TR A - 53— 5T > Dovey
[DoveOl 142 & E44E N EARHT T B)REMIE] (dynamic programming ) ik » B T AEHER
FLE, - PRI TR o AR E BN R RIRR IR 3 - HagE e
FAVEREE R O E R A E R A © Pickens [Pick02]{# ] HMM (Hidden Ma-
rkov Model ) DUE{LIHEZRAAR ( probability matrices ) [ /5= » 4355 o S k) g
2 EARARIRIZ IR (probability distributions ) & YESE(E T AR R B
RIERHE A FIE TA B BB USRI T3 - SRR B RS 4 RS
BRI AL - R R M43 B9 [A] » BRIEE - HMM B {4550 A 7 i A sty B
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AR EA RN R AR -

AP B MR AR RO SRR S (@4 (event) [DoveOl] » FRIEE—E i3k
AR — {831 (string of events) - B5 [ RIS TEMYB{FATHEAEIFD - EHAIERS
5+ B4 suffix tree[McCr76] [Park00]5{ n-gram[Down00] » .2 Wihfoe EE AL EH
g A AEIR T « £E[Dora01] [DoraO4]yifF4eh » Doraisamy ] Ruger ¢/t musical word
FRES, 5 FII A n-gram HY3I5 R text retrieval method » 548904 - $REABREEZNITY
§E o [Uitd02)FI|FH local alignment #AEYZ 532 SRR » DILRER AR5 © All-
mono -~ Entropy-channel - Entropy-part £ Top-channel 7 %% 2 §4rh HEA B S fefdt - S0
B ER ELiE n-gram il local alignment FYS5EE @ 3R n-gram N 7RSSR AL FE)=
2 AT BEERYAREE © 1 local alignment 7 B B A SIHIRUAE LEE n-gram BF

HE o RFEAES B (scoring functions ) #IRESF T ELHERT &5 AR IIFEEIARE
B o AT AR o e AWE AR EIRENREEERE - 15
TR MR B o B TERM AU EA R » ARMEFRE
2GS B PR R - SR OB e E AT K (EAEDAYE Z€(Liu03] »
SRR B S e A A S S R T e R -

3. MusicXML

3.1 MusicXML

XML BAEERARH L AriEZHERN—EERE - TEREET - L
XML BUH TR EERE - SR — RS g 2 B MusicXML - Bt XML #Y
Zaf > RIE MusicXML RESREIZ 5 IE] - FEMERS B 2pl Aot {Eey FHURIRE H
FHIHE L - MusicXML H FiEEZ AT E 450R It B 52 8r 2N - Mus-
icXML fs8EH HRYE © B T H & AT - MusicXML 2 —TEfFEFEEE (score-
like ) HYZRHE > & TR (symbolic) HYEFLEHEL » LURFTFZH) metadata » 4] -
YE% (creator) -~ 5% (clef) -~ FlE (key) - i@ (beat) -~ /[NEi (measure) - EHF

(pitch) ~ & (duration) - FEfE (melody) - EiZs (rhythm) -~ F{15% (chord) -
VR (slur) ~ FFRFAERL (type) -~ HEEfACHE (grace) ~ HKGA (lyries) .. FFHYEHELAHRE
iR
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44 MusicXML documents #2356t » AEES7H MusicXML document #545 FH{LL [ fat
SR - U&= F77R > score-partwise £ 2 part-list ~ part » part £ measure number > me-

asure £ note v note {15 pitch  duration ~ voice ~ type ~ stem... SR AERE

B= MusicXML BEiRERFES

3.2 MusicXML Tag

voice HYYTEIZRS T IS B FRERHNGE - £ERIHT - SLEHERME
FHERRE S ERTRER 5 %5 S S p B B 2 SR e (voice) » ST 3 15 ) &5
TTEREIG » RESEE ) BE & 5 GERS RS S fe RS 51 -
Fe MR MusicXML F) 5 2425 LS REA M voice HIYTE] « 7E MusicXML thi R HIf)
FEIARATAR -
(1) <backup>

backup 148 T B R{IAZAE £ 5 BT > S7ER—ER RS E - ISR
Bt 5 R R R — R4S 0 BIE A MusicXML B » IS5 ER e
A - MEBAEEREIE BB R 22 RS » SREIaTT -
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<beam number="1">end</bheam>
<beam number="2">end</beam>
—_ -~ </note>
si<hackups T T T T T TTTTTTTTTTTTTG
= Leybaekups . o cas s
- <note default-x="111">

(a) (b)

BP0 backup tag {5l

[EPY(a)sh » #F MusicXML BUAC SR 5 - _EHE/ (B HZCA - BeAcsk &
HEF/=iTA » BREEEACSRoe T EHRRR — SR » M EHE T - i
SR B A m 2 VRS - PRIEEAE Music XML BYFEEUEH - FI[F back-
up SEEREE - LNEI(D)EE AR FHENTE Y & LA 8 (EBEATIRFRY - A 5Tk
ffER AL ER e TR ALE -

HigibiE - B backup i (EFE4AYHERRY - [F—{E/ AR BERE TR T Ry
voice o (Kl E 4B % backup FEEE - FRIMEEE R YIEIR RN voice « I H AT
FH backup SR FRAMAESHEREN G B RHE S TR IR R -

(2) <tied >

tied (U IEACERSSEI IS - FTAmEASARATSE S — oAt - AC7ERR(E K
RIELL E AR - RN A SR A ST MEAN A -
BT

P 4[5 [ 1 [o g o TSR SRR NS S e SO
| <tied orientation="over" type="start" /> !
T "</notations> ~

</note>

<beam number="1">begin</beam>
<beam number="2">begin</beam>

____________________________

</notations>
</note>

(a) (b)
Bh tied tag &5
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fi] 71.(b) 2 e () BFE AT PUELEE A A BRI B AR AE ) R A%
VY ELES TR o FREAS SRR AR AL TR o AE 4Ly se ) B A AR IR
REHE SN - TSR3 - RELER tied SRR - B HATES
AEE T E P RS LR —1E voice H -
(3) <chord>

chord fREEEAEACHRIERETAINIRE - TEFRAVEFR Y LRSI LAR — 5
S RS AR - B A@BERIGAEHAIS 0L - 7EFR— R = e
[FIEFHER - =& 2B A [E AR -

</note>
- snote defaultx="13"> _ _ ___ ___
S ‘Y<chord /> |
LIRS, T A i .
' <step>G</step>
1 : <octave>4</octave>
l- —— PP
<note default-x="13">
",' | e i<chord?> 7T TTTTH
Pl oo e o e
1 1
2 ¥ °
(a) (b)
fB7% chord tag &35l
(4) <rest>
S AL L1 e
rest FEEEAFAKILAT -
(5) <beam>

beam RS ALA BT HURFYE » AIE-C Q)P B AE <SSR RATR
PRESEE - AL O e — (e -
(6) <slur>

ARSI - SRR | AR RS TS
ST LOR BT © AR LR RER T L Fri
AR TR AIE AN - SRR E R AT - /)
R T RE AL R -
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<stem default-y="12.58">up</stem>

| <beam number="1">begin</beam> !
; <beam number="2">begin</beam>

<stem default-y="12.5">up</stem>
~sslafflstaf. - h e e e -
: <beam number="1">end</beam> )
| <beam number="2">end</beam=> 1

() (b)

BT beam tag Ff

i - <voice>1</voice>
\ ' - —sype>{Btheyper - - - - - - - - - 1
! ! - <stem>down</stem>
; ! & - S A NP,

& T o .
) # # -Fv # <beam number="1">begin</beam>
= == ey mber-S2 - bl

ype> H6th<Aype™> - = == = = = = = = = -
| <stem>down</stem>
SRR B e

(a) (b)
B,\ slur tag &35
LA b Fisift MusicXML AORFERIZEES - GESBBIRMAEYIE] voice ERRSIERE - EfPT5
REE T Es |2t AR H B BT {5 voice BIYTEIRESTE N/F &5 84451 _ERVRHIE
i EE R EIIERE « THE—3 voice YJEIFEEEHRS% 5.1 ) -

4. FERRTENABLIR

FEAEET » 4.1 BIRITE SIS T AR PR A E FAREY » BEDYZ (RSN
I © B 4.2 BRI AU 2 -



W EREEEE 41 129

41 BERIE

EE 4.1: 5 (pitch)

HFEEY R E SR SRR S EE T - FF (step) HL/\EEFE (octave ) o
fian - C4 R CEER (step) » 45/ EHFFE (octave) - (RIEFFRILIFFSE 018
=k g

T 4.2 : EE (duration)
— (& Sy B R R AR R LARR - L RARE S E -
EFE 4.3 1FE2 (segment)

AR EFFLARREE (segment) 27K - FRARENTR S —TUEKEE (p.s.e )
A - Hrh p REF S o s (AR - e (TR > v AFERE - &
AE T AIEIRREE St =(p1, s1, 1, vi) F1.S2 =(p2, 52, €2, v2) = W1 er<s2 > I §:<8> 5
e > B ex<sy o B S;>85 ©

#0651 4.1 :

LAE L@ FrE e 56 M HLDIEREE (segment ) FErRU F(C5, 1,
6,1) (C4,9, 16,3) (E4, 9, 16, 2) (C5, 9, 16, 1) (F4, 1,4, 3) (AS, 1,4, 2) (E4, 5, 6, 3) (G4,
5,6,2)(D4,7,8,3) (F4,7.8,2) -

T 4.4 : B8 (overlape)
0, if 8§<8 or S<S.
1, otherwise.
5 DA R R e » JEAH SRR MGEE R0 S FFE I R — R S - BRI
—EEHFINS = C1 GG Cn » H m BEAHIEE  EFUT -

overlape (S, S.)= {

EE 4.5 : 8% (pitch cluster)
—{E& B (pitch cluster) Ci = ni ni2 nae+---nn RE—EEESHZ S0
SR —RAER—F R PR S A MR AaIR] - Hoop [ RFEIL ST
HE Y EE - A6LL S(C) s/ C RUREIARFRT -
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T 4.6 : SEIFY (sequence of pitch cluster)

WA 2% 55 % LS B Y (sequence of pitch cluster) 2R IR @ SP =
CiC:Cs...Cn > Hotht m (R ILF TR B2 8 - 45 S(C) < S(C) » R Gi<G >
Hrpri<je
&5 4.2

T%?ﬁﬁ‘iﬁ%%lh»Z}#E&“%%ﬁ%ﬂﬁ%ﬁ (pitch cluster) 3 » FHRAIT

= {(C5, 1,6, 1), (A4, 1,4,2), (F4, 1,4, 3},
{(G4,5,6,2),(E4,5,6,3)},
{(F4,7,8,2),(D4,7,8,3)),
= {(CS5,9, 16, 1), (E4, 9, 16, 2), (C4, 9, 16, 3)},
S(Cl): 1, S(C2)= 5, 5(C3)= 7, S(Cy)= 9.

H

pitch 4

- >
& 9 10 11 12 13 14 15 16 time

.
'Eﬂl
=m0
N Oy
=
oot
e =
e
=4
o i3

(a) (b)
B IEERAEER OB@LURE (segment) T (BHSHRE  MWRES) -

MR MID R SLE R J5 LR (LR ATR B2 M - BLCS FSke
£R 60 SHATEREE | AREHGIRIE N 1 -

gafl 4.3 :
el 4.2 EERMAFORAOT
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{(60,1,6, 1), (57, 1,4,2), (53, 1,4, 3)}
{(55.5,6,2),(52,5,6,3))
{
{

Il

(53,7,8,2),(50,7,8,3)}

C
&)
C3
Cs (60,9, 16, 1), (52,9, 16, 2), (48,9, 16, 3)}.

42 FLEIELIEEEERR
AR T BRI LR B S SO T AU « FRAM5 R HAg S
EEEE AT
TE 4.7 - {REXIREE (segment distance)

LIEMEBREE S| =(p1, 51, er, vOFD S2 =(p2, 52, €2, v2) » HILERIEREREEEE (seg-
ment distance ) SDIST £

SDIST(S.,5:)= J@d) +(B(p,—p,))} i overlape(S,,S,)=0
e if  overlape(S,,S,)=1"

Hep o AEFHZE - pAKRTEH2H - 1H

o) B if §,<8,
e,—s, if S =8,

S TE TR IEFRAC R A R A Bl > DA st =Ua ) - el
B BAARE - it EENER - RERA LS EZ 3T -
TF 4.8 FE (fragment)
Folf (fragment) F—EFRFAIIFSY > FLF TSI RS BB — DS -
e +Fros o et B R E Fri £ B -
TEEE 4.9 FENEERE (fragments distance)
R/ FrEEERE (FDIST) BESRETF B ik — 8 fredsk g 55 —{F
EF IR o BRE RE BT E = {n, nie, oo M= {1, By, oo ,ny )} 2
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%emssm 2 E[JFI <F; ;Z[I%e,,,v m ? HIF, -F,c HF <F,» EU@%@TEF%FDIST

FDIST (F,, Fy)= SDIST (1 , ).

R i B e

Eiz!
(beat)

B+ e

EE 4.10 ¢ FIREEERZAFEHLE (dissimilarity between chord and note)

e Ci = nit vz w3 ===+ ik g.v A5, E k A&l Elfj g EIJEJ AA?% E!J C; Bl i
q RS -

Dsim (C; , g)= minizj<k {FDIST (nj, q)}

EE 4.11 : AAELIEEEEKE (dissimilarity recursion function)

ﬂfj S= Cl C2 C’i Cnrf—jb %ﬁ%ﬁiﬁ_éﬁ—ﬁi Q = 414245 - quE %I\ETTE’Z%
FEE A o BRI & A AEEUESR e %] ( dissimilarity function) D (S, Q) 4TF -

D(Ci:qf'-l)
D(S,0) = Dsim(C,,q,)+min{ D(C,_,,q,_,)

D(C, 9%')

Hffl<isml<j<k D(i,00=0,D(,j)=0c0-
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TEFE 4.12 - AELELLEIEEY (dissimilarity match function)
TRIF U BB By A= RIS EILL Q =¢19:s . g B EEHRELE
BREERHS = CLC:C - Co ZETRIEEF BUZ RO LS 5% (dissimila-
rity match function ) DM(S, Q)5 :

DM(S, Q)= min D(C, . j)

i<j<k

EE 4.13 ¢ BIVS#R (Voice distribution)

L S = C1CG..Cn B— L BT RIREF B 0=9¢:¢5.q» A = mmnz--
i Q —TERFY. 2 B EEE! - BB M (voice distribution) VD(A4)F

EW (V,,,‘ ) X N (vm' ):

VD (S, Q)= =

» Ho (v, YR 3R vi 4 A FAHEZEEBT » Nv,) ARERIEEEEEG SR v (B
%{ o
505 4.14
#(57,0,3,1)(55,4,5,1)(53,6,7,2) (52, 8, 15, NEB—Ffk. L5 » I HAEF
EiaN i
L L

VD (§, Q)= T == 0.25.

FEF 4.15 : HEFEE (Ranking function)
ek A BRLE T RF BRI EE SR O CHESRFY - Ald .2
HEFF B8 (ranking function) £ :

L

RA)=yDM A, Q)+ 35

P Hrhy RIS B D (4, Q) Fl VD (4) BIBGZ B - i Hy+6 = 1« FHIFEEEHE
H AN - R LB 2 SR R -
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5. RifisBHEREA

51 FRifZE

RAZeE (B+—) FES BRI - B30 2R MusicXML A% 317
G E AR S - SRS (voice) {H - ZRANAIET & 470 GLr b
BEEE Y - BT RS AL - ATRCEARUREE - MR G B A
H o PEFr BT R SRR A AR B S - ST RIS - AMEE LU e A B
W R HAERREMAIETE - R R TMER e AR A EREET -
RS -

lﬁ%ﬁ

Polyphonic Music Database

(MusicXML)

Q Make Voice System

3 MVS) Ve

=1 Voice segment representation

% algorithm

s l Segment
(p,s.e.v)

Voice i
Music set
Similarity

B+— RHZUEE
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5.2 EEMDELEE L (voice segment algorithm)

IRIGE AR IE - BMTRESET R L S g E ST (voice) fi - H
A HAYEHERR 7 MusicXML FTicEfa R iR - A E SRS sl DU ARSI
PERE o RIPEAEAREITP R RS L UlA e, - STRliB Al (voice) HUYIRIEE -

DlE+ZEs =8 Sl B e B = - WESE BT 2R Zorik
RETE (=) For » FHEAREMAR—FF - IANRRITYEEFFDS - C5 -
B5 - C5 DUEHRFHtEAS - ILE IS ATV — BT (fragment) - Q0+ =mEARGHE
AR = fHERY - 5l AR SR eGE i s - R M — B (fragment) -
B AMRES i KA 7 L i (fragment) -

B+_ ER=ENEIEmETEZE= W&

&afl 5.1
LUREUER] » HE L FEiam (fragments distance) :

FDIST (F1 , F2)= SDIST (Cs , Cs)=+/(a(62 — 60))’+(B(5 — 5))°

Ba=p= 0.5 QI FDIST (F;, F2)=+/2 =~ - 1.414
TEE 5.2 [contig]

contig JE—{REEFBIIEES - M HAE(EMIINFIE, - A ERnode s (&
B FETEED) REfE -



136 FI RSN 2 8 S LE S LR

Hedpitch)
i
[ i o o o
fragment | [ | :
B, SREee— ES Fs 1
A B B | B B :
] D5 D5 D5 D5_|
L o] [o s cs cs
| |4 B4 [
I e ...~
— |
[ ] |
____________ |
f __________ -
| |
| 1 Lo 0 4
R FY) : N —
| = D T, [ & ] :
: 3 B3 I
——————————— B3 B :
i
(beat)

B+= ki (fragment) —ER=BEHRIBHECEHIFE=  TE

B s =R MR CE RS TN BRPHAIR LAY E FikhE
—/NEfT5TE A+ - contig BFUYJEIRMIRERF (note) 2(& Fri (fragment) HY
(EEERTML - DURERTERER (voice) RIMMAIAIEIRF - FrEBRYETR (voice) [y
BT AR [E] SR AR RIfE contig EAFRRIATEES (voice) {EE » {HZ contig IR
EHRF (note) BT (fragment) (ZFSRERYEFAS (voice) tf » SERRAYIEDIFH
BRI —ERRE - BH-AFFF - OEZ a - b~ c BEAIYIEZHRETREE

(voice ) {ESAFTLCE - a #REPZ DMERHHE ST - KIIERTLIATET a REX
AT DA#ESES "R » #REYb ~ cfti]iz B4 R EER#&. F4 « CS#{E[R]— i (frag-
ment ) H - [RIEEATPIETAZFS R — AL - AR -
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T A (pitch)

4 (beat)

B+P0 FEiEEEE (fragments distance) STEES|

FFARIR Lt HIEREEES (voice) HY4MfG » HIRFEZ 4.9 Attt BT (frag-
ment) AR FEIAY - BEMERUTZ T (fragment) RIZHAE 8K (voice) 1« il
RSB AR (voice) 43# 2 yHEN:

7% 5.1 [contig t7 8] ]

A ¢ MusicXML x4
i ¢ contig
{
R Y ERFEORR m, mo, ms, ..., my
A7 v ARR— IR Fr B 5 ¢ IR ) Bl B B
EREL T BN Bt — 1 E AIE— i -
s viFvi— 1]
* Bve = vi — | {HEFESHOIRRE S Ao it
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EFi(pitch)

ES

#
(beat)

Y

L i
" (beat)

(c)contig consider the fragment

BN EERER=E ISR TENSE T VE
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EHE k5.2 [ 4]
B - W48 #reY contigs, X Fo Y
fah ¢ D
{
{BE% qv £% contig X & —{EE T » pr B35S — contig Y 28— {HHFF
c(qy, pfUFERAHAEZ qv 22 py BYEEHEE - HETEIRAT ¢
- HREFFRE—HEERERFLUIE - Al c(@X, pY) =k
* FP LI E R 0 o(qx, p=—k
< ENE P HEZ RIERF - Al c(gX, pY B1E YR EELHR]
TSRS AR -
W E T <backup> tag 338, Al N — (B RO HE 2 B
A W E T <tied type>,<beam>,<slur> tag 3Hi$Z, HIJFTFE(LFAHH[R A
W& 7 HH<chord> tag 8L, RIIFTEE . B RFAIHAA FEHER
}

53 SRBLE

BEfl 5.2 -

DiE )z £ &SR 56) > SHRIEEFEY(57.0,3,1) (554.5,1) (53,6,7,1)
(52.8,15, 1) ZAAHELRE « BT b)FE+t—@a B rEEE - B oRBE
7o 411 IR B BE TR E 2 AHIVE - ERETEFRRHF B R > Ei
AR e R A SRR - gt EEEyIME - FIEET L Elk/ M3
HAFELEC RN - gt AR ARG -

J%Hﬂ“ FEUARE 2 1% - IR AT A sRAE SR AETTHER - HERFRYHERIER T AR
FERSI 2 Af » SEEF BT EIATE » #AE R —EE LBk B s -

TSP EC B P BRI -
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I BTSN 2 3 5 8 2 LR BB

B+t

A ERILEAME (EREy - A A EEASHEC i 2 Intel CPU -+ Pentium 4 » 3.0GHz » {F
2 Z 45 Windows XP sp2 » 45255 F#S 2 Borland C++ Builder 6.0 » FEEEEHIFE
£ MusicXML document - i BB EE 7 - BEE T B R A BT R -

DTW StEEEH - (a)iERECE  (b) E8f (pitch cluster)

6. RIREIE

HIEDL 6.1 Bi/T#8 > REDL 6.2 P TAE -

H |
]
. L
@)
Cr = {(60,1,6,1),(57,1,4,2),(53,1,4,3)}
C> = {(55.5,6,2),(52.5.6.3))
Cs = {(53,7.8,2)(50,7,.8,3))
Cs = 1(60.9,16,1),(52,9,16,2),(48,9,16,3)}.
()
Cy 17 1 7 v 0
C; 0 OT‘}Z/’ 7
"r
el VA
Ci 0,7 4 ™ 6 T*>n
(57,0,3,1) | (354,5,1) | (53,6,7,1) | (52,8,15,1)
(©

(c)DTW 518



S EAEEES 41 1) 141

6.1 EIMESTERM (Make Voice System » MVS)

HOUBT+-/ TR A SHTT AT A P FR R MusicXML 2 R » JE0FT
ZHF 0 WY D G - B HBHITEE  WIRRETR E Bl - i
1L F AR RO BSIEIZT: - LU0 - 10750500 » CHEAMEING ISR
NNSAE7 » RIS MusicX ML AESHIEASCFhE » URICEE ARSI & B -

6.2 TFHHHEFEAM (Query and Ranking System » QRS)

EHRPEF AR =ME T > BB E44%kE (Music Database) 71 »
WEI - e A SRAFEEREY - FrAfaeatl - A E TSR SEE
LESEE T B FREBITERMERIEHET > UEEE - LA -« F bR
BURFAE - mig C i HDUBARIEERR - e C RIS b 4 s AR - fE
& R -

BB RS LR I - QU - A BB HRALE FHE IR At o AT BB L
VLZBLTRE o AR E IR A o AR R E R T o BRI
SN A EMD TEAYBE S - BREE KT R EEATRE TP B - B S04 R e A
RURE AR -

B=EM RGBT BEF N - W8 A — o A BRI & K/ N
ZiEf o PR REETEACREAIL - B S B HANCIEE - CE BHEMIEE - D&
B AERET - EM ISR LAEERIFET - A shis F DAL € SREAETS - fi
FERIFEERGE A S o B EEEE - ARSI g REN MR -
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N L et e i A LERT P

Make Voice N (=1E

o P S ey A e
l I I 1
| open | Run 1 Save 1
| 1 1 l
g S
D input E voice number F
—— o - — e o e o = = = = =
01.7) LETE i Ii; ********** = S i
57,1.5) 57152 s —— I
531.5) I Is3153 i B = =
555.7) 55572 e T SNE— I
525.7) J Is2573 | 5 S
50.7.9) 50793 . —— I
537.9) i I53792 | g
42317) 489173 Pk i
603.17) I leogiz1 1 .
529,17) 529172 I = 1
7
I I 1 I
I ekt
Ell
b I
1 8=
e 1
I I
I I ' 001 23 45678 9 1W0N1213MIBIEI7IBEYA2 l
e e - - - b oo o o o o m mm mm mm owm wm e o

B+ EESTERERANTER

Query and Ranking

Musi Dateb
7 Sl 5l c
SBaTne T LT Thulhoe T} I.',',;m—. e e o e = e
| ! | b3
I""e“‘“"ﬂ"er 2 . | ] o s, 1
| [Baatin I [@i7 ' 59 1
| daladtxl | g}gg higd ]
33 txl 1 i
! s il —— '
I, |5793 [ I [ |
: e g I
1 ! | [e08171 I
1 529172 11 45 ]
I I l 43
| H A I !
| ] l 1§ 1
‘ »
R, |2 = F o 1
L . 2
I-m ooy g % 1
i Rigl” 1
I 1 = |
I 1 0123456788 WNR2BEIBIEITBIAD |
S e M |
« D |

B+ ZHEEEERM (QRS) —SRERENTE



Query and Ranking

Music Dgffpase  Qusty | Resut |

@« Open Quary file ()

" User nput

Ipitch, start time, end time, voice)

Ex 65131085131

open

57041
55461

528161

|
I
I
I
|
I
I 53681
|
I
1
|
1
1

|
|
|
51 - - l
1
I
I

I
1
Ell I
I

3 I
01 23 456 78 9 10111213 1415186 I

————— T —— — —
@

e e |

< >
= — ~ A =
B+ EHHEGIFEAMA (QRS) —BHENTHE
Query and Ranking E’@E}
Musiglatsbase | Cuery Resut | E
e i P = OV U S i
I'Husuﬁ' = l rSmiarw =1 Iimage i o -I
| Fr— ' T '
1 .
e (| 11 — i
! o Byl7 —
=== | 5 !
| I Lo pan Tl — cosomie i, sz B
| ¥ g 51 s
l_ | I {3,3} ! I 49 ]
! il RE
1 45 I
I I I I | I
! | i 4
: L Sl !
: | Pompa = == I = |
‘ il [EiEg 11 7 1
i [555.7.2) 1 4
§ 1 I I
I (529172} . 7
| 1= i
l ' | ' I 23 '
1l D ' st 234s5678 9 onnrmwnsenl
o r— | ] . .. s
< >

EEHFERT (QRS) —HIFENE
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7. fEEmEAAR IR T

ARSI S SRR - IR e AR - RS R
{REEED B I T I o RS SRR LR - S AR Y
SR AR R AR U B SRR R S MR - LA SRS SRR BT & B ARG
% o

FERFCTAE T - SRS — T AR e S R, - M BLEA 5 IEAH A
bR« BEFBIARRIEHE | » AR OZLADTW ZHERAG TR - Iesi s iR
CEE o AERENMEETELE - BRI S S R R R - T EREREE
— R B S e bR o SRR ER TR _ R AR o R ER T ERE
SERALER FRAR o (P AR SE R I A R Sl -

SE R

[Chew04] E.Chew and X. Wu, “Separating voices in polyphonic music : A contig mapping
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Polyphonic Music Databases?

Hsin-Hua Yuan and Jia-Lien Hsu#

Department of Computer Science and Information Engineering
Fu Jen Catholic University
Taipei, Taiwan 242, R.O.C.

Abstract

Researches in the field of content-based music information retrieval
have been continued on handing polyphonic music data, rather than mono-
phonic data. To represent melodies of polyphonic music objects, melody,
i.e., pitch and/or duration of notes, are considered as one of most important
features. When resolving a user query, those music objects, in the data-
base, which matches features of the query, will be considered as candida-
tes and reported as query results. Therefore, various query processing al-
gorithms and similarity functions are proposed. However, concepts of mu-
sicology, especially the voice, are rarely considered when designing those
methods. According to musicology, a polyphonic music object consists of
one or more monophonic melodies. With respect to a monophonic query,
the similarity of candidate which belongs to various and separate voices
will not be equal to the similarity of candidate which belongs to a single
voice. In this paper, we develop an approach to search polyphonic music

database with respect to monophonic queries. We design a voice segmen-

3 This research was supported by Fu Jen Catholic University, Project no. 409531040123.
# Corresponding author. E-mail : alien@csie.fju.edu.tw
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tation algorithm to determine voices of polyphonic music objects. By ap-
plying the techniques of local alignment, those candidates will be identi-
fied and ranked according to our similarity function. We also implement a

prototype to demonstrate our approach.

Keyword : polyphonic music information retrieval, voice segment algo-

rithm, music dissimilarity, music ranking
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Scalable and Efficient Interconnection of DHT-Based
Peer-to-Peer Systems!

Chun-Hsien Lu and Cheng-Fu Kuo

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

ABSTRACT

Today peer-to-peer networks have been wildly used due to the mass-
ive popularity of the Internet, and many types of peer-to-peer networks
have been created. Most of the research work had focused on enhancing
the performance and improving the shortcomings of a single system, with-
out paying much attention on resource sharing across different systems.
Users in different systems have difficulty in accessing the resources from
each other. In this paper, we design an interconnection architecture based
on extended distributed hash tables (DHTSs) to allow different peer-to-peer
systems to link to each other. We also propose an efficient search process
that allows fast search across systems. The simulation results show that se-
arch hit rate can be increased from 58% to 99% when isolated systems are
interconnected to form an extend system. The cost of the interconnection
approach is lower than that of merging all the systems directly into a large

one.

Keywords: Peer-to-peer systems, Distributed hash table, Interconnection

of systems.
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1. Introduction

Due to the massive popularity and improvement of the Internet, peer-to-peer (P2P) net-
works have become an important application for information sharing. On P2P networks, reso-
urces are distributed on numerous peers instead of being provided on a limited number of ser-
vers. A peer can access the resources by directly contacting other peers. Due to the distributed
properties of P2P networks, users could search and exchange large amount of information ra-
pidly. There have been three models of P2P system architecture: centralized, decentralized un-
structured, and decentralized structured. The centralized model contains an index server which
collects the contents lists from all the peers to creates a search index. A well-known example
built on the centralized model is Napster [1]. This model suffers from the problems of poor scal-
ability and single point of failure at the index server. In the decentralized unstructured model,
peers in the system connect to each other in a random manner and a peer searches for a content
by flooding the query to all the other peers. Both Gnutella [2] and Freenet [3] belong to this
model. However, the flooding of messages in this model consumes a significant amount of ban-
dwidth. The decentralized structured model uses distributed hash tables (DHTs) to manage and
record the index information. Every peer first hashes each of its contents to a corresponding key
value, and then registers the index information to the index peer responsible for holding the in-
dex information for that key value. When a peer wants to search for a specific content, it first
computes its key value using the same hash function, then consults the corresponding index
peer to find the content. Chord [4], Pastry [5], Tapestry [6], CAN [7], Koorde [8], and Viceroy
[9] are all examples of P2P networks of the decentralized structured model. The main advan-
tages of this model are good load balancing and efficient content searching. With a careful de-
sign of the interconnection between the peers, the search complexity could be limited to O (log
N) hops where N is the number of peers in the system.

Since there exist different types of structured peer-to-peer systems, a peer must join all
those systems one by one before it can access the resources on all the systems. If two peers in
different systems have established a connection via a separate means, neither of them would be
able to communicate with the remaining peers in each other's system. In a decentralized struc-

tured system, peers are interconnected to each other following specific rules, which are differ-
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ent from system to system. When many different systems are operating at the same time, having
to ask a peer to join all of them results in unnecessary resource consumption. Therefore, it has
become an important task to develop a mechanism to interconnect different P2P systems such
that content search across the systems can be done in an efficient and scalable manner. In this
work, we focus on the interconnection of the decentralized structured systems. We assume that
all the systems use the same hash function such that a single key value always matches to a spe-
cific content. Our goal is to interconnect multiple systems together with good scalability and
efficiency.

The rest of this paper is organized as follows: Section two presents the related work. In
section three, we describe how to interconnect the decentralized structured systems to facilitate
content search across systems. Section four displays the simulation results, and section five

gives the conclusion.

2. Related Work

Several approaches have been proposed to address this issue in the past. Canon in G Major
[10] proposed the concept of linking DHT-based P2P systems by constructing a hierarchical
structure. Peers in the same domain would form a DHT-based P2P system and every system in
the hierarchical structure has its own domain information. The P2P systems search each other
by the domain information, which is similar to locating a computer by its domain name. A sys-
tem searches another system by expanding the search domain to include the target system.
However, it may not be easy to obtain the domain information of each peer. Even in the case
where domain information is readily available, the total number of levels of the hierarchical
structure could grow to a large value and the cost of constructing this kind of domain-based hi-
erarchical structure between P2P systems could be very high. Jelly [11] proposed to link P2P
systems into a two-level hierarchical structure. The bottom level consists of the usual DHT-bas-
ed P2P systems, where a designated super peer in each system maintains the content index of
the system. The top level is constructed by those super peers forming another P2P system. A
peer in the bottom level performs search by sending the query to its super peer, which then con-
ducts a search at the top level. The super peer that is in charge of the requested content would

transmit the content to the initiating peer. Since each of the contents must be registered at both
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levels, the cost of a system joining or leaving could be very large. Furthermore, the loading at
super peers can be quite heavy. Cyclone [12] used the peer identifiers to cluster the peers into
various levels of systems. The scheme divides the peer identifier into two parts: prefix and suf-
fix bits. The suffix part serves as the cluster identifier for those peers that have the same suffix
bits, while the prefix part is the identifier of each peer in the cluster. Cyclone clusters peers into
a hierarchical structure based on the suffix and each cluster forms a DHT-based P2P system.
When searching for a document, a peer searches its cluster first. If it can not find the document,
it would remove the leftmost bit from its suffix and search the expanded cluster again. The pro-
cess continues to expand the suffix until the document is found or the whole system has been
searched. This interconnection scheme lacks flexibility because the identities of the P2P sys-

tems at each level are fixed and cannot be modified.

3. Extended DHT-based P2P Systems

3.1 Architecture Overview

Each DHT system has an 1D, which is created by the first peer of the system using the fol-
lowing function: DHT ID = Hash (IP address of first peer + current time at first peer). After the
DHT ID has been generated, other peers who join this system later will share this DHT ID.
There are two tables used for storing routing information in our systems: the interconnection
table and the DHT table. A DHT-based P2P system can communicate with the other systems
by using these tables. The purpose of the interconnection table is for peers to reach the other
systems. The first peer (called registrar peer) of each system is designated to be responsible for
maintaining the interconnection table, whose format is shown in Table 1. It contains the DHT
ID, the level of the system, and the IDs of the two peers at the endpoints of the link between
two systems. A peer can contact a different system by first looking up the link information to
that system in the interconnection table. It then sends a request to the local peer, which will be
forwarded to the remote peer in the target system. In other words, the interconnection table
plays the role of providing gateway information.

Every peer maintains a DHT table that records the list of the systems it can forward a query
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to. The DHT table consists of the DHT ID, the level of the system, priority, and the shortcut to
that system. Table 2 shows its format. The priority of each system is initialized to 50 and can
vary from 0 to 100 according to the success or failure of the query replies. A higher priority
value means that the system offered a higher query hit rate in the past. A peer always forwards
a query to the system with the highest priority first. When a reply message from a remote peer

in a different system arrives, a peer can store the remote peer ID as a shortcut to that system.

Table 1. Interconnection Table.

\
DHT ID Level ‘ Link

Local Peer Remote Peer

]

Table 2. DHT Table.

: ‘ :
DHT ID ‘ Level ‘ Priority Shortcuts

3.2 Hierarchical Model

Figure 1 shows the hierarchical model of our architecture, where each ring in the figure
represents a DHT-based P2P system marked with its DHT ID and Level. The dash lines repre-
sent logical links between the systems. There could be multiple systems at each level. The level
of a system is determined based on the number of peers in that system because a larger system
usually contains more contents leading to a higher query hit probability. A system with more
peers will be assigned to a higher level. A system is said to belong to level K if the number of
peers it has is between P%/ and PX, where P is a parameter for controlling the number of levels.
To estimate the number of peers in its own system, a peer periodically sends a simple probe

query to a random destination in its system. The probe contains a hop counter initialized to 0,
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and each intermediate peer increments it by one. When the destination receives the probe mess-
age, it returns it back to the sender. Since a query usually travels at most /og N hops in a DHT-
based system with N peers, a peer can estimate the number of peers in its system by the number
of hops recorded in the probe reply message. Once the estimate is obtained, a peer can then de-
termine the level of its system belongs to. The level of a system can change as its number of
peers varies. In our model, we assume that a system will try to connect to as many other systems
at the same level as possible. Each system will also connect to at least one system one level hig-

her and lower each.

Level 4

0 o:.
T ODT

Figure 1. Hierarchical DHTs.

3.3 Registration

A system needs a way to find the existence of the other systems as well as the paths to
them. If a peer P in system S| has a connection with peer P2 in system Sz, P then sends this
link information to the registrar peer RP; in 51 to be recorded in its interconnection table. The
information shows the existence of a link from S to Sz by going from Py to P». The same reg-

istration process also takes place at RP2 in Sz. After that, P; and P> would exchange their DHT
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tables to acquire information about more systems. Figure 2 shows an example of the registra-
tion process: Suppose peer 28 in system 9 establishes connection with peer 12 in system 47.
Peer 28 registers the link to registrar peer 49, which then records the DHT ID, the level, and the
link between peer 28 in system 9 and peer 12 in system 47 as the local peer and remote peer
into its interconnection table. Any peer in system 9 who tries to forward queries to system 47
would first consult peer 49 and then forward queries via the link. After the registrar peer records
the link information in its interconnection table, it then broadcasts an announcement to all the
other peers in its system. Upon receiving the announcement each peer updates its DHT table by
adding an entry for the new connected DHT ID and its level. As Figure 2 shows, peer 49 anno-
unces the existence of system 47 to all the other peers in system 9, and each peer would add an
entry for system 47 in its DHT table. Shortcuts will be filled in if a successful query reply is lat-
er returned from system 47. Through the broadcast from the registrar peer, peers learn about

more DHTSs to search in the future.

DHT Table After Update
DHT ID | Level | Prionty | Shortcuts
47 5 50

~ —
Interconnection Table at peer 49
Link
DHT rel
i i Local Peer | Remote Peer
47 s 28 12

Figure 2. Registration of a link at the registrar.

Two peers in different systems will exchange their DHT tables when they establish a con-
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nection. From this, peers can find out about systems that are not currently in its DHT table. Sup-
pose a peer Pi in system A at level La exchanges its DHT table with another peer P2 in system
B. Let (C, Lc, X, Sc) denote an entry in the DHT table that P receives from P». For P to pro-
cess this entry, four cases may occur: (i) Lc = La. P1 will notify the RP in system A to connect
to Sc in order to connect to more systems at the same level. (ii) | Lc — La | = 1. In this case, P,
adds the entry to its DHT table unless there are already too many such type of entries. (iii) | Lc
— La | > 1. To reduce maintenance cost of the interconnection, the peer discards the entry ex-
cept when system C is closer (in terms of number of levels) to A than any other system listed
in Pi's DHT table. In this case P retains the entry. (iv) Pi will connect to C if Lc equals the hig-
hest level. Figure 3 illustrates this process. A registrar peer maintains the correctness of the in-
terconnection table by testing each link periodically. It sends a keepalive request to the remote
peer of each link in its interconnection table and waits for the reply. If the reply fails to arrive,
the corresponding link will be removed from the table. If the links to the same system all fail,
that system is removed from its interconnection table. The registrar peer will also send a copy

of its interconnection table to its successor peer periodically for fault tolerance.

3.4 Search Process

The search process consists of two phases: search in the local system and search in the re-
mote systems. When a peer requests for a content, it would search the local system first by for-
warding the query to the index peer who holds the index information for the requested content.
Since there can be different types of DHT design, the forwarding path could be varying from
one system to another. For example, peers in Chord use the finger table, while peers in Pastry
use the Nodeld table to speed up routing queries to the index peer. However, even under differ-
ent searching approaches, the maximum number of hops required is still limited to /og N. In our
approach, the index peer would not reply immediately if the queried content does not exist in
its index list. It would try to search the remote systems instead. If searching the remote systems
fails also, the index peer then replies a query miss message to the initiator of the query. Next
we explain how searching of the remote systems can be done. The index peer chooses a system
from its DHT table with the highest level and priority attributes and forwards the query to that

remote system. When a peer of the remote system receives the query, it does a local search first.
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If the search fails, it then search the other systems at the same level one by one in the order of
decreasing priority values until there is a query hit. If none of the systems at the same level has
the content, the query is forwarded to a system one level lower and the search process repeats
from there. That is, the search is done level by level from top to bottom and stops as soon as

there is a query hit. Figure 4 shows the pseudo code for the search algorithm.

rSe

{ &
/ 50 ) 6\,
DHT B }
C 8
\\
DHT Table at peer 33 44 N
DHT 1D| Level | Prioirty | Shortcuts @ paLs
~ i
¢ Lc 60 Sc i - f@ /
P 33
- 20 /

/51 5\ } \
’ DHT A | ‘ DHT C ‘wl
La . L¢
42\ @ 47 \ @
16 14
— & / @ ) @/
30 35
22 27

Figure 3. Example of exchanging DHT tables.
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Search algorithm (query ¢)
/*Assume that peer p in system R receives a query g from system 5%/
If S and R are at the same level then {
Search system R
If query hit then
Reply query hit to initiator through reverse path
} else /* § is higher than R */
While (query miss and there are still same-level systems in p's DHT
table that have not been searched) {
Forward the query to the system with the highest priority
If search at the same level misses then
If there exits a lower-level system in p's DHT table then
Forward the query to that lower-level system
else

Reply query miss to sender in system §

Figure 4. Pseudo code for the search algorithm.

Figure 5 shows an example of searching between two systems at the same level. Suppose
peer 9 in system 9 queries for content 14. Since the index peer 15 does not have content 14 in
its index list, it selects system 47, which has the highest priority, from its DHT table and for-
wards the query to the registrar peer (peer 49 in this example) that records the gateway infor-
mation to system 47. Peer 49 forwards the query to system 47 through the link between peer 28
and peer 12 according to its interconnection table. Remote peer 12 searches system 47 and finds
a query hit for content 14 at peer 18. Peer 18 sends back a query hit message to peer 9 of system
9 through the reverse path. Index peer 15 then records peer 18 as a shortcut to system 47 in its
DHT table. If later another peer, say peer 11, queries for content 14 also, peer 15 could use the
shortcut to forward the query to peer 18 in system 47 directly without consulting the registrar

peer again. We use priority to help us improve searching the same-level systems. When a reply
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comes back from a same-level system, the peer increases its priority for a query hit and decre-
ases its priority for a query miss. As mentioned, a peer searches the other systems at the same
level one by one in the order of decreasing priority values. The reply from a remote system can
be used to establish shortcuts such that queries can be forwarded much faster to the peers that

are likely in charge of the requested content in the remote systems.

DHT Table at peer 15
DHT ID| Level | Prioirty]Shortcuts
47 5 60 18
13 5 40

49

Interconnection Table at peer 49
Link

Local Peer]Remote Peer

47 5 28 12

DHT ID|Level

Figure 5. Example of file searching across systems.

4. Performance Evaluation

4.1 Cost of Interconnection and Merging

To make the resources in two DHT-based systems shareable to each other, we can either
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merge them into one large system, or simply create interconnection links between them and
transmit queries back and forth. Merging is more straightforward but the cost can be larger.
Here we compare the cost of merging versus interconnection. For example, suppose two sep-
arate Chord systems with N, and N peers, respectively, are to be merged. To do this, we need
to designate one peer from each system to collect the list of the IDs of all the peers in its own
system and exchanges the list to each other. Once a designated peer knows the IDs of all the
peers in both systems, it can easily determine the necessary information (which includes the re-
sponsible key space, successor node, and predecessor node) for every peer in the final system
and passes the information to that peer. Table 3 compares the cost of merging and interconnec-
tion. To merge two systems it is necessary to collect information from all the peers in both sys-
tems and redistributed the results back to the peers, and the amount of messages required is in
the order of O (N1 + N2). On the other end, it requires the establishment of one link only between
two systems to interconnect them, which requires O (1) messages. However, the number of
hops a query may traverse when searching over the interconnected systems can be as large as
log N1 + log N2 = log (N1 N2), which is higher than log (N1+ N>) for the case of merging. Al-
though merging of systems results in a lower cost for query search, there are cases when it is
not feasible to merge different DHT-based PP systems and we have to resort to the intercon-
nection mechanism. For example, a Chord system and a CAN system could not be easily mer-

ged, because they work on two different infrastructures.

Table 3. Cost of merging vs. interconnection.

} Messages required to Messages required for content
} link two systems search
Merging O (N1+ N2) log (N1+ N2)
Interconnection o) log N\ + log N2 = log (N1 N2)

4.2 Simulation Results

We developed a simulation program to evaluate the performance of our design. We gen-
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erated 64,960 peers, which collectively from 340 Chord ring systems distributed in four levels.
Each peer was identified by a 16-bit ID. The top level consisted of four systems of 10 000 peers
each. The second level had 16 systems of 1000 peers each. The third level had 64 systems of
100 peers, while the fourth level had 256 systems of 10 peers. Figure 10 shows the structure of
our hierarchical systems in the simulation. No cache storage was provided for a peer. Each peer
contained twenty contents whose key values were randomly drawn from between 0 to 64 960.
Every peer issued twenty queries requesting contents in the other systems randomly. Table 4
shows the query hit rates and the average number of hops traveled per query for both the case
when all the systems were isolated and the case when the systems were interconnected. When
those Chord systems were isolated from each other, the hit rate was only 58% because peers
could not access the contents in different systems. The hit rate increased to 99% when the sys-
tems were interconnected with our approach, but the average number of hops traveled per query
increased from 16.35 to 27.65 hops as well. In the case when all the systems were merged into

a single large Chord ring, each query took only 7.99 hops on the average.

Table 4, Hit rates and average number of hops.

; Average Number
DHT ID Hit Rates )
of Hops per query
Original Chord systems 58% 16.35
Extended Chord systems 99% 27.65
One Chord Systems | 9% | 7.99
|

We next studed the case where the contents held by the peers in the same system shared a
high similarity. Two contents were said to be similar if their key values were close to each
other. For the peers in each single system, we assumed that a fraction of the queries issued
would be requesting documents of key values within a given interval (i.e. those documents are
similar). The rest of the queries were searching for documents randomly outside the interval.
We computed the average number of hops traveled per query by increasing the similarity frac-

tion of queries for both the cases of using and not using shortcuts. Figure 6 shows that with the
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help of shortcuts, the average number of hops could be lowered by 34%.

Next we investigated the effects of the differences in size between the parent and child sys-
tems. Let M be the ratio of the number of peers in a parent system over that in a child system
and we assumed that M remained the same for all the levels. Given a value of M, we distributed
64 960 peers into a number of systems that form a topology of a complete binary tree where the
number of peers in a parent system was always M times that of its child system. No shortcuts
were used. Figure 7 shows the number of levels of the resultant binary tree and the average
number of hops traveled per query under different value of M. As Mincreased, both the number
of levels and the number of hops decreased. Figure 8 displays the average number of queries
that a peer at the top level had to process, which also became smaller as M got larger. When M
became large, the systems at the top levels contained a large number of peers where most of the
queries could be satisfied. The results show that the best performance can be achieved by or-
ganizing all the peers into a single large system. However, in case this is not possible and in-
terconnection of systems is still necessary, our results suggest that a topology of four or five

levels can provide very good performance.

35
2 'Jﬂ/‘ﬂ?—‘-ﬁ\v}]—ﬁ——ﬂ 31
25
B0 F s L ey a2
fa i}
=Y
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| —=— With Shortcuts
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Figure 6. Average number of hops with and without shortcuts.
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5. Conclusion

Powerful peer-to-peer networks are becoming the trend for resources sharing between
users on the Internet. In order to access the resources in the other decentralized structured P2P
systems, we came up with an interconnection approach to provide efficient search across dif-
ferent systems. We designed a mechanism of interconnecting multiple systems hierarchically
to form an extended DHT-based system and to distribute the search load. We also proposed a
search process that could seek contents between systems efficiently. The simulation results in-
dicated that the cost of interconnection is much lower than the cost of merging systems. The
number of hops traversed by a query could be decreased by using shortcuts. The result also sug-
gested that the number of levels of the interconnected system should not be more than five. Our
work can be easily integrated into the existing systems such as Chord, CAN, Pastry, and allow

them forward search queries to each other.
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Estimation for Exponentiated Weibull under Type-I

Censoring

Sy-Mien Chen* and Hsin-Hsin Lee

Department of Mathematics, Fu-Jen University,

Department of Applied Mathematics, Chung-Yuan University, Taiwan, R. O. C.

Abatrace

In this paper, we discuss point estimators of two shape parameters for
an Exponentiated Weibull distribution under type-1 censoring. The maxi-

mum likelihood method and some Bayes estimators are considered.

Key words: MLE; GMLE; squared-error loss function; Linex loss

function.

1. Introduction

Let X be a random variable with probability density function

(X)) = a—g(i)"‘]e‘(i{}”(l —e @Y1 0<x<00,0>0,0>0,0>0,

a o
where o , 0 are the shape parameters, and o is the scale parameter, then we say X follows an
Exponentiated Weibull distribution EW(a , 8 , o). This distribution was first introduced by
Mudholkar, G. S. and Srivastava, D. K. [5]. As was pointed out by Singh e al. [12] that differ-
ent hazard function shapes of the model occur because of the shape parameter but not because

of the scale parameter, hence for simplicity, we assume that 6= 1 throughout. In this case the

*smchen@math. fju.edu.tw
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probability density function of the two-parameter Exponentiated Weibull distribution
EW(a , 6) becomes

) =afx e (1 - 0<x <00 @>0,0>0.

The hazard function is given by

a,gx(r—le—.r”(l _ e*.\”)ﬁ*]
h(x) = = , X 0.

Under different combinations of the two shape parameters, there are several different

shapes of the hazard function which contains bathtub, unimodal and monotone. See Fig 1 and
Table 1.

Statistical properties of this distribution were discussed by many authors. Among others
are Mudholkar, G. S. and Srivastava, D. K. [6], Mudholkar, G. S. and Hutson, A. D. [7], Nas-
sar, M. M. and Eissa, F. H. [8], Choudhury, A. [1], Nadarajah, S. and Gupta, A. K. [10]

0.1 w ‘ ——————r———

—— bathtub |

0.09% —=— unimodal 4
| —— decreasing |
0.08 —e— increasing 1

Figure 1: the hazard function of EW(a, 0)
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a # hazard shape
1 1 constant (exponential)
1 monotonic (Weibull)
<l <1 decreasing(IV)
>1 >1 increasing(IIl)
>1 <1 bathtub(I) or increasing
<1 >1 unimodal(Il) or decreasing

Tablel: shapes of the hazard function

There are some occasions that the complete data can not be obtained in certain period of

time. For example, in life testing, there may be some expected or unexpected situation, or to re-

duce cost and time. Therefore the so-called censored data has emerged. Nassar, M. M. and Eis-
sa, F. H. [9] and Singh, U., Gupta, P. K. and Upadhyay, S. K. [13] discussed the estimating

problems for Exponentiated Weibull under complete and type-1I censoring scheme. In this pa-

per, we will discuss similar estimating problems but under type-I censoring.

In section 2, maximum likelihood method (MLE) is considered. In section 3, from Bayes-

ian point of view, we consider the following estimators: the generalized maximum likelihood

estimator (GMLE), the Bayes estimators under squared-error loss function (BS), and the Bayes

estimators under the Linex loss function (BL).

2. Maximum Likelihood Method

Ler X\, X, ..., X, be the real lifetime of a sample with sample size » from an Exponentiated

Weibull distribution EW(a , ), and let Y=(Y,. Y-, .... ¥,) be the corresponding observed type-
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X, ifX; <t
I censored data, such that ¥, = Let 6; = I(}; < f), then the likeli-
t HXz=t

hood function of (¢ , &) based on the observed Y is given by

L(a,’ 9|Y=X) = (QQ)ZL; 5;[1 _ (] mf )9]1%2I 1 6 ﬂ[yﬁ | 87"‘?)8_]]&-

2.1 When o is known

Assume that a=a,> 0 is given, then the logarithm of the likelihood function can be ex-

pressed as

1ely) = (Z &) In(ao®) + (o — 1) Z 8 Iny; — Z 5

- 1)25 In(l — e )+(n—Zé)ln[l—(l ey,

Then
r (1-¢"YIn(l —e)
_:é Z(Sln(lme )_(n—‘r) 1_(]*6_’”“)9 )
and
d’l
=5 =~z = (= rvdine) (1 +v),
where
n )ﬁ'
r= 61: en’ = 1 “!“n, Vf cr g°
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2
Since ii_.i < (), the MLE 6, of ¢ can be obtained by solving the estimating equation:

dl
— = (.
db

2.2 When o and 0 are both unknown

When both parameters a, € are unknown, the logarithm of the likelihood function can be

expressed as

(. 9 E)

(i o) In(af) + (@ — 1 )i O:Iny; — i S5y°
i=1 i=]

i=1

+HO-1) Z siln(1 — ey + (n - Z §)In[1 = (1 — ™).
i=l i=1

Then

al rov % S;yte™ Iny;
P ;+;5,-lny,-—;6) Iny; +(9—1)Z%

Ot (1 —e )Y Vnt
={h =) :
| —(1—e "y

n
r N
5+Zc5,-]n(l—e- )—(n—r)

(1-e"¥In(l -e")
1 =(1=et"y¥

ol
0d

[l

The possible MLEs ¢, and 6,, of  and 6 can be obtained by solving the estimating equa-

tions:

ol al
(T}‘;—Odndga—o.
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3. Bayesian Approach

Some statisticians have assumed that there is no information available about the true value
of the parameter beyond that provided by the data. However, in Bayesian inference, parameters
are treated as random variables with known prior distributions. This subjective prior distribu-
tion is based upon past experiences.

An estimator 7/ which maximizes the posterior distribution of a parameter # is called
a generalized maximum likelihood estimator of . See Harry, F. M. and Ray, A. W. [2] for more
detail.

If one considers the seriousness that an overestimate and an underestimate create are
equivalent, then he can choose the squared-error loss function, and the Bayes estimator 7 g5 of

n based on a sample x is
fis = Ey(n]x), (1)

provided that it exists. (See Hogg, R. V. et. al [3].)

However, in some situations, use of symmetric loss functions may be inappropriate. For
example, when a pharmacist judges the dosage taking in adults or children, the result of over-
estimation is more serious than that of underestimation. On the contrary, the result of underesti-
mation is quite serious under the residuum of agricultural pesticides on vegetables. To over-

come this problem, Varian [14] proposed the Llinex loss function which is defined by
Loo(8)=be®™ —c A —b,wherea#0, b>0, ceR.

The Linex loss function provides a variety of asymmetric effects when the parameters a , b

and ¢ are varied. Zellner [15] considered the case when ¢ = ab such that

LA =ble™” —an-1],a#0,b>0.

For small values of | a |, the function is almost symmetry and not far from a squared-error loss

functio.n For the choice of negative (positive) value of a, it gives more weight to overestimation
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(underestimation). By assuming that » = 1, the Bayes estimator #,, under the Linex loss func-

tion L(A) is
A 1
L = ~—1In Er;(e ’i|£)1 (2)
a

provided that E,(e”“"|x) exists and is finite. See Robert, C. P. [11].

3.1 When o is known

By assuming that the parameter o known, say a=a, and the shape parameter
O~ Gamma (r,%), the posterior distribution of @ based on an observed sample y from
EW(a, . 0) is

B+ gl oy —(B+q)0 —170\ @0~
[1(Bly) = ————@""" 7] _ (] - .
(6ly) STG+7) € [l={1-g"")]

]

where

g = -In| ]—[(1 P
n—r

AW =
§ = =1y 1- W
2 -
_r!l())

p = In(l -

(1) It is clear that the generalized maximum likelihood estimator éaw of A exists if 7> 1 and

can be obtained by solving the following estimating equation:

dln H(9|}f)
B o6

A | 7 (1 -e)In(1 - ™)
= T"(B"“])"(”—") (1= ey

(ii) By formula (1), the Bayes estimator of the shape parameter @ under squared-error loss

function is
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4 r+T R —F PJ rereD)
Oss = oo (#1)1( . )(1 e 3)
Bty

(iil) By formula (2), the Bayes estimator of the shape parameter ¢ under Linex loss function is

5 1. 1w fn—r a-pj .
Opr = ——1 -—E ~1y | + =)+, 4
BL an[S j:()( )( j )( [3+q) ] )

3.2 When o and 0 are independent random variables

Assume that the parameters ¢ and 6 are independent, and are from a non-informative prior
gi(@)= 1,0 <o and an improper prior g;(ﬂ):%, 0 <0, respectively. Then the joint posterior

distribution of « , € based on an observed sample y from EW(a , 0) is given by

(Yrgr—l[l _ (l . e_;ﬂ)(}];-.:—p- n}r;lb,;r—le—_\‘:.’(l _ e—)"l')E)—l](?,-
[ @611 = (1= e [T, D8l e (1 = )1 Pdbder

(e, Oly) =

3.2.1 Generalized Maximum Likelihood Estimator

The marginal posterior distributions of & and 8 are

a" [T, e YTy (a)

H(aly) = 7
. |

¢ J1(0)

nely) = —
- 1
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respectively, where

00 00 i
Ji o= f f O 1= (=P [ [or e (- e Pdbda,
. 0 i=1

Jz(a’) — f gr—l[l _ (] . e—,'n)f)]n—r ]_[(] _ e*_\‘;’)é,'(ﬁ—l)dgj
0 =1

J5(0) f 1= (1= [ |oge (1 - e,
? i=1

The the possible GMLEs ¢, and 6., of « and @ can be obtained by solving the following es-

timating equations:

Bl e B oL 0h@
= — =—+ i i — Vi i)+ ;
oo oy R Xy ARE (@) da
dInIl(@ly) ,_ I 3500
0 = = + N —,
06 6 J3(6) o6

provided that they exist.

3.2.2 Bayes Estimator Under Squared-Error Loss Function

Notice that the Bayes estimator of a parameter w(a , 6) under the squared-error loss func-

tion is

[ fwia, 0)g(@. )™ dgda
[, |, g(@.0)" ™ aoda

?

w = E(w(a, 9)[2} =

which involves a ratio of two complex integrals that are analytically intractable. One way to
handle such problem is to apply the Lindley's approximation procedure [4].

In the two-parameter case, Lindley's approximation form reduces to the following form:
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wox wa,8)+ 0wy + Oywy + Y,
where
¥ = L(A +C + Cwyy + Bwao),
= QD Wii Wiz 21 w22
1
D = Sl A%mso + BCmoy + 3ACmy + (AB + 2C%)myal,
1
@y = —(Cp + Bps) + —[ACmm + B?mos + (AB + 2C*)ma; + 3BCmy2]
&)
Pl
A = _8_95 7 +(n = rv(ne)* (1 +v,)
B = il = (1 o;u;(1 ¥yl
= o= Za‘,» (Iny)? = (0= 1)2 wi(iny; = 3¢ Iny; = u)
+(n - r)@v,u,(ln t—t"Int— u + 6u, + QV,u,)
azl n
C = 5000 = ; o, —(n—rwvu(l +6lne, +6v,Ine;)
D = AB-C?
and
1 op ap 1
:] ,63 G :*-—20’ = e =
gt = g s 2538 B
A B C
g :B’ szz=5, T2 = 07 =5
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83[ 2r % a 5 . 2 2¢
My = o= - ;afy;anyf) +(0- 1)[; Siati(In y,) (1 = 3y + y2%)

33 Gt Inyi (=1 +38) +2 > s
i=i i=1
+3(n — POva Int(=1 + 1*)(~1 + 0 + Ov,)

+(n = PNva,(In H*(=1 + 31 = 12%)

+(n = PBvae} (=2 + 36 — & + 36v, - 36°v, — 261?)

FL 2
my; = 3 = 6—: —(n—=r)v(ln e,)3(] + 3y, + 21»',2)
9’1 ) >
My, = EYY = —rfvu; Ine(l — 6+ v, — 36v, —20v7)
n
+ Z Oiti(Iny; =y 'Iny;, —u;) + (n — r)@vau, Intlne (=1 + ()1 + v,)
i=1
+n—=rvau(=Int + 1" Int + u, — 26u, — 26v,u,)
o’ 5
mp; = P00 = =2(n - ryvu,Ine,(l +v,) = (n = révune,) (1 + 3v, + 2v,2)
and
e = l—e, v= —e? U = yj?le_ﬁ Iny;
! - L i ] I t]
1 - 8? €;
. el e~ Int
g l—e_f,v,:—’g,u{z )
1 - e, €

All functions on the right-hand side of above equations are to be evaluated at &, . 6, the

MLE of a , 8 respecively.
Apply Lindley's approximation to our case, i.e.
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(i) When w(a , 0)=a,

o ow
w) = T 1, wy = Fr) 0,
O*w APw O*w O*w
= — = 0, = —] O, = = U, = e = (),
Wi =g =0 W= g =0 W = aote - V2T B2
Then,
(6)

ags = E(aly) = ay + ).

(ii) When w(a , 0)=8,
wi=0w,=1,

W= Wp= W)= Wn= 0.

Then

Ops = E(Bly) = Oy + ©s. (7)

3.2.3 Bayes Estimator Under Linex Loss Function

Recall that the Bayes estimator of a function w(a , 6) relative to the Linex loss function is

|
e = = In[E(w(a, O))]

which involves a ratio of two integrals too. Apply the Lindley's approximation procedure again

with
) wla, )= e,

a‘ﬂ} —ay 0
W _— — —a s } = ——= .
"7 e S Y
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2 2
aw_Z—(m s _O _awmo
=ae™, wp=wy =0,wp=— =0,

M Ba? d6°

then the Bayes estimator of & under Linex loss function is

. R 1 a?
&gy z(}’M—;lll(I - ad, -i-E) (8)
(i) wle , )= e,
wy =0,wy = —ae™™,
e
wir = w2 = wyy = 0,wpn = a’e™,

then the Bayes estimator of # under Linex loss function is

2
aB

g8, )
2D )

b1 z@M—Eln(l — a®, +

3.3 When « and @# are dependent random variables

It happened that parameters are not independent. Assume that the conditional prior dis-

tribution of & given « is

g1(fla) = ]%_—)97-'6?3, §>0, 750,

and the prior distribution for a is
I _a
gz(a):Ee FLa>0, k>0,
then the joint prior distribution of & and @ is

G,*TQT"‘] 024—(#(
L P W
i) © @

gla,0) =
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Therefore, the joint posterior distribution of ¢ and & based on the sample y from EW (e , 6)

becomes

(e, dly)
g(a@,O)L(a. bly)
I gle, )L, dy)déda

;\ [1 _ (l _ e—r )an—r l_l [y(r | _v:’(l _ e—}",’)ﬂ—l]rS;
[ @@l S 1 = (1 = e )] T, [y e (1 = e Y115 d0da

a,r—rgr+r— I,,-

3.3.1 Generalized Maximum Likelihood Estimator

Let IT,(a , @]y) be the logarithm of the joint posterior distribution of ¢ and ¢, then

9 T
M. 0y) = r—Dina++7-Do-7——+@-1 ) &lny,
= k « =

- Z‘Sf In(1 = e™)+(m—r)In[l = (1 -e")]

i=1
- Z 5" —1InJy
i=1

where J, is a constant. Then

oIl r—r
2 - o ——+—-+Z§lny Z(S,) Iny;

—(n—-r ;

L 6{-.},‘?6_.\"5 ]nyi ft%e -t (1 7!")9—] Int
@-1) ———— :
1 —e™ 1-(1-e™)



i SRR A 41 3 181

(1-e"Yin(l —e™™)
1= (1—e ")

o, r+7v-1 1 -
= - —+ E SiIn(l —e™ )y —(n—r
PApA oiln(l—ei)—(n-r)

a6 o

The possible GMLE d.,,and 6, 0f o and 6 can be obtained by solving the following estimating

equations: 0 :%, and 0 :aa—[;

3.3.2 Bayes Estimator Under the Squared-Error Loss Function

Apply the Lindley's procedure again with

(i) wla, 0)=a, then the Bayes estimator under the Squared-Error Loss Function of « is

aps = E(aly) = ay + @y, (11)
(ii) wlo, 8)=0, then the Bayes estimator under the Squared-Error Loss Function of # is

Ogs = E(6ly) ~ Oy + D3, (12)

where @, and ®, are defined as in (5), with

I
T
n-‘
p—
=3
R
+
P e
~
|
=
=3
(n
!
|
|
I
|
=
=~
~
P
—,‘
e

p =Ing(a,6)

oap 6 1 1

p}:c?af at o Kk
dp 1t-1 1

ag o a -

b2 =

3.3.3 Bayes Estimator Under Linex Loss Function

The Bayes estimator of & and @ based on the Linex loss function are

2

x . I a
Q’BL%()’M—E!H(I —a(D| +ﬁ) (13)
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3 | a’B
G5 =y~ —In(l —a®s + —), 14
BL ™ Oy~ n(l —a ‘+2D)' (14)
respectively.
4. Example

From the previous discussion, it shows that most of the estimators do not have explicit for-
ms. In this section, we use computer simulation and Monte Carlo methods to study the problem.
We study the performance of MLE, GMLE, BS and BL based on two types of risks. One of
them is the expectation of the squared-error loss function and the other is the expectation of
Linex loss function witha =-3, -1, 1,3 and b = 1.

Notice that when the parameters ¢ or € tends to either O or o, the hazard function becomes
0 or oo, which are not the cases we are interested in. In this similation study, We consider sam-
ples from the Exponentiated Weibull distributions EW(1.8, 1.5), EW(1.5, 0.8), EW(0.8, 1.5)
with sample sizes n= 30, 50, 100, 200, 300 and five uncensored rate, namely 100%, 90%, 80%,
70% and 60%.

In the case when the shape parameter a is known, we assume the prior distribution
of & to be Gamma (3, 1/3). For the case when both shape parameters a and ¢ are un-
known, consider the following two cases: (1) Assume ¢ and ¢ are independent random
variables with the improper priors g(a)= 1, if o> 0 and g;(t‘)):—é-, if > 0. (2) For
the case when a and 6 are dependent, we assume the conditional distribution of £ given a,
i.e. 0|la~Gamma (3 , a) and a ~ Exp(4).

Systems of equations are involved when solving for the MLE and GMLE, which is im-
possible to solve them analytically. We use the routine DUVMID and DNEQNIJ in IMSL to
handle the problem. The accuracy is up to the fifth decimal point. There are some integrations
involved in the expression of estimators for the Bayes estimators under squared-error loss func-
tion (BS) and under Linex loss funcntion (BL). When & is known, we use the importance sam-
pling technique to get the approximations. The number of iteration of this approximation is
100000. When both a and & are unknown, ratio of two complex integrals were involved, for this

part we apply the Lindley's approximation. For each different combination of parameters, the
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simulations are repeated 10000 times.

To save the space, except the case when « is known, we only list the graphs for the case
when n= 300 and uncensored rate 70% because the patterns are all similar. Method 1, 2, 3, 4,
5, 6, 7 on the x-axis of Figure 2 correspond to estimators MLE, GMLE, BS, BL(-3). BL(-1),
BL(1), BL(3). Method 1,2, 3,4,5,6,7,8,9, 10, 11 on the x-axis of Fig 3 ~ Flg 5 correspond
to the estimators MLE, GMLE, BS, BL(-25), BL(-10), BL(-3), BL(-1), BL(1), BL(3), BL(10),
BL(25).

Riskl ~ Risk4 in each figure denote the regular risk when the Linex loss function is ap-
plied with a =-3, -1, 1 and 3, respectively. Risk 5 means the risk with the squared-error loss
function. As we can see from the figures that except Risk1 and Risk4, the curves for the other
risks are too smooth and are hard to tell the differences within estimators. Theoretically spea-
king, if the prior is used, then the Bayes estimator is the best within all estimators under the
given loss function. Hence for each curve (risk method), the minimum of the Bayes risk should
occur at the corresponding estimator. i.e. when a is known, the best estimator under each risk

should be as the following:

Risk | 2 3 4 5
Best Method 4 5 6 7 3
Best Estimator | BL(-3) | BL(-1) | BL(1) | BL(3) | BS

From Fig 2, we observe the following when the sample is from EW (1.8, 1.5) and « is

known:

(1) Under risk 1, the curve is quite smooth, and the risk of GMLE is quite close to the risk of
BL(-3), especially when the sample size is large;

(2) Under risk 4, the risk induced from GMLE is closer to the risk from BL(3) ;

(3) As the sample size increases, the curves for risk 1 and risk 4 are smoother and are closer
to each other;

(4) The risks of all estimators decrease rapidly when the sample size increases;

(5) The curves of risk 2 and risk 3 are almost overlapped. On the other hand, the curve for
risk 5 is also close to the curves of risk2 and risk3, which is reasonable, because as the valu-
e of |a| is small, the Linex loss function is close to the squared error loss function;

(6) Asn—oo, all the estimators are asymptotically unbiased.
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for theta (alpha is known, n=50) for theta (alpha is known, n=200)
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0.050—__ PN —— S 0.0t -
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Figure 2: Risk and bias of different estimators for # as (¢, & )= (1.8, 1.5) (« is known)

for alpha (dependent priors) for theta (dependent priors)
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Figure 3: Risk of different estimators for « and @ as (a , 8 )=(1.8, 1.5) (n = 300)
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For the case when a and @ are both unknown, the best estimator under each risk should be

as the following:

Risk 1 2 3 4 3
Best Method 6 7 8 9 3
BEst Estimator | BL(-3) | BL(-1) | BL(1) | BL(3) | BS

for alpha (dependent priors) for theta (dependent priors)
0.14
0.035
0.12
0.03
01
0.025
= 0.08 x
2 £ 002
0.8 0.015
004 0.01
(1717 SOOI e SUPSSRP = 0.005b——  TT—e—e— .
i —_— e
12 3 4 5 8 7 8 9 10 11 12 3 4 5 6 7 8 9 10 11
method method
for alpha (independent priors) for theta (independent priors)
0.14
0.03
0.12
0.025
01
% ¥ 0021 gk
2 008 2 B
0.06 00151 —— risk3
—— risk4
0.04 0.01r| —— risk5
0.02f .~ e 0.0051———" ————— e e
12 3 4 5 68 7 8 8 101 12 3 4 5§ 6 7 8 9 10 11
method method

Figure 4: risk of different estimators for ¢ and 6 as (a , 0)=(1.5, 0.8) (n = 300)

From Fig 3 ~ Fig 5, for distributions EW (1.8, 1.5), EW (1.5, 0.8), EW (0.8, 1.5), we ob-
serve that:
1. For the estimators of a,

(a) with dependent prior, under risk 1, the MLE and BS perform equally well as BL(-3).
But for EW (0.8, 1.5), the risk 1 for GMLE, BL(-1), BL(1), BL(3) are also close to the
risk for BL(-3). For risk 4, GMLE, BS, BL(1) perform equally well as BL(3). But for
EW (0.8, 1.5), the risk4 for BL(10) is also close to the risk4 for BL(-3):

(b) with independent prior, under risk 1, the MLE, GMLE, BS, BL(-1), BL(1) and BL(3)
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pefrom equally well as BL(-3); For risk 4, MLE, GMLE, BL(10) performs equally well

as BL(3);
for alpha (dependent priors) for theta (dependent priors)
0.03
0.08
0.025
0.02 0.06!
x =
73 [}
= 0.015 =
’ 0.04
0.01
0.02 -
D006 hy ol e o e R T NI
e i et O
1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 1
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for alpha (independent priors) for theta {independent priors)
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i 0.06
a2 x
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0.015 0.04 e r!skz
—— risk3
0.01 —=— riskd
o 0.02 . —— risk5
00054~ — e — - | e ML Ry
— e e,
1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 101
method methed

Figure 5: risk of different estimators for @ and @ as (« , #)=(0.8, 1.5) (n = 300)

2. For the estimators of &.

(a) with dependent prior, under risk 1, the GMLE, BS, BL(-1), BL(1), and BL(3) per-
form equally well as BL(-3); For risk 4, MLE, BL(10) perform equally well as BL(3)
for EW(1.8, 1.5) and EW(1.5, 0.8). For EW(0.8, 1.5), the rick of BL(10) is close to the
risk of BL(3);

(b) with independent prior, under risk 1, the MLE, GMLE, BS, BL(-1), BL(1) and BL(3)
peform equally well as BL(-3); For risk 4, BL(10) performs equally well as BL(3);

3. Under Risk 2, 3, 5, except BL(-25), BL(-10), BL(10), BL(25), the risks of all the other esti-
mators in all figures are almost the same;

4. For a fixed estimator, the risk derived by Linex loss function with larger a is much larger
than those risks with smaller value of a;

5. From Fig 3~Fig 4, under a fixed risk rule, the risks for estimators of a based on EW (1.8, 1.5)
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and EW (1.5, 0.8) are larger than the risks of estimators for @, especially when the value of
|| is large. However, for the distribution £/ (0.8, 1.5), the results are reveresed.

Over all speaking, the effect of sample size is quite significant. The pattern of the curves

under different censoring rate, e.g. 100%, 90%, 80%, 70% and 60% are all similar. Here we

only list the results for 70% to save the space.

5. Conclusions and Suggestions

From the results listed in the previous section, overall speaking, we know that all the esti-
mators behave equally well when the sample size is large enough. If large sample is not atta-
inable, then a decision maker has to decide if a parametric type estimator or a Bayesian type es-
timator is proper based on the information one has on hand, and then use the idea we have in
this report as reference.

One may wonder that what will happen if the priors of the parameters are different from
what we have here, indeed, we have done some cases and looked like the results are similar to
the current situation. However, it is hard to make the conclusion that all the priors will give the

same results. We will leave more general cases as further study.
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The influence of thermal loading in a diode-pumped
Nd:GdVOq laser on its beam propagation ratio(M?2)

Lien-Bee Chang*, Cheng-Ping Huang, and Yu-Yun Chen

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

Abstract

The detrimental effect of thermal loading within a diode-pumped
Nd:GdVOs laser on its beam propagation ratio (M2) is investigated. When
the pump power was increased from 2 to 12 W, the M2 factor was raised
from a value of 1.02, reasonably close to the theoretical value of 1.0 for a
TEMuo Gaussian beam, to 1.86, and the equivalent focal length was greatly
reduced from 2700 mm to about a tenth of the initial length in both the x-

and y-direction.

Keyword , Diode-pumped, Nd:GdVOs, thermal lensing, M2

Introduction

In recent years, compact diode-end-pumped neodymium-doped all-solid-state lasers oper-
ating in the near infrared and visible spectral regime have been attracting much attention by the-
ir high efficiency, compact and beam quality and by urgent needs for a wide range of applica-
tions such as reprographics, holography, ophthalmology, medical diagnostics, optical data stor-

age, entertainment and laser displays. Frequency doubling of diode-pumped near-infrared las-
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ers by inserting a proper nonlinear crystal in the cavity is an attractive and promising approach
to generate compact all-solid-state red, green, and blue visible lasers because the intensities
within the cavity are so high that efficient conversion could be realized. Nevertheless, the non-
linear optical conversion efficiency is significantly influenced by the beam quality of the fun-
damental radiation within the cavity.

The beam quality of a laser can be characterized by a crucial parameter, the beam propa-
gation ratio M2 [1-4]. It is the ability of a beam to be tightly focused. For a perfect Gaussian
beam, often referred to as a diffraction-limited beam, M2 is equal to unity. Values of M? greater
than unity connote that the laser beam has higher-order transverse modes as well as the funda-
mental TEMoo Gaussian mode. However, the accumulation or deposition of heat generating
within the laser crystal leads to a spatial variation in temperature. The gain medium is hotter on
the beam axis, compared with the outer regions, causing transverse temperature gradient of the
refractive index and hence forming an effective lens. Because of the highly aberrated nature of
thermal lens, the deleterious thermal loading results in degradation in laser beam quality [5-6].

As a result, more thermally stable laser crystals are required. Nd:GdVOs crystals are pro-
mising 1-pm laser media for realizing efficient lasers with sufficient thermal stability because
of its large emission cross section [7-8] and high thermal conductivity [9-10].

In this paper we put forward a model and an approach to indirectly determine the thermal
loading by measuring the equivalent focal lengths of thermal lens, and report on the dependence

of the propagation ratio M2 on thermal loading in a diode-end-pumped Nd:GdV Oy laser.

Description of the Model

It was shown in reference 2 that the ray matrix (ABCD matrix) approach and the formalism
that has been developed to utilize the complex beam parameter, g, apply to real beams as well
as Gaussian beams. The spot size of a real beam is everywhere larger than that of the imbedded
Gaussian beam for TEMoo mode by M=./M". Therefore, to explore the TEMoo cavity modes by
using a flat-flat cavity, with an equivalent thermal lens located at the place of the laser crystal,
we exploit the ABCD law, the stability criteria and the complex beam parameter q, as defined
by
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(1)

where g(z), R(z) ,W(z), and 4, are the complex beam parameter, the radius of curvature of the
beam, the spot size, and the wavelength in vacuum, respectively [11].

The equivalent laser cavity and the equivalent-lens waveguide are shown in figs. 1 and 2, re-
spectively. After some algebra the ABCD matrix is given by

1- -y gy - B

{A B} S fu fu fu

= @)
C DI 2y dy 4 2 dd

ﬁh fﬁr fth f!h

Furthermore, the value of ¢ at the plane z, can be determined by forcing the ¢ to transform into

itself after around trip, thus resulting in

Ag(z,)+B
o) = L2015 (3)

Cq(z)+D

This yields the radius of curvature of the beam and the spot size at the plane z,, as given by
2B
R(z,) = ——— 4
= ===
aW(z,) B
Ay (5)
0 1 _ (A -|2_ D)E

It should be noted that the spot size at z, is reduced to the value of the minimum spot size or the
beam waist radius ;. If the total cavity length L, the distances ¢ and d> as defined in the figu-
res, and the minimum spot size W, are given, the solution for the desired equivalent thermal fo-

cal length f, can be completely solved.
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. I
The starting p!anez1

0

Fig. 1 The equivalent laser cavity. Where the laser crystal has been replaced by a thermal lens

fin fn
*—dlge; 2d/—97 d]—"

Ml Ml

Vd

Fig. 2 The equivalent-lens waveguide (a unit cell)

Experimental arrangement

The schematic of the experimental arrangement is shown in Fig. 3 for the measurement of
the equivalent thermal focal lengths and the values of the beam propagation ratio M. A com-
mercial 808-nm fiber-coupled diode-laser-array of 12 W (Coherent Semiconductor) was used
as the pump source. The pump laser was focused into a Nd:GdVOs crystal by a 1:1 coupling
lenses. The laser crystal had a dimension of 3x3 mm? in cross-section and 5 mm in length, and
the Nd-doping concentration was 0.5 at. %. In addition, the first face of the crystal was AR
coated at 1064 nm and 808 nm, and the other was AR coated at 1064 nm. It was wrapped with
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indium foil and mounted in a water-cooled copper block, and a thermal probe was inserted into
the block to monitor the temperature of the wrapped crystal surfaces. The temperature of the
surfaces was maintained near 17°C and can be controlled within 0.1°C with a feedback loop
controlled by a PC, via a program written in LabView graphical language to obtain a stable out-

put.

CCD
2 =
Thermal M=-200 458.31 mm

lens
Fiber-coupled Diode-laser-array
)
AR@1064 nm
l AR@808/1064 1m +C 1064 T
Baffle
peNZiv e | il | I
Ll N/ I_l
Nd:GdVO, T
Crystal
AR@1064 nm

AR@808 nm/HR@1064 nm R=co
Wed
PR@1064 nm edee
i<_ 10cm R

Fig. 3. Schematic of experimental setup for the measurement of beam propagation ratio M2,

We employed a linear flat-flat cavity as shown in the Fig. 1 to explore the thermal loading
effect in the diode end-pumped Nd:GdVOs laser system. Two flat mirrors were used as the in-
put and output couplers (M1 and M2). The input coupler M2 was HR coated at 1064 nm and
HT coated at 808 nm, and the other mirror (M 1) with 90% reflectivity at 1064 nm was used as
the output coupler. Moreover, the total resonator cavity length was set to about 100 mm. The
laser beam propagation ratio M? and it's beam waist radius were measured by an automatic M2
beam propagation analyzer (Spiricon, M?-200). Both the values of M2 and the real beam waist
radii can be measured by the instrument at the same time. The ideal beam waist W is just the
ratio of the measured radius to the square root of the measured M2. Then the ratio and the wa-
velength of 1064 nm are substituted into equation (3) to find the equivalent thermal focal len-

gth. In addition, four high quality windows with a large wedge of 3° and a zero-order half-wave
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plate were used in the experiment to smoothly and continuously attenuate the laser intensity to
obtain high quality beam profile images taken by a CCD. Finally, the radii and beam propaga-

tion ratios can be computed correctly by the M?-200 software.

Results and discussion

The experimental results are shown in Table 1. Both the equivalent thermal focal lengths
and the propagation ratios in both x- and y-direction are almost the same when the pump power
was raised from 2 to 12 W. It is interesting to note that a significant increase in M? occurred as
the pump power was increased from 5 W to 6 W, and the rising slope reached to approximately
0.12, as shown in figure 4. This implies that the rate of heat deposition begins to exceed that of
heat dissipation within the laser crystal, and the gain medium on the beam axis becomes hotter
despite the fact that the temperature of the wrapped crystal surfaces stays approximately con-
stant. This is because the thermal conductivity of Nd:GdV Oy crystals are approximately 11 W/
mK [12] and is much smaller than that of copper, which is 397 W/mK [13]. By using the data
about Nd:GdV O crystals, a simple estimation of the temperature difference between the center
and the surface of the crystal can be made and is about 50 K if the power of heat generation in
the crystal is 4W.

Therefore, the gradient of temperature in the gain medium steepens. This leads to a reduc-
tion in the equivalent thermal focal length. The figures 5 and 6 indicate that the beam waist di-
ameter and the thermal focal length were fairly reduced as the pump power was increased fur-
ther. The highly aberrated nature of the thermal lensing also results in an increase in M?. In ad-
dition, figure 7 shows the optical-optical conversion efficiency slope was close to 50%. When
the pump power is lower than 6 W, the values of M? are reasonably close to the theoretical value
of 1.0 for the perfect Gaussian beam, and the beam profile is fairly circular and symmetric, as
shown in figure 8. Obviously, as the pump is increased to 12 W, the thermal problem deterio-

rates rapidly, and the beam profile is seriously distorted, as shown in Fig. 9.
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Table. 1. The thermal focal length and the propagation ratio M? versus the pump power.

Pump power  Thermal focal length (x) M2 Thermal focal length (y) M
(w) (mm) ' (mm) '
2 2635.8 1.02 2722.9 1.02
3 1567.7 1.03 1554.7 1.03
4 1047 1.03 1022.6 1.03
5 763.5 1.03 727.3 1.03
6 622.1 1.16 574.8 1.20
7 526.2 1.32 476.1 1.36
8 433.7 1.44 399.4 1.47
9 367.8 1.52 334.6 1.54
10 343.9 1.63 304.5 1.67
11 299.7 1.78 275 1.74
12 281.5 1.85 267.8 1.86
2]0 i T T ¥ T T T > T
1.9¢ 1
1.8+ ]
1.7 -
o 16} 1
% 1.5} E
> 14; .
s 13} .
1.2: .
111 ]
1-0 - 1 1 & 1 " 1 1 ]

2 4 6 8 10 12
Pump power (W)

Fig. 4. The propagation ratio M? versus the pump power.
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Fig. 5. The beam waist size versus the pump power.
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Fig. 6. The thermal focal length versus the pump power
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Fig. 7. The output power versus the pump powe

Fig. 8. The beam profile measured at an input pump power of 2W.
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Fig. 9. The beam profile measured at an input pump power of 12W

Conclusion

This paper has described the influence of thermal loading in laser crystals on laser beam
quality. The study has demonstrated that the thermal conductivity is a key point to generate an
excellent TEMuo laser beam. As a result, thermal lensing effect can be reduced by using a gain
medium with good thermal conductivity and small thermo-optical coefficients and by choosing
pump and laser wavelengths in order to obtain a small quantum effect to reduce heat generation
in laser crystals. The further research is in progress using several different Nd-doped crystals

with a diverse range of doping concentration as gain media.

References

[1] M. W. Sasnett, The physics and Technology of Laser Resonators, (D. R. Hall and P. E.
Jackson, eds.), Chap. 9, p.132, Hilger, New York, 1989.
M. W. Sasnett and T. F. Johnston, Jr., Proc. SPIE, vol. 1414, p. 21, 1991.

2]
] A.E. Siegman, Proc. SPIE, vol. 1868, p. 2, 1993.
|
|

3
4
5

ISO 11146-1, 2005 and ISO/TR 11146-3, 2004.

[
[
[
[ W. A. Clarkson, J. Phys. D: Appl. Phys., vol. 34, p.2381, 2001.



W EREEE 41 1 201

[6] I.L.Blows, T. Omatsu, J. Dawes ef al., IEEE Photo. Technol. Lett., vol. 10, p. 1727,
1998.

[7] A. Agnesi, G.C. Reali and P.G. Gobbi, IEEE J. Quantum Electron., vol. 34, p. 1297,
1998.

[8] T.Jensen, V.G. Ostroumov, J.P. Meyn et al., Appl. Phys. B, vol. 58, p. 373, 1994.

[9] Y.D. Zavartsev, A.l. Zagumennyi, F. Zerrouk et a/., Quantum Electron., vol. 33. p.
651, 2003.

[10] C. Czeranowsky, M. Schmidt, E. Heumann et al., Opt. Commun., vol. 203, p. 361,
2002.

[11] Joseph T. Verdeyen: Laser Electronics, Prentice Hall, Inc., Upper Saddle River, 3rd
edition, 1995.

[12] L.J, Qin, X.L. Meng, H.Y. Shen et al., Cryst. Res. Technol., vol. 38, p. 793, 2003.

[13] R.A. Serway and J.S. Faughn, College Physics, Thomson, Brook/Cole, Pacific Grove, 6
edition, p. 343, 2003.

Received October 31, 2007
Revised December 24, 2007
Accepted December 31, 2007



The influence of thermal loading in a diode-pumped Nd:GdVOs laser on its beam propagation ratio(M?)

FEREFEHRAZ Nd:GAVO, T
HBAHARGEZEE

wEE FAF BREZS
BRI

W B

FRAMAR I Eb R 18T 2P TSR P A i B e iRl - W FT b AR AR
E]“/‘iﬂiz Nd:GdVO, [EHFEFE S ;ﬁ\t%ﬁ%ﬁ%@%:‘r‘éﬂiﬁ?ﬁZ%ﬁ # %B?
JeFs T R A S TRE W 5 B o A E R A s
T SRR P T T B S R B e f"“’JJIITuL,%E{t fDJ
Gl #AEER B ( The equivalent thermal focal length ) 7REZE IR
LR A T S e

FEEET « PETEGIIRE - N&:GAVO. ~ i1 ~ BB - Sl
=IESE R



