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Rigorous Proofs of the Expansion Theorems in the Problems of
Forced Capillary-Gravity Waves Generated

by Vertical Wavemakers

Nai-Sher Yeh

Mathematics Separtment
Fu- Jen Catholic University

Abstract

The purpose of this paper is to rigorously prove the
expansion theorems in the linearized problems of forced
capillary-gravity waves generated by vertical wavemakers
proposed by Rhodes-Robinson [1971]. The use of these
expansion theorems will also be demonstrated.

L. INTRODUCTION

The problems of forced capillary-gravity waves have been long studied.
Havlock [1929] published a paper regarding the problem of forced surface
waves under gravity generated by a plane wave maker. Later Evans [1968]
studied the problem of a heaving cylinder in a fluid with the effect of surface
tension included and proposed an edge condition. Hocking [1987] proposed
another dynamic edge condition that at a contact line the time derivative of
the free surface is proportional to the slope of the free surface. Both of these
edge conditions have been studied for their contributions to the solution of
related problems. Rhodes-Robinson [1971] studied the problems of forced
capillary-gravity waves generated by a plane or cylindrical wavemaker under
Evans' edge condition. In his construction of solutions, some very
unconventional expansion theorems for arbitrary functions defined on either
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a finite closed interval or an infinite half-closed-half-open interval were
introduced. However, rigorous proofs for these theorems were not given.

These expansion theorems mentioned above are very powerful in solving
forced capillary-gravity waves problems in either edge conditions. The
purpose of this paper is to give rigorous proofs to these expansion theorems,
and some simple demonstrations of how the solutions are obtained through
these theorems. Finite depth and infinite depth cases will be handled
separately.

II. FORMULATIONS
The formulation of the plane wavemaker problem is as the following:
(A). Plane Wavemakers (See Figure 1)
1). Formulation
T =W (z,9,1), V3E =0 n (0,00) x (~h,0) (or (0,00) x (~00,0),
U, =2, and ¥, + gZ =TV:Z on S, ¥, =0o0ny=-h,
(Vooy = 0 asy = —o0,)
¥, =u(y)e™ onz=0, ¥ — Coe'lo>+“) cosh ky (h + y) as z — oo,
(q,m i Coei(kgx+ut)+kgy as r — oo,)
where in U, kg is the positive root of
Ag (@) = a(Ta? + 1) sinhah — w? cosh ah = 0;
and in ¥, ko is the positive root in
Aso (@) = a(Ta? +1) —w? =0.
Hocking’s Edge Condition: Z, =6Z; at x =0, y = 0.
2). Time-reduce and non-dimensionalize the problem
and Z (z,t) = ¢ (z) e™*, then we find that
V3% = 0 in (0,00) x (~1,0) (or (0,00) X (=00,0)).
¥, = iws and iwy + gs =TVison y = ~1,
Y, =u(y)onz=01%,=0o0ny=-1, (Yooy = 0 as y = —o0,)
P — Coe'*7 cosh (ky (1 + y)) as  — oo, (Y, — Coe*o(z+y) as 2 — 00,)
and t¢,, = iwdy, at I.
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(B). Cylindrical Wavemaker (See Figure 2)

1). Formulation

Vi® =0inV = (0,00) x (0, 2?r) (—A,0) (or (0,00) x (0,27) x (—o0,0))
¢, =2Z,and &, + g7 = TVZonz—O(S)
P, —f()e(““img)onr—a ®.=0o0nz=-h, (by, 30as z— —00,)

¢ — CUH( ) (kgr) {wt2m8) cosh (ko (h + 2)) as r — oo,
(Poo — c,HY (kgr) ifwtme) +koz as r — 00,)
where in @, k, is the positive root of
Ag (@) = @ (Ta? + 1) sinh ah — w? cosh ah = 0;
and in @, ko is the positive root in
Axo (@) =a(Ta? +1) —w? =0.
Hocking’s Edge Condition: Z, = §Z, at r = q, z = (.
2). Time-and-f-reduce and non-dimensionalize the problem

Let ®(r,0,2,t) = ¢ (r, 2) eilwtme)
and Z (r,0,t) =¢(r) e“2m%) Then we have
Lrp=0inV, ¢, =iw( and we+9¢=TLiC on S,
—f(z)onr-—a v, =00nz=-1, ((,oooz—>0asz—+ —00,)

go—)C’oH (kor)cosh(k0(1+z))asr~>oo
(Yoo = CoHY (kor) €*% as r — o0,)

and ¢, = iwdp, at r =a, z =0,
where
2 2
Cz ‘Cl+822 = r8r (Tar) r"’ +-0?z—2

We now give a full description and proofs to the expansion theorems.

III. EXPANSION THEOREMS AND PROOFS.

The unconventional idea of these theorems are to add zero terms with arbltra.ry
parameters as their coefficients. The motivation for this formulation is to fit

various types of edge conditions.
(1). Expansion theorem for finite depth

Theorem 0.1. An arbitrary smooth function u (y) for —1< y < 0 posseses a

series expansion
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() = Q[Ez—ko (1 4+ Tk2) (cosh (ko (1 +v))) /_1 u - (cosh (ko (1 +7))) dn
+Zﬁ (1 — Tk?) (cos &, (1 +y))f_1u(coskr. (1 +n))dn]

——27er[ ko (cosh ko) (cosh (ko (1 +¥))) + Z 7-kn (cos kn) (cos kn (1+y)) ], (*)

where By = 2k (1 + Tk})+(1 + 3TkZ) sinh 2150, ﬁﬂ = 2k, (1 — Tk2)+(1 — 3Tk2)sin 2ky,
n=123,..; kok, > 0,Vn; {£ko, ik, }2, are roots of a(Ta?+ 1)sinha —

w?cosha = 0,and p is an arbitrary parameter.

Poof. First of all, set u (y) = 2u, (y) — 2mpuy (y) , where

w; (y) = -ﬁl— [Zko (1 4+ TkZ) (cosh (ko (1 +¥))) f—1 u - (cosh (ko (1 4+ 7)) dn

Z El— (1 —Tk2)(cosk, (1 -l—yr))f_1 u(cos k,, (1 + 7)) dn],

oo

us (y) = é [ng (cosh ko) (cosh (ko (1 + y)))]—i—? Z [%’j (cos k) (coskn, (1 +y)) ]

n=l1
Consider the integral

I %/C 5% (cosh (a (1 +))) e,

where C is the contour from —oo to co, indented above —ky and below k. This in-
tegral is identically 0, since the integrand is an odd function. By residue theorem,
I can be written as

I=27i - ;L [EZ‘LI limg ik, 257582 (cosh(a(1 + y)) + limask, 2575 (cosh(a(1 +y)))

ko (cosh ko)(cosh(ko(l-i-y ))
=% (1+TkZ)(cosh? ko) +({1+3Tk2)(sinh kq) (cosh kg )—w? (sinh ko) (cosh ko)
" E kn (cos kn ) (cos(kn (1+y)))
n=1 kn(1—Tk2) cos? k,,+(1 3Tk2 ) (sin kn ) (cos kn)—w?(sin ks ) (cos kn )
__ 2kp(cosh ko) (cosh(ko(14y))) s E 2ky (cos kn)(cos(ka ( 1+y)))
T 2ko (14Tk3)+(1+3Tk3 ) sinh 2ko n=1 2k, (1—TkZ)+(1—-3Tk2 ) sin 2k,

= us(y),

that is, I= uy(y) = 0. It follows that
u(y) = 2uy(y)-




W 2 5

By making use of the relations described above,

u) (y) = 2w? { [(COSh(ko(l + y)))(coth ko) ffl ucosh(ko(1 + n))dnjl

L e [(COS(kn(l +y)))(cot ka) [, wcos(ka(1 + W))dnJ }

—9 g ) (cosh(ko(1+y)))(cosh ko) f_ui ucosh(ke (147))dn
= ko (14Tk2) sinh ko4 (1+37k2)-2 cosh kg

(cos( k {1+y)))(cosk fﬂ ucos(kn (141))dn
+Z (1-Tk%)sinky +(113Tk2)2cosk }
Notice that for sufficiently large n,

1
6TkZ

l(cos(kn 1+y))) (cos(kn (1+n))) coskn
2| kn(1—TkZ)sinkn+(1—3Tk2) coskn

and the series

IZ (cos(kn (14y))) (cos(kn (147))) cos kn
n=1 k,(1-TkZ2)sinkn+(1—3Tk2) coskn *

converges uniformly, according to Weierstrass M-test. Hence u;(y) can be written
as

u(y) = [, u(n) { 7- [2ko(1 + Tk§)(cosh(ko(1 + y)))(cosh(ko(1 + n)))]

+ 2 ont 5o [2kn(1 = Tk (cos(ka(1 +y))) (cos(ka(1 + ﬂ)))]}dn
= fl dﬂ,
Uly,n) = 5 [2k0(1 + Tkg)(cosh(ko(1 +y)))(cosh(ko(1 +n)))]
+ Zn 1 5o [2ka(1 = TEZ)(cos(kn(1 +3))) (cos(kn(1 + n)))]-
Note that when y # 0, U can be written as the following:
U= [, m[a(i"’ou2 + 1)(cosh(a(1 + y)))(cosh(a(1l + 7)))]da
- Z{O{ICOShCI:B} RES[P(O:)],
where C is the contour described above,

P = soyemar(@(Te? +1)(cosh(a(l +y))) (cosh(a(1 + n)))]

is an odd function, and the zeros of cosh a are

where
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a=(n-3)mi, n=1,2,3,--.For a fixed n,
l .
a— n—i me

Res [P(a = (n—3) m)] = lim, ,(n-1yi Aeoeha)
X {Q(TQQ + 1)(cosh(a(1 + y)))(cosh(a(1 + ﬂ)))}

_ co(n-t)rti+9] o (n=4)s140)]

isin(n-1)~ isin(n—1)x
- (-—1)2"+1{c03 [(n—3)n(1+y) ]}{cos [(n—1) n(1+ U)]}

= —(=1)"* (sin ((n - 3) my)) (=1)"** (sin ((n — 3) 7))
=~ (sin ((n - §) ) (&in (n— 3) 7n)).

Again, the integral part of U is zero due to an odd integrand, we find

—ZniRes [P (a = (n — 7) mi)]
=Zn 1 (sin ((n = 3) 79)) (sin ((n = 3) 7)) , (1)

which implies that
uly) = 2uily) =2 f n)dn
=2 [0, 3o, u(n) (Sm ((n—3) Tf?/)) (Slﬂ ((n=3)mn))dn
S O L) RG]

Let us write

u(y) = 02, anV2sin ((n — ) 1y) , (2)
anzx/_fo sin((n—l)ﬁn)dn

Since {v2sin ((n— 1) my)}32, is an infinite set of eigenfunctions of a Sturm-

Liouville problem, the set then forms a complete and othonormal basis for L*[~1, 0)

(Coddington and Levinson [1955]). Thus we conclude that for all u € L*[—1,0),

the series (2) for u is always valid, which is equivalent to the expansion (*).
Note that when y = 0, U becomes

= 557 Jo a(@la(Te’ + 1)(cosh(a(1 + 7)))]de,

which is zero, since the integrand is an odd function. The series representing U
when y /=0 is (1), which is also zero for y = 0. Hence we may use (1) to represent
U for all y. For all u € L?*[-1,0], (*) is equivalent to (2).

where



However, as one may observe, this does not explain the presence of zero term
—2rT pus(y)in (*)and the parameter . We only note that p will be determined
by the edge condition.

Consider the solution of the finite depth plane wavemaker problem can be

written as .
=) xa{2)u
n=1

where u (y) = Y02, U, (y) is the expansion described as in (*), and the solution
of the finite depth fluid outside a cylindrical wavemaker problem has the form

= an (1.) a” (Z)!

where u (2) = % | u, (z) is the series expansion in (*). This explains the con-
nection between the expansion theorem and the desired solutions. More detailed
description of the solving process and interpretation shall be discussed in another

paper.
(2). Expansion theorem for infinite depth

Theorem 0.2. For an arbitrary smooth function f (z), z € (—00,0), there 1s an
expansion in following form

- 2 2 cosaz W sinaz [8 4 cosa LL/ sina
-2 s [ erRme el dady
-0 0

a?(1-Ta?)? +wl
0
—21'.1.?2 kD(‘+"l)f( )
1+3Tk3
—00

: ooa 1-Te? cosaz+wzsinaz 21 ek z

a?(1-Ta?)? 4wt

where p is an arbitrary parameter.
Proof C0n51der L to be a differential operator defined on a Hilbert space

H, T and f denote the vectors in H, and G is the Green’s function such that
(L-=XNG =4 - E) Then by Stakgold [1979], the following equation is always

valid: N
—i& Jo G(Z,€,0)dr = §(z - €), (3)
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where A € C, and C,, is a circular contour rotating counterclockwise and centered
at 0 with radius R approaching co. Now in our case, consider a Green’s function
G(z,(, A) satisfying that

G —AG=6(z-¢), —00<(2z<0

WG+ (1+TNG, =0, (=0

G, — 0as ( — —o0.
It is easy to find that

- VA¢ VA(1+TX) cosh VAz+w? sinh vz
G((<2)=3((2A) = "e\/X g 2 \)/S?I+T«\]"W2 !

G(¢ > 2) = §(2,(, A).-
Then by (3), we have
) =YX YA(+T) cosh VAz4u? sinh vz gy _ §(z = ¢).

T & VA VA(1+TA)—w?

oo

Notice that there is a branch cut from A = 0 along the positive real axis,
and that G has two poles Q% and 2, where © and Q0 are the complex roots of
a(Ta? + 1) — w? = 0. Consider the contour Cy traverses from ReA = oo along
the branch cut with ImA slightly negative, and to ReA = oo along the branch cut
with ImA slightly positive. It follows that

1 / ﬂ % \/X(1+T,\] cosh vV Az+w? sinh Az dA L RES,\___QZ G— Res ,\:ﬂz G, (4)
CQQUCO

2mi VA VAI+TA)—w?

where the residue values at 2% and (? are obtained as %ﬁ%‘%;em”‘), and — 2=+
respectively. So (4) becomes

i — 1 —eV'A¢ VA(14+TA) cosh vVAz+w? sinhv/Az 2 [ £80G40 efz+0)
~ % f Gd\ = -5 [, =5 % O TN dA + 2w? { fraree + arew ) - (5)

Now let A = a? in the integral on —Cj, and also rotate the lower branch of
—Cj clockwise to the negative real axis, while the upper branch along the positive
real axis, indented above ky and below —kq. Then

1 f —eVXC VA(14+TA) cosh vVAz+w? sinh vAz d)\
~3m %
—Co

VA VAIL+TA)—w?
— =1 (1+Ta?) cosh az+w? sinhaz - : .
=T (=)= (:,()1‘:;"002‘;_:2 =% da + (T,l) (—Zm Res,—q G)
—00
=1 14+Ta?) cosh az+w? sinh =
== (_,_eer) o ‘L()lﬁ:;at:;_:z sinhaz g +2RESG:QG,

—00

- 1+T 2 h - h . .
where G = (—e*¢) - a(l+ i()lﬁ’agjji? Sinie?  Note that we have a negative residue




i
D

W O- £

i

L

since in the process of integration we rotate the path of integration clockwise
across the pole ) of —G in the third quadrant. The above residue is found as

2,83(:+4()
— Y31 and (5) becomes
QC a(14Ta?) cosh az+w? sinh oz 202 Sz 4()
T 2mi ] Gd)\"“ ( ) a(1+Ta?)—w? do + 14+37Q2 (6)

Again, rotate the c0n51dered contour clockwise to the imaginary axis, then
1 a(14+Ta?) cosh az+w? sinh az
_an (—e*) a(1+Tal)—w? do

= f G(z,(, —ia)d(—ia) — f G(z,(,ia)d(ia) + 2Resaen G + 2Resai, G

st g X —1 a?) cosaz—iw? sinaz Ia ia)(1-Ta?) cos az+iw? sinaz
- i; /0 ] a}{z—i 1) Tfac?) w? “da + i j;) <L) (m?(leaz)sz dor
+2 (Resa=q G + 2 Resqt, G)

=4 0 [a(1 — Ta?) cos az + w?sin 2] [m(l e;:;)+w2 TR :;:Cz]_w ] da

g [ —eRUHO) | _okoleHO)
+2w ( 14372 + 1+3Tk3
oo
2 [¢(1-Ta?) cos az+w? sin az][a(1-Ta?) cos af +w? sin af] da
- a?(1-Ta?) T ot
0

ez +() ekolz+¢)
— 2 (1+3T§22 T 1+3Tk2) - (7)
Notice that we cross two poles of G clockwise this time. So finally, by (3), (6)
and (7), we have
T ami

f Gl = _-f
kg(z+¢)

[a(1 — T'a?) cos af + w? sina(]/[a?(1 — Ta?)? +w4]:| do — 9w 2§+3Tk

= 6(‘2 - C)a
or for any arbitrary smooth f(z),
0

Flz) = —% f(¢) ]:0 l[a(l —To?) cos az +w?sinaz]

[@(1 — Ta?) cos @z + w? sin az]

—0C0

X[a(1 = Ta?) cos af + w? sina(]/[a?(1 — Ta?)? + w‘*]] dad(

0
~wrpe [ f(Qebdc.

—0Q
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Let us also look at the integral

I= —iﬁmf%;;ﬁda, (8)

which integrates on the contour from 0 to co and indented below ko. By rotating
the contour to the positive imaginary axis, we find

o>
_ ae~iez 2mwkq L koz.
1= /U a(1-Ta?)+iw? da + 1+3Tkge » (9)

and by rotating the original contour for I toward the negative imaginary axis,

I=—fﬂ siran—w- (10)

Combining (9) and (10), we realize that

o0 .
—_—iz Emzz

_ 2mko koz
Q(z) = ’ 2o [a(l—eTaz)+iw2 + a(1-Ta2)—iu2] de + TH3TREE

o0
_ ala(1—Ta?) cos oz +w? sin az] 2mky L koz _
= 2]0 oI (I-Ta?) 2+ do + Trgpize” = 0.

Multiplying the above equation by a parameter T’y and adding it to the expression
in (8), we obtain

0 0
f(z) =—%f_ f(Q) .[o I:[a(l—Taz)cosaz-i—wzsinaz]
x[a(1 — Ta?) cos a +w?sina(]/[o?(1 — Ta?)? + w‘*]} dad(

0
~siget [ f(Qeac

oo
a ala(1-Ta?) cos az4w? sinaz] 2mky L koz
+T#“f0 ATare e+ TpgrEe™

This concludes the proof of Rhodes—Robinson’s expansion theorem for infinite
depth.

Finally, if we consider the solution ¢, of the infinite depth plane wavemaker
problem, it can be shown as

d@mw5KQMMnmwm+@@nu»

where [~ Q, (a,y) da + Q2 (y) is the integral expansion in (*¥*); and the solution
¢, of the infinite depth fluid outside the cylindrical wavemaker problem is
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Pon (1 2) = f“ Q (202) By (r) de+ Qo () Ra )

and again, [~ Q, (@,2)da +Q; (z) comes from the expansion form of equation
(**). Therefore, we may obtain the solutions by simply assuming the expressions
of ¥, and ¢, as above. More details about finding solutions as well as the
interpretation of the solutions and the zero parts of these expansion theorems will
be shown in another paper.
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Low Power Programming Design for a Microcomputer 8051

System Powered by Solar Cells

Ying-Wen Bai and Cheng-Lun Chang

Department of Electronic Engineering
Fu Jen Catholic University
Taipei, Taiwan 242, R.O.C.

bai@ee.fju.edu.tw

Abstract

To extend the recharge cycle of a microcomputer system
with a limited energy source, such as solar cells, in this paper
we propose a low power programming design in order to
reduce the power consumption. In our experiment, there are
five testing programs with different typical functions of each
version in the module of an 8051 assembly, a mixed mode of
the assembly and C language, and a pure C language design
for comparison testing. Each version of the five programs is
surveyed to evaluate the execution time, the HEX codes, the
clock cycles and the current consumption. Overall, the
experimental results show that we have obtained a scalable
energy reduction of from one to nine times, based on the
usage percent of the assembly language. This improvement
also provides the potential to extend the operation time or
recharge cycle for other similar microcomputer systems
powered by solar cells.

Key Words: Microcomputer System, Low Power Programming,
Solar Cells.
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1. Introduction

Many researchers have already investigated power consumption of
microcomputer hardware, providing substantial improvements [1,2]. On the
other hand, in terms of software, power management methods and low power
programming methods are also important factors, both to reduce power
consumption by increasing the management efficiency, and to reduce the
execution time. Because low power programming techniques can be used with
different hardware platforms, therefore when one considers the recharge cycle
of a very limited battery power source, software design can also be important
for portable information applications. Because a battery has very limited
amount of energy, the battery of a portable information system must be
frequently recharged. So with the help of a more efficient programming
language that consumes less power, the battery recharge cycle can be
extended [3-6].

In order to learn more about the relationship between power
consumption and the programming technique utilized, we used a
microcomputer 8051 system powered by solar cells as the experimental
platform. For each of the five testing programs, we designed three different
versions, an 8051 assembly, a mixed mode of assembly and C language, and a
pure C language. Thus we study the characteristics of the five testing
programs by surveying each version with respect to the execution time, HEX
codes, clock cycles, current consumption and energy dissipation (W-Sec.). The
experimental platform also shows the results that provide us with principles
that can be used to obtain low power programming and shorter execution time
[7,8].

The rest of this paper is organized as follows. In Section 2, we present
Amdahl's Law as the comparison index of the improvement proportion by
using the testing programs of a microcomputer 8051 system [9,10]. In Section
3, detailed characteristics of the testing programs, their functions and their
flowcharts are presented. In Section 4, experiment results and a comparison
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of testing programs between an 8051 assembly, a mixed mode of assembly
and a pure C language are shown. In Section 5, we discuss the queueing
model for power charging and discharging behavior of a rechargeable battery
powered by solar cells, showing that by using low power programming design,
the operation time can be extended. Finally, in Section 6, we provide
conclusions.

2. Amdahl’s Law for Performance Comparison

Amdahl's Law [9,10] gives us a quick way to find the speedup of a
computer system design from an enhancement, depending on two factors:

1. The fraction of the computation time in the original unenhanced machine
that can be converted to take advantage of the enhancement.

2. The improvement gained by the enhanced execution mode; that is, how
much faster the task would run if the enhanced mode were used for the
entire program.

The execution time using the original unenhanced machine with the
enhanced mode will be the time spent using the unenhanced portion of the
machine, plus the time spent using the enhancement. The overall speedup is
the ratio of the execution times [9,10]:

Speedi _ Execution time,,, 1 (1)
p paveraH - 5 . - F :
Execution time, : Faction uancea
(1 - Fracnonenkanced ) i3 d
Sp eeaup enhanced

We can transfer the overall “Speedup” of Amdahl’s Law from Eq. (1) as
an overall “Improvement Proportion”, which can be composed of the following:
execution time, current consumption, and power consumption and energy
consumption:

Im provement,,, . = L (2)

_ Proportion
(1 -Pr Opornonenhanced) + £ X

nhanced

Im provement
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3. Testing Programs and Their Flowcharts

In general, an assembly language computer program has a faster
execution time, and a lower program code size, providing the potential for
lower power consumption due to the higher controllability of computer
hardware by utilizing the natural characteristics of assembly language. The
main disadvantages of assembly language programs are that they are not
easy to design, implement and maintain. On the other hand, the C version of
the program has the characteristics of a typical high-level programming
language in that it is easy to design, implement and maintain. However, 1t
has a longer execution time, and thus has the disadvantage of the potential
for higher power consumption. If we can integrate the characteristics of the
high-level and the assembly program languages, then the mixed mode of
testing programs will provide a scalable ability in execution time and power
consumption.

To demonstrate the different characteristics of the testing programs, we
use 8051 single chip microcomputer systems powered by solar cells as the
experimental platform for the five testing programs. We use the three
versions of the five testing programs: a pure assembly module, a mixed
module of C and assembly, and a pure C module respectively. Each of these
different versions is used to investigate the scalable characteristics of low
power programming [4-8].

Testing program 1 uses the instructions “RRC” and “RLC” to manipulate
data in assembly, “>>” and “<<” in C language. Testing program 2 computes
data by using “ADD” and “DA” in assembly and typical additive statements in
C language. Testing program 3 retrieves data from the table that is
established in the testing program by assembly and C language. Then testing
programs 4 and 5 emphasize the computation ability without data
input/output operations. In these five testing programs, program 1
emphasizes input and output data; program 2 emphasizes the computing data
before input/output; program 3 emphasizes the retrieving of data from a table,
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and the resulting input or output data; and programs 4 and 5, instead of
emphasizing the input and output, emphasize “computation”. We use
different testing program structures for measurement of the same software
characteristics in order to explore the scalability of the improvement
proportion from programming [8].

3.1 Testing Program 1 (The LED Shifts Left and Right)

Testing program 1 as shown in Fig. 1 contains a function that can control
the LED display by shifting the LED to either left or right. When this
program is being used, it outputs data to port P1 of the 8051 microcomputer
system, turning on the LED from P1.0 to P1.7 and then forming loops.

C Be fin HE
4{ Output to P1 ‘

 Shift 1 bit to the left |

I
v

| Call delay time |

— Shift 1 bit to the right |

. OutputtoPl |

o

 Call delay time |

Yes |

Fig.1 Testing program 1 flowchart
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In assembly language, we use the instructions “RLC” and “RRC” to shift
the LED to the left or right, and use the instruction “MOV” to output the data
to a display. The subprogram “DELAY” generates a delay time between the
two states, “on” and “off’. Fig. 2 shows the assembly language source code of

testing program 1.

CLR P2.0
START:

MOV R2 #08H
LOOP:

RLC A

MOV P1LA

CALL DELAY

DINZ R2,LOOP

MOV R2,#08H
LOOP1:

SETB P2.0

RRC A

MOV P1,A

CALL DELAY

DINZ R2,LOOP1

CLR P2.0

JMP START
DELAY:

MOV R3,#20
D1:

MOV R4.#20
D2:

MOV R5,#40
DINZ R5,$
DINZ R4,D2
DINZ R3,D1
RET

Fig. 2 The assembly language source codes of testing program 1

In C language, we use the statement c=c<<1 and c=c>>1 to control an
LED display that shifts to the left or right. The variable “c” represents the
output data. We use the statement “for” to control the number of times that
shift the bit pattern of “c’. Fig. 3 is the C language source code of testing
program 1.
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delay(idata int n)

idata int i;

for(i=0; i<n; i++);
main()

idata char c;

idata int i;

c = 0x01;

P2.0 =0;

while(1)

for(i=0; i<7 ; i++)

Pl = ~c;
delay(0x3e80);
c =c<<l1;

for(i=0; i<7 ; i++)

Pl = ~c;
delay(0x3e80);
c=c>>1;

}
}
}
Fig. 3 Testing program 1 C language source codes

In addition, we use a subprogram DELAY with 8051 assembly language
as a substitute for C language and to provide the mixed mode version to
investigate the characteristics of this testing program.

3.2 Testing Program 2(Timer)

Testing program 2 as shown in Fig. 4 uses the I/0 port P2.0~P2.3 of the
8051 microcomputer system to control a 7-segment LED display for 0~9, and
P2.4~P2.7 for decimals. This program shows numbers between 00 and 99, and
then repeats the operation in looping.
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C Belgin )

M Output data to P1 |
[

v

 Call delay time
| v

. Timer plus 1 |

Decimal adjust |

Fig. 4 Testing program 2 flowchart

In assembly language, we add the value “one” to the register by using the
instruction “ADD”. However, because the registers contain hexadecimal code,
we convert hexadecimal to decimal by using the instruction “DA” in order to
show the decimal data, and output that data to the 7-segment. Then we use
the subprogram “DELAY” between two states to allow for delay time.

In C language, we use two “for” statements to count numbers. Because
we show the decimal data, we need to use the statement “c=c+6” to change
hexadecimals to decimals. In the design of the mixed mode version, we
substitute an assembly language version of the subprogram “DELAY”.

3.3 Testing Program 3(5x7 Dot Matrix’s LED)

Each row of the dot matrix’s LED are scanned by the I/O port P2.0~P2.4
and by the 8051 microcomputer system, and output data is scanned by the 1/0
port P1.0~P1.6 from the system. The program shows symbols from 0 to 9 and
A to H, then repeats the operation. Fig. 5 shows the software flowchart of
testing program 3.
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v

| Call delay time [

Show all words?

Fig. 5 Testing program 3 software flowchart

When using the mixed mode of assembly and C language, we establish
codes of 0~9 and A~H in “TABLE”. In the assembly version, we use the
instruction “MOVC” to get data into the “TABLE” and then output the data to
port P1. The instructions “INC” add “1” and can set flags. In other words, the
instruction “INC” gets the next data code. The C language program uses three
“for” statements to get data and show data.

3.4 Testing Program 4 (Prime Numbers Between 1 and 100)

We use an 8051 microcomputer system to control the input/output,
simple computation and table search for the above three programs. In order to
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understand the different characteristics of each programming language,
testing programs 4 and 5 are used only for computing data, and not for
input/output in order to determine the effects on computation performance in
the testing program. Fig. 6 shows the flowchart of testing program 4.

Register plus 1

e register equa
a prime number?

Yes

Fig. 6 Testing program 4 flowchart

The testing program 4 obtains prime numbers between 1 and 100. In its
assembly version, it uses the instruction “DIV” and “CJNE” to find prime
numbers between 1 and 100. The register R3 saves variables of the prime
numbers between 1 and 100.

When using C language, we use the “division” statement to find prime
numbers. The register variable “k” saves remainders from dividing two
numbers, and the statement “if’ checks whether the remainder is equal to
zero or not. The register 1 saves the prime numbers between 1 and 100.

In the mixed mode version, we use assembly code to substitute one of C
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language the “for” statements that provide scalable characteristics for the
middle part of the program’s performance.

3.5 Testing Program 5 (Multiply Two 5*5 Matrices)

Testing program 5, as shown in Fig. 7, emphasizes only data
computation, but without input/output. “SEG1” and “SEG2” save two 5*5
matrices separately. In the assembly, we use the instruction “MOVC” to get
the data from the two matrices separately, and we save that data to the
register variables “A” and “B”, respectively. Then we multiply two variables in
the registers and get an answer. In the C language design, we get the answer
by using “for” statements.

Befin D

Set up two 5*5 matrixes's data (SEG],SEGZ)T

Calculate SEG1's column i and SEG2's row j and
get data of matrix i,

it calculate all of eleme
5*5 matrix?

End

Fig. 7 Testing program 5 flowchart
In the mixed mode version, again, we use assembly code for the “for”
statement portion of the testing program that computes each element of the
looping matrices.

4. EXPERIMENTAL DATA OF THE FIVE TESTING PROGRAMS

Since the five testing programs are implemented by different
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programming language versions, the execution performance can be different.
Therefore, in this section, we investigate the differences in execution time,
HEX codes, clock cycles, current consumption and energy (W-sec.) dissipation.

4.1 Execution Time and Other Characteristics

From Table 1 we can see that the execution time when using assembly
language is shorter than when using C language. Therefore, using assembly
language will reduce the power consumption.

Table 1 Execution time of the five testing programs

Program 1 | Program 2 | Program 3 | Program 4 | Program 5

Agusrli 0.53 6.1 75 27 13.1
y seconds seconds seconds seconds seconds

C laneuace 5.15 69 531.6 332 28
guag seconds seconds seconds seconds seconds

Mixed mode of 0.46 6.1 76 28 16.1

assembly and C
seconds seconds seconds seconds seconds
language

By examining the above execution times, we can clearly obtain the

improvement proportion for the execution time by using Eq. (2) in Section 2,
which may be shown as follows.
For testing program 1, we have

Pr oportion

=(5.15-0.46)/5.15 =0.911

enhanced

Im provement =5.15/0.53 =9.717

enhanced

The overall improvement proportion of testing program 1 can be shown
by Eq(3)
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By going through the same procedure for testing programs 2 to 5, we can
obtain the average improvement proportion of execution times, as shown in

Table 2.

Table 2 Average improvement proportions of the execution times for the five testing

programs
Average
Program 1|Program 2| Program 3 |Program 4|Program 5|improvement
proportion
Improvement | 5 yoq | 5917 | 3788 | 6329 | 1292 4.558
proportion

By going through a similar procedure, we obtain Fig. 8, showing the
average improvement proportion for the execution time, the HEX codes, the
clock cycles, and the current consumption and energy dissipation (W-sec.).

9 6
g 2851 i #5332
7 7 /
v b = 2L 4
?5 / .E-. 2 “/
S 4 /4558 = /
2 < - H/l 18
| —ve L
0 0
Clanguage Mixed mode of  Assembly Clanguage  Mixed mode of Assembly
assembly and C assembly and C
language language
Average improvement propor tion ¢ Average improvement proportion ¢

running time HEX codes
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Fig. 8 Scalable relationship of the average improvement proportion for the five testing
programs
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5. Queueing Model for the Power Charging and Discharging Behavior of a Dual
Rechargeable Battery Used in Low Power Programming Design

As for the discharging capability of typical microcomputers in references
[1,2], currently, according to its specifications, an 8051 microcomputer
consumes less than 6W. As for the charging capability of typical solar cells in
references [11-13], their power generation efficiency has increased more than
20 percent in the last five years. From the typical characteristics of typical
solar cells, we can derive the power generation density (W/cm?), as shown in
Table 3. Currently, the surface area of a portable microcomputer is around
100cm?, which is close to the physical size of a handset. When one combines
the area of the handset with the power generation efficiency, we find that the

average power generation of typical solar cells under sunshine is at about the
level of 0.384W shown in Table 3.

Table 3 Power densities of typical solar cells.

Size , cm Power Power density

Type model Width | Length | Thickness | V., v I, mA mW/cm?
SP 1506 15.24 5.50 0.235 7.5 48.0 4.30
SP 1508 15.24 7.62 0.235 75 60.0 3.88
SP 1512-2A 15.24 15.24 0.235 %5 130.0 4.20
SP 1512-2B 15.24 15.24 0.235 75 106.0 3.42
SP 1530 15.24 29.00 0.235 75 200.0 3.40
Average 3.84

Condition FL: 200 Lux, 25°C
Fig. 9 shows a typical design for a microcomputer powered by solar cells.

POWER
Charging

_ Power consumption
k Solar Charging Rechargeable battery e

Cells| . ° _ @
CITCults S

Microcomputer

Fig.9 Typical design for a microcomputer powered by solar cells
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The energy is generated by solar cells and is used to recharge the battery.
Usually, the power generation should be greater than or equal to the power
consumption, so that the microcomputer can work without exhausting its
battery power. However, because power generation indoors can be less than
power consumption, the microcomputer will work with a power exhaustion
probability. Because a rechargeable battery provides the energy storage
mechanism, the power generated from solar cells can be used to charge the
rechargeable battery even if the machine is turned off. The stochastic
behavior of power charging and discharging for the microcomputer operation
can be modeled by a queueing model [15]. Previous results show that under
certain operational conditions in a 24 hour period there is only a 0.46 hour
operation time with a power exhaustion probability of less than 1% [16,17].

The equivalent model as shown in Fig. 10 is similar to a single queue
with a single-server and a charge buffer, a Poisson energy arrival rate of A,
and an exponential energy departure rate of .

Rechargeable Battery
(Engrgy Buffer)

Poisson energy arrival, A
—_p S

|
|
: Exponential energy departure, (4
|
]

Fig. 10 Equivalent M/M/1 queueing model for a rechargeable battery

As noted in references [15-17], with respect to the static properties of the
M/M/1 queue, the average rechargeable battery energy occupancy, and the
probability of using up the energy of the rechargeable battery are readily
determined once we find the probabilities of state P, of the rechargeable
battery. P, represents the probability that there are n units of charges in the
battery and P, represents the probability that there are zero units of charges
in the battery. In other words, P, is the probability of using-up the energy in
a rechargeable battery. If P, is small enough, then the solar cell powered
microcomputer system can be acceptable from the power supply point of view.



wW o- 2 & 31

o A

Rl

= L

s
[s]

o nel [

[}

=

3]

m

o n O
=

g

=0}

ot

m =

S n-1

[F]

m -

—.J

t+At
Time

Fig.11 M/M/1 state-time diagram for the model of a rechargeable battery

Specifically, we assume that the charge arrival process to the rechargeable
battery has a Poisson distribution, with a charge rate A. If we assume the
charge departure rate to be exponential, with a discharging rate p, and then
the state probability P,(z+ Af) means that there are n units of charge in the
rechargeable battery at time (t+At). If one refers to the state-time diagram
shown in Fig. 11, it is assumed that if the rechargeable battery 1s in state n at
time t+At, and it can only have been in states n-1, n, or n+1 at time t. Each
state probability is multiplied by the probability of charges arriving at state n
in the intervening At units of time. We thus have a generating equation for
P (t+At),

P.(t+ At)= P, (0)[(1 - AAL)(1 - uAt)+ uAtiAL + O(At)]
+ P O[(Aae)1 - par)+ 0(ar)] 4)
+ P, (O[(AA)1 - par)+ O(ar)]

Since O(At) includes terms of orders (At)> and higher, the terms
involving (At)? in Eq. (4) should be incorporated in O(At). Simplifying Eq. (4)
by dropping O(At) terms and higher order terms, one can obtain P, (t) shown
in Eq. (5) by solving differential-difference equations.
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n

-4

In taking the limit as t—o0, we see that the terms e

w (/'U)k — At _wn+i+l+k g
1_;[—_—-; ) (%) ®)

—(A+u)tm

go to 0. Hence,
when t—o the result is,

lim it P,(t)= P, =(1-i](i) (6)
prae AN

When A/u<l we get a valid steady-state probability distribution, and
when n=0 we obtain the power exhaustion probability P,,

7
B =i P ()

u u

where A is the charging rate for the power generation of the solar cells
and p is the discharging rate for the power consumption of a microcomputer
system. Because a typical user is not using the microcomputer system all the
time, the utilization of a microcomputer could be smaller than 100%. Hence,
we can consider the utilization (u.t.) and then obtain an approximate
equivalent power consumption rate as,

i ®
g = (u.r)u

In addition, because the solar cells can not generate power all day due to
a lack of sunshine, the duty cycle of the generating power could be smaller
than 100%. Hence, we can consider the duty cycle (d.c.), and then obtain an
approximate equivalent power generation rate as

P (e Q
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If we rewrite Eq. (7) with the equivalent power consumption rate u and
the power generation rate A, we obtain

3 10)
PD-1_4_:1_@_‘3')—)L (
u

(u .t.),u

During daylight, the duty cycle (d.c.) can be assumed to have a typical
value, for example, d.c. = 0.3. For the current technology level, from Eq. (4), if
we assume P, = 0.01, a very small probability for using up power, we can
obtain Eq. (5),

— 0.34 _ 0.3x0.384W ~1.929% (11)

0.99u 6w

When u.t. = 1.92%, that indicates that the microcomputer operation
tAime can be 0.46 hours per day. Gradually, as technology improves, the ratio
Al y will increase, and the operation time will be longer.

From Section 4.1, we get an average improvement proportion in energy
that is 4.908 times the mixed mode design. In other words, we reduce the

discharge rate (1) by almost 5 times. Therefore, we rewrite Eq. (10) as

A 4908-(dc)r (12)
f1/4.908 ()

Table 4 shows the initial relationship and improved relationship with
low power programming for the ratio i/ji, utilization u.t., and operation time.
Here, the operation time of the microcomputer can be extended to 2.26 hours,
compared to 0.46 hours without using low-power-programming techniques.
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Table 4 Relationship and improved relationship with low power programming for
ratio A/[i, utilization u.t., and operation time
A (0.3Y0.384w ) [ (0.3 W0.4w ) [ (0.3 )0.5w )[(0.3 )0.6w )
Tiital (3 M ) (0.99 }6w ) (099 Yaw ) | (099 Y2ow )| (0.99 Yiw )
. .| Utilization (u.t.) 1.92% 3.03% 7.6% 18.2%
rel
Rlanananp Operation time 0.46hours 0.72hours 1.82hours 4.3hours
in 24 hours
( 4.908 i |(0.3(4908(0.384y [(0.3)4.908)(0.4w) | {0.3(4.908(0.5w) | (0.3(4.908(0.6w
Improved 0.99 u ) (0.99(6w) (0.99)4w) (0.99(2w) (0.99(1w)
: .| Utilization (u.t.) 9.42% 14.87% 37.3% 89.33%
relationshi
p Operation time 2.26 hours 3.53 hours 8.93 hours 21.1 hours
in 24 hours

6. Conclusions

In the low-power-programming design for a microcomputer system
powered by solar cells, we use the 8051 assembly language, C language and a
mixed mode of C language and assembly to design the five testing programs.
The experimental results show that there is a potential of 4.908 times energy
improvement proportion in the mixed mode design with respect to the total
effect of the execution time, the HEX codes, the clock cycles and the current
consumption. If the average improvement proportion uses low power
programming, the operation time can be extended from 0.46 hours to 2.26
hours per day by using our design with solar cells as energy source. In
addition, we can also combine our design with other power management
methods, and with programming languages such as those cited in the
references [8-17] to further reduce the power consumption.
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I. Introduction

Relaxor ferroelectrics generally mean the complex perovskites with
ABO,-type unit cell and are crystals in which unlike-valence cations
belonging to a given site (A or B) are presented in the correct ratio for charge
balance, but are situated randomly on these cation sites."* These randomly
different cation charges give rise to random fields, which tend to make the
phase transition “diffuse” instead of sharp as in normal ferroelectrics.**
Lead magnesium niobate, Pb(Mg,,Nb,,)0; (PMN), is one of the most
interesting relaxor ferroelectric (FE) materials. PMN has a disordered
complex structure in which the Mg** and Nb®* cations exhibit only short-range
order on the B-site. Near 280 K the PMN crystal undergoes a diffuse phase
transition characterized by a broad frequency-dependent dielectric maximum.
PMN has cubic symmetry at room temperature with space group Pmim,
whereas a small rhombohedral distortion (pseudocubic) was observed below
200 K.'* Transmission electron microscopy (TEM) investigation has
revealed the presence of nanometric scale polar clusters in the relaxor state.’®
The normal FE crystal PbTiO, (PT) has tetragonal symmetry with space
group P4mm at room temperature and has a normal FE phase transition
taking place at T=760 K with long-range FE order occurring below T,.”

The relaxor-based FE crystals (PbMg,,Nb,,0,), (PbTi0,), (PMN-xPT)
naturally has a morphotropic phase boundary (MPB) in the range of ~28 to
~36 mol% of PT.®*  In other words, as temperature decreases, the PMN-xPT
crystals (0.28<x<0.36) have successive phase transformations: cubic
paraelectric (PE) phase — tetragonal FE phase — rhombohedral FE phase.
However, these phase transformations do not exhibit normal FE phase
transitions in which clear transition temperatures are defined. In relaxor-
based ferroelectrics, the symmetry of the low temperature is broken by
quenched disorder. Rather than undergoing a normal phase transformation
into the low-temperature state, the system freezes into a state with polar
clusters of the low-temperature state embedded within the average symmetry
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Abstract

Dielectric permittivities and polarization-electric-field

hysteresis loops have been measured as a function of

temperature in relaxor-based ferroelectric single crystals
(PbMg,sNb,/;0,), s(PbTi0,), 5, (PMN-32%PT) for <110>_, and
<211>_, orientations. Contrary to the pure PbMg,;Nb,,,0,
(PMN), PMN-32%PT exhibits apparent crystallographic
orientation dependences of dielectric permittivities,

polarizations, and phase transitions. With a prior field-

cooled treatment, a field-induced state, perhaps of

orthorhombic symmetry, is evidenced and coexists with the
rhombohedral symmetry in the low-temperature region.
This field-induced phase is manifested by an extra dielectric
peak observed near 373 K for the <211>_, orientation.

Key Words: dielectric permittivity; phase transition; phase

coexistence.
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of the high-temperature state. TEM results of MPB compositions of PMN-
PT ceramics showed tweed-like structures rather than normal micron-sized
domains.” These tweed-like structures were oriented along the <110>
direction. Domains of ~10% A in length and ~10% & in width were reported.’
In relaxor ferroelectrics the sensitive lattice symmetry is easily affected
by external perturbations. Contrary to normal ferroelectrics, an external
electric field can enhance phase transition.!®"!  Paik ef 2/ showed that a
field of 20 kV/em in the <001>-oriented (PbZn,;5Nb,50,), ,-(PbTi0,), o5 (PZN-
8%PT) destroys the rhombohedral state and induces a single tetragonal
domain."” By in situ X-ray diffraction, Durbin et a/ confirmed that the
field-induced crystallographic change occurs at E~10 kViem from
rhombohedral to tetragonal states.!! It was proposed that under field (E<10
kV/cm) the sample can no longer be perfectly rhombohedral, but that instead
1t 1s almost certainly monoclinic." From the E-field-dependent polarization
result, a metastable intermediate orthorhombic FE phase (between
rhombohedral and tetragonal states) was proposed to exist in the oriented
PZN-8%PT crystal.”® The unit cell of this intermediate orthorhombic phase
18 double that of the simple unit cell. This simple unit cell has monoclinic
symmetry having the same point group as that recently suggested by Cross
for PZN-PT crystals.”*  In brief, with increasing E-field strength, PZN-8%PT
undergoes successive phase transitions: rhombohedral —s orthorhombic —
tetragonal. Furthermore, a phenomenological model for MPB compositions
of PZT demonstrated that an orthorhombic FE phase is possible as a
metastable state between the tetragonal and rhombohedral states.  Such
an intermediate orthorhombic phase could be enhanced and stabilized under
an external E-field. By optical microscopy, with field applied along <001>,
Belegundu ef al confirmed that tetragonal and rhombohedral domains
coexist in PZN-8%PT at room temperature and even down to -100°C."® It
has been found that relaxor-based ferroelectrics exhibit large disparity in
spatial micro-heterogeneity and transition temperature.'®" Such a
fluctuation is believed to result from a quenched unequal occupation of the B



42 Orientation dependences and E-field effect
in relaxor-based ferroelectric crystal (PbMg,;Nb,,;0,),65(PbTIO;)g 5, (PMN-32%PT)

site by the competitive ions Mg**, Nb** and Ti".

Single crystals of PMN-xPT have been reported to exhibit much larger
piezoelectric constants and electromechanical coupling factors compared with
those in the PbZrO,-PbTiO, (PZT) family of ceramics.”®®  Such high
piezoelectric performance, which converts mechanical and electric energies, is
crucial in medical imaging, telecommunication and ultrasonic devices and
may revolutionize these applications.”’ Many works have been undertaken
on the growth and characterization of relaxor-based ferroelectrics.***
However, limited attention has been paid to phase coexistence at the MPB.***
The physical mechanism and temperature ranges of the MPB between two
different phases (cubic «<tetragonal & tetragonal <> rhombohedral ) still
remain unclear. It is believed that the field-induced transformation, phase
coexistence and crystallographical orientation play important roles in the
high electromechanical coupling effect. Therefore, we carried out
temperature-dependent measurements of dielectric permittivity and
polarization-electric-field (P-E) hysteresis loop on PMN-32%PT for <110>,,
and <211>_, oriented crystals.

II. Experimental Procedure

The lead magnesium niobate-lead titanate single crystal PMN-32%PT
was grown using a modified Bridgman method.® Samples were cut
perpendicular to either the <110>_, or <211>_,
“< > refers to the pseudocubic axes. Physical analysis by the JEOL6100
electron microscope was used to determine concentrations of local B-site 1ons
Mg**, Nb% and Ti**. Inthe PMN-32%PT platelets that we measured, the Ti"
concentration of each sample varies by about +2% from its nominal or average

directions. Here, direction

composition. The average Ti'" concentration of the <211>_, oriented sample
1s slight larger (about 0.3%) than the value of the <110>_, oriented sample.
Since the MPB is sensitive to the Ti* content, a slight spatial heterogeneity
will result in difference of structural transformation temperatures at the
MPB.? For measurements of dielectric permittivity and P-E hysteresis loop,



W - 2 % 43

sample surfaces were coated with silver paste electrodes. The applied
electric fields were along either the <110>,, or <21 1>, directions. The
average thickness of samples for P-E hysteresis loop experiment is about 0.15
mm. A variable-frequency Wayne-Kerr Precision Analyzer PMA3260A with
four-lead connections was used to obtain capacitance and resistance. The
heating/cooling rate for dielectric measurement was 1.5 K/min. For the
field-cooled-zero-field-heated (FC-ZFH) dielectric measurement, the PMN-
32%PT samples were first cooled from 470 K (cubic state) to the rhombohedral
phase (< 200 K) with a dc bias field of E=6 kV/cm along either the <110>_, or
<211>, directions. Then the dielectric permittivity was measured upon
heating without a bias field (ZFH) The P-E hysteresis loop was measured by
using a Sawyer-Tower circuit in wiuich the P-E loop was obtained within 2-4
cycles of electric field at measuring frequency 47 Hz. A Janis CCS-450 closed
cycle refrigerator was used with a Lakeshore 340 temperature controller.

III. Results and Discussion

Figures 1(a) and 1(b) show the temperature dependences of the real
parte' of the dielectric permittivity obtained from ZFH and FC-ZFH for
<110>, and <211>, oriented PMN-32%PT crystals, respectively. Due to
slight difference in PT content (spatial heterogeneity), <110>,, and <211>_,
orientations show about 4 K difference in the temperature T, which
corresponds to the maximum of ¢'(ZFH). Compared with the ZFH, T of
the FC-ZFH run was shifted up respectively ~3 K and ~4 K for <110>,,, and
<211>,, orientations. ¢'(ZFH) exhibits a broad plunge accompanied by a
frequency dispersion near 360 K and 380 K respectively for <110>_, and
<211>, orientations.  These behaviors correspond to the so-called diffuse
phase transitions due to structural fluctuations between various local states.
In particular, ¢'(FC-ZFH) of <110>,, and <211>_, orientations exhibit a
sharp step-like jump near 360 K and an extra peak at 373 K (which
superimposes on the broad background of dielectric permittivity), respectively.
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The temperatures of these anomalies (but not their amplitudes) are
independent of frequency. In addition, near 420 K the broad permittivity
peak &, (FC-ZFH) of the <110>,, orientation has magnitude ~7,000, about
17% lower than the value of ¢, (ZFH)~8,400, due to the FC process that
reduces domain wall contributions to the dielectric permittivity. For the
<211>,, orientation, the permittivity peak ¢, (FC-ZFH) near 418 K has
magnitude ~7,000, about 42% lower than the value of & m (ZFH)~12,000.

Fig. 2 shows two clear thermal hystereses of ¢' in the regions of ~280-
360 K and ~400-415 K. The insets are the reciprocal of &' in which a
typical first-order-like FE phase transition appears near 415 K. We call
these first-order transitions (near 360 and 415 K) for two reasons. First,
the thermal hysteresis shows that the system is metastable in this
temperature region. Metastability can occur for first- but not second-order
transitions.” Second, the point groups of the tetragonal and rhombohedral
symmetries do not have a group-subgroup relation, so a transition between
these two symmetries must be of first order.

P-E hysteresis loops are shown in Figs. 3(a) and 3(b). Spontaneous
polarizations (P,), measured at room temperature, are about 38.7 uClcm® and
454 pClem?® for <110>,, and <211>_, orientations, respectively. At room
temperature, both <110>_, and <211>_, orientations have similar amplitude
of coercive field ~5 kV/cm. Coercive fields for different PT contents,
measured at room temperature, vary from 3.4 kV/em (for PMN-24%PT) to 8.0
kV/em (for PMN-34%PT).!” However, the coercive field (E) of pure PbTiO,
is ~6.8 kV/cm.** We cannot explain this E, dependence, because coercive
field is strongly dependent on the rise rate (measuring frequency) of applied
field and sample thickness.  The thickness dependence of E_was originally
found in BaTiO, and is attributed to the existence of a space-charge layer.”

We now discuss the orientation dependence of P,. According to the
MPB location,® near room temperature PMN-32%PT consists of rhombohedral
clusters. The fraction of spontaneous polarization along <110> for <111>
oriented rhombohedral states must be 2/3 [ie. cosf =(111)-(110)/ J61l.
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Similarly, the fraction of spontaneous polarization along <211> for <111>
oriented rhombohedral states must be 4/3v2. In other words, the ratio of
spontaneous polarization components along <110> and <211> oriented
rhombohedral states is /3/2~0.87, which is quite consistent with the ratio
of measured spontaneous polarizations (obtained at room temperature), ie.
(38.7)/(45.4)~0.85 (see Fig. 3). Such a crystalline anisotropy of dielectric
properties indicates that PMN-32%PT crystal has stronger crystalline
distortion than the pure PMN whose average symmetry is cubic near room
temperature.'® Temperature-dependent behaviors of remanent polarization
(P,) and E, are plotted in Fig. 4. Instead of a gradual evolution as seen in
PMN,* two successive step-like anomalies were observed in both P, and E,
curves near 360 K and 415 K for the <211>, orientation. For the <110>_,
orientation, the E_ curve also shows two anomalies near 360 K and 415 K.
The usual distinctions between first- and second-order transitions, such as
discontinuity in dP/dT, do not apply for diffuse phase transitions.

Probably the most convincing evidence for the field-induced, possibly
orthorhombic, phase is the extra peak in the zero-field-heated dielectric
permittivity ¢'(FC-ZFH) shown at 373 K after field cooling in a dc bias field
[see Fig. 1(b)]. The ¢'(FC-ZFH) exhibits successively a gradual plunge and
an extra peak at 360 K and 373 K. These continuous temperature-
dependent anomalies possibly imply sequential phase transformatios:
rhombohedral—»orthorhombic—tetragonal. Similar phase transformations
were seen 1n the BaTiO, system in which a stable orthorhombic FE phase was
observed between the FE rhombohedral and FE tetragonal phases.”
During the FC process, the external E-field bias along the <211> direction
could cause polar displacement to deviate from the <111> direction in the unit
cell of the rhombohedral phase, resulting in the lack of threefold symmetry
with only mirror symmetry on the {011} plane.  An orthorhombic (O) phase
occurring near the rhombohedral-tetragonal (R-T) morphotropic phase
boundary in this crystal could occur for two reasons. First, this phase could
be thermodynamically stable even in the absence of stress energy
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considerations. Second, the phase may only be metastable in the absence of
stress energy considerations. That is, at the morphotropic phase boundary,
the R and T phases would have the same free energy, but the O phase would
have higher free energy.

IV. Conclusions

In this report, two important features have been found from <110>_, and
<211>_, oriented PMN-32%PT crystals. First, PMN-32%PT exhibits
apparent crystallographical orientation dependences of dielectric
permittivities, polarizations, and phase transitions. Second, with a prior
field-cooled process from the cubic state, a field-induced state, perhaps of
orthorhombic symmetry, is observed and coexists with the rhombohedral
symmetry in the low temperature region. This partial field-induced effect
also enhances a sharp step-like jump and an extra peak in dielectric
permittivity appeared near 360 K and 373 K for <110>_,, and <211>,,
orientations, respectively. It was evidenced that an external E-field can
suppress this relaxation behavior and enhances long-range percolating polar
clusters.
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Abstract

Due to the development of Internet and the desire of
almost all departments of business organizations to be
interconnected and to make data accessible at any time and
any place, more and more workflow management systems are
applied to business process management. In this paper, a
mobile, intelligent and document-driven agent system
framework is proposed to modeling business process
management system based on MADEPT (Mobile-ADEPT). By
mobility  technology, our approach improves the
communication, agent life cycle and environment sensibility
of ADEPT (Advanced Decision Environment for Process
Tasks). The modified communication mechanism in the
external architecture of agent reduces the network loading
and makes the communication between agents more flexible.
The agent life cycle and the environment sensibility affect the
internal architecture of agent. Each mobile agent
encapsulates a single document to achieve trace ability,
document life cycle management, and dynamic scheduling.
We also implemented an official document system explaining
cur approach by Aglet.
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1. Introduction

Workflow management promises a new solution to a traditional problem:
controlling, monitoring, optimizing and supporting business processes.
Traditional business process management (BPM) system utilizes distributed
objects management (DOM) technology [15] to manage and negotiate the
heterogeneous and distributed business activity of enterprises. DOM
supports the interoperation, location transparency, encapsulation and
integration for business system [6]. Currently, existing enterprises are
expanding from simple organization to international distributed companies
where business processes dynamically form temporary alliances, joining their
business in order to share their costs, skills and resources in supporting
certain activities [1, 7]. Many researches proposed agent technology to
automate process operation integrating the different business systems to
reduce the complexity [8, 11, 16]. Several benefits are obtained for applying
agent technology in the BPM [10], including autonomy, social ability, pro-
activeness, and responsiveness. Agents perform the majority of their problem
solving tasks without the direct intervention of humans or other agents, and
they have control over their own actions and their own internal state. Agents
interact, when they deem appropriate, with other artificial agents and
humans in order to complete their problem solving and to help others with
their activities. Agents take the initiative where appropriate and perceive
their environment and respond in a timely fashion to changes that occur in it.

The software agent has been widely adopted in the application area.
However, most researchers do not propose a mobile property developing an
agent system for business process management. In addition, for the variant
communication environment, an artificial intelligence technology for an agent
system 1s in need. Moreover, mobile agent technology offers several
advantages over traditional approaches to Internet applications [4]. It can
proceed without continuous network connections to save significant
bandwidth by moving locally to the resources they need, because interacting
entities can be moved to the same site when connections are available, and
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can then interact without requiring further network connections. The mobile
agent can carry the code to manage remote resources and do not need the
remote availability of a specific server, so it has intelligent information
gathering to work with mobile computing systems, Thus, several BPM
systems are designed by mobile agent technology [5, 17, 18, 19, 20].

As complex business processes rely on intensive information exchange
with the company’s environment, they are document-driven by nature [2]:
employees deal with and react to information and knowledge transferred by
and embedded in all kinds of documents, including forms, letters, books,
manuals, records, either electronic or paper-based. Documents reflect many
results of business processes in the private as well as in the public sector [21].
Most of business processes are centered about the “disposal record”, a
document that allows a company to dispose of a certain type product or
process in the approved way. Consequently, one would like the BPM system
to automatically offer access to relevant knowledge source, or to even directly
“pump” information items extracted from incoming documents to the
appropriate places in the data models of the actual workflow instance.

In order to develop the agent-based system, we first analyze a number of
business processes from various industrial and commercial domains. The
purposes of this analysis are to abstract the common characteristic. Then we
build the external architecture of agent-based BPM system. Second, we
extract the documents and its related business logic (that is defined by
TBCG-based XML [23, 24]) from the business process. Then we establish the
internal architecture of agent-based BPM system. Finally, we implement the
framework to different business systems of domains (see Figure 1).

/ Agent external \

Common characteristid .
architecture

>
MADEPT ;
Abstraction I VL Implementation

Business process
agent system

Business process

Identification‘

y Tlmplementation
Business document & | XML-TBCG Agent internal

Business logic ;
\ MADEPT architecture J

Figure 1: The framework of agent-based BPM system
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In this paper, we present the procedures that we use to improve ADEPT
approach by mobile agent technology and document-driven concept [2, 21]
into MADEPT which owns the advantages of ADEPT and mobility. Because of
our improvement of ADEPT approach, the business documents can be
packaged and handled by mobile agent over distributed business systems. We
will also present a case study explaining our approach. We use Aglet to
implement the BMP system of our case study. In the sequel, we first review
the ADEPT approach. The MADPET are fully discussed in Section 3. The case
study is outlined in Section 4. Finally we conclude the paper by outlining the
potential benefits of the proposed approach in Section 5.

2. Adept

ADEPT [9, 10, 12] adapts multi-agent architecture composed of a
number of autonomous agencies (see Figure 2). An agency contains a single
responsible agent, a possibly empty set of subsidiary agencies and a set of
tasks that are under the direct management of the responsible agent. The
recursive definition of an agency allows a nested (hierarchical) agent system
to be constructed in which a responsible agent realizes its function through
the responsible agents of lower level agencies. The responsible agent is
autonomous. Agents have control over the tasks that they may perform, the
resources available to them and how they coordinate their activities with
other agents. A responsible agent’s agency represents its domain problem
solving resources. Agents operate by negotiation for services, or units of
problem-solving activity, in the management of a business process (a task is
an atomic service).

/ Agency E| Agency D \
<T>\ Responsible @ Agency A
@/ gent A
(7 f v
Communication Responsible Comrnunilca‘tion
& Negotiation Agent & Negotiation

\| Agency F| {Agency G| [Agency B]|Agency C]|

Figure 2 : The external architecture of ADEPT
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ADEPT is based on agent-based technology to provide a well structure
for dealing with BPM. The architecture can model the organizations of
enterprises, such as structure of hierarchical or flat organizations, or a
mixture of the two, through the concepts of agents and agencies. It also
provides a design and implement pattern for multi-agent BPM systems.

Responsible Agent Ageﬁ
SM B

“T>LsaM | [ oM &

M b i e !

Agency A.1 Agency A2 I Agzncy ]
L

\L < )

Figure 3 : The internal architecture of ADAPT

All ADEPT agents have the same basic internal architecture, illustrated
by the responsible agent of agency A (Figure 3). An agent has six functional
components: communication Module (CM), Interaction Management Module
(IMM), Situation Assessment Module (SAM), Service Execution Module
(SEM), Acquaintance Model (AM), and Self Model (SM).

The CM routs messages between an agent and both its agency and peers.
The IMM provisions services through negotiation. The SAM invokes the IMM
to initiate negotiation for a service. The SAM is responsible for assessing and
monitoring the agent’s ability to meet the service level agreements (SLA) it
has already agreed and any SLA that it may agree in the future. The SEM is
responsible for managing services throughout their execution. This involves
service execution management, information management, and exception
handling. The Within the AM, the agent maintains a record of peers and
subsidiaries which can provide services of interest. The SM is the primary
storage site for SLA to which the agent is committed, descriptions of the
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services the agent can provide, run time application / service specific
information, and generic domain information. The internal architecture of
ADEPT is designed to ensure maximum flexibility to adapt as a business
process changes.

3. Mobile - ADEPT

Although ADEPT has been attracting widespread interest in BPM, several
developmental obstacles remain. The major weakness of this approach is the lack of
monitoring, trace ability, and mobility for business activity. We proposed the
MADEPT, a document-driven approach that applied the ADEPT and mobility
technology to encapsulate a document as a mobile agent that handles the business
activity. The mobile agent can trace and monitor the business document, so that the
business process may be better managed.

A \
/ Agency B ; Agency
s Responsible Responsible
Agent Alzgent | T
Agency L Messenger / Messenger
Responsible J /
Agent Dispatch
\ Dispatch -

Figure 4 : The external architecture of MADEPT

In the ADEPT environment, agents are stationary. The concepts between
mobile agent and stationary agent differ in terms of: (1) the communication
message, (2) the life cycle of agent, and (3) the cognition of context. The
communication message will affect the external architecture of agent, and the
other two may alter the internal architecture of agents.

3.1 The external architecture

In order to communicate with remote agents, we created a messenger
agent that moves itself to the remote content. We modify the external
architecture of agents shown as Figure 4. In Figure 4, agency A and B are
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peers, and agency C is the subsidiary of agency B. The responsible agent of
agency C generates a messenger agent that moves locally to agency B in order
to interact with each other. In a traditional ADEPT environment, agency C
cannot communicate with agency A directly. However, the architecture
proposed in this paper is capable of communicating with agency A.

In the architecture proposed, two agent types are provided. The
responsible agent is a stationary agent that creates and dispatch the
messenger agent into the right server for some missions. The user can control
it through the user interface. The messenger agent is a mobile agent with no
user interface. A user cannot directly communicate with the messenger agent.
The responsible agent is the only one that a user can directly communicate
with. A messenger agent can pack a document up and run the business
process described in the document. The comparison between the two types of

the agents is summarized in table 1.

Table 1: Responsible agent v.s. messenger agent

Responsible agent Messenger agent
GUI Yes No
CM User, messenger | Responsible, messenger agent
SEM Maintain services Maintain tasks
SAM Schedule services Schedule itinerary
Functional Module No mobility Mobility
Knowledge-base handler AM&SM Locker pattern

3.2 The internal architecture

As Figure 5 shown, the internal architecture of an agent retains some common
modules of ADEPT, including CM, IMM, SEM, and SAM. We further proposed the
functional module and knowledge-base handler to enable the mobility.

SEM

WO

2 SAM

I9[puey
aseq-o3papmouy]

T MM

Figure 5 : The internal architecture of MADEPT
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The functional module is designed for the mobility and recognition
ability of mobile agent, including the mechanisms of dispatch, retract, dispose,
clone, activate, deactivate, and create. It also provides some specific domain
functionalities. The knowledge-base handler is a knowledge storage for the
reasoning mechanism where the agent is committed, describing the services
the agent can provided, running time application/service specific information
and generic domain information.

3.3 Discussion

By using mobile agent technology to improve ADEPT, there are three
advantages of MADEPT, including better communication, higher trace ability,
and greater environmental sensitivity

In ADEPT, only the peer agency can communicate with each other. In
MADEPT, the messenger agent can move to any level of the agency to
communicate with on another. By doing that, the network loading is reduced
and the communication between agencies is more efficient and flexible. An
administrator can easily monitor the business processes through the
messenger agent in MADEPT. We design the functional module of the agent
to capture the mobility. We also developed the knowledge-base handler to
store the knowledge about the environment. Our design enables an agent of
MADEPT to perceive its environment and respond in a timely fashion to the
change occurred. Thus, the agent is able to schedule its itinerary and services
dynamically.

4. Case Study

In this section, we are going to use Aglet implementing a document-
driven agent system and an official document agent system by applying
MADEPT architecture. First, we use the activity diagram to represent the
scenario of official document system. Second, once the system architecture is
established, the internal and external architectures of agent are designed to
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fit the system. Finally, the official document agent system is implemented by
Aglet [22, 23, 24]. The development process of document-driven agent system
1s shown on Figure 6.

Internal External
Architecture Architecture

LAgent Middleware (Agletm
L

l Agent Based Software system ]

Figure 6 : Development process in document-driven agent system

The scenario of an official document is shown as follow:

1. An office clerk of a department at the college writes a missive and sends it
to the chairman of his department.

2. The chairman of department gives some comments and then sends the
missive to the chairman of the college.

3. The chairman of the college gives some more comments and then sends the
missive to the office of Academic Affairs, Student Affairs, General Affairs,
Accounting, and Personnel.

4. The directors of these offices give their comments, and then send the
missive to the secretariat.

5. As soon as the head of secretariat receives the missive, she/he sends it to

the president of school. Finally, the missive is sent back to the department
clerk.

We are going to use the activity diagram representing the scenario
described above as Figure 7.
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Y ]
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Figure 7 : The activity diagram of official document

Missive

4.1 The architecture of the system

Aglet [13, 14] is designed for development the mobile Java agent system
that supports the concepts of autonomous execution and dynamic routing on
its itinerary. The Agent server provides an environment for aglets to execute
in, and the Java virtual machine and the Aglet security manager make it safe
to receive and host aglets. Aglets framework use ATP (Agent Transfer
Protocol) as a network protocol for dispatching aglets [20]. The other way to
move an aglet is to retract it from a remote context. The ATP daemon is
responsible for receiving messages and giving safe authorization (Figure 8).

A |

Aglet agent system
Aglet Viewer (Tahiti)

s
lelod

Aglets Security Manager

ATP

Aglet

Context ATP Requester

ATP Daemon

Java VM + OS/Java OS

Figure 8 : Aglet environment

In the aglet object model, a mobile agent is a mobile object that has its
own thread of control, is event-driven, and communicates by message passing.
This model defines a set of abstractions and the behavior needs to leverage
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mobile agent technology in Internet-like, open wide-area networks. The key
abstractions are aglet, proxy, context, and identifier. An agent 1s mobile Java
object that visit agent-enabled hosts in a computer network. It is autonomous
and reactive. A proxy is a representative of an aglet. It serves as a shield that
protects the aglet from direct access to its public methods. The proxy also
provides location transparency for the aglet; that is, an aglet and its proxies
can be separated so that a local proxy hides the remoteness of the aglet. A
context is an aglet’s workplace. It is a stationary object that provides a means
for maintaining and managing running aglets in a uniform execution
environment where the host system is secured against malicious aglets. An
identifier is bound to each aglet.

/ Clone ‘

Context B

Dispatch /D I
~{ Agent
etract L \,

Dispose Deactivate | | Activate
\

N sioraze] )

Figure 9 : Aglet life-cycle model

There are two ways to bring an aglet to life: either it is instantiated from
scratch (creation) or it is copied from an existing aglet (cloning). To control the
population of aglets you can destroy them (disposal). Aglets are mobile in two
different ways: (1) actively : An aglet pushes itself from its current host to a
remote host (dispatch); (2) passively : A remote host pulls an aglet away from
its current host (retract) - When aglets are running, they take up resources. To
reduce their resource consumption, aglets can go to sleep temporarily,
releasing their resources (deactivation) and later can be brought back into
running mode (activation). Finally, multiple aglets can exchange information
to accomplish a given task (messaging). The aglet life cvcle is shown as Figure
9.
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4.2 The external and internal architecture of agent system

The official document agent system is a web-based system, so users can
use the web browser to interact with each other’. Each department has an
Aglet agent environment that is viewed as an agency of the agent system.
Each agency encompasses the document control agent, the document agent,
the message agent, and the knowledge-base handler (see Figure 10).

\

knowledge-base
handler

Knowledge-base
handler

Knowledge-base

handler

Department n Department 2 Department 1
Y. Meetin o ¥.. Meetin . Meeting
3 Dispatch 4/'\3 Create & dispatgh O
o Return L
—x
Hequestv,f response
| Web server |

¢ Document control agent
O Document agent
Knowledge-based

Figure 10 : External architecture of agent system

The document control agent that is the extend of the responsible agent is
responsible for managing the document agent and the message agent to
provide resources and services for agency. The document control agent
dispatches a document agent to other agencies in order to request or supply a
service. A user can control the document control agent by web browser. The
document control agent monitors the missive through managing the
document agent. The document agent extended the messenger agent is
charged with the process of missive. It packs and processes the missive over

* A. Lingnau, O. Drobnik, and P. Detel. An Http-based Infrastructure for Mobile Agents. 1997, Available on
http://www.um.informatik.unifrankfurt.de/agents/ www-paper.html.
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the Internet. The process order of the missive depends on its degree of
emergency. If it is a normal missive, the document agent must make a
meeting with others prior to make decision about the process order. If it is an
emergency missive, the user can deal with the missive directly in time. The
message agent inherited from the messenger agent provided the
communication mechanism. The user of the business department can send
messages through the message agent. The knowledge-base handler is the
knowledge storage for reasoning mechanism in which the document control
agent 1s committed, describing the services the agent provided, running time
¢pplication/service, and the specific information.

A user can first use web browser to write a missive, and the agent system
can later apply the TBCG Parser [23, 24] to parse the business logic of the
missive. If the missive passes the parser, the document control agent may get
a notification from the agent system and create a document agent to complete
the mission of missive. The schedule of missive is determined through a
meeting where the document control agent and document agent negotiate
with one another. The chairman of the negotiation is the document control
agent, and all of the document agents in the same context are the members of
meeting. Based on the information regarding waiting time, degree of
emergency, and type of missive, the meeting will choose the next document
agent to deal with its missive. The negotiation mechanism is implemented by
the multicasting technology of Aglet.

4.3 The scenario of document-driven agent system:

Each user of department of college first activates their document agent
system, and then the agent system triggers the web browser. The user can
manage their document (mobile) agent through the web browser. When the
user wants to write a missive, he will have to choose the type of missive and
the degree of emergency. The TBCG Parser will check the business logic of the
missive and the roles participated this process. If there is any error occurred
in the process of parser, the system will demand the user to make some
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specific modification. Otherwise, the document control agent will create a
document (mobile) agent to finish the process of missive. The document agent
carries the missive to the destination office and queues the schedule along
with other missives from another department. If the missive is an emergency
missive, the document agent will create a new window and notify the user to
deal with the missive in time. The missive sender can trace where the missive
is and what the situations are. The situations of missive contain the arrival
time, the finish time, the waiting time, and any exception event. The missive
receiver can click the review function. If there are too many unread missives
coming in to the receiver, the document agent will give the receiver a warning.
If the receiver completes the review, the agent system will continue to rout:
the missive based on the business logic and the knowledge of agent. If the
user has any problem, he can send message to the system by message agent.
Finally, the document agent takes the missive and the results back to the
original sender.

4.4 The property of document-driven agent system

Using the mobile agent technology, a business document can be packed
by a document agent. Thus, the document-driven agent system provides three
properties: (1) trace ability: a function enables an administrator to monitor
document processes easily, (2) document life cycle: a feature using mobile
agent life cycle to manage document life cycle and concurrent processing, and
(3) dynamic scheduling: this function contain two components: a document
agent that can dynamically schedule its itinerary, and a document control
agent that can dynamically schedule its services.

4.4.1 Trace ability

For missive sender, it is importance to know where the missive is and
what the situations are. The situations of missive contain the arrival time,
the finish time, the waiting time, and any exceptional event in a destination
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department. The document agent routinely analyzes the information in order
to plan the next route.

We use mobility listener of Aglet implementing the document agent to
achieve the trace ability of agent system. The mobility listener can capture
the event triggered by mobility reason. The types of event contain dispatching,
retraction, activation, and deactivation. We also apply the locker pattern [3],
an agent design pattern, to store the private information of the document
agent, such as the beginning time, arrival time, and completing time of
missive. The document control agent monitors where the missive is and what
degree the missive completes through querying the document agent.

4.4.2 Document lifecycle

The lifecycle of a document agent is similar to the life cycle of Aglet. It
includes create missive, copy missive, suspend missive, resume missive, and
dispose missive. Each document agent encapsulates a document and manages
its lifecycle. The lifecycle of a document agent is managed by the lifecycle of
Aglet.

4.4.3 Dynamic scheduling

We use mobility technology to improve the internal architecture of
ADEPT that enables agents to obtain the environment sensibility. The
document control agent can dynamically change the schedule by perceiving
the services, types, and amount of document agent. If many missives gathered
in a department or a department is suspended, the document control will
change its regular route to another department and come back to the previous
department later. The document agent perceives their environment and
responds in a timely fashion to any change that has occurred. For example, if
the context of a department is restarting or shutting down, the document
agent will be deactivated or move to another context.
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5. Conclusion

In this paper, we have proposed an agent system approach, which
applied the mobile agent technology to modify the architecture of ADEPT in
order to enable the construction of business management process. We
identified two key issues for the modification of architecture in the agent
system: the external architecture influenced by the communication and
negotiation between agents, and the internal architecture designed for the
functionality of agent (e.g. for the BPM). Our intent is to improve the agent
system in communication, agent life cycle and environment sensibility. In
terms of communication, the mobility affects the external architecture of
agent system in order to reduce the network loading and to make the
communication between agents more flexible. The agent life cycle and the
environment sensibility modify internal architecture of agent system that
enables the dynamic schedule. The MADEPT approach proposed in this paper
is a document-driven agent system, which encapsulates a single document per
agent. Its strengths include: (1) trace ability: a function that enables
administrators to monitor document processes easily, (2) document life cycle:
a feature using agent life cycle to manage document life cycle and concurrent
processing, and (3) dynamic scheduling: a document agent can dynamically
schedule its itinerary, and a document control agent can dynamically
schedule its services.

The MADEPT provided an architecture and process to develop the
document-driven BPM system. It also supplied a mechanism for
communication between departments of business.
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Abstract

This paper proposes the design and implementation of a
Windows-based arbitrary signal generator. By using the
friendly GUI (Graphical User Interface) from our
implementation, users can adjust the period and amplitude of
analog voltage waveforms with mouse clicks and drags. The
data of the adjusted waveforms can be sent out to a D/A
interface circuit by ISA bus system. To fulfill the
programmable input and output functions, we use a low-cost
PPI (Programmable Peripheral Interface) I/O chip 8255 as the
data buffering and logic controller. The last stage of this
implementation is the D/A hardware, converting digital data
into analog voltage waveforms. Currently, we implement this
signal generator by using very low-cost components in
comparison with the cost of professional products. The
experimental results show that the bandwidth of the signal
generator can reach 50KHz that is the speed limitation of the
programmable I/O chip 8255.

Key Words: Instrument, Signal Generator, GUI,
Programmable I/O chip.
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1. Introduction

A signal generator is an instrument for generating analog voltage
waveforms, and these waveforms can be used to verify the design of electronic
circuits. Over the past decades, numerous researchers have been working in
different ways to improve the functions of signal generators. Many of them
use computers to generate digital waveforms and then output them to D/A
interface circuits to reconstruct the analog waveforms. However, due to the
speed limitations of a computer I/O bus system, data buffer and D/A interface
circuits, the bandwidth of a microcomputer-based signal generator can be
limited. Fortunately, because of the progress of VLSI and microcomputer
system technology, the bandwidth of D/A circuits can be extended beyond a
couple of hundred MHz. In addition, the data buffer of a microcomputer
system can reach the cpeed of a couple of hundred MHz. However, the speed
of an I/O bus can still be a bottleneck for the real time operation from a
continuous data flow, although the speed of I/O bus can reach several MHz
[1-5].

From the previous speed comparison of major modules of a Windows-
based signal generator, we learn that either we specify the lowest bandwidth
of all modules as the bandwidth of the whole system, or we avoid the
bandwidth limitation by tolerating the existence of a delay mechanism of the
waveform generation. Because the speed of programmable I/O chips is the
lowest among all modules, we use a high-speed first-in and first-out data
buffer to improve the bandwidth of our signal generator.

In this design, we provide a friendly graphical user interface for
preparing the patterns of the output signals. By using mouse clicks on the
GUI, we can decide the waveforms to be generated. Later, the waveforms can
be stored in a file for outputting to the I/O port for generating the analog
waveforms [6-9].

The rest of this paper is organized as follows. In Section 2, the hardware
architecture and waveform generation of the Windows-based arbitrary signal
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generator is described. In Section 3, the software flowchart of this signal
generator is presented. In Section 4, the performance improvement for an
experimental system for our signal generator is presented. The last section
draws conclusions.

2. Hardware Architecture and Waveform Generation of the Windows-based

Arbitrary Signal Generator

Fig.1 shows the design for a Windows-based signal generator, where the
digital data of the signal v (t) is defined by the mouse operation on GUI. The
digital data is output to the ISA bus interface and then to the address decoder
because it shares the bus connection. To temporally store the digital data for
the signal, we use a low-cost programmable 1/O interface chip 8255 [10-13].

o
-

Mouse

’——»Signals

Software  1SA protector 8255 experimental card D/A hardware

Fig.1 Block diagram of a Windows-based arbitrary signal generator

The bandwidth of the modules used in Fig.1 is as shown 1n Fig.2. Since
the lowest bandwidth of the module in this system is 500KHz, we can obtain
the whole system physical bandwidth at 50KHz if we use 10 sampling points
to represent a whole period of the analog waveforms.

Fig.3 shows our GUI design of the Windows-based arbitrary signal
generator [14-16]. This design provides users a straightforward operation
style, so most users can create and edit the waveforms and then send out
them within couple of seconds.
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The operation of friendly GUI includes, function selection, waveform
modification by mouse clicks and drags, and then sending output signals.

Fig.4 shows a specific waveform that is modified from
and drags. In Fig 3 and 4, the vertical scale is 50 mV/
scale 1s 5 X 2us/div.
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Fig.4 A specific waveform generated by mouse clicks and drags
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Fig.5 shows a typical standard square waveform on an HP 54502A
oscilloscope with the period 100us and 250 mV peak to peak from the
waveform sending out in Fig. 3. Using the intuitive GUI in Fig.3, we can
adjust the period and amplitude by mouse clicks and drags to develop any
arbitrary waveform. The modified waveform in Fig.4 is measured by
oscilloscope, as shown in Fig.6. The waveforms in both Fig. 4 and Fig. 6 are
similar in period, amplitude and shape. Therefore, our primary goal for the
hardware and software implementation of the Windows-based arbitrary
signal generator with very low cost has been fulfilled.

e 81! Revenie wv off

REE. | =

Fig. 6 A specific waveform modified by Windows-based user interface, as
shown on an oscilloscope
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3. Software Flowchart of an Windows-based Arbitrary Signal Generator

To implement the software module for a Windows-based interface, we use
C++ Builder programming for GUI and use in-line assembly language to write
inport/outport functions. The flowchart is as shown in Fig.7, indicating how to
create a waveform by mouse clicks for selection functions, and output the
digital data to the I/O port. Because this software mode is implemented by
visual programming that uses event entry, there are many entry points that
are not indicated in Fig.7. The source code can be seen in our technology report.

START
Program execution
Load data

Create Form from Picture
Create a form ——

Show a moving picture Do operation

. :

Mouse Button Down

Amplifier or
and Attenuation
Move a point Remember XY ‘—‘ Big or small 7
Press mouse button
Remember coordinates . No
Mouse Move
and If Press Send
Mouse move up/down Plot the data Press send button?
If no, go to move
Yes
Change and plot ¢
the point of picture If yes, set I/O card mode
Set 8255 Mode
Is mouse button up? and Output to DAC
If no, go to move Output to DAC
If yes, go to next.
END

Fig.7 Software flowchart of the proposed low-cost signal generator
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4. Performance Improvement for the Experimental Windows-based Arbitrary Signal
Generator

The bandwidth limitation of each module is examined and compared,
showing the bandwidth bottleneck of each module and the ratio between
bandwidth and cost. The first part of the comparison is for the decoder, PPI,
D/A and OP. The second part is for the computer I/O bus system that is about
the time delay of digital signal output. Table 1 shows the bandwidth and cost
for each module of our implementation of versions 1 and 2. In addition, the
overall ratios between bandwidth (BW) and cost are presented. In the version
2 implementation, we use PCI bus standard with bus speed of 66MHz as
shown in Table 2, so the physical bandwidth of the signal generator can be
improved from 50KHz to 6.6MHz. However, the cost of hardware ICs will
increase from $14 to $98 dollars. Table 2 shows the speed limits of the popular
I/O BUS system in the computer industry; these bus speeds can be used as a
candidate for the version 3 implementation.

Table 1 Bandwidth and cost for each module of the implementations

. Physical—‘
Version Decoder PPI D/A OP BW/Cost BW/Cost
ICV1 PAL16V8-25 8255 ADC7524 | ADS544
BW. 40MHz S00KHz 5.8MHz IMHz |500KHz/$14 | 50KHz/$14
Cost $2 $3 $6 $3
ICV2 FPGA EPM9320LC84-15 | AD9768 ADB8048
BW. PCI Bus: 66MHz 100MHz | 240MHz | 66MHz/$98 |6.6MHz/$98
Cost $25 $65 $8 ]

Table 2 Comparison among I/O bus systems.

Speed of Max.Data
BUS Full Name Bits | BUS Transfer Rate
(MHz) (Mbytes/sec)
ISA Industry Standard Architecture 8 8 8
EISA | Extended Industry Standard Architecture | 16 8.33 33.32
MCA | Micro Channel Architecture bus 32 10 40
VESA | Video Electronics Standard Association 32 33 132
PCI Peripheral Component Interconnection 32 33 132
AGP | Advanced Graphic Port 64 66 528
USB Universal Serial Bus 1 1.5 0.1857
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5. Conclusions

This paper proposes the design and implementation of a Windows-based
arbitrary signal generator. It uses low cost experimental cards that can be
easily accessed in a common circuit laboratory, and adds some inexpensive
ICs to fulfill the basic functions of the interface hardware. For software, we
use C++ Builder programming, because it is an RAD (Rapid Application
Development) visual tool for Windows programming. Therefore, users can
adjust the period and amplitude of analog voltage waveforms by friendly GUI
with mouse clicks and drags. Subsequently, the sequential digital data is sent
out to the ISA bus, decoder, PPI, D/A and finally to the OP. Using oscilloscope
measurement, we obtain that the bandwidth of our experimental signal
generator is only 50KHz due to the speed limitation of the programmable I/0
chip 8255. However, the Windows-based signal generator that we built costs
only a couple of U. S. dollars for the interface hardware, instead of a couple of
hundred dollars for the commercial products. In addition, if we need higher
bandwidth of signal generator, we can use higher speed ICs and a more
expensive bus standard. Thus, the bandwidth of the signal generator can be
in proportion to hardware cost.
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0.45 1.846 | 1357 | 1.154 0.923 0.714 0.75 0.667 0.583 0.636

0.5 || 1615 | 1.231 1.000 0.846 0.75 0.667 0.583 0.545 0.545
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FRIZFERAIT ¢ 35 n*=10 FRE SIS ESE R=0.5 BTEARS 16 - 58
MR=MTRATETREEE 16 2 (e, £,) BB (0.150.1)5 (0.1 0.2)(0.15 »
0.15)-(0.2-0.15)» (025> 0.1)» (0.25 - 0.15) » (0.25 1 0.25) > (0.3 > 02) > & (0.4 »
0.1) 2 > FER 11 A11EEEB143 555 9.188 » 4.250 » 4.063 » 2.938 » 3.125 » 2.250 » 1.438 »
1.438 K 1.688 - FHECRIEE] R=0.5 MYIERERERATE S EASHEGE (16%1.438 »
16¥9.188) = (24 147) Z[f - & SUFLE AHTEUE 3 B A B A AORE AT » HORSHEE
= EIEHERSEE] R FrEAvRE A EE AL -

FIBEE R ELMTREE > 76 n* 8 100 255 50 0 100 FHBI0HS - AE RS EE e
Y R ATRAVEAR (TEILIRFIBES nyo nso g nyg) HEEZEE » XM

T Bl e ,= £ ,=0.1 » R=0.5» - » 0.9 [FAYEEEUFIAZE 1T :
Sample sizen | R=0.5 R=0.6 R=0.7 R=0.8 R=0.9
n,, 16 28 40 66 127
N, 22 37 62 104 191
By 52 53 83 136 241
Tl 41 71 109 175 320
BLiE 1 147 247 382 Sa2 965

R REMEELEBREE(L =T)8 > mERRRERTHEROSRE(e,=¢ 2=0.1)



94 BUERE SHBIRC . K NIHFF AT B2
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DANRE LM F - BEEe Ble, ({AH R HIHERHEREC - SLAIEEIFTRE
AE(no

-0.0287*x**(-2)-0.0250%y* *(-2)+1.735T*(x* y)* *(-1)-1.2697*x* * (-1)-1.4537*y **(-1)+5.3675 —
wBHHlE ©

#HA#Hn
160 .
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RRENRERIKIR - AIFEH EE LR iR HE R SRe IERE R W B IR AR RE D AN
IEFF > TSI HERARS MEATI 2K » AR R Sk L IR algee ) -
PRI A S8 R EE i) 75 SRR AR E MR AR TR 2 8 - AR EREIR R =K
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96 BIZRESIHEIRC KN FIRT 2 152
o R g 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
01 | 147 94 67 50 40 32 27 23 20
015 ] 94 65 47 36 29 24 20 17 15
|02 ] 68 49 35 29 23 19 16 14 12
Z [025] 51 37 29 23 18 16 13 12 10
L [03 41 30 23 19 15 14 11 10 9
L [035) 34 25 20 16 13 12 10 9 8
0.4 28 20 16 14 12 10 9 8 7
045 || 24 19 15 12 10 9 8 7 7
0.5 21 16 13 11 9 8 7 6 6
0.1 J[ 247 158 111 86 68 57 47 41 34
015§ 158 107 78 60 48 39 33 29 24
o2 s 79 58 45 37 31 26 22 19
Z [025] 90 62 46 36 30 25 21 18 16
L |03 74 51 38 30 25 21 18 15 13
o |035] 60 42 32 25 20 18 15 13 12
04 52 36 28 22 19 16 14 12 10
045 | 45 32 24 20 16 14 12 10 9
0.5 42 28 22 17 15 13 11 9 8
01 | 382 248 180 140 118 97 83 74 67
015 | 257 165 121 95 76 63 54 46 41
02§ 188 124 92 71 57 47 39 34 30
= [025] 154 99 72 56 45 38 32 27 24
L o3 ] 131 81 59 46 37 32 26 23 20
3 035 117 71 52 40 33 27 23 20 17
04 || 104 64 46 35 28 24 20 17 15
045 | 101 57 40 31 25 21 18 15 13
0.5 93 53 36 28 22 19 16 14 12
01 ] 592 385 298 237 204 186 170 155 148
0.15 || 403 253 188 147 122 104 89 79 70
|02 318 194 138 107 87 72 63 55 49
& (025§ 275 159 112 85 68 57 49 42 37
L 03] 260 139 95 71 58 48 40 34 30
2 [035] 249 128 85 62 50 40 34 29 25
04 || 247 118 77 56 44 36 30 26 22
045 || 243 114 71 51 39 32 27 23 20
05 || 239 113 68 48 36 29 24 21 18
0.1 965 644 510 452 414 394 367 344 327
015 || 695 411 298 241 202 183 165 150 142
o2 el 328 220 169 138 118 102 92 81
Z (025 579 285 183 136 108 89 76 67 59
L 03] 579 270 165 118 90 74 62 53 46
o [035] 584 259 154 106 80 64 52 45 38
04 || 591 259 148 99 74 58 47 39 34
045 || 574 a5y 150 98 69 54 43 36 30
05 || 584 265 150 94 66 51 41 34 28
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€, €, 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0.1 155 100 73 55 43 35 29 25 21

0.15 100 67 51 39 31 26 22 19 17

= 0.2 73 51 39 31 25 21 18 16 14
=z 0.25 56 39 31 25 20 18 15 13 11
i@ 0.3 43 32 25 21 18 15 13 11 10
R 0.35 36 27 21 17 15 13 11 10 9
0.4 30 23 19 15 13 11 10 9 8

0.45 26 20 16 13 12 10 9 8 7

0.5 22 17 14 12 10 9 8 7 6

0.1 257 167 120 92 72 61 50 44 37

0.15 170 114 83 62 51 43 36 31 27

_ 0.2 122 85 63 48 41 33 28 24 21
_Ef 0.25 96 66 49 39 32 27 23 20 18
M 0.3 80 54 40 33 27 23 20 17 15
o 035 64 45 34 28 23 19 17 15 13
0.4 56 39 30 24 20 17 15 13 11

0.45 49 34 26 21 18 15 13 12 10

0.5 43 30 24 19 16 14 12 11 10

0.1 403 258 194 152 125 106 88 79 71

0.15 269 174 129 101 80 67 59 51 44

- 0.2 200 129 96 75 61 52 44 38 33
'§ 0.25 163 104 77 60 49 41 34 30 26
e 0.3 139 87 65 49 40 34 29 25 22
=035 122 74 55 43 35 29 25 21 19
0.4 110 66 48 38 30 26 22 19 17

0.45 105 61 44 34 27 22 19 17 15

0.5 100 57 39 30 25 21 17 15 14
0.1 616 415 312 254 221 200 177 170 157

0.15 425 265 195 156 129 109 97 87 79

. 0.2 338 203 148 114 94 78 69 60 53
;U 0.25 287 167 118 92 73 61 52 46 41
L 0.3 266 147 101 76 62 52 43 37 32
2 [0.35 262 134 88 68 53 43 37 33 28
0.4 258 124 82 60 47 39 33 28 24

0.45 257 119 75 55 42 35 29 26 22

0.5 261 122 72 51 39 31 27 23 20
0.1 1012 686 547 483 449 425 407 380 370

0.15 720 438 326 261 227 203 188 175 163

. 0.2 628 343 238 190 154 132 116 107 96
Z 0.25 612 299 196 148 120 101 86 76 69
L 0.3 612 283 176 126 99 83 70 61 54
o 0.35 617 275 163 116 88 71 60 51 45
0.4 608 272 160 107 80 64 52 45 38

0.45 602 270 151 101 75 58 48 40 34

0.5 615 272 155 100 71 55 44 37 31
MEk= HEMFELEBRENE > HBRBERHEHE AL E Rn A E2E A% ny
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P 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0.1 16 14 15 16 15 15 16 15 14
0.15 15 16 16 16 15 15 14 14 14
o2 16 15 15 15 16 15 15 13 13
7 025 15 14 14 16 14 14 14 14 13
L | 03 15 15 15 15 14 13 14 13 13
2 1035 14 14 15 14 14 13 13 12 13
0.4 15 14 14 14 14 13 12 12 12
0.45 13 14 13 13 14 12 12 12 11
0.5 13 13 13 13 12 12 12 11 11
0.1 28 24 25 25 24 25 24 23 23
0.15 24 23 25 25 24 23 25 22 2
0.2 24 24 24 24 24 22 ) 22 21
P olo2s] 23 23 25 22 22 22 21 22 20
L |03 24 23 % 23 22 22 22 21 20
) 3 22 23 24 21 22 20 20 19 20
0.4 23 23 23 22 22 21 20 19 19
0.45 23 21 22 20 20 19 19 17 17
0.5 22 21 19 20 19 18 19 16 16
0.1 40 41 39 39 39 38 39 35 38
0.15 39 40 40 38 40 36 37 37 37
0.2 39 39 41 38 39 39 37 36 37
= |02s 40 41 38 39 37 37 36 35 34
i |03 40 37 40 36 37 37 38 34 32
= 035 37 39 35 37 36 35 35 32 31
0.4 38 36 35 35 35 32 33 31 29
0.45 36 35 34 33 34 32 29 29 27
0.5 32 29 33 31 32 31 29 28 28
0.1 66 7 70 66 69 68 66 62 63
15 70 69 66 66 66 66 62 65 64
Loz 66 68 70 68 7 70 68 63 60
& 025 68 65 63 68 62 63 63 57 61
L | 03 66 68 65 64 66 60 58 55 57
& | 035 66 62 64 64 61 63 59 58 55
0.4 62 65 62 61 61 54 58 56 50
0.45 63 62 56 59 58 52 54 49 50
0.5 59 58 59 56 53 50 52 49 47
0.1 igg 124 129 132 114 129 130 123 117
0.15 126 129 137 118 132 131 125 124 116
Loz 133 125 126 122 122 121 122 122 116
7 025 128 132 131 131 125 125 117 113 106
L |03 129 127 122 124 118 115 118 114 111
L 035 130 124 124 119 112 111 105 106 100
0.4 123 120 122 118 112 108 113 104 102
0.45 117 118 130 115 110 107 106 102 101
0.5 121 115 117 112 108 106 104 100 91
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£ Ey 0.1 0.15 02 0.25 03 0.35 0.4 0.45 05
|01 16 16 17 16 16 17 16 15 14
0.15 16 15 16 16 16 16 16 15 14
02 16 16 16 16 17 16 15 14 14

® |05 15 15 15 15 15 14 15 14 14
I [ o3 15 15 15 15 14 14 14 14 12
o o35 16 15 15 15 14 14 14 13 13
| 04 15 15 15 15 14 14 14 13 12
0.45 14 14 14 14 13 13 12 12 11
05 14 14 14 14 12 12 12 11 11

0.1 27 27 26 26 24 25 24 2 24
015 [ 25 26 25 26 25 23 25 23 23
0.2 26 26 24 2 25 23 24 23 2

% 025 | s 25 25 25 24 25 22 23 2
i [ o3 23 24 25 24 24 2 23 20 21
2 [o3s [ 5 23 24 24 22 21 2 20 19
0.4 23 24 23 22 2 21 20 20 20
0.45 24 23 2 21 20 20 20 19 19
0.5 22 22 21 21 20 20 20 20 17

0.1 23 23 22 40 a1 22 40 40 a1
0.15 40 42 22 42 43 39 39 40 39
0.2 40 42 39 41 38 40 39 41 36

% o2 [ u 42 40 41 39 38 37 36 34
L [ o3 42 39 38 40 38 38 36 37 34
3 [o03s 40 38 38 40 37 34 32 32 32
0.4 37 37 38 37 35 36 35 34 32
045 || 37 37 37 35 35 33 31 31 2
0.5 36 34 35 34 32 31 32 31 30

0.1 71 70 73 72 71 73 71 68 64
015 || 7 74 75 73 70 68 66 70 67
0.2 73 70 72 70 73 74 72 65 64

7 [0z 70 7 69 69 70 65 69 67 60
L. 03 69 69 68 69 67 69 65 65 58
& (035 ] 67 70 66 67 67 65 60 62 59
0.4 67 65 69 68 66 63 61 60 54
0.45 67 65 64 64 61 57 55 56 54
0.5 66 64 62 57 57 59 54 51 48

0.1 143 139 147 143 138 143 138 133 133
015 || 144 135 138 142 132 127 134 125 140
02 141 139 141 146 135 137 129 132 130

B |02 | 1w 135 133 131 138 140 128 130 120
I [ o3 140 145 139 127 130 129 125 128 130
e o035 | 13 138 135 129 122 124 126 117 113
04 | 134 132 128 123 120 127 122 113 118
045 ]| 130 130 126 120 122 116 113 113 111
05 128 132 118 125 113 111 119 114 99

MEkm: NEMEEELBRMEI  n*=10 2 F WA B EEAREEE Rn ¥R



100 BRERETHEIEC . AU NEFF AR 2 FE 5T
€, €1 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0.1 9.188 6.714 4.467 3.125 2.667 2.133 1.688 1.533 1.429
0.15 6.267 4.063 2.938 2.25 1.933 1.6 1.429 1.214 1.071
0.2 4.25 3.267 2.333 1.933 1.438 1.267 1.067 1.077 0.923
= 0.25 3.4 2.643 2.071 1.438 1.286 1.143 0.929 0.857 0.769
E 0.3 2.733 2 1.533 1.267 1.071 1.077 0.786 0.769 0.692
< 0.35 2.429 1.786 1.333 1.143 0.929 0.923 0.769 0.75 0.615
0.4 1.867 1.429 1.143 1 0.857 0.769 0.75 0.667 0.583
0.45 1.846 1.357 1.154 0.923 0.714 0.75 0.667 0.583 0.636
0.5 1.615 1.231 1 0.846 0.75 0.667 0.583 0.545 0.545
0.1 8.821 6.583 4.44 3.44 2.833 2.28 1.958 1.783 1.478
0.15 6.583 4.652 3.12 2.4 2 1.696 1.32 1.318 1.091
0.2 4.792 3.292 2417 1.875 1.542 1.409 1.182 1 0.905
= 0.25 3.913 2.696 1.84 1.636 1.364 1.136 1 0.818 0.8
.T:l} 0.3 3.083 2217 1.727 1.304 1.136 0.955 0.818 0.714 0.65
2 0.35 2.727 1.826 1:333 1.19 0.909 0.9 0.75 0.684 0.6
0.4 2.261 1.565 1.217 1 0.864 0.762 0.7 0.632 0.526
0.45 1.957 1.524 1.091 1 0.8 0.737 0.632 0.588 0.529
0.5 1.909 1.333 1.158 0.85 0.789 0.722 0.579 0.563 0.5
0.1 9.55 6.049 4.615 3.59 3.026 2.553 2.128 2.114 1.763
0.15 6.59 4.125 3.025 2.5 1.9 1.75 1.459 1.243 1.108
0.2 4.821 3.179 2.244 1.868 1.462 1.205 1.054 0.944 0.811
= 0.25 3.85 2.415 1.895 1.436 1.216 1.027 0.889 0.771 0.706
:li 0.3 3.275 2.189 1.475 1.278 1 0.865 0.684 0.676 0.625
2 0.35 3.162 1.821 1.486 1.081 0.917 0.771 0.657 0.625 0.548
0.4 2.737 1.778 1.314 1 0.8 0.75 0.606 0.548 0.517
0.45 2.806 1.629 1.176 0.93¢ 0.735 0.656 0.621 0.517 0.481
0.5 2.906 1.656 1.091 0.903 0.688 0.613 0.552 0.5 0.429
0.1 8.97 5.347 4.257 3.591 2.957 2.735 2.576 2.5 2.349
0.15 5.757 3.667 2.848 2.227 1.848 1.576 1.435 1.215 1.094
0.2 4.818 2.853 1.971 1.574 1.225 1.029 0.926 0.873 0.817
= 0.25 4.044 2.446 1.778 1.25 1.097 0.905 0.778 0.737 0.607
E 0.3 3.939 2.044 1.462 1.109 0.879 0.8 0.69 0.618 0.526
& 0.35 3.773 2.065 1.328 0.969 0.82 0.635 0.576 0.5 0.455
0.4 3.984 1.815 1.242 0.918 0.721 0.667 0.517 0.464 0.44
0.45 3.857 1.839 1.268 0.864 0.672 0.615 0.5 0.469 0.4
0.5 4.051 1.948 1.153 0.857 0.679 0.58 0.462 0.429 0.383
0.1 7.598 5.194 3.953 3.424 3.632 3.054 2.823 2.797 2.795
0.15 5.516 3.186 2.175 2.042 1.53 1.397 1.32 1.21 1.224
0.2 4.594 2.624 1.746 1.385 1.131 0.975 0.836 0.754 0.698
= 0.25 4.523 2.159 1.397 1.038 0.864 0.712 0.65 0.593 0.557
E 0.3 4.488 2.126 1.352 0.952 0.763 0.643 0.525 0.465 0.414
= 0.35 4.492 2.089 1.242 0.891 0.714 0.577 0.495 0.425 0.38
0.4 4.805 2.158 1.213 0.839 0.661 0.537 0.416 0.375 0.333
0.45 4.906 2.178 1.154 0.852 0.627 0.505 0.406 0.353 0.297
0.5 4.826 2.304 1.282 0.839 0.611 0.481 0.394 0.34 0.308
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7 N T 101
Py £ 0.1 0.15 02 0.25 0.3 0.35 0.4 0.45 0.5
0.1 9.688 6.25 4,294 3.438 2.688 2.059 1.813 1.667 1.5
0.15 6.25 4.467 3.188 2.438 1.938 1.625 1.375 1.267 1.214
02 4563 3.188 2.438 1.938 1471 1.313 12 1.143 1
% | 025 3733 2.6 2.067 1.667 1.333 1.286 1 0.929 0.786
1 0.3 2.867 2.133 1.667 1.4 1.286 1.071 0.929 0.786 0.833
& 0.35 225 1.8 1.4 1.133 1.071 0.929 0.786 0.769 0.692
0.4 i 1.533 1.267 1 0.929 0.786 0.714 0.692 0.667
0.45 1.857 1.429 1.143 0.929 0.923 0.769 0.75 0.667 0.636
0.5 1.571 1214 1 0.857 0.833 0.75 0.667 0.636 0.545
0.1 9519 6.185 4615 3.538 3 2.44 2.083 1.833 1.542
0.15 6.8 4.385 332 2.385 2.04 1.87 1.44 1.348 1.174
02 4.692 3.269 2625 1.846 1.64 1.435 1.167 1.043 0.955
= 025 3.84 264 1.96 1.56 1333 1.08 1.045 0.87 0.818
L [ 03 3478 2.25 16 1375 1125 1.045 0.87 0.85 0.714
2 | 035 2.56 1.957 1.417 1.167 1.045 0.905 0.773 0.75 0.684
0.4 2.435 1.625 1.304 1.091 0.909 0.81 0.75 0.65 0.55
0.45 2.042 1.478 1.182 1 0.9 0.75 0.65 0.632 0.526
0.5 1.955 1.364 1.143 0.905 0.8 0.7 0.6 0.55 0.588
0.1 9.372 6 4.619 38 3.049 2.524 2.2 1.975 1.732
0.15 6.725 4143 3.071 2.405 1.86 1.718 1.513 1275 1.128
0.2 5 3.071 2.462 1.829 1.605 13 1.128 0.927 0917
= | 025 3.976 2.476 1.925 1.463 1.256 1.079 0.919 0.833 0.765
1 0.3 3.31 2231 1.711 1225 1.053 0.895 0.806 0.676 0.647
2| 035 3.05 1.947 1.447 1.075 0.946 0.853 0.781 0.656 0.594
0.4 2.973 1.784 1.263 1.027 0.857 0722 0.629 0.559 0.531
0.45 2.838 1.649 1.189 0.971 0.771 0.667 0.613 0.548 0.536
0.5 2778 1.676 1.114 0.882 0.781 0.677 0.531 0.484 0.467
0.1 8.676 5.929 4216 3.528 3113 274 2.493 2.5 2453
0.15 5.903 3.581 26 2137 1.843 1.603 1.47 1.243 1.179
0.2 463 29 2056 1.629 1.288 1.054 0.958 0.923 0.828
= | 025 4.1 2.352 1.71 1.333 1.043 0.938 0.754 0.687 0.683
L 0.3 3.855 2.13 1.485 1.101 0.925 0.754 0.662 0.569 0.552
= 0.35 391 1.914 1.333 1.015 0.791 0.662 0.617 0.532 0.475
0.4 3.851 1.908 1.188 0.882 0.712 0.619 0.541 0.467 0.444
0.45 3.836 1.831 1172 0.859 0.689 0.614 0.527 0.464 0.407
0.5 3.955 1.906 1.161 0.895 0.684 0.525 0.5 0.451 0.417
0.1 7.077 4.935 3721 3.378 3.254 2.972 2.949 2.857 2.782
0.15 5 3.244 2362 1.838 1.72 1.598 1.403 14 1.164
0.2 4454 2.468 1.688 1.301 1.141 0.964 0.899 0.811 0.738
= | 025 431 2215 1.474 113 0.87 0.721 0.672 0.585 0.575
ik 0.3 4371 1.952 1.266 0.992 0.762 0.643 0.56 0477 0.415
e | 035 4,674 1.993 1.207 0.899 0.721 0.573 0.476 0.436 0.398
0.4 4.537 2.061 1.25 0.87 0.667 0.504 0.426 0.398 0322
0.45 4.631 2.077 1.198 0.842 0.615 0.5 0.425 0.354 0.306
0.5 4.805 2.061 1.314 0.8 0.628 0.495 0.37 0.325 0313
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A Study on the Process Capability Index

C ,« Comparisons

Hsien-Ying Shen, Sy-Mien Chen and Yu-Sheng Hsu

Abstract

When sample size is large enough and when the central
limit theorem holds, the natural estimator C ~+ Of the process
capability index C, is asymptotically normally distributed.
In this case, the problem about best selection can be solved by
the selection rules proposed by Gupta (see Gupta (1965,1984)).
However, in real world, people always face the problem
caused by small samples. When the sample size is small, the
exact distribution of C, becomes very complicated. On the
other hand, the central limiting theorem cannot give very
high accuracy. In this research, we attempt to use computer
simulation to study the best selection rule when the sample is
small.

Key Words: Process capability index; selection problem.
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Blind Separation of Co-Channel Digital Signals with

Subspace-based Iterative Least-Square Techniques

Jung-Lang Yu and Yuan-Chieh Cheng

Department of Electronic Engineering
Fu Jen Catholic University
Taipei, Taiwan 242, R. O. C.

Abstract

The eigenspace-based DWILSP is presented here, which
utilizes the eigenstructure of the correlation matrix to
enhance the performance of the decoupled weighted iterative
least-square with projection (DWILSP) algorithm. In the
DWILSP the signal estimate can be interpreted as the direct
matrix inversion (DMI) beamforming problem. However, the
DMI beamformer is very sensitive to the steering vector
errors, which cause the signal cancellation effects. We then
use the constraint projection beamformer instead of the DMI
beamformer to alleviate the signal cancellation, where the
output signal-to-interference-plus-noise ratio (SINR) is
increased during the estimate of signal of interest. An
efficient implementation of the proposed method is discussed.
Computer simulations are given to demonstrate that the
eigenspace-based DWILSP outperforms the DWILSP in the
blind separation of co-channel digital signals.
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104 Blind Separation of Co-Channel Digital Signals with
Subspace-based Iterative Least-Square Techniques

L. INTRODUCTION

Wireless communication systems are rapidly growing in volume and
range of services. The bottleneck of these systems is the limited available
radio frequency spectrum. Approaches that increase spectrum efficiency have
been received much attention then. One promising method is to use antenna
arrays at the base station [1] [2]. Recently, the decoupled weighted iterative
least-square with projection (DWILSP) [3] has been presented to blindly
separate the co-channel signals by treating one signal at a time and solving a
weighted least square problem. It was shown that the DWILSP algorithem
can be interpreted as a direct matrix inversion (DMI) beamformer [4].
However, the DMI beamformer is very sensitive to the steering vector errors,
which cause the signal cancellation effect on the signal of interest. On the
other hand, it has been shown [5] that the eigenspace-based beamformer is
less sensitive to the steering vector errors and converges faster than the DMI
beamformer. In this letter we present the eigenspace-based DWILSP
algorithm which combines the eigenspace-based beamforming techniques and
the finite alphabet (FA) properties to separate the co-channel digital signals
blindly. Computer simulations demonstrate that the proposed eigenspace-
based DWILSP outperforms the DWILSP.

II . DWILSP ALGORITHM

Assume that & narrowband digital signals are impinging on an M-
element antenna array with arbitrary geometry. The discrete-time data
model of the array output is given by

x(n) = As(n) + v(n) (1)

where A is an M xd matrix of array responses, v(n)is spatially and
temporally white noise with covariance o2I, and s(n) = [s;(n) sy(n) -+ sq(n)]” .
It is assumed that s;(n) belongs to the finite alphabet. A block data formulation
1s obtained by taking N snapshots, yielding
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X=AS+V (2)

where X = [x(1) x(2) -+ x(N)], 8 =[s(1) s(2) --- s(NV)] and V = [v(1) v(2) --- v(N)].
The DWILSP [3] decouples the estimation problem by treating one signal at a
time. With the sample correlation matrix, the DWILSP performs the
whitening technique as follows

7 =R;I% (3)
b, = R:7a, (4)
where a, is the rth column of A and R, is the sample correlation matrix
f 1 X
=5 2 X = —XX” (5)

Then the DWILSP iteratively computes b, and $, by using the following
equations

5 = (b"b,)"'bAZ (6)
b, = Zs'(s,57)~ (7)

III. EIGENSPACE-BASED DWILSP

The signal estimate of DWILSP can be interpreted as beamforming
problem. Substituting (3) and (4) into (6), one can find that

=wiX (8)
where
wq = (af'R;'4,)'R; 4, 9)

The weight vector in (9) is well-known as direct matrix inversion (DMI)
beamformer [4], which sets the unity gain constraint on &, i.e., wia, = 1,
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and then minimizes the output power. However, the DMI beamformer is very
sensitive to the steering vector error, which causes the signal cancellation
effect on the signal of interest. The effect is especially evident when the
iteration process is not yet converged. In this paper we utilize the
eigenspace-based beamforming technique to alleviate the damages caused by
the imperfections. The eigenspace-based beamformer generates the weight
vector by

w, = U, Uw, (10)

where U, is the signal subspace computed from the sample correlation matrix
of (5). The eigenspace-based beamformer can be also interpreted as the
constraint projection beamformer [6], which computes the weight vector by

w, = (&fR;'4,) 'R 'a,, (11)

where a,, 1s given by
&, = U, 074, (12)
It is easily shown that &, has a smaller steering vector error than a. due to
the projection operation in (12). In fact, it is shown in [5] that with
normalizing the gain response of the signal of interest to be unity, the
projection operation reduces the norm of weight vector w, with the array
responses to the signals unchanged. Thus, w, produces a lower output noise
power than w, while both have the same output signal power and output
interference powers. That means the constraint projection beamformer has a
higher output signal-to-noise-plus-interference ratio (SINR) than the DMI
beamformer. The eigenspace-based DWILSP is proposed by combining the
DWILSP with the constraint projection beamforming techniques. Since w,

outperforms wy,, the eigenspace-based DWILSP will converge faster and
achieve a lower bit error rate on the estimate of s, than the DWILSP.



o 2 107

IV. IMPLEMENTATION

The eigenspace-based DWILSP algorithm has two more operations than
the DWILSP algorithm in each iteration. One is the computation of the
beamforming weight vector R;'4,, in (11) and the other is that of the vector

ars 1n(12). When the iteration number is high and/or source number is large,
the computational complexity is accordingly increasing. To eliminate the
operation of R;léﬁ , one can see that the computation of w, in (11) is similar
to that of w, in (9). Further, the computation of w, is removed by using the
whitening technique adopted by the DWILSP. We use the same method to
eliminate the computation of f{; 'a,., shown in the following Lemma.
Lemma 1:If b, and Z are computed by the whitening technique in (3) and (4),
then §, = wZX is identical to

§. = (bf'b,)'b/1Z (13)

where
Brs = ﬁsﬁsHBr (14)

proof : The proof of this Lemma is ignored here, but it can be performed by
using the matrix inversion lemma and some simple manipulations.

Though the computation f{; 'a,, is removed by using Lemma 1, the
vector 1n (14) still wastes a lot of computational complexity. To combat the
problem, (13) is rewritten as

8 = (b/'b,) (U, Uf5,)"Z = (bfb,)"'bH Z, (15)
where Z, is defined as the signal subspace data matrix, Z, = ﬁsﬁf Z. It is
observed that Z, is irrelevant to &, and b,, it could be computed in advance.

Using (15) and (7), the computational complexity is reduced to nearly that of
the DWILSP.
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V. SIMULATION RESULTS

A five-element linear uniform array with half wavelength spacing is used
for simulations. The array is illuminated by three digitally modulated QPSK
signals with equally SNRs and DOAs = [5°, 16°, 35° ] relative array broadside.
The simulation results are plotted by averaging from 10000 independent
Monte Carlo trials. A seven-training sequence was used to get an initial
estimate of the array response vectors.

Fig. 1 presents the performance comparison of DWILSP and eigenspace-
based DWILSP with sample number N = 100. It is shown that eigenspace-
based DWILSP has a lower bit error rate (BER), especially for the user from
35°, than the DWILSP. We also show the beam patterns of these two weight
vectors when they are converged. The input SNR is equal to 10dB. It 1s
observed from Fig. 2a that the eigenspace-based DWILSP, with scaling the
gain response at the signal of interest from 5° to be unity, has the ability to
form deep nulls on the other two signals and keep low sidelobe levels. On the
other hand, as shown in Fig. 2b, the DWILSP fails to separate the co-channel
signals for some trials, which cuase high sidelobe level and can not form nulls
at the other two signals. This is because using (10), the projection operation
reduces the norm of weight vector w, with the array responses to the signals
unchanged. Thus, w, produces a lower output noise power than w; while both
have the same output signal power and output interference powers. That
means the eigenspace-based DWILSP would get higher output signal-to-
noise-plus-interference ratio (SINR) and lower BER in average than the
DWILSP.

In addition, the convergence properties of those two approaches when
SNR =10dB are discussed. It is observed from Fig. 3 that the eigenspace-
based DWILSP has better convergence speed than the DWILSP. Especially
the eigenspace-based DWILSP reaches the BER below 10~ using only N=40,
while the DWILSP has a BER higher than 102 The influence of the length of
training sequence is also discussed in Fig. 4. The scenario is the same as that
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in Fig. 2. One can find that the eigenspace-based DWILSP needs only 4-bit
training sequence while the DWILSP needs 12-bit training sequence to have
the BER approximately between 10~ and 10-%.

Finally, the effects of array sensor number on the performances of these
two approaches are considered. The scenario is the same as that in Fig. 2
except input SNR=5dB. It is found from Fig. 5 that the BER of eigenspace-
based DWILSP is decreased as the sensor number increases; however, the
DWILSP doesn't.

VL. CONCLUSION

We have presented the eigenspace-based DWILSP algorithm, which
combines the eigenspace-based beamforming techniques and the DWILSP
algorithm. The DWILSP can be interpreted as a DMI beamforming problem.
However, the DMI beamformer is sensitive to steering vector errors, which
cause the signal cancellation on the signal of interests. To alleviate the signal
cancellation effects and enhance the convergence rate, the constraint
projection beamformer is used instead of the DMI beamformer. The
simulation results demonstrate the eigenspace-based DWILSP can achieve
much better performance than the DWILSP.
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Fig. 2a Beam pattern of eigenspace-based DWILSP for the signal from 5°.

Fig. 2 Beam patterns for the weight vectors in (9) and (10) computed by eigenspace-based
DWILSP and DWILSP.
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Multi-Input Multi-Output System

Wei-Yen Wang*, and Hong-Chih Huang

Department of Electronic Engineering,
Fu Jen Catholic University,
Taipei, Taiwan 242, R.O.C..

E-mail: wayne@ee. fiu.edu.tw

Abstract

In this paper, a framework to automatically generate a
set of parameters of PID (proportional, integral and
derivative) controllers for the twin rotor multi-input multi-
output system (TRMS) using a simplified genetic algorithm
(GA) is proposed. The simplified GA is proposed in the paper
for tuning the PID parameters. The sequential search method
is used to find the desired crossover point for the crossover
operation. Finally, the optimal PID parameters are applied to
the TRMS. Simulation results and experiment verifications
are demonstrated to show the effectiveness and performance
of the proposed method.
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1. Introduction

PID (proportional, integral and derivative) controllers are widely used to
build the automation equipment in almost all industries [1,2], because they
have very simple structures but show modest performance. A number of
process and control engineers are familiar with the design and operation of
PID controllers [1-4]. In high performance applications, high accurate
control characteristics are of critical importance. Although the conventional
control theory can realize such high performance, the optimal PID controller
design strategies essentially require the complicated mathematic procedures
[1,2]. Therefore, the auto-tuning of parameters of PID controllers is expected
from the practical standpoints of labor saving and cost effective controller
design. The application of soft computing technique to the evolutionary
controller design should be one of the solutions [3-5].

Recently, genetic algorithms [6-8] have drawn significant attentions in
various fields due to their capabilities in directed random search for global
optimization. Thanks to a probabilistic search procedure based on the
mechanics of natural selection and natural genetics, the genetic algorithms
are highly effective and robust over a broad spectrum of problems [9,11-13].
This motivates the use of the genetic algorithms to overcome the problem
encountered by the conventional optimization methods. Thus, a framework to
automatically generate a set of parameters of PID controllers for the twin
rotor multi-input multi-output system (TRMS) [10] using a simplified genetic
algorithm is proposed in this paper.

This paper presents a novel evolutionary algorithm for the PID
controller design, where the simplified genetic algorithm can autonomously
optimize the parameters of PID controllers. The simplified genetic algorithm
optimizes the three free parameters of the PID controller in the off-line
manner to minimize the tracking error. Finally, the experimental results
using a prototype verify the effectiveness of the optimal design.
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2. PID Controller

In general, a transfer function of PID controllers has the following forms:

_ M) _ 1 )
G.(s) = o) k,(1+ bis +1,5) (2-1)
or
Gc(s)=—li(s—)=k +£+kds (2-2)
e(s) " s

where u(s) is the control input, e(s) is the error signal, which is the
difference between the reference signal and the output of system, and
k, k;=k,/t and k, =k,t, are proportional, integral and derivative gains,
respectively. The problem is to determine values of k, .k =k,/t, and
k, =k,t,, so that performance requirements are satisfied. However, for an
MIMO system with complicated mathematic form, it is difficult to design an
appropriate PID controller by using the conventional control theory.
Therefore, the auto-tuning design of parameters of PID controllers is expected
for the MIMO system. The configuration of PID controllers of the MIMO
system is shown in Figure 1.

+ o -
- 1 Mo
INPUT  § : controLLER | ¢ |NONLINEAR OUTPUT
SYSTEM .

Figure 1. MIMO PID Controlled System.
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3. Simplified Genetic Algorithm

Genetic algorithm (GA) was first proposed by Professor Holland in 1975.
GA is a kind of mechanism of optimal searching. By using three operators:
reproducing, crossover, and mutation, we can find the optimal solution of the

proposed mechanism.

3.1 Fitness function

In this paper, a fitness function is defined as:

1
ﬁtness = m (3-1)

where E(K) denotes error between the output and the input of the closed-
loop system and K =[k, & k,] is a set of adjustable parameters of PID
controllers.

3.2 Chromosomes

First, 4 chromosomes are randomly generated and the population is
defined as:
o'l [ ¢ ¢ ¢
2 2 2 2 2
'lp= ¢3 - ¢13 ¢23 ¢33 ¢4:; (3_2)
¢ o ¢ ¢ 9
o' |90 & ¢ ¢
where ¢/ 1=1234 are chromosomes in which ¢/ are virtual
parameters. If ¢/ is an optimal solution via genetic search, then the best
parameters of the PID controller are set as K =[¢/ ¢; ¢5]. In this paper,
the number of chromosomes in the population is set to be 4 for taking the
crossover operation described in the next subsection.
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3.3 Crossover Operation

In tradition, the position of crossover point is chosen randomly. However,
in this paper, we propose a novel method to find the crossover point for the
crossover process. It is called the sequential searched crossover point.

The population W is divided into four parts by choosing column J and
row 2 as follows:

¢’ [ﬁ 9 9 ¢ﬂ
o’ o7 o ol @) .
=" |= o _| ¥ Y | g ER (3-3)
¢3 ¢1j ‘pi qb,iﬂ ‘pi - |:lp21 IIJ22
o |of ¢ ¢ ¢

Secondly, let j=1 be a crossover point and take crossover operation as:

61
T 2
W= Cr(w) = |on| 3e | o ‘733 (3-4)
LR ¢
954
Ii‘lz =¥, *1-a)+¥, *a (3-5)
W, =W, a+¥, *(1-a) (3-6)

where Cr(e) is a crossover operator of a linear combination of ¥, and
W,,, a is a given constant between 0 and 1, \ 1s a new population produced
by the crossover operator. From (3-3) and (3-4), two fitness values,
1/1+E(¢") and 1/1+E(¢")), can be calculated by (3-1) for ¢ and ¢,
respectively. If 1/(1+E(451)) >1/(1+E(¢")) is satisfied, then we choose j=1 to
be the crossover point for the crossover process. Otherwise, we re-choose
j=2 and take the same testing of 1/(1+E(¢;1))>1/(1+E(¢1)). If there 1s no
crossover point to satisfy 1/(1+E (031 ) >1/(1+E(¢")), the default point j =3 is
chosen as the crossover point. Because ¢/ is a virtual parameter, the
crossover operation for j=3 does not affect the fitness values of the
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population. By choosing the crossover point J and taking crossover operation,
we can obtain a new population ¥ including 4 new chromosomes ¢ for
/ =1234.

3.4 Sorting

After crossover, the population is sorted by the fitness values of
chromosomes. According to E(4')=E($>)<E($’)<E($*), new population
[0' > ¢° ¢*] is obtained. Therefore, the first chromosome ¢' has the
highest fitness and the smallest error.

3.5 Mutation

After sorting, mutation is taken by the following formula:

53 _ {¢ F AW, —9") i 5505 w
o' - At -w,,) if 6s05
A(t,y)=y*r*(1-t/T)’ (3-9)

where 6 €[0,1] denotes a random value when ¢° is mutated, ¢ is iteration
number, 7" is the number of total iterations, r and b are given constants
between [0,1].

Tail rotot Main rotor

m | C_L_T:zn;l:—::_b |
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L J

Figure 2. Indication of the twin rotor multi-input multi-output system (TRMS).
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4. Coupled Model of TRMS

Figure 2 indicates the TRMS and its dynamic equations [10] can be
described as follows.

A. Main Rotor Model:
1. .
ds, _LF,(w,)-Qk, _g(A-B)cosa, ~Csina,) _ 5 (A +B+C)sinle, W
dt E, J, S,
da, _ Q =5 + TuWe (4-2)
dt

v

where A=(m,/2+m, +m ), ,B=(m,+m,, +m )l ,and C=(m,l, /2+m,l,).

B. Tail Rotor Model:

ds, ILF,(w)cosa, -Q.k, IF, (o )cosa, -Q,k, (4-3)
dt J, Dsin‘a, + Ecos’a, + F

d
Ay _ Q, =5, + J,, 0, cosa, _S, +— 2J'm,wm C0502‘u (4-4)
dt J, Dsin“a, +Ecos"a, + F

where D =m,l} /3+m,l’, E=(m, /3+m, +m, )2 +(m,/3+m, +m)I’,

and F=m,r’ +mr>/3.

Is°Is

The physical variables are described as follows: S, is angular momentum in
vertical plane for the beam, S, is angular momentum in horizontal plane for
the beam, @, is the rotational velocity of main rotor, F,(®,) denotes the
dependence of the propulsive force on the angular velocity of the main rotor
(should be determine experimentally), @, is the rotational velocity of tail
rotor, F,(w,) denotes the dependence of the propulsive force on the angular
velocity of the tail rotor (should be determine experimentally), /. is the
length of main part of the beam, €2, is the angular velocity around the
horizontal axis, Q, is the angular velocity around the vertical axis, k, and
k, are the friction coefficients, g is the gravitational acceleration, M, is the
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mass of the main DC-motor with main rotor, 7, is the mass of main part of
the beam, M, is the mass of the tail motor with tail rotor, M, is the mass of
the tail part of the beam, M, is the mass of the counter-weight, M, is the
mass of the counter-weight beam, M, is the mass of the main shield, M, is
the mass of the tail shield, /, is the length of main part of the beam, / is the
length of tail part of the beam, /, is the length of the counter-weight beam,
I, is the distance between the counter-weight and the joint, @, is the pitch
angle of the beam, @, is the pitch angle of the beam, J, is the sum of
moments of inertia relative to the horizontal axis, J, is the sum of moments
of inertia relative to the vertical axis, J, is moment of inertia in DC-motor
tail propeller subsystem, J,, moment of inertia in DC-motor main propeller
subsystem, r,  is radius of main shield, and r, is radius of tail shield. The
vertical motion of the beam (around the horizontal axis) can be described as a
rotational motion of a solid mass M, =dS, /dt. The horizontal motion of the
beam (around the vertical axis) can be described as a rotational motion of a
solid mass M, =dS, /dt . It should be noted that angular velocities are non-
linear functions of the input voltage of the DC-motor. Thus, we have two
additional equations.

C. The Nonlinear Equation of Main Motor:
— - 7(_1’1 +uv ’a)m = Rf(uw)’ (4_5)
D. The Nonlinear Equation of Tail Motor:

du 1
d—:h = ”TT(_”M +u,),w, = R:(uhh)’ (4-6)

Ir

where u, and u, are the inputs of the DC motors, P, and P, are nonlinear
functions, 7, is time constant of main-motor propeller system, and 7, is
time constant of tail motor-propeller system. The above model of the motor-
propeller dynamics is obtained by substituting the nonlinear system by a
serial connection of a linear dynamic system and static non-linearity as
shown in Figure 3.
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Figure 3. The nonlinear functions of the DC-motors
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5. Simulation Results and Experimental Verifications

5.1 Simulation Results

The simplified GA is used to tune the parameters, i.e., K=[k, & k],
of PID controllers. Figure 4 shows the structure of the closed-loop system.

Due to airstreams, in general, the controllers of the TRMS system are
difficult to design. The closed-loop system controlled by PID controllers using
GA-based evolutionary design is shown Figure 5. Two respective simplified
GA are applied to search the parameters of PID controllers for the main rotor
and the tail rotor.

By using the simplified GA for off-line tuning the parameters of PID
controllers, the tracking output of main rotor of the coupled system is shown
in Figure 6. The tracking output of tail rotor of the coupled system is shown in
Figure 7. Therefore, we can find the optimal PID parameters as &,, =0.1889,
k. =0.4732, and &, =0.8801, which are shown in Figure 8 for the coupled
main rotor system. For the coupled tail rotor system, the optimal parameters
of the PID controller are k,, =5.9457 k; =0.088, k; =7.7734, which are
shown in Figure 9. To demonstrate the effectiveness of the optimal
parameters, they are applied in experiments of the prototype TRMS.

5.2 Experimental Verifications

To make experiments, the prototype of TRMS is shown in Figure 10. The
optimal parameters of PID controllers obtained from simulations are used to
control the TRMS. Figures 11 and 12 indicate that the output trajectories of
the main rotor and the tail rotor can follow the reference signals like the
simulation results shown in Figures 6 and 7.
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6. Conclusions

In this paper, a novel evolutionary PID controller design for TRMS using
a simplified genetic algorithm is presented. The design algorithm requires no
complicated procedure, which is used in the conventional design theory.
Moreover, the computation procedure of the proposed method is much simpler
than that of the non-genetic optimization algorithms. Simulation results for
off-line tuning the parameters of PID controllers have been illustrated to
show the effectiveness of the GA-based design. Experiment results using the
prototype of TRMS also verify the effectiveness of the proposed optimal PID
controller design.
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