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SUMMARY

Preamble

Experience in presenting research results is of increasing importance to our postgraduate
students.  Sharing the results within the university and with industry is also critically
important.

Consequently, in January 1997 before the Flood (BF), I proposed the concept of a Ph.D.
Student Conference to the deans of the Faculty of Graduate Studies (with approximately
77 programs in postgraduate studies, including 42 Ph.D. programs) and the Faculty of
Engineering (with approximately 100 to 120 Ph.D. students) who approved the concept in
principle.

On February 6, 1997, the idea was approved by the Graduate Studies Committee of the
Faculty of Engineering, and later by the Department of Electrical & Computer
Engineering. This first Graduate Student Conference, GRADCON’98, involved Ph.D.
students only, and had following objectives:

Objectives

1. To provide a forum for senior Ph.D. students to share their research results with others;

2. To strengthen links between the various engineering departments, and also between the
university, industry and general public;

3. To provide a convenient means of evaluating students for the Annual Review Form;

4. To provide a record of current research in the form of Proceedings; 

Conference Format

The conference format included the following three parts:

(i) Oral presentation (15 minutes),
(ii) Poster presentation (105 minutes); and
(iii) An extended summary (up to four pages) for the Proceedings which appears in an

electronic form on the Web, and in a printed form.

Gradcon’98 had 32 papers submitted, and 30 presented (as two students were out of town).

A printed version of the Gradcon’98 Proceedings can be obtained from the Department of
Electrical & Computer Engineering. An electronic version of Gradcon’98 Proceedings is
located at

http://www.ee.umanitoba.ca/~gradcon/
W. Kinsner <kinsner@ee.umanitoba.ca>
Conference Chair & Editor
May 15, 1998
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GAIN CONTROL OF ANNULAR SLOT ARR AY ANTENNA

Sima Noghanian

Department of Electrical and Computer Engineering,

The University of Manitoba, Winnipeg, MB R3T 5V6, Canada

sima@ee.umanitoba.ca

Advisor: Professor Lot. Shafai, Shafai@ee.umanitoba.ca

Abstract–Two methods of gain improvement
have been studied and compared. The effect
of these methods on the bandwidth of
antenna are studied.

I . INTRODUCTION

Wireless and satellite communication are

becoming important for business and private use.

A wireless system requires efficient and high gain

antenna at low cost. Printed antenna such as micro-

strip antennas are attractive in wireless communi-

cation because of light weight, low profile and

compatibility with MMIC circuits. However one of

their major disadvantages is low gain. Annular slot

array antennas enjoy all the advantages of planar

structure, while they have high gain.

In this paper annular slot array antenna working

in TM11 mode is studied and some methods of gain

improvement are suggested.

II . ANTENNA CONFIGURATION

The configuration of annular slot array antenna

is shown in Fig. 1. The basic element is a slotted

radial waveguide. Slots are co-centred and contin-

ues. Radiation is in broadside. The radial

waveguide can be filled by a dielectric, but in this

study it is filled with air. The slots are located at

multiples of λ0 from the centre. Slot width is 0.1λ0

and waveguide height is 0.4λ0. Thickness of

waveguide walls is 0.02λ0.

III . ANALYSIS METHOD

All the simulations have been done by the

“Multi-Body Electromagnetic Scattering”

(MBES) package developed by the University of

Manitoba. This software uses the method of

moment for bodies of revolution. The antenna

fields are expanded in terms of Fourier series of the

azimuthal angle and three dimensional problem is

broken into several two dimensional ones. The

excitation is simulated by dipoles. To cancel higher

order modes two dipoles with  phase differ-

ence are used. The location of feeds are:

, .

0.4λ0

0.1λ0

λ0

Fig. 1. Annular slot array antenna configuration

0.02λ0

180°

x 0.2λ0±= z 0.1λ0=
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IV. R ESULTS AND DISCUSSION

Two methods for gain improvement are sug-

gested. First one is by adding a radome made of

dielectric material with dielectric constantεr. The

effects of dielectric constant and dielectric thick-

ness are studied. The simulations have been done

for two and three slot antennas. Fig. 2 shows the

gain for different dielectric constants and different

thicknesses. The improvement of up to 2dB for

two-slot antenna and 5dB for three slot antenna can

be observed.

The first method is expensive and makes the

antenna heavy and bulky. The other method which

is low cost, is adding conducting strips at a dis-

tance of quarter free-space wavelength, as shown

in Fig. 3.
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Fig. 2. Gain variation vs. dielectric thickness

(a) two-slot antenna (b) three-slot antenna

Table (1) shows the results for different combi-

nations of strip width (w) and strip thickness (t). It

can be observed that for , for all strip

widths gain is maximum. The best results for both

two and three slot antenna are given by

 and , which is about 2.4

dB improvement for 2-slot antenna and 3.3 dB for

three slot antenna.

w t/λ0

2-slots
Gain(dBi)

3-slots
Gain(dBi)

without
strips

15.971 17.837

0.1 16.693 19.255

0.3λ0 0.2 17.550 20.160

0.3 17.162 19.044

0.1 17.122 20.508

0.4λ0 0.2 18.367 21.111

0.3 17.126 18.592

0.1 16.961 20.952

0.5λ0 0.2 17.719 20.982

0.3 16.276 18.503

Table (1)Gain(dBi) for different combinations
of strip sizes

tw

Annular ring antenna

Strips

Fig. 3. Antenna configuration with conducting

strips

t 0.2λ0=

w 0.4λ0= t 0.2λ0=
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Fig. 4. Gain variation vs. frequency change

(a) two-slot antenna (b) three-slot antenna
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For some selected cases the effect of frequency

change is studied. Fig. 4 shows the results. It

can be seen that both adding a radome and

strips slightly shift the centre frequency and

decreases the bandwidth, but adding strips

have less effects on bandwidth than dielectric

radome.

V. CONCULSION

Two methods of gain improvement for annular

slot array antenna are discussed. Results for two

and three slot antennas are given. Effects of these

methods on the bandwidth are studied. In general

both methods show good improvement in gain, but

they cause frequency shift and decrease bandwidth.

Adding conducting strips has advantage of less

cost and weight and effect on the bandwidth.

Acknowledgement–The financial support provided

by the University of Manitoba through Graduate

Fellowship is highly appreciated.



Abstract: The effects of substrate thickness on the perfor-
mance of a microstrip reflectarray are investigated. These
effects are analyzed in terms of specular reflection coeffi-
cients due to incident plane waves. Numerous plots for dif-
ferent substrate thicknesses are generated for discussion in
this article.

I.  INTRODUCTION

Substrate thickness is indeed an important consideration
in the design of a microstrip reflectarray. A thick dielec-
tric sheet as substrate provides an improved bandwidth
performance, but it is much heavier. As such, honeycomb
substrates, which have relative permittivities of approxi-
mately equal to that of free space ( ), are very
widely used because of its light-weight considerations. It
is also more durable than other substrate materials in spa-
ceborne environment. 

However, a thick substrate has a large unattainable phase
range [1][2]. In fact, more investigation is required to fur-
ther understand the effects of thick substrate on the per-
formance of a microstrip reflectarray. This is thus the
objective of this article. To approximate the honeycomb
substrate here,  is utilized.

II.  THEORY

Fig. 1 illustrates the cross-section schematic of a reflec-
tarray. The feed is positioned at  along the z-axis,
with the wave from the feed incident on the n-th patch
through a path length . The approach of the analysis
employed here is similar to that discussed in [2]. 

It is generally known that an electrically thick microstrip
substrate can sustain a considerable amount of surface
wave energy. As a result, significant effects of substrate
surface coupling appear, and thus, is especially strong for
a substrate thickness of greater than , where  is
the free space wavelength [3].

The required electrical thickness for a grounded infinite
dielectric sheet corresponding to a certain surface wave
cut-off frequency is derived from [4] as

(1)

where  is the substrate electrical thickness in terms
of the cut-off wavelength and  is the relative permittiv-
ity of the substrate. This formulation will be used to com-
pare with the results produced from the reflectarray
modeling.

Fig. 1:   Schematic of microstrip reflectarray (cross-sec-
tion).

III.  NUMERICAL RESULTS

A TE-to-z incident plane wave at  is assumed
in the analysis. For this,  is x-directed and the fre-
quency utilized is . The conductive patch dimensions a
and b are fixed as . The element spac-

Hr 1.0=

Hr 1.0=

z zf=

Ln

0.1Oo Oo

h
Oc
-----

n

4 Hr 1–
---------------------= ; n 0 1 2 }� � �=

h Oce

Hr

I 89.9q=
E

fo
a b 0.75cm= =

SUBSTRATE THICKNESS IN A MICROSTRIP REFLECTARRAY

K. Y. Sze
(Advisor: L. Shafai)

Department of Electrical and Computer Engineering
University of Manitoba, Winnipeg, Manitoba, Canada R3T 5V6



i ngs  fo r  t he  x -  and  y -  d i rec t i ons  a re
, respectively. Also in this article,

the specular reflection coefficient magnitude is
denoted as , and its phase as , respectively.

From Fig. 2, it is observed that the patch resonances
are unattainable at lower frequencies for normal inci-
dent plane waves, given the above mentioned physi-
cal parameters. However, as the frequency is
increased, the phase minima extend downwards with
very slight shifts to the left. Such changes are most
sensitive in the first minima. Fig. 3 compares the dif-
ference in sensitivities between the first and second
minima. A marked difference in reflection phase 
is observed for higher frequencies.

An increase in relative permittivity  lowers the
reflection phase curve, as can be seen from Fig. 4.
This is especially significant for a very thick sub-
strate. Plots for higher  will be addressed in the pre-
sentation. A correlation is found between the
locations of minima and maxima of Fig. 4 and the
required electrical thicknesses  of a grounded
infinite dielectric sheet given in Table 1. That is, the

 values coincide closely with the locations of
minima and maxima in the figure. Of course, the
array of thin conducting patches does contribute to
the small shifts of values from those given in the
table.

The critical angle  at the onset of higher-order

mode propagations is independent of substrate thick-
ness, as illustrated in Fig. 5 through Fig. 8. In fact, all
these cases satisfy the well-known phased array grat-

ing lobe criterion , where  is

the phase maximum scan angle, s is the element spac-
ing and  is the free space wavelength [5]. For

instance, in Fig. 5 and Fig. 6, , and this

matches well with . (It should be noted

from Fig. 5 that, for the case of  (i.e.

) ,  a  resonance is  a t ta ined for

 at .) It is verified here

that, for the case of  and within the

range of , both the specular(00-th) and

the 01-th Floquet modes propagate, thus contributing
to a very significant decrease (more than 50%) in
specular reflection magnitude, as is shown in Fig. 6.

As for the thick substrate case of 

(i.e. ), this problem is further com-

plicated by the possibility of strong substrate surface
wave. Nevertheless, full specular reflections occur for
all the substrate thicknesses considered when

. For reflectarray applications as such, the

subtended (half) angle of the reflectarray must be
much less than .

Except for the shift in critical angle  due to the
phased array grating lobe effects, the reflection phase
curve computed for resonance at  generally
remains unaffected as the substrate thickness 
increases. However, for a thick enough substrate in
which higher-order surface wave modes propagate,
interference phenomena between surface wave cou-
pling and direct radiation coupling [3] tends to verti-
cally shift the reflection phase curve. These behaviors
are as illustrated in Fig. 7.

Referring to Fig. 8, the critical frequency  at the
onset of higher-order mode propagations due to grat-
ing lobe effects is found to be approximately

 for all the substrate thicknesses consid-
ered, for which . Again, full specular reflec-
tions are observed from the figure prior to . As
observed in Fig. 9, the first resonant frequencies for
these cases fall between the range of  and

. In fact, the resonant frequency decreases as
the substrate thickness increases. In doing so, the fre-
quency bandwidth around the resonant frequency
increases as well and this supports the bandwidth
widening claims in [1].

IV.  CONCLUSION

The effects of substrate thickness in a microstrip
reflectarray are analyzed in terms of specular reflec-
tion coefficient due to an incident plane wave.

The resonance cannot always be achieved by just
changing  alone. However, it can be attained by
increasing the frequency or relative permittivity and
varying  such that the phase minimum crosses over
the zero-phase line. Except for the shifting effect on
the reflection phase, the change in substrate thickness
has negligible effect on the reflection magnitude
before the onset of grating lobes. In other words, the
substrate surface wave influences only the reflection
phase before the onset. It is also confirmed that a

sx sy 1.25cm= =

AR \R
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thick substrate increases the frequency bandwidth
around the resonant frequency.
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Fig. 2:   Effects of increasing substrate thickness
( ) for varying frequencies.

Fig. 3:   Comparing frequency sensitivities of the first
and second minima of Fig. 2.

Fig. 4:   Effects of increasing substrate thickness for
d i f fe ren t  re la t i ve  pe rmi t t i v i t i es ,  w i th

.

Table 1:  The required electrical thicknesses for a
grounded infinite dielectric sheet corresponding to a
surface wave cut-off frequency of .

Surface
 wave 
mode

 Substrate thickness 

0 0.0000 0.0000 0.0000

1 0.2041 0.1659 0.1336
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5 1.0206 0.8297 0.6682
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Fig. 5:   Reflection phase sensitivities with respect to
increasing incident angle at  for
various substrate thicknesses ( ).

Fig. 6:   Reflection magnitude sensitivities with
respec t  t o  inc reas ing  i nc iden t  ang le  a t

 for various substrate thicknesses
( ).

Fig. 7:   Shifting of critical angle  due to increas-
ing resonance frequency.

Fig. 8:   Variations of reflection magnitude with
respect to increasing frequency for different substrate
thicknesses ( ), with .

Fig. 9:   Variations of reflection phase with respect to
increasing frequency for different substrate thick-
nesses ( ), with .
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Abstract - Techniques for solving electromagnetic scattering
from electrically large and perfectly conducting structures
are studied. Two methods are applied to study the 2-dimen-
sional problems and can depress the internal resonances.
One method is applied to 3-dimensional cases. The guide-
line for the use of these methods to obtain the accurate
solutions are provided.

I. INTRODUCTION
The method of moment (MoM) is a common numerical
technique for solving integral equations. A limitation of
this method, when used to analyse scattering problems,
is that the electrical dimensions of the scattering body
cannot be larger than a few wavelengths since large bod-
ies result in large matrices which dictate excessive com-
puter storage and execution time. In addition, the
accumulation of errors while inverting large matrices
greatly impairs the accuracy of the solution.

Among the various approaches which are proposed to
circumvent the computational difficulties, the progres-
sive numerical method (PNM) [Shaf77] and the spatial
decomposition technique (SDT) [Umas92] reduce the
matrix size and retain all the physics of the scattering
and interaction. The basic idea is dividing a large object
into small regions and calculating the small regions one
by one, but still considering the coupling effect among
all the regions. We find that the SDT should be modified
to get the convergent results and then becomes a special
case of the PNM. We will show that the PNM can effi-
ciently depress the internal resonances.

In 3-dimensional case, it was observed that a straight-
forward application of PNM to large scatterers does not
yield an accurate solution. A Projection Iterative Method
(PIM) [Bo92] is a convergent guaranteed method which
is not widely introduced and applied in electromagnet-
ics. In this method, the solution is improved by means of
an orthographic projection procedure. The decomposi-
tion technique is that the unknowns are not decomposed
in space. A series of sub-equations defined on subdo-
mains are solved in each iterative step. The computer
memory is much less than that of the direct method for
the original equation when the sub-equation size is
small. The iteration can be accelerated by the use of the
relaxation factor.

II. NUMERICAL METHODS FOR 2-D OBJECTS
A. Algorithms of PNM and modified SDT

It is known that the solutions of the electric or mag-
netic field integral equations, using the MoM, can be

reduced to a matrix equation of the form,
                          (1)

where  is the excitation matrix, is the unknown

current distribution, and is an square matrix
representing the coefficients obtained from expanding
the unknown function. Expanding the matrix in its com-
ponent forms, equation (1) can be written as

 (2)

where are  square matri-

ces with . Geometrically, this is equivalent to sub-
dividing an object into several small sub-regions. Using
PNM, field relation in the first region, while neglecting
the interactions from the remaining sections of the
object, can be simplified to

                      (3)
and the solution of which gives approximately the
required current distribution . Similarly, assuming
the current distribution in the second region can be deter-
mined mainly by the contribution of the first region and
the excitation, the unknown field relation can be
expressed as

             (4)
The solution of this equation then gives the required cur-

rent . This process can be applied successively until
the required current distribution for the last region is

found. In general, for the lth region, the field relation is

            (5)

Note that the solution of the field problem by using the
above method gives increasingly larger errors towards
the outer edge of each region because of the coupling
effect from the adjoining region. In order to have a rea-
sonable solution an overlapping region may be used to
improve the accuracy of the solution. Considering region

, one may discard P inaccurate solutions at the edge
from its all M solutions and retain the rest. The second
region  begins from where the inaccurate solutions are
discarded. This procedure continues until the entire
object has been covered.

G[ ] I[ ]  E[ ]=

E[ ]  I[ ]
G[ ]  N N×
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• • • • • •
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•
•
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•
•
•
En[ ]

=
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M N«
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R2

DEVELOPMENT OF ALGORITHMS FOR SOLVING
ELECTROMAGNETIC INTERACTIONS WITH LARGE STRUCTURES

Qiubo Ye
Computational Electromagnetics Lab., E-mails: qiuboye@ee.umanitoba.ca

Advisor: L.Shafai, E-mail:shafai@ee.umanitoba.ca

©1998 IEEE, IEEE 1998 Ph.D. Students Conference
GRADCON’98 Proceedings; Winnipeg, MB, Canada; May 8, 1998



- 9 -

The procedures to calculate scattering problem using
the SDT are suggested in [Umas92]. While using the
SDT to calculate scattering problem, we found that the
concept of the virtual interface currents was not realiz-
able and it made the results divergent. It was also found
that the given initial current distribution had no obvious
effect on the computing time and results. Also when
applying the SDT to TE cases, the iterative procedure
could not make the results more accurate, except for the
infinite strip case. We hence modified the SDT by:
1) eliminating the virtual interface current.
2) setting the initial currents to zero. This procedure
saved the time and effort needed to compute these cur-
rents.
3) eliminating the iteration step for the TE case, as it
could not result in convergence of the solution.

After these modifications the SDT became, actually, a
special case of the PNM in which there are no overlap-
ping regions.

B. Computed Results
Consider two dimensional scattering problems by

assuming that the perfect conducting rectangular cylin-
der is infinitely long. The incident field is taken as a
plane wave. The cross section of a cylinder, the sub-
regions , ... , and the overlapping regions are
shown in Fig. 1.

In order to show the effectiveness of the PNM, the
current distribution and bistatic RCS of a TM plane
wave incident on an infinite rectangular scatterer using
MoM and PNM are plotted in Fig. 2(a) and (b) respec-
tively. The results by MoM and PNM agree well.

As mentioned before, the modified SDT is the PNM
without the discarded current pulse samples. In the TM
case iteration procedure works well with modified SDT.
The modified SDT solutions could be very close to the
full matrix MoM’ s by increasing the iteration number.

Fig.1 The cross section of a conducting cylinder, the
sub-regions , ... , and the overlapping regions.

It should be mentioned that in PNM larger overlap-
ping region sizes can result in more accurate results.
Usually the overlapping region size equal to 1/4 - 1/5 of
the sub-region size is good enough to reach the full

R1 , R2

R2
R1

region
  overlapping

R1

y

R2

φ i

geometry

x
φ

R1 , R2

MoM solution. The PNM, when incoporated with itera-
tive procedure [Ye96], needs much less iteration number
to achieve the same accuracy as that of modified SDT.

Fig.2 (a)Current distribution and (b)bistatic RCS of Infi-
nite rectangular cylinder using PNM, compared with
MoM (TM case), M = 100, P = 20,total number of cur-
rent pulses .

The procedures similar to the TM case discussed ear-
lier are carried out for TE case. The performance of the
PNM is examined here for an infinite circular cylinder.
The results are provided in Fig. 3(a) and (b). It should be
mentioned that the sub-region distribution should begin
from the illuminating side and spread out to non-illumi-
nating side. Otherwise insignificant results would come
out.

A large amount of computational work has been done
for infinite cylinders. We tried to use different sub-region
sizes and different discarded pulse samples. It appeared
that the results were basically not dependent on both of
them. From our work we found that for small objects the
PNM’ s current distribution does not agree well with the
MoM’ s, but the main lobes of the bistatic RCS agree
excellently.

It was found that, the iteration case in the SDT does
not work, and the results remain relatively the same.
This is contrary to the TM case, where iteration contin-
ues to improve the solution accuracy.

C. Depressing the Internal Resonances
It is well known that using MoM in conjunction with

either the EFIE or MFIE produces spurious surface cur-
rents on conducting bodies at the internal resonance fre-
quencies which correspond to waveguide modes at
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cutoff in the interior of the cylinder, since the determi-
nant of [G] becomes zero. Many methods have been pro-
posed to overcome this problem, but have their own
deficiencies. By handling each sub-region separately,
PNM avoids to calculate the whole ill-conditioned MoM
matrix equation and therefor depresses the internal reso-
nances.

Fig.3 Infinite circular cylinder’ s (a)current distribution
and (b)bistatic RCS using PNM, compared with MoM
(TE case), ka=100,N = 2000, M = 100, P = 20.

To illustrate this an example of the TE plane wave
normally incident on an infinite circular cylinder is
shown, in which the internal resonance takes place if
ka=13.324. The results are provided in Fig. 4(a) and (b).
As we can observe, the PNM results depress the internal
resonance and reasonable agreement with the analytic
solutions is achieved

3. NUMERICAL METHOD FOR 3-D OBJECTS:
PROJECTION ITERATIVE METHOD (PIM)

This section includes the formulation of PIM, the
application of PIM to sphere and finite cylinder, the anal-
ysis of its convergence and accuracy, and the use of the
relaxation factor to accelerate the iteration.

A. PIM Formulation
Based on the conventional 3-D (MoM) with triangular

surface patches [Rao82], a matrix equation calculating
the surface currents can be obtained for a perfect con-
ducting scatterer by an incident plane wave,

                       (6)

where  is an impedance matrix,  is a column vec-

tor due to incident field, and  is the unknown current.

When the scatterer is electrically large,  is also large
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Z[ ] V[ ]
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and equation (6) can not be solved by simple numerical
method on the ordinary computers. The formulation of
using PIM to solve it is given below..

Fig.4 Infinite circular cylinder’ s (a)current distribution
and (b)bistatic RCS using PNM, compared with analytic
solution and MoM at internal resonance (TE case),
ka=13.324, N=266, M=53, p=8.

By dividing the coefficient matrix into N sub-matrixes
which is equal to dividing the scatterer into N subre-
gions, (6) can be rewritten into the following component
matrix equations,

,               i=1,2, ... , N   (7)

where  is the excitation on the ith subregion of the
scatterer.  is the corresponding sub-matrix which is

not square.
Let Di be the set of solutions satisfying equation (7)

and  be arbitrary initial solution. Denote

the orthographic projection of  on D1. Then

                  (8)

Based on equation (8), the current can be calculated by
the iterative formula,

    (9)

where  is the adjoint operator of . Once

is obtained,  can be calculated based on the second

component matrix equation, ... , and  can be calcu-

lated based on the Nth component matrix equation. Then
the newly updated current is used as the initial value for
the second iteration. This process continues and the
number of the iteration depends on the desired accuracy.
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The iteration can be accelerated by relaxation factor such
as that in Gauss-Seidel iterative method.

B. Numerical Results and Analysis
The current distributions on the sphere illuminated by

a plane wave axially are presented on the Fig.5 by accel-
erated PIM. The corresponding relative errors are also
provided on the same graphs. It is obvious that the cur-
rents are gradually convergent to their MoM solutions
and very close to them after 40 iterations. The relative
errors are calculated using PIM and analytical solutions
and after 40 iterations they actually become the errors
between the analytical and MoM solutions. These errors
can be improved using more triangular surface patches
while segmenting the sphere.

Fig.5 The current on the sphere illuminated by a plane
wave axially by PIM with = 1.8 and 2 subregions for
20 and 40 iterations, compared with the analytical and
MoM solutions. The relative errors are also provided.

PIM is also applied to a finite cylinder with top and
bottom diameter  and height .
Fig.6 is  by accelerated PIM.  represents the current
from s=0 to 1 along the contour on the E plane.

4.   CONCLUDING REMARKS
The PNM divides the object into smaller parts and

uses the concept of overlapping regions. It reduces the
matrix size. Therefore the computer storage and the pro-
gram running time are saved. Accurate solutions can be
obtained for the TM case and good agreement with the
full matrix MoM can be achieved for the TE case.

The SDT should be modified by not taking the virtual
interface currents into account. The iteration procedure
converges for the TM case, but not for the TE case
except for an infinitely thin strip. Actually, the modified
SDT is a special case of PNM in which the discarded
pulse samples are zero.

The PNM is a simple and effective algorithm to elimi-
nate the internal resonances without facing the ill-condi-
tioned situation in which erroneous results would be
obtained.

PIM’ s iterative procedure can make MoM equation
solution convergent. It’ s decomposition technique can
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save the computer storage, but more subregions will
result in slow convergence rate.

The convergence rate can be accelerated by introduc-
ing the relaxation factor  to the PIM formulation. The
optimum value of  is .

In PIM with optimum , normally, less than 30 itera-
tions are needed to obtained convergent results regard-
less of the matrix size.

Fig.6  by PIM with 2 subregions, 50 iterations, and dif-
ferent , compared with MoM solution.
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Abstract--The unrelated illumination method is used to
estimate the complex permittivities of three-dimensional
inhomogeneous dielectric bodies. Starting from the inte-
gral representation of the electric field and using the
method of moments, the object under investigation is
illuminated by a group of unrelated incident fields.
Computer simulations show that the method can be used
to overcome the severe ill-posedness of the three-dimen-
sional problem even in the presence of noise and with
the use of only one detector to measure the external scat-
tered field. 

1  INTRODUCTION
In the last decade several numerical techniques

have been developed for solving the inverse electromag-
netic scattering problems and microwave imaging of
inhomogeneous dielectric bodies. In particular two
approaches have been utilized. The first is the micro-
wave diffraction tomography [1]. It is a generalization
of the classical x-ray computed tomography by taking
into consideration the diffraction effects. This method
can only handle low contrast, lossless bodies. 

The second approach aims to solve the exact
equation of the electromagnetic inverse scattering prob-
lem by numerical methods such as the method of
moments (MoM) [2]. In which the problem solution is
reduced to the solution of linear system of algebraic
equations. Unfortunately the scattering matrix which
governs the external scattered field induced by an inter-
nal equivalent current is highly ill-conditioned. Thus
any attempt to compute its inverse makes the system ill-
posed especially in the presence of noise. Several regu-
larization techniques have been used [3], [4] aiming to
reduce the effect of ill-conditioning. These employ pri-
ori information either to select a suitable regularization
parameter or to enforce convergence in iterative tech-
niques. Moreover, most of these techniques require the
presence of a few number of scatterers and employ mul-
tiview illumination and some are only applicable to two-
dimensional problems.

In this paper, the unrelated illumination method
which has been tested before with two-dimensional bod-
ies [5], is extended to handle three-dimensional inhomo-
geneous dielectric bodies. The method utilizes the
method of moments (MoM) to discretize the nonlinear
integral equation which relates the scattered field data
and the complex permittivity. Yet, it differs from the
other previous techniques in that the way of acquiring
information helps overcoming the ill-posedness nature
of the problem. This is maintained by the proper
arrangement of the polarization and the direction of the
incident electric fields aiming to illuminate the body
with a group of unrelated incident fields. Numerical
simulations are carried out to assess the method and to
test its robustness in the presence of measured data
uncertainties.

 2  MATHEMATICAL FORMULATION
Consider an inhomogeneous dielectric body of

arbitrary shape that is characterized by a dielectric con-

stant  and an electric conductivity , both

generally variable from point to point. The body is illu-
minated in free space by an incident wave with electric

field Ei. The total electric field E at an arbitrary point r
can be expressed as:

                                            (1)

where  is the scattered field. Using the equivalent

current modelling, the external scattered field 
can be written as:

                           (2)

 where  denotes the free space dyadic Green’s func-

tion and  is the equivalent current density given

by:
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E r( ) E
i

r( ) E
s

r( )+=

E
s

r( )

E
s

r( )

E
s
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               (3)

Where  is usually referred to as the contrast or the
object function. Using equations (1) and (2), the total

electric field  can thus be expressed as:

            (4)

Dividing the body into N cells and using the
MoM [2] with pulse basis function and point matching
procedure, equation (4) is transformed into:

                                                (5)

Substituting for the equivalent current density, this can
be rewritten as:

                                   (6)

where  is a  diagonal matrix whose elements
are the complex permittivities of each cell in the body:

                         (7)

Similarly, the scattered field can be expressed in matrix
form as:

                                                    (8)

 The matrix  which is a  matrix,

depends on the operating frequency and geometry of the
cells. The matrix ( ) is always well posed. The

matrix  is , where M is the number of

measuring points, depends on the operating frequency,
geometry of the cells and the relative positions of the

cells and the measuring points.  is highly ill-condi-

tioned especially when a large dielectric body is
involved. Thus trying to solve the system by computing
its inverse renders the system ill-posed and forces the
use of regularization techniques.

Usually Ei is a  vector but by using a 
unrelated incident fields (unrelated illumination

method), Ei is a  matrix which can be inverted.

To obtain these  unrelated incident fields a planar
phased array is used and by adjusting the polarization of
its elements we can obtain a diagonally dominant inci-
dent matrix.

Writing equation (6) in the form: 

                       (9)
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and substituting (9) into (8):

     (10)

Making use of the fact that the incident matrix is well
conditioned and thus invertible, (10) can be further writ-
ten in the form:

                        (11)

where the only unknown is . Denoting

                       (12)

and

                                             (13)

Equation (9) can be written in a simplified form as:
                                                    (14)

and the elements of the diagonal matrix  are obtained
by comparing the corresponding elements at any row of

 and . The complex permittivity of the nth cell
is given by: 

                                                   (15)

 3  NUMERICAL SIMULATIONS AND RESULTS
In this section we report and discuss numerical

results of computer simulations that have been per-
formed to assess the capabilities of this technique. The
numerical simulations are carried out using only one
detector. Because of the three-dimensional nature of the
problem, there are three measured values. A phased
planner array is used to illuminate the body with a group
of unrelated incident field. The values of the scattered
electric field at the detector is obtained via a numerical
program that can determine the direct scattering from
three-dimensional inhomogeneous dielectric bodies.

In the absence of noise and irrespective of the
permittivity distribution within the body under investi-
gation, the relative mean square error of the recon-

structed permittivity  and conductivity  is found

to be negligible.   
                                      

                           (16)
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Where  and  stand for the values of the original

relative dielectric permittivity and of the reconstructed

relative dielectric permittivity in the nth cell respectively.
Similarly,                                        

                            (17)

Where  and  stand for the values of the original

conductivity and of the reconstructed conductivity in the

nth cell respectively.
In order to study the effect of the measured data

uncertainities on the reconstruction process, we added to
the scattered field at the detector a random noise com-
plex array. The real and imaginary parts of this array are
constituted by two independent sequences of random
variables with zero mean and a variance that can be var-
ied to obtain different signal to noise (S/N) ratios.

Numerical simulations were carried out to test
the method sensitivity to cell size, number of scatterers
within the body and the strength of these scatterers [6].
The obtained results has proven the method to be relia-
ble in reconstructing the permittivity distribution of
lossless bodies even in the presence of noisy scattered
field data. 

In the following numerical simulations, the
method is applied to lossy and geometrically complex
inhomogeneous dielectric bodies.

We start with a rough model of the human head.
The head is divided into five layers and 209 cells each is

. Fig. 1 shows the consecutive layers con-
stituting the head and the different kinds of tissue
involved. The values of the conductivity and the permit-
tivity of different tissues are given in Table 1. Numerical
simulation is carried out. 

TABLE 1. Dielectric constants & conductivities    and 
for human tissue at 300 MHz.

Tissue  Permitt ivity  conduct ivity

Bone 5.7 0.072

Skin 17.6 0.44

Muscle/Brain 53.0 1.33

Eye 80.0 1.9

εrn εrn
′

σrδ

σrn σ′rn–( )

n 1=

N

∑
2 1 2⁄

σrn
2

n 1=

N

∑
1 2⁄

------------------------------------------------------------=

σrn σrn
′

2 2 2×× cm

   Fi g.1   Five different layers forming the human head

Fig. 2(a) shows the percentage error for the
reconstructed permittivity versus the signal to noise
ratio and Fig. 2(b) shows the percentage error for the
reconstructed conductivity. As shown the error is very
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Fig.2   Percentage error in the permittivity (a), and 
conductivity (b) versus S/N.
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low even for small S/N ratios thus allowing accurate
reconstruction of both. 

The following simulation involves the use of a
180 cell model of human body (Fig. 3). This model is
characterized by a variable cell size together with the
fact that the average values for the conductivity and per-
mittivity for the different tissues have been substituted
in certain cells. Fig. 4(a) shows the percentage error in
the permittivity versus the signal to noise ratio, and Fig.
4(b) shows the percentage error in the conductivity ver-
sus the signal to noise ratio. As shown by the plots, good
reconstruction in the presence of very noisy data for
both the conductivity and the permittivity were
obtained.  

  F ig.3   Three layers constituting the 180-cell human
body model.

  4  CONCLUSION
The unrelated illumination method is used for solving
three-dimensional electromagnetic nonlinear inverse
scattering problems. The method requires that the body
under investigation is illuminated by a group of unre-
lated incident fields, thus forcing the incident matrix to
be nonsingular. The method although similar to the
multi-view illumination methods has the advantage of
providing accurate reconstruction for geometrically
complex lossy bodies using only one measuring point or
detector and without any iterations.

Front Layer Middle Layer Back Layer
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Abstarct--This articl e provides an accurate and
computationally efficient method for the analysis of
aperture coupling from microstrip line to microstrip
patch, which is of significant interest in applications
involving multi layered media. The accuracy of this
method is ensured by satisfying all the boundary
conditions through a mixed electric–magnetic
current integral equation formulation, combined
with the moment method. Computational efficiency is
achieved by limiting the discretization to only the
strips and apertures and by using the accurate and
rapidly convergent complex images. Close agreement
has been obtained between our results for the input
impedance, published results, and experiment, over a
wide frequency range.

I.  INTRODUCTION

In the fields of microwave integrated circuits and
antennas, there is a growing trend toward
fabricating circuits made of more than one
dielectric layer. These multilayered circuits have
smaller size and less parasitic coupling between the
active and passive elements which are separated by
a ground plane. To achieve optimum design of the
multilayered structures, it is important that an
accurate and computationally efficient method be
developed which can be easily interfaced with
available optimization design software. Several
methods have been presented in the literature to
analyze the fundamental transition between a
microstrip line and a microstrip patch through an
aperture, as shown in Fig. 1. Some of these
methods, like the TLM [1], require the
discretization of the entire volume of the circuit.
They are, therefore, very slowly convergent and
require excessive memory. Also, the application of
the integral equation technique of electric current
only EFIE [2], requires segmenting the entire
conducting surface of the transition, including the
infinite microstrip ground plane. Therefore, the
EFIE is numerically ineff icient for solving the
aperture coupling problem. 

A more efficient form of the integral equation

technique was applied in [3] for the analysis of the
aperture coupled microstrip antennas. Unlike the
EFIE, which uses only electric currents, this
technique uses both electric and magnetic currents
which flow on the strips and apertures,
respectively. This limits the discretization to only
the strips and apertures, and therefore saves a lot of
memory and computation time. However, [3]
evaluates the time-consuming numerical
integration of Sommerfeld integrals to obtain the
spatial Green’s functions of the structure.
Therefore, there is still need for a technique that is
faster and hence more suitable for use with current
CAD programs. 

In this article, we use a mixed electric-magnetic
current integral equation formulation as in [3].
However, our Green’s functions for the coupling
between the electric currents of the microstrip line
and the patch, magnetic currents of the apertures,
and for the cross-coupling between the electric and
magnetic currents are all calculated using the
accurate and rapidly convergent complex image
technique [4],[5]. This technique avoids the time-
consuming numerical integration of Sommerfeld
integrals and yields at least a tenfold reduction in
computation time with less than 1% error as
compared with the numerical integration. These
complex images include the effect of the surface
waves and leaky waves and, therefore, have no
restriction on the substrate thickness. Other
techniques have been used in the literature to
enhance the speed of the Sommerfeld integrals
such as the asymptotic subtraction method. 

The next section explains our theoretical
formulation. The third section provides
comparisons between our results and several
experimental and theoretical results. The final
section provides conclusions.



II.  THEORY

To solve the aperture coupling problem, we split
the structure of Fig. 1 into two subproblems,
equivalent to the upper and lower half-spaces, as
shown in same figure. Equivalent electric and
magnetic currents flow on the microstrip line,
microstrip patch and apertures, respectively, of
both subproblems to satisfy the boundary
conditions as follows: 

Boundary condition 1. The continuity of the
tangential electric field on the aperture is enforced
by choosing the magnetic current on the aperture of
the lower subproblem, which flows along the x-
direction, to be equal and opposite to that on the
aperture of the upper subproblem.

Boundary condition 2. The continuity of the
tangential magnetic field on the aperture is satisfied
by the following equation:

(1)

where Ie
(1), Iey

(2). are the electric currents
flowing on the upper and lower microstrips,

respectively, while Imx
(1), Imx

(2) are the x-directed
magnetic currents flowing on the aperture in the
upper and lower subproblems, respectively.

Hx
(1)(Ie

(1)),Hx
(2)(Iey

(2)) is the x-directed
magnetic field on the aperture of the ith
subproblem caused by an y-directed electric
current on the microstrip line or a x-directed
magnetic current on the aperture, respectively.
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The fields in eq. (1) can be expressed in terms of
the mixed potentials of electric and magnetic
currents [6], as follows:

 (2)

 (3)

where:

 (4)

 (5)

In eq. 2, use has been made of the continuity
equation for magnetic current and charge [6].

GFxx
(i) in eq. (2) is the Green’s function for the

x-direction electric vector potential due to an x-
directed magnetic current in the ith subproblem [7],
whereas Gqm is the scalar potential due to magnetic

charge [7]. GAxx
(i) in eq. (4) is the Green’s function

for the x-directed magnetic vector potential due to
an x-directed electric current in the ith subproblem,

whereas GAzx
(i) in eq. 5 is the Green’s function for

the z-directed magnetic vector potential due to an
x-directed electric current, with both source and
field located inside a microstrip substrate. These
Green’s functions are given in [7]. 

,  are unit vectors in the x- and y-directions,
respectively, and Mi is the microstrip of the ith
subproblem.

Boundary condition 3. The vanishing of the
tangential electric field on the microstrip lines of
the upper and lower subproblems is satisfied by:

 (6)

where i=1, 2 correspond to the upper and lower

subproblems, respectively. E(i). and Ein are the
scattered and impressed electric fields,
respectively. The electric and magnetic current
densities are expanded as follows:
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Fig. 1. Aperture-coupled patch antenna
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Next the remaining integrand is approximated
via a finite set of complex images with complex
amplitudes and complex locations through the
generalized pencil of functions (GPOF) method[7].
Finally the Sommerfeld integral is performed in a
closed form using the Sommerfeld identity.

Our numerical tests have revealed that the
complex images provide at least a tenfold reduction
in computation time with less than 1% error as
compared with the numerical integration of
Sommerfeld integrals.

The current analysis uses the DCIM as applied
to a single layer of dielectric, in either of the half
spaces studied. The method itself was extended to
handle several layers of dielectric materials for
stacked patches [9]. Research is currently being
made to handle vertical conductors in a multilayer
environment, the results will be published soon.

III.  NUMERICAL RESULTS

To test the validity of the numerical model, the
geometry in Fig.2 is analyzed using the technique
described above. The configuration used for the
substrate thickness and dielectric constants mimics
the monolithic phased array applications. The feed
substrate could be Gallium Arsenide for phase
shifters and other active circuitry.

The results for the Smith chart for the calculated
input impedance are shown in Fig. 3, in which the
results are compared with the results published in

w

A

εr2=10.2h2=1.27 mm

D

h1=1.6 mm εr1=2.22

B

Fig. 2. Geometry for an aperture coupled
microstrip patch. A=4cm, B=3cm, w=1.16mm,
D=1.1cm, Slot width=1.1mm, length=1cm

 (7)

and

 (8)

where N, M and L are the number of segments
on the microstrip and aperture, respectively. Pe, Pm

are roof top basis functions.
The Galerkin moment method [8] is then

applied to eqs. (1) and (6), using the expansion
functions of eqs. (7) and (8) also as weighting
functions. This results in the following matrix
equation:

 (9)

where Zee
(1). and Zee

(2). are the lower and upper
microstrip impedance matrices, respectively [4].

Zmm
(1)and Zmm

(2). are the lower and upper
magnetic-magnetic aperture impedance matrices,
respectively. These represent the dual of the

electric-electric impedance matrices in [4]. Zme
(1)

and Zme
(2) are the matrices for the magnetic

voltages on the aperture due to unit electric currents

on the microstrips o. Zem
(2)and Zem

(2)are the
matrices for the electric voltages on the microstrips
of the lower and upper subproblems, respectively,
due to unit magnetic currents on the aperture. The
details of the expressions and calculations of the
self-terms of the matrices Zee, Zmm in eq. (9) may
be found in [7].

It is important to mention that the Green’s
functions in this article are evaluated using the
complex images method (DCIM) [4], [5].
Sommerfeld integrals are normally used to perform
the inverse Fourier transform of the spectral
functions. Instead, the spectral functions are
approximated as finite sums of complex
exponentials. The quasi-static images and the
surface wave poles are extracted from the integrand
of the Sommerfeld integral. Their contribution is
handled through the residue theorem. 
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[10]. We notice that we have a good agreement with
the measurements over the frequency band width
simulated. The figures on the smith chart are the
frequency in MHz.

several other examples are tested, with the
results also are in good agreement with other
commercial numerical software. Some of the
results of these tests will be included in the
presentation.

While, our testing for the eff iciency of the
methods was done as compared to the conventional
method of analyzing printed antennas. New
commercial CAD programs apply numerous
acceleration schemes to enhance to speed of the
execution of their code. Still, our code compares
favorably in execution speed even with commercial
software. The same example discussed above on
the same machine was analyzed using both
methods, our technique was almost twice as fast.

Care should be taken also, that as the geometry
of the problem gets more complex, the time for the
matrix solution becomes the dominant factor, and
not the evaluation of the Green’s function.

IV.  CONCLUSION

In this study we have presented an accurate and
computationally eff icient method for solving the
problem of aperture coupling from microstrip line
to microstrip patch. This method uses a mixed
potential integral equation, using both electric and
magnetic currents with the method of moments.
Comparison with the measured results
demonstrates the accuracy of the prosed method.

Unlike other methods presented in the literature
to solve this transition (like TLM and EFIE), our
efficient application of the moment method (of
discretizing only the strips and apertures)
combined with the accurate and rabidly convergent
complex images Green’s functions, makes this
method more suitable for use with CAD/CAE
software to achieve optimum designs for aperture
coupled microstrip patches.
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Abstract–Two methods to improve the
aperture efficiency of a type of triplate
array are presented.

1. INTRODUCTION
Triplate line fed arrays have been

researched extensively over the last 10 years
for DBS television subscriber antenna in Japan
and Europe.  The chief advantage of this type
of planar array is the reduction of radiation
from the array's feedlines.  One class of triplate
fed array employs a thin metal sheet with
apertures punched for radiation from patches
on the triplate layer [1],  Figure 1.  This type of
triplate array is considered as a candidate for
LMCS subscriber antenna.  The focus of this
research is to identify different methods for
increasing the aperture efficiency of this type
of triplate fed array,  in order to counter the
losses that are expected to occur at EHF.

With careful spacing of the radiating
elements,  the parallel plate mode can be
suppressed,  and an aperture efficiency of 73%
can be achieved [2].  Addition of a small
parasitic patch above each aperture has been
shown to raise the aperture efficiency to 86%,
rivalling the aperture efficiency of a parabolic
reflector [2].  However,  this requires an
additional foam spacer and thin film layer,
which are difficult to laminate to subsequent
layers.  Alignment is also a concern.

The computational results presented in
this paper were obtained from the

commercially available MOM software,
Zeland™ version 4.2.

Figure 1:  A Triplate Array Configuration

2. FEED NETWORK CONFIGURATIONS

A standard configuration corporate
feeding system has been used for triplate array
in the past [1],  Figure 2.  It has been shown
that replacing this standard configuration with
one incorporating a 180˚ delay line for the 2X
2 sub-arrays gives an improvement in aperture
efficiency [3]. When applied to triplate array,
Figure 3,  the sidelobes in the E-plane are
reduced and the radiation efficiency is
increased over that of the normal
configuration.  This translates to an increase in

top metal
plate

bottom metal
plate

aperture

feed network
& patches

foam

Figure 2 Figure 3
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the aperture efficiency compared to the normal
configuration,  Figure 6.  No additional
manufacturing steps are required for this
method,  compared to that required for the
existing array designs.

3. PARASITIC T ELEMENTS
The computational results presented

show that the parasitic patches can be replaced
by parasitic dipole elements punched out of the
top ground plane,  Figure 4.  These parasitic
elements give a similar improvement to
aperture efficiency as gained by the parasitic
patches,  Figure 6.  The main effect of the
parasitic elements is an increase in the
directivity of the 2X 2 sub-array,  Figure 5,
which results from lower sidelobes in the E-
plane and H-plane. The numerically
controlled milling machines used to stamp out
the apertures in the top ground plane are
capable of punching the parasitic dipole
elements.  Thus a possible means of increasing
aperture efficiency of triplate array has been
found,  that requires little additional
manufacturing steps.

4. FUTURE WORK
Future work will entail experimental

optimisation of the two methods for aperture
efficiency improvement of this type of triplate
array.

Figure 4
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Abstract  - The Transmission-Line Mod-
elling Method is used to characterise a slot on
the ground-plane of a non-radiating dielectric
waveguide (NRD). An approach based on mo-
dal decomposition is developed to extract the
generalised scattering parameters for a
waveguide discontinuity.

I. INTRODUCTION

 NRD has received considerable attention
due to its low loss nature and the ability to sup-
press radiation at bends and discontinuities. It is
proposed to exploit the above properties to de-
sign a NRD based slot array. Previous work re-
lied on measured data for the admittance of a
single slot in the ground plane of the NRD. In
this paper, a single slot in the NRD ground plane
is characterised using the TLM method. The
perfectly matched layer (PML) Absorbing
Boundary Condition was used to ensure mini-
mal reflection from the exterior boundaries of
the computational domain. It is also shown that
a s11 of -40 dB is achieved when the PML is used
to terminate the NRD.

Modal decomposition was used to deter-
mine the scattering parameters for a discontinu-
ity in a rectangular waveguide in the presence
of evanescent modes. Results obtained were

found to be in close agreement to those in the
literature. Currently, this method is being ex-
tended to evaluate the s11 of the slot on the ground
plane of the NRD.

II. PERFORMANCE OF THE 3-D TLM B ASED PML

The PML was implemented in the same
manner as in [Duba97]. For validation, the PML
was first applied to a rectangular metallic
waveguide and the results compared with previ-
ously published data [Bere97]. Based on this
success, the PML was then applied to the termi-
nation of the NRD.

The rectangular metallic waveguide was
excited by the TE10 mode with both ends termi-
nated by PMLs, as shown in Fig.1. Two obser-
vation points were placed on one side of the ex-
citation and the total field was observed in the
frequency domain at these points. Using the ap-
proach in [Krup93], the reflection coefficient was
then obtained. Fig.2 shows that for most of the
operating range, a reflection coefficient of bet-
ter than -40 dB was obtained. Using a similar
approach, the reflection coefficient obtained for
the case of the NRD with PML terminations on
both ends was of the order of -40 dB, as shown
in Fig. 3.



III. SLOT IN NRD GROUND PLANE

Fig. 4 shows the configuration of the slot
in the NRD ground plane. PMLs were used to
terminate the computational domain in the air
region above the slot. Fig. 5 shows the compari-
son between the simulated results and measure-
ments performed using a HP 8510 Network Ana-
lyser.

IV. EXTRACTION OF SCATTERING MATRIX  COEFFI-
CIENTS FOR A WAVEGUIDE DISCONTINUITY IN THE

PRESENCE OF EVANESCENT MODES

In the computation of the scattering ma-
trix coefficients for the case of a rectangular
waveguide or the NRD, the observation points
were placed a guided wavelength from the dis-
continuity to ensure that the evanescent modes
from the discontinuity have decayed sufficiently.
This necessitated the use of a large computational
domain. In the method developed below , the
scattering matrix coefficients for the case of a
waveguide discontinuity were obtained close to
the discontinuity. At this location, both higher
order propagating as well as evanescent modes
are present. A method similar to that outlined in
[Haff92] for the FDTD method was used.

The transient EM fields computed by the
TLM simulation were transformed to the fre-
quency domain at two surfaces, S1 and S2 , on
the incident side of the discontinuity. On the sur-
face S1, the EM fields can be determined from
the potential function :
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where A1 and B1 are the incident and reflected
wave amplitudes respectively of the dominant

mode, Bn is the wave amplitude of the nth mode
reflected from the discontinuity, β1 and βn are the
propagation constants of the dominant mode and
the nth mode respectively, ψ1(x,y) and ψn(x,y)
are the potential functions of the dominant mode
and the nth mode respectively. Multiplying equa-
tion (1) by the eigenfunction of the incident
dominant mode and applying orthogonality
yields one of a pair of equations relating A1 and
B1. A similar operation on fields on the other
surface S2, yields another equation involving A1

and B1, from which the s11 of the dominant mode
can be obtained. Fig.6 shows the comparison
between results obtained for the s11 of the
waveguide discontinuity when the observation
points were placed 5 cells from the discontinu-
ity as compared to the case when the observa-
tion points were placed 94 cells from the dis-
continuity. The principle of conservation of
power was used to further validate our approach
as shown in Table 1.

V. CONCLUSION

In this paper, the reflection coefficient from
a single slot on the ground plane of the NRD has
been studied. This enables us to design an NRD
based slot array without the need for using the
experimental design curves for a single slot in
[Malh84]. Thereafter, the reflection coefficient
of a waveguide discontinuity was obtained for
the case when the observation points were lo-
cated close to the discontinuity, thus significantly
reducing the computational burden. We intend
to apply the same approach to NRD
discontinuities.
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Abstract-- A review of TCP performance over
wireless networks is presented. This paper
includes a literature review, an overview of
proposed techniques designed to improve the
performance of TCP in wireless networks, and
a proposed research plan.

1. Introduction

With the rapid growth of the mobile com-
puters in recent years, the study of reliable
transport protocols such as TCP [1, 2] in wire-
less networks has become an important and
active area of research. The Transmission Con-
trol Protocol (TCP) is a reliable transport pro-
tocol turned to perform very well in traditional
wired networks by providing flow, congestion,
and error control mechanisms. The increased
interest in TCP over wireless links is moti-
vated by the need of emerging network tech-
nology, the popular application of TCP in a
wide variety of networks as well as economic
considerations. A number of simulations and
experiments have shown that TCP perform-
ance degrades in the wireless networks [5-7,
10]. The main reason is that errors (e.g. packet
loss) in the wired networks are usually
assumed to be as a result of congestion due to
the relatively low transmission errors, however
in the wireless networks errors are often
caused by many other factors that are unrelated
to congestion, such as the effects of fading,
interference and mobility.

Because of the communication characteris-
tics of wireless links such as limited band-
width, high latencies, high bit error rates, and
temporary disconnection caused by user
mobility and handoffs [3-6], the modification
of the TCP protocol to provide reliable con-
nection for the transfer of data between appli-
cations in wireless networks is a challenging
problem. Many papers address this topic. Pro-
posed solutions include introducing a new ses-
sion layer protocol on top of TCP at both base
stations and mobile hosts without changing the
protocol software on ordinary station hosts [7],
modifying network-layer software at the base
station and mobile host without violating end-
to-end TCP semantics [8], splitting the TCP
connection into two separate connections at
the base station-- one between the fixed host
and the base station, and other between the
base station and the mobile host [11], combin-
ing forward error correction with link-layer
retransmissions [6], the snoop protocol [8, 9],
selective acknowledgments approach [14,15],
the fast-retransmit approach [10] and link-
level retransmissions [13] etc. These protocols
are classified into three broad categories [12]:
link-layer protocols, that provide local reliabil-
ity; split connection protocols, that break the
end-to-end connection into parts at the base
station; and end-to-end proposals, where loss
recovery is performed by sender. A compari-
son and analysis of the mechanism for improv-
ing TCP Performance over wireless link is also
provided in [12]. From their experimental

 Review of TCP over Wireless Networks

Sihong Lei
shlei@ee.umanitoba.ca

Department of Electrical and Computer Engineering
University of Manitoba, Winnipeg, Manitoba, Canada R3T 5V6

Advisor:David Blight <blight@ee.umanitoba.ca>

(C) 1998 IEEE, IEEE 1998 Ph.D. Students Conference
GRADCON'98 Proceedings; Winnipeg, MB, Canada; May 8, 1998



results, a reliable link-layer protocol that is
TCP-aware provides very good performance
and selective acknowledgments and explicit
loss notifications also result in significant per-
formance improvements.

2. Future Research Plans

Future research plans include a more
through literature review and reliable transport
protocol design over wireless networks by
using digital coding techniques and modifying
the existing protocols. Following the selection
of the most promising protocol design and
modification, a model, implementation, simu-
lation, performance evaluation and usage-
based validation analysis will be undertaken.
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I. INTRODUCTION

Wireless technology is creating a revolution
in communications. While systems such as
broadcast radio and television have been
around for many years, many new types of
wireless communication systems are emerging
such as digital cellular, personal
communications services (PCS), and packet
radio. Two powerful techniques are usually
employed to make communication over
wireless mobile fading channel reliable, they are
channel coding and interleaving. A typical
communication system using these techniques
is presented in Fig. 1.
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Figure 1 Digital communication over wireless
mobile channel

Turbo coding, introduced in [1] is a coding
technique that uses an iterative decoding
algorithm to give bit error rate (BER)
performance near channel capacity; it is one of
the most exciting and important development
in coding research in recent years. Since most
of the work on turbo codes has been related to

additive white Gaussian noise (AWGN)
channel only, its application for digital
communication over fading channels is
necessary and worthwhile. Recently, the
concept of turbo decoding has been applied to
the design of a receiver for fading channels [8],
[9], [10]. This interesting idea can also be
further developed to build a new receiver for
mobile fading channels of Fig. 1. Based on the
above discussion the next section will outline
the author’s research proposal for the
application of turbo coding technique, in
particular and turbo processing technique, in
general over mobile fading channels.

II. RESEARCH PROPOSAL

A. Turbo Codes for Mobile Fading Channels
For successful application of Turbo codes

in mobile fading channel, two different types of
fading channel need to be treated separately:
1) Frequency-Flat fading Channels: Early
research on this topic is based on simplifying
assumptions for the channel model, including
perfect knowledge of the phase and amplitude
of the fading process, and uncorrelated fading
[3], [6]. The receiver structure developed in [7]
for the frequency-flat fading channel is valid for
correlated fast fading. However this receiver is
not appropriate for iterative decoding of Turbo
codes since it does not produce the necessary
soft-output extrinsic information. Furthermore
it is incompatible with the presence of the
interleaving function in Fig. 1. Therefore
modifications to that receiver structure have to
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be done t o make the application o f Turbo
codes in mobile fading channels possible.
2) Frequency-Selective Fading Channels: The
application of Turbo trellis-coded modulation
(T-TCM) has recently been investigated by the
author in [5]. As far as the author known, it is
the first successful application of Turbo codes
with multi-level modulation over this type of
channel. However in that paper it was assumed
that the fading channel varies sufficiently
slowly and hence it is possible to have the ideal
channel estimator at the receiver. For
frequency-selective fast fading channel, a new
receiver structure need to be derived to make
sure that both channel time-varying coefficients
can be well estimated and Turbo decoding can
still be done successfully. In this regards, the
receiver structure developed in [2] seems to be
an attractive candidate.

B. Turbo Equalization for Frequency-Selective
Mobile fading Channels

The frequency-selective fading channel
causes not only the signal attenuation but also
the severe time dispersion of the adjacent
pulses, a phenomenon is referred to as
intersymbol interference (ISI). To eliminate
ISI, an equalizer is required in the receiver of
Fig. 1. In [4] various soft-output algorithms
were investigated for the equalizer in an
attempt to provide the channel decoder as
much information as possible.

A new receiver structure for frequency-
selective fading channel, called turbo-equalizer
will be investigated. This receiver associates an
equalizer and a soft-output channel decoder
through an iterative process similar to turbo
decoding. In the classical approach the
equalizer is fed by the demodulator outputs and
does not use the redundancy introduced by the
channel coding to improve its performance.
The performance of new receiver structure is
believed to be superior since the equalizer is
fed by both the demodulator outputs and the
soft decisions provided by the channel decoder.

C. Combined Turbo Equalization and Turbo
Decoding

Basically, the receiver structure proposed
in the previous section is applicable for any
channel coding techniques that can be decoded
with soft-output decoder. However when the
channel encoder employs Turbo codes, in order
to take into account the effect of turbo coding,
turbo equalization and turbo decoding should
be carried out in a combined manner to
optimize the system performance as indicated
in [10].
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Abstract–The upper limb is represented by a

simplified link-segment model composed of

three rigid segments with ten degrees of free-

dom. To define appropriate coordinate sys-

tems, the upper limb is instrumented by six

markers. Using the motion data, the inverse

dynamic problem is solved and force and

moments generated in joints are found. Then

using a new approach in this area, fuzzy

logic,  total force is distributed between indi-

vidual muscles.

I.  I NTRODUCTION

Understanding the kinematics and kinetics

of upper limb movement requires motion data

along with a link-segment model. Body seg-

ments can be studied from two points of view.

Statically, where the body is at rest or moving

with uniform motion. Dynamically, which is a

study of segments moving with accelerated

motion. Dynamics is further subdivided into:

kinematics, a study without consideration of

the forces that produces it and kinetics, which

formulates the relationship between the forces

and the resulting motion. In many human

movement studies because of the lack of an

appropriate model, motion analysis has been

limited to two dimensions. Limited research

has been conducted with respect to the upper

limb motion analysis in three dimensional

space. In general, the accuracy of the results of

dynamic analysis [1][2] depends on the

number of degrees of freedom considered. 

This paper presents a model of the upper

limb in three dimensional space based on the

motion data recorded by three cameras (Fig. 1)

for dynamic analysis purpose. Ten degrees of

freedom for the upper limb, seven rotational

and three translational, are considered.

II.  M ETHODS

A. Kinematic Model
Motion data for the upper limb movements

were collected using the University of Mani-

toba Motion Analysis System (UM2AS) [3].  

UM2AS

Fig. 1. Diagram of the experimental setup.
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In UM2AS, markers are placed at defined

locations on the upper limb to describe the

link-segment model properly. A diagram of the

experimental setup is shown in Fig.1. The

direct linear transformation method is used to

reconstruct three dimensional data from two

dimensional images.

B. Ten Degrees of Freedom

The physical system of the upper limb is

represented by a simplified link-segment

model composed of three rigid segments as

shown in Fig. 2. The model has ten degrees of

freedom: three translational and three rota-

tional degrees of freedom for the arm, two

rotational degrees of freedom for the forearm

and two rotational degrees of freedom for the

hand. To find the trajectory of the arm rotation

axis and the Euler angles of the arm, forearm

and hand, the upper limb is instrumented with

six reflective markers. Markers are arranged in

such a way that the upper limb can move with-

out any constraint. 

To perform dynamic analysis of the upper

limb, the instantaneous position of the shoul-

X1

Y1

X3
X2

Z1

Y3Y2

Z3Z2

Fig 2.  Link-segment model consisting of three 
segments.

der joint, i.e., the center of rotation of the arm

segment is necessary. The center of rotation is

defined as the point of a moving segment

whose velocity is zero at that time [4].

Because, in experimental measurements, it is

nearly impossible to determine the velocity of

different points on a body in motion, the center

of rotation is usually approximated using two

consecutive frames within a short period of

time. There is a mathematical approach to cal-

culate the center of rotation in two dimensional

space [5]. 

This method does not work in three dimen-

sional space, because the rank of is two

where I is identity matrix and R is rotation

matrix. It means that there is no center of rota-

tion in three dimensional space for a segment.

In this research  a new approach to calculate

trajectory of rotation axis is introduced using

the screw axis [3].

C. Governing Equations

Kinematic equations are obtained using a

homogeneous coordinate system which is easy

to handle when the number of links increases

and kinetic equations are derived using both

Lagrangian and Newtonian methods. 

D. Force Distribution Problem

Intersegmental force and moment are the net

kinetic effect that adjoining body segments

have on each other. It is important to  note that

these forces and moments are conceptual

kinetic quantities that are not physically

present in any single anatomic joint. They are

determined mathematically, because they can-

not be easily be measured directly. Determin-

ing the intersegmental forces and moments

I R–[ ]
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based on kinematic data requires solution of

the inverse dynamic problem using either

Newtonian or Lagrangian equations. 

For specific purposes (in orthopaedics, reha-

bilitation, ergonomics, sports, etc.), it is neces-

sary to know the forces in individual muscles.

Partitioning of the intersegmental forces and

moments is generally called the force distribu-

tion problem. The number of unknown varia-

bles usually exceeds the number of equations.

Mathematically, this produced an indetermi-

nate problem that has no unique solution. The

difference between the number of unknown

variables and the number of equations repre-

sents the degree of redundancy. There are two

basic  approaches for solving this problem;

reduction method and optimization technique.

In the reduction method, to solve the inde-

terminate problem, the degree of redundancy

must be reduced to zero by either introducing

new equations or by decreasing the number of

unknown variables. Muscles with similar func-

tions or common anatomic insertions and ori-

entation can be grouped together, whereas

electromyogram signals can be used to elimi-

nate inactive muscles.

The optimization approach is based on the

assumptions that the load sharing between the

muscles is more or less unique during motor

activities, and that the neural control of the

muscle action is governed by certain physio-

logical criteria that guarantee efficient muscle

actions. The objective function to be optimized

corresponds to these physiological criteria.

Since the physiological criteria are presently

unknown, objective functions in the literature

have been chosen for their simplicity and com-

putational tractability.

Here a new technique using fuzzy logic has

been developed. For each muscle specific rules

based on the physiological facts are deter-

mined. Distribution of the force between mus-

cles is done based on these rules.

I II.   RESULTS

Some of the results from different parts of

the research has been published

[1][2][3][6][7][8][9]. For instance, three trans-

lational degrees of freedom calculated using a

new method introduced in this research is

shown in Fig. 3. The results for the force distri-

bution problem using a fuzzy logic is in prepa-

ration to be published.
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ABSTRACT
A feed forward neural network is used to control a voltage
source PWM inverter in a way that selected harmonics are
removed from its output and the magnitude of fundamental
is set at any desired level. Two cases are studied: neurons
with the usual nonlinear (sigmoid) transfer function, and
neurons with a piecewise linear characteristic. The latter
shows good results and more easily lends itself to hardware
implementation either by digital or analog networks.

INTRODUCTION
Voltage source inverters are widely used in motor drives,
uninterruptable power supplies and bidirectional AC-DC
converters. Many different types of voltage source invert-
ers with different configurations and control schemes have
been suggested. Among them the pulse width modulation
(PWM) inverter is most popular. Although several differ-
ent circuits are proposed to realize the PWM inverter, the
main operating principle is the same in most cases. The
inverter consists of switches which allow each line of AC
load to be one or the other end of the DC source. By suitable
selection of switching instants for all switches, the desired
output characteristics can be achieved.There are two major

approaches to find the best switching function: the time
domain approach [1-3] and the frequency domain ap-
proach [4-5]. In the next sections we will concentrate on
the frequency domain approach and will use a neural net-
work for its implementation.

AC Load

s1

s6

s3

s2

s5

s4

Fig. 1   Basic configuration of a three phase bridge

                                two level VSI

E

E

HARMONIC ELIMIN ATION
Low harmonic content of the output voltage and current is
always a major concern with voltage source inverters. For
a two level inverter, where the output phase voltage is al-
ways either +E or -E (Fig. 2), the r.m.s. value of the voltage

is always E2. Since the mean squared of this voltage is
equal to the sum of the mean squares of all harmonics, then
for a given amplitude of fundamental harmonic, the total
harmonic distortion is always the same, regardless of the
selected switching method. But the switching instants can
be adjusted such that the lower harmonics disappear (or
decrease substantially) at the expense of increase in higher
harmonics. Since loads are usually inductive, higher har-
monics can be filtered more easily by the load without need
of additional filters.

There are several methods to push the harmonics in a PWM
waveform to the higher frequencies, but the harmonic elim-
ination technique has the lowest number of switching ac-
tions.

The magnitude of harmonics for a PWM waveform with
odd and half wave symmetries, and n switching actions per
quarter cycle of fundamental, is obtained from the follow-

π/2 π

α1 α2 α3 α4 β1 β2 β3 β4

E

-E

ω t

Fig.2   The output phase voltage waveform

....

....

primary angles secondary angles

of a two level inverter



ing equations:

where E is half of the DC source voltage, hi is the magni-

tude of the ith harmonic andαj is the jth primary switching

angle.

To find theα’s needed for elimination of specific harmon-
ics, it is sufficient to set the corresponding h’s in the above
equations to zero and solve for theα’s. The value of h1
could be any desired value between zero and some limit
lower than1.25E (depending on the harmonics to be elim-
inated). For three phase inverters, usually the low order
nontriplen harmonics are eliminated. Triplen harmonics
do not appear in line voltages and currents in a three wire
system.

As the number of eliminated harmonics increases, the
waveform of output current improves, but since the num-
ber of chops also increases proportionately, the switching
losses will be higher. There are also restrictions on the
maximum frequency of switching devices. As a compro-

mise, we decided to eliminate all harmonics up to the 29th

in this study.

NEURAL NETWORK
During the operation of the inverter, the desired value of
h1 may change, so eq. (1) must be solved for new values

of h1. These equations are nonlinear and can be solved only

by iterative methods. This process is time consuming, may
diverge, and is therefore not suitable for on-line implemen-
tation. The conventional approach is to solve off-line for
several values of modulation index M (=h1/E), and store

solutions in a look-up table. Our new approach is to use a
feed-forward neural network which accepts modulation in-
dex as input, and outputs the primary switching angles

h1 8
E
π
---⋅ 

  1 2 α1cos– 2 α2cos

2 α3cos–

+

…2 α
n

cos

⋅=

h3 8
E
3π
------⋅ 

  1 2 3α1cos– 2 3α2cos

2 3α3…2 3α
n

coscos–

+⋅=

h
k

8
E
kπ
------⋅ 

  1 2 kα1cos– 2 kα2cos

2 kα3…2 kαncoscos–

+⋅=

.

.

.

(1)

(Fig. 3). The secondary switching angles(Fig.2) can easily
be produced from the primary ones.

The neural network used has one input neuron and n output
neurons (to produce n switching angles). Different num-
bers of hidden neurons were tested and it was found that
about n/2 hidden neurons are usually sufficient. The neu-
rons have sigmoid characteristics and bias. The training
set for the network was produced by off-line solving of
equations for more than one hundred values of M with 0.01
steps. The Newton-Raphson method was used to solve the
equations. To avoid jumping between different possible
solutions and to make sure of convergence, the values of
αi obtained for each M were used as the initial guess for

the next value of M. Using this method, the off-line solu-
tion of eq.(1) is easy and there is no need to use complicated
techniques like the Walsh function method, as suggested
by some authors [6].

For values of M greater than 1.16 we could not find any
solution for eq. (1), but this is not of practical importance,
because, for these values of M, the inverter must produce
such a narrow pulse that it is beyond the capabilities of
most switching devices. The whole system including the
neural network, the firing system, inverter and load was
simulated using PSCAD-EMTDC electromagnetic tran-
sient    simulation software. Figures 4 and 5 show the volt-
age and current waveforms and spectra for two arbitrary
values of M. The load has a power factor of 0.8 lagging.
As can be seen, the selected nontriplen harmonics are com-
pletely eliminated and the fundamental harmonic is at the
ordered level.

PIECEWISE-LINEAR NEURAL NETWORK
Hardware implementation of the neural network is not an
easy task. The commercially available neural network
chips and boards are expensive. Sequential processors can

AC Load

Firing System frequency

α1 α2 αn.  .  .  .  .

Neural Network M

Fig. 3   The overall structure of the inverter



be used to emulate the neural network, but since calcula-
tion of exponential function and division takes a lot of time
for each neuron, they are not fast enough. To solve this
problem, we replaced the sigmoid transfer function of neu-
rons with a piecewise-linear transfer function (Fig. 6).
When we use this characteristic for the neurons with the
same weights for the links as before, we obtainα’s not far
from the previous ones. But since the magnitude of har-
monics in the output voltage is very sensitive to changes
in α’s, we have unacceptably large harmonics in the output.
Fig. 7 shows a typical output voltage waveform and spec-
trum for this case. To solve this problem, we chose to train
the network containing the piecewise-linear characteristic
for neurons. Although in this case the objective function
is not differentiable at all points, it is still continuous and
therefore it is possible to find a global minimum. We used
the weights of the previous network (with nonlinear neu-
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Fig.4  Voltage and current waveforms and spectra

                                  for M=0.5

rons) as the starting point and chose back propagation as
the optimization technique. Since for modulation index M
greater than 1 the variations ofα’s with M is highly non-
linear, we limited M to 1. This way we could reduce the
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number of hidden units to 3 and get quite satisfactory re-
sults. Fig. 8 illustrates the voltage and current waveforms
and spectra for two different values of M. All harmonics
up to the 29th are cancelled and the load current has very
little ripple

CONCLUSIONS
A neural network can be successfully used to control a
voltage source inverter such that the fundamental compo-
nent of output voltage has the desired magnitude and se-
lected harmonics are eliminated. The fact that this control
is independent of frequency control, makes this inverter a
suitable tool for motor speed control and other variable
speed-variable frequency applications. The inverter has
low loss due to the low number of switching actions com-
pared to other techniques. Using piecewise-linear charac-
teristic for neurons makes it much easier to implement the
network in hardware. We are now implementing the net-
work using a digital signal processing board.
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Abstract - This paper presents a method for
solving power system transient stability problem
by multiprocessing computing. A new algorithm
based on system splitting, partitioning and W-
matrix techniques has been developed and
implemented in the High Speed Transient
Stability (HSTS) program. This program has
embedded parallelism and can be executed on
various platforms of parallel and distributed
processing hardware.

Keywords  - Transient stability, network
solution, system splitting, current compensation,
parallel processing, distributed processing, real-
time simulation.

I. Introduction

The emergence of parallel processing
architectures has opened new opportunities and
challenges for solving power system problems.
For obtaining the transient stability solution
using parallel processing hardware, suitable
algorithms must be developed if high speed is to
be achieved for large system size. Using these
new algorithms implies significant modifications
to existing programs [1,2]. In order to harness
the new technology yet maintaining the
strengths of existing solution methods, a
multiprocessing network solution algorithm is
proposed, which adapts the conventional library
of dynamic models for execution on parallel or
distributed processing hardware.

For transient stability problem the behavior
of power system is typically described by two
sets of equations :

  X' = f( X,V) (1)
V * Y = I ( X,V) (2)

where V is a vector of bus voltages, I is a
vector of current injections, Y is a matrix of
system admittances, and X is a vector of state
variables.  The first is a set of differential
equations describing system dynamics and the

second is a set algebraic equation describing
network connectivity. Usually the sets of
differential equations (1) is solved first using an
integration method and iterated with the solution
of network equations (2) at every time-step.

There are no obvious parallelisms inherent
in the mathematical structure of the conventional
formulation of a transient stability problem. For
this problem, a parallel (or near-parallel)
formulation must be found that is amenable to
multiprocessing implementations on parallel or
distributed processing hardware. The
computational efficiency of such an
implementation is dependent on the suitability of
the multiprocessing algorithm to the parallel
architecture and the communication network.

There are available various single processor
software packages which perform the traditional
stability program solution at, or near, real-time
speeds for mid-size power systems [6]. High
computational efficiency is usually hard to
achieve for large systems because admittance
matrices are large and the repetitive solution of
network equations (1 & 2 ) takes too much time.
High performance computers are available now
but the structure of a conventional stability
programs can not be easily adapted to utilise the
full power of this new technology. Even if such
systems can deliver high performance
computing, they usually require specialised
software and hardware components, which
increase system costs.

Recently, the prospect of building a
supercomputer out of PCs is quickly emerging
and is becoming a realistic alternative for high
performance computing at low cost. The biggest
challenge in synthesising clusters of commodity
computers to work in parallel is to implement
high performance communication and co-
ordinated scheduling among distributed
processors, each running independent operating
system kernels.



System Admittance Matrix Y

Y1, Y2, Y3 - subsystem admittance matrices
B1, B2, B3 - boarder matrices
Y0 - interface (tearing bus) matrix

Figure 1. System Splitting by Bus Tearing.
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II. Multiprocessing Solution Method

The main objective of this project was to
develop an algorithm for solving the power
system transient stability problem on the
existing hardware of a parallel processing
computer such as the Real Time Digital
Simulator (RTDS), with extensibility to other
multiprocessing computers (multicomputers)
and Distributed Processing Systems (DPS's).
Various methods were considered and examined
on several candidate platforms. Those methods
included the Gauss-Seidel (GS) and Bergeron
(BM) [7,8] iterative algorithms as well as
various sparse matrix techniques for the direct
solution of network equations.

Although iterative methods are potentially
suited for parallel processing, they were
abandoned in this project, due to their poor
convergence characteristics for large power
system sizes, in favour of direct methods. In this
paper a suitable multiprocessing method for
high-speed transient stability solution base on
sparse matrix techniques [3,4,5] is presented.
This new algorithm combines several techniques
useful for parallel processing applications,
which includes the following methods :
• LDU-decomposition and LDU-inverse for

processing sparse matrices
• W-matrix method for solving network

equations
• Node re-ordering scheme to minimise the

number of fill-ins in the W-matrices
• Bus Tearing method for splitting large

network into smaller subsystems
• Partitioning scheme for solving one

subsystem on many parallel processors.
• Current Compensation method for handling

the admittance changes

System splitting divides the whole power
system into smaller subsystems so that the
system admittance matrix Y consists of diagonal
subsystem matrices, an interface matrix, and a
border matrices as shown in Figure 1.

Node ordering and the LDU factorisation are
applied to each subsystem matrix Yi to maximise
sparsity. Each subsystem is then assigned for
solving on one single or molti-processor
computer. If computers consist more then one

processor (such as the RTDS racks) the
partitioning is also applied. Load balancing
partitioning scheme is developed for this
purpose which takes into account uneven
distribution of matrix sparsity and assigns
different number of row and columns of the
factor matrices so that the work-load for each
participating processors is approximately
balanced.

In order to avoid matrix re-inversion when
system admittance change take place a Current
Compensation method is applied which
computes equivalent current injections to system
buses using only the initialal LDU inverse factor
matrices.

The system splitting by the Bus Tearing
method is not only an effective method for
partitioning the problem for multiprocessing but
it can also produce significant savings even on
single-processor computers. It was found that
the system splitting by fragmenting the large
admittance matrix into a few smaller matrices
improves the overall sparsity of the inverse
matrix and thus reducing the solution time as
presented in Table 1 below.

The system splitting produces an
approximately even-sized subsystem groups and
one additional group consisting the tearing or



interface buses connecting the subsystems. The
size of this subsystem depends on system
topology and generally increases as the number
of subsystem grows.

Table 1: 6-second simulation run on
Sun workstation

Number of
Subsystems

Execution Time
[ sec]

1 76.3
2 50.8
3 55.0
4 54.3
5 52.1
6 68.9

However, beyond a certain number of
subsystems the gains from improved sparsity
can be overwhelmed because of the additional
computation associated with solving a split
subsystem which is proportional to the number
of interface buses. In the case presented above
this number happened to be 6.

III. HSTS Program

The multiprocessing algorithm has been
developed and incorporated in a stand-alone
version of the High Speed Transient Stability
(HSTS) program written in the 'C' computer
language. The HSTS program is fully scalable
and can be easily reconfigured for any number
of computers (or RTDS racks) and any number
of parallel processors on multicomputers. The
Message Passing Interface (MPI) based
communication is built in as an integral part of
the program and is used not only for the
distributed processing but also for the interface
to other programs such the PSCAD/EMTDC
electromagnetic transient simulation program.

The proposed multiprocessing algorithm for
solving transient stability problem deals with
computational and communication efficiency
problems very effectively. In addition to the
conventional LDU methods for processing large
and very sparse admittance matrices other
techniques are applied which allow solving the
problem on many processors operating in
parallel. System splitting, partitioning, and load
balancing schemes are combined together to
maximise the use of computational power of a

multiprocessor hardware. At the same time data
exchange between processors is minimised to
reduce the communication latency.

The network solution applied in the
HSTS program has been tested on a selected
505-bus test system against the conventional,
commercially available, stability programs such
as BPA, PSS/E, and PSDS. Test results on
workstations match very closely with the steady-
state and post-faults curves obtained using other
stability programs. The computational speed was
comparable with the BPA program, and
promises significant gains in the multi-processor
environments.

IV. Implementations

For the parallel processing implementations
of the HSTS program, two multiprocessor
environments are considered : the parallel-
processing based RTDS and  a Distributed
Processing System (DPS) of a local area
network (LAN). Those implementations require
specific changes in the original HSTS program
for the specific hardware architectures. The
routines for compiling, downloading,
initialization, communication and running the
program in a multiprocessor environment are
included for both applications.

In order to perform transient stability
solution on the RTDS hardware for system size
up to 10,000 buses, it is necessary to utilise
many racks (each consisting of 36 NEC
processors) operating in parallel. Due to
limitations of the RTDS communication
architecture, however, a subsystem not larger
then 500 buses can be processed on one rack.

The network solution part of the HSTS
program was implemented on one rack of the
RTDS parallel processing hardware. Solving the
505-bus test system by a various number of
processors was considered. Results have shown
significant speed improvements when the
number of processors increased from 1 to 15 as
shown in Figure 2. Beyond that number, the
granularity of the problem slowed down any
further speed gains.

Further work is aimed at implementation of
the High Speed Transient Stability program on
Distributed Processing System (DPS) of a PC-



based computer network. This is a
straightforward task because the HSTS program
has been written in C language considering
parallelism and the Message Passing Interface
(MPI) routines for communications between
computers are included in the program.
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Figure 2. One Time-step Execution Time for
  Various Number of RTDS Processors

The DPS implementation of the HSTS
program is based on the Single-Instruction-
Multiple-Data (SIMD) paradigm. This means
that the same program with embedded
parallelism is executed on several processors
which are using parts of a partitioned data.

The execution and communication times are
evaluated for different distributed network
configurations. Gains are observed even when
no high performance communication is applied.

III. Conclusions

For solving the power system transient
stability problem a method suitable for parallel
and distributed processing has been proposed.
The computational efficiency of the proposed
multiprocessing algorithm is dependent on the
parallel architecture and the communication
network of a given implementation.

It has been shown that, even with high
communication latency, significant speed
improvements can be achieved when the
multiprocessing solution is applied for solving
the transient stability problem. With the use of
high performance computers or special

communication hardware, computation speeds
approaching real-time.
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Abstarct--This paper presents three projects which
represent work in progress.  First, a Computerized
Adaptive Tutor (CAT) using a novel domain knowledge
representation model is discussed.  Second, the abstraction
to Web documents is proposed using a self-supervised
backpropagation network which is trained on alpha-
numeric characters.  Finally, a data visualization scheme
using a spirally weighted grid layout for Web documents.

I.  CAT PROJECT

The Computerized Adaptive Tutor (CAT) also called an
Intelligent Tutoring System (ITS) includes the following
computer-resident knowledge attributes: (i) knowledge
of the domain (expert model), (ii) knowledge of the
student (student model), (iii) knowledge of teaching
strategies, and (iv) ability to diagnose errors and to tailor
remediation based on diagnosis.  For more information
on ITS and its precursors, refer to [1], [2], and [3].

The term CAT is preferred to ITS because ITS implies
that the system is intelligent.  In contrast, CAT replaces
the wordintelligence with adaptive which implies that
the system can adapt to the client.  The term CAT also
replaces the wordsystem with tutor since the CAT
resembles a human tutor rather than a conventional
Computer Assisted Instruction system.

A.  Model

The high level block diagram of the CAT is shown in Fig.
1.  The student is given some textual material to read and
may choose to consult other sources of information
through the Web.  The CAT is composed of five main
components.

First, the Student Evaluator module conducts an
interactive questionnaire which determines the profile of
the student.  Some of the main preferences which it
evaluates are the goal, time commitment, level of
dedication, level of knowledge desired, thinking style,
learning aptitude, relevant background, and
comprehension skills of the student.  Based on the
student profile, the CAT suggests a study plan to achieve
the desired student goals and knowledge level within the
specified time frame.

Second, theKnowledge Representation module has two
components: (i) it represents the domain knowledge
which the CAT relies on to teach and (ii) it represents
the student’s comprehension of the material.  This
module is discussed further in the next subsection.

Third, the Instructional Expert module contains the
different teaching strategies which can be used to
convey concepts and ideas.  It also determines what
material to include, when to cover it and in which
sequence it is presented.  This module also tracks the
student’s progress and misconceptions through the use
of questions and by referring to the student knowledge
representation module.  It is also responsible for the
appropriate type of remedial action to perform.

Fourth, theTeaching Tools module has access to self-
enhancement techniques to help improve the student’s
learning capabilities.  These include effective time
management, speed reading, enhanced memory, and
effective habit building techniques.  These techniques
are accessed by the Instructional Expert module when it
is considered appropriate since not all students will
want to spend time improving or developing good

Fig. 1.  Block diagram for the interaction between the student and the
CAT.
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learning techniques.

Finally, the Mobile Agent module gives the CAT the
ability to become a dynamic system.  A stand-alone
CAT operates as a personal agent for an individual
student.  Thus, it does not teach other students nor does
it acquire additional domain knowledge teaching
experience from other students and other similar tutors.
A Mobile CAT (MCAT) operates as a roaming agent.  It
teaches more than one student, and gains relevant
teaching feedback from the entire group.  It also has the
capability to increase its domain knowledge and even to
collaborate with other MCATs, thus gaining even more
diversified experience and knowledge.

A typical session between the CAT and student is shown
in Fig. 2.  The first time the student and CAT interact,
they define their goals and roles.  The interaction takes
place via a conversational style questionnaire.  At the
end of the first meeting, they agree upon the goals of the
student, in what time frame these will be accomplished,
and a meeting schedule.  The student is also requested to
read the assigned material.  On the second meeting, the
CAT reviews what was in the textual material.  The CAT
then tests the student’s level of comprehension using
various styles of questions (fill in the blank, true/false,
and multiple choice).  After each question, the student’s
answer is compared with the correct answer.  If it is
correct, then a slightly harder question is asked based
upon the same idea.  If the answer is wrong then the
correct answer is identified and explained.  The CAT
may perform further actions to undo previous
misconceptions or lack of knowledge.  The student’s
knowledge model is updated and the next concept is
addressed.  The amount of time spent and the amount of
detail covered on each topic adapts to the developing
profile of the student.  The student is then assigned the
next material to read.  This process continues until all
the topics necessary to accomplish the goal of the
student are completed.

B.  Knowledge Representation Model

The purpose of the knowledge representation model is to
(i) store the domain information and (ii) assist in
tracking the gradual comprehension of the domain
knowledge by a novice learner through iterative cycles.
This model has two main components: (i) the domain
expert component which represents the knowledge that
the CAT employs and (ii) the student comprehension
component which represents the information that the
student has obtained thus far.  Before discussing these
components, we digress for a moment to briefly explain
the concept of a knowledge molecule.

1) Knowledge Molecule

The brief discussion in this section introduces a method
for systematic knowledge representation based on
organic chemistry.  Structural formulas in organic
chemistry are routinely used to represent organic
matter.  This structural theory is based upon millions of
facts about individual compounds which have been
brought together and arranged in a systematic way.
Similarly, it is conceivable that one can create structural
formulas to represent domain knowledge content.
These formulas are to be determined after the domain
knowledge is analyzed in order to identify the
interrelationship between the individual concepts.

The concept of a knowledge molecul e is a structural
arrangement of knowledge elements or atoms which are
primitive ideas that can not be broken down into simpler
ideas.  Furthermore, a topic is a collection of molecules
with more or less uniform themes.  Thus, a knowledge
molecule is a very small unit of a topic.  In order to
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represent specific domain knowledge content, a
compound topic or domain tissue is identified which is
made up of two or more topics.

2)  Domain Expert Component

There are three steps to model the domain knowledge.
First, identify the knowledge elements (i.e. the simplest
set of ideas) using automatic textual analysis techniques
[4].  Second, combine the elements to form knowledge
molecules (i.e. building blocks for a topic).  Finally, we
use the knowledge molecules to create compound topics
(i.e. the domain knowledge of the particular subject
area).

3)  Student Comprehension Component

The Instructional Expert component uses the above
molecular structure as a blueprint to determine what
action to take in order to best duplicate the knowledge
for the student comprehension model.  Questions are
used to determine which elements have been
understood.  The instructional expert can then compare
its original blueprint with the dynamic student
knowledge tissue to see which molecules are missing,
which are lacking details or proper atomic structure, and
which should not be present.

The CAT continues to enhance the comprehension of the
student until the knowledge molecule structure of the
student is comparable to the original structure.

C.  Implementation

The proposed model of the CAT is being developed to
tutor novice financial investors using JAVA.  The
domain knowledge for the CAT is based on the
Canadian Securities Course (CSC) textbooks [5] which
are produced by the Canadian Securities Institute (the
National Educational Organization of the Canadian
Securities Industry).

II.  DATA ABSTRACTION PROJECT

The Personal Adaptive Web (PAW) agent [6] is a
software program which monitors its user and learns the
category of web documents that the user is interested in.
The learning is accomplished by training the agent using
competitive learning.  One difficulty which arises in
training the PAW agent is that it is time consuming to
collect a sufficient number of web documents to train the
network on.

A possible solution is to pre-train a neural network to
cluster data into several categorizes using a well defined
data set.  If the chosen data set has statistics which are
similar to that of the desired web space of documents
then the trained neural network will be able to
categorizes the web documents properly.

A.  Model

A self-supervised backpropagation network is shown in
Fig. 3.  The input pattern and the output pattern are
exactly the same.  The network architecture develops a
compact representation in a self-organized manner for
the input data.  Basically, the network architecture
computes the principal components of the input data.
For more information on neural networks, the reader is
referred to [7].

B.  Implementation

The proposed data set is the alpha-numeric characters.
The data set will include characters from different fonts
with the addition of gaussian noise (i.e. flip each pixel in
the character with N% probability) or non-gaussian
noise (i.e. flip each pixel and each adjacent pixel in the
character by N1% and N2% probability respectively).

The self-supervised backpropagation network is
simulated using NeuroSolution and the image
processing is done in MATLAB’s image processing
toolbox.

Fig. 3.  Self-supervised backpropagation neural network.
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III.  DATA VISUALIZ ATION PROJECT

The PAW agent [6] uses automatic text analysis
techniques to generate binary vectors to represent Web
documents.  Each component in the vector is given the
same weight.  Using this approach, vector components
that are more significant are treated the same as lesser
significant components.  This approach was used
because of the requirements of the competitive learning
algorithm that was implemented.

A.  Model

It is proposed that terms with greater importance are
given larger weights than terms with lesser importance.
One possible solution is to place the components of the
vector on a nxn grid starting from the center and spiral
them outwards.  The component in the center of the grid
has the largest weight and subsequent spiralling
components have weights which are increasingly
smaller.

Each document is now represented by a nxn grid which
can be visualized.  As well, a new distance metric which
uses the grid layout is in development which will
categorize the Web documents using the self-supervised
back-propagation architecture discussed in section 2.1.
A further advantage of placing the document vectors in
a spiral format on a grid is that different fields of
computation can be performed depending on the time
constraint.

If a quick comparison of documents is required then
only the center pixel and its immediate neighbors are
compared.  On the other hand, if a thorough comparison
is required then the complete grid is used.

B.  Implementation

The proposed new algorithm is currently being
developed in MATLAB’s neural network toolbox.

IV.  CONCLUSION

The paper presents three projects which represent work
in progress.  First, the CAT is being developed in JAVA
to tutor novice financial investors using a novel
knowledge representation model.  Second, a technique
for Web document abstraction from a trained self-
supervised backpropagation ANN using alpha-numeric
characters is presented.  Finally, a data visualization
technique using a spirally weighted grid layout is
presented for Web documents.
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Abstract - We summarize our current research
on the applications of computational intelligence in
asynchronous transfer mode networks. Our goal is to
improve network performance (call blocking, utiliza-
tion) through “intelligent” call admission control.
We discuss the need for a methodology of applying
computational intelligence in this environment.

I. INTRODUCTION

Asynchronous transfer mode (ATM) is a key para-
digm in the delivery of broadband integrated services
digital networks (B-ISDN) [1,11]. Aside from high-per-
formance switching, ATM’s most important feature is its
ability to guarantee quality of service (QoS) for all con-
nections. Maintaining QoS guarantees is critical if a net-
work is to successfully carry the demanding traffic of
future multimedia applications.

Since ATM is a cell-switching protocol, a path
through the network is determined at call set-up. Atraf-
fic contract, including the QoS and other parameters, is
established between the source and the network. The
elements of the traffic contract are used by routing and
call admission control (CAC) algorithms in an attempt
to prevent or manage congestion in the network. During
transmission, a source is expected to adhere to its traffic
contract commitments. The network has the authority to
invokepolicing mechanisms which may drop non-com-
pliant cells.

In general, our research concerns the roles that
computational intelligence (CI) techniques can play in
improving ATM performance (call blocking, network
utilization) over conventional versions of the algorithms
mentioned above. The main goal is to develop a meth-
odology for applying CI in ATM environments that pro-
duces near-optimal results.

The remainder of this paper is organized as follows:
Section II presents the traffic models describing the var-

iable bit rate (VBR) sources used throughout the simula-
tions. Section III introduces the relationships of the
three main categories of CI techniques. ATM CAC is
discussed in Section IV. Finally, the simulation environ-
ment is presented in Section V.

II. VBR TRAFFIC MODELS

ON/OFF models are popular choices for modelling
VBR sources in ATM networks. We follow this conven-
tion and implement three categories as summarized in
Table I below. ON/OFF sources have two states; corre-
sponding to their idle and active periods (see Fig. 1.
below).

Fig. 1. ON/OFF model.

The state duration probability and cell generation
rate during active periods define the source type.
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The functions listed in second column of the table
are the probability density functions for exponential and
Pareto random distributions. The function listed in the
table’s third column is the probability mass function for
the Poisson random distribution.

 Markov modulated fluid processes (MMFP) have
exponentially distributed state durations and generate
traffic at a constant rate (PCR) when active. Markov
modulated Poisson processes (MMPP) also follow
exponential distributions for their state durations. How-
ever, when active, the MMPP’s cell generation rate is
specified by a Poisson distribution.

Recent work [10,16] has shown ethernet traffic to
have the self-similar property of burstiness over many
time scales. Such self-similar traffic is typically mod-
elled by the superposition of multiple heavy tailed ON/
OFF sources. When active, these sources generate cells
at a constant rate. The phrase “heavy tailed” refers to the
shape of the probability distribution function specifying
the source’s state durations. Here, we use a Pareto distri-
bution with infinite variance.

III . COMPUTATIONAL INTELLIGENCE

The phrase “computational intelligence”, refers to
adaptive numerical algorithms for solving traditionally
“hard” problems, such as pattern recognition and opti-
mization of complex systems. There are three comple-
mentary classes of CI algorithms [12]: artificial neural
networks (ANN), fuzzy systems, and evolutionary
(genetic) algorithms. The relationships between these
algorithms are summarized in Fig. 2 below.

Fig. 2. Relationships of the CI techniques.

This figure illustrates that neural networks and
fuzzy systems may closely interact. Neural network data
processing and learning capabilities can be used to facil-
itate learning in fuzzy systems. Conversely, fuzzy sys-
tems may be used to embed structured knowledge
within neural networks at initialization.

Though genetic algorithms are somewhat separated
from the other two, they can effectively perform the role
of a trainer for both neural networks and fuzzy systems
to help them be optimized. Since we are interested in
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robust solutions, it is anticipated that evolutionary sys-
tems combining these techniques will be appropriate for
application in an ATM environment [13-15].

There is much research [2,3,4,8,9,14,15] being
devoted to using CI for improving ATM performance
(throughput, utilization and call blocking) via advancing
policing mechanisms, CAC, and routing algorithms.
Typical research papers quote that by using some rela-
tively simple ANN or fuzzy controller for adaptive deci-
sion making inside the ATM switch, they realize
approximately a ten percent improvement in throughput
over conventional techniques.

Since it is not yet a matured research field, the stud-
ies of CI applications in data networks still do not
include detailed in-depth reports on methodologies.
Though much of this research is insightful and has
merit, none of it lays down a clear and well documented
methodology, with well set up experiments and sensitiv-
ity analysis, to indicate how much of the performance
improvement promise may be realized.

IV. ATM CALL ADMISSION CONTROL

A good CAC function is critical for avoiding con-
gestion in the network. The CAC function should be
fair; accepting all calls deemed to be serviceable. How-
ever, there still exists the potential for increased call
blocking because admitting one very large call may pre-
vent the admission of many small transmissions. Unfor-
tunately, such a scenario would require dividing users
into classes based on bandwidth usage and allocating
virtual paths in the network.

Fig. 3 below illustrates the modelling of statistical
multiplexing of traffic from multiple sources onto a sin-
gle output port in an ATM switch. This is the environ-
ment that we simulate for analyzing our CAC
algorithms. The source traffic is simulated using the
models described in Section II.

Fig. 3. Modelling traffic from multiple sources onto a
common output port.

Conventional ATM CAC algorithms range from
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but wastes bandwidth), to those based on the concept of
effective bandwidth (EB) [5,6,7].

EB is appealing because it is intuitive to think that a
VBR source should have some effective required band-
width (less than its peak rate) at which its QoS require-
ments are still met. If so, an EB based CAC algorithm
would simply compare the sum of EBs to the channel
capacity. However, it is only computationally practical
to approximate the EB. Furthermore, the equations are
available for only specific (Markovian) families of VBR
source models. Our simulations show that these conven-
tional EB algorithms can still leave the links under-uti-
lized.

In considering the conventional CAC algorithms,
we note that they are quite dependent on accurate
assumptions of source models and the ability of sources
to declare their characteristics. CI based techniques
offer the potential to overcome these dependencies by
using expert knowledge and automated extraction of
source characteristics.

Furthermore, the conventional techniques do not
necessarily include simultaneous consideration of multi-
ple QOS parameters or provide soft control decisions.
Here, CI based techniques include such possibilities.
Finally, the conventional techniques exhibit little adapt-
ability. CI based techniques may easily be constructed to
be adaptive. Accordingly, several measurement based
CAC algorithms using CI techniques have been pro-
posed [2,3,4,9,14].

Chang and Cheng [3,4] describe a system using
fuzzy logic controllers in ATM for CAC and transmis-
sion rate management. The impetus for this approach is
the difficulty for a network to obtain complete statistics
of its input traffic, together with the somewhat unclear
choices of parameters (under dynamic conditions) in
conventional techniques. These factors lead to decision
processes full of uncertainty. The proposed system
accepts or rejects new calls based upon fuzzy rules
involving the current buffer state, change in buffer state,
a description of how well the existing QOS guarantees
are being, together with estimates of the capacities
required by the call and available in the network.

V. SIMUL ATION ENVIRONMENT

As stated previously, the main goal of this thesis is
the development of a methodology for applying CI
based algorithms in ATM environments. The techniques
developed using this methodology should outperform
existing approaches; both conventional and CI based.
Ideally, the use of this methodology should lead to solu-
tions that provide tight upper bounds on the exact band-
width requirements over the whole range of traffic
scenarios. The research experimentation and the simula-

tion environment must support the development of a
methodology for either directly or indirectly establish-
ing tight upper bounds for these curves. The perform-
ance improvements of the resulting algorithms can then
be directly measured, in terms of increased link utiliza-
tion and/or decreased call blocking probability, versus
the existing algorithms as well as the exact empirical
values.

To date, the model in Fig. 3 has been coded and is
being tested. A functional model of this simulation envi-
ronment is shown in Fig. 4 below. The results of ongo-
ing simulations, implementing MMFP and MMPP
sources, and conventional EB based CAC algorithms,
will be used as baseline performance measures. Heavy-
tailed ON/OFF models, used to generate self-similar
traffic such as ethernet and VBR video sources, are also
available for simulation.

Fig. 4. CAC simulation environment.

Comparative performance analyses versus other
algorithms shall be provided throughout the experi-
ments. To develop a methodology for the application of
the CI based algorithms, the model will be expanded
again to include a monitoring/training process depicted
in figure using dashed lines. This hybrid system will be
rigorously examined, have its performance evaluated
and sensitivity analyzed.

In their implementation, the simulation models
must consider the following:

• choice of models for the sources
• traffic contract parameters
• buffer capacities
• output link capacity
• choice of CAC algorithm and its associated

parametric requirements
Meanwhile, the simulations must keep track of the fol-
lowing:
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• cell throughput
• link utilization
• number of ongoing calls
• number of calls serviced
• number (ratio) of blocked calls
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Our baseline simulations of conventional EB based
CAC algorithms (on Markovian traffic sources) indicate
many instances where the output link utilization ranges
from 30% to 70%. Clearly, under these circumstances
there is room for improvement in the utilization, and it
suggests that adaptive measurement based techniques
may potentially achieve better performance.

VI . CONCLUDING REMARKS

Literature reviews have been undertaken to exam-
ine: (i) conventional ATM CAC techniques (concentrat-
ing on effective bandwidths), and (ii) the applications of
CI techniques in ATM networks (concentrating on
applications in CAC algorithms and routing). These
reviews, together with our baseline simulations of con-
ventional EB based CAC algorithms, indicate that the
CI techniques do have the potential to improve ATM
performance with respect to link utilization and call
blocking.

However, the lack of a proper methodology for
applying CI to ATM networks is also evident. We pro-
pose to establish such a methodology, supported by well
documented, well set-up experiments and thorough
comparative performance analyses, to fully realize any
potential improvements in ATM network performance.

The algorithms being developed are adaptive and
measurement based. They will provide robust perform-
ance in the face of non-stationary traffic and will not be
dependant on source model assumptions.

Though not mentioned in this report, we are also
interested in the use of CI based strategies to calculate
link metrics in ATM network. This approach shows
promise for producing improved routing algorithms.
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Abstarct--This paper presents a personal proxy cache at
the proxy server where objects are pre-fetched from the
Internet to provide faster downloading for bandwidth
limited users. The personal caching agent determines the
objects to be pre-fetched. It increases the probability of
getting the desired object at the personal proxy cache thus
fewer objects are downloaded directly from the Internet.

I.  INTRODUCTION

The Internet is becoming increasingly popular at home,
work, school and all other institutions. At home, users
have bandwidth constraints which delay the retrieval of
information. The goal is to bring the source objects
closer to the user so that less time is needed to download
the data at the bandwidth bottleneck.

Caching on local browsers helps to reduce the delays for
reloading recently accessed objects. The retrieval time
could be further reduced by pre-fetching (push-caching)
[1] the objects that are not requested by the user but are
likely to be requested in the future. Since the user at
home have bandwidth constraint channel, pre-fetching
the objects at home computer will not be effective. Pre-
fetching could be effective by providing a personal cache
for the user at the proxy server. The objects are pre-
fetched to the personal proxy cache using large
bandwidth channel between proxy server and the source
website.

Personal proxy cache agent could be used to determine
the objects to be pre-fetched for the user. The agent
monitors the history of the user and determines the
desired objects. The personal proxy caching increases
the chances of getting the object from the pre-fetched
objects.

The following section discusses the personal proxy
cache, section III discusses the prototype
implementation and finally the conclusion.

II.  PERSONAL PROXY CACHE

Most home users suffer from communication delays. The
cost of disk space and computation time is significantly
less than the cost of communication. Personal proxy
cache provides extra user cache on the proxy server. The

local web browser cache is quite beneficial for users but
they still suffer from communication delays. The
Internet download time through a modem is very long
when compared to the download time of the same
object from a proxy server.

Figure 1 shows that there is a greater bandwidth channel
between the proxy server and the Internet than between
the home user client and the proxy server. Thus, while
an object is downloaded for a user from the proxy server
during the same time several other objects can be pre-
fetched from the Internet to the proxy server. These pre-
fetched objects will accelerate the downloading
process.

A.  Hierarchy

A hierarchy of caches improves the system’s
performance [2]. The personal proxy cache adds an
additional layer in the hierarchy. Figure 2 shows the
hierarchy of caches in the prototype implementation of
personal proxy cache. The first layer is the local
browser cache, second is the personal proxy cache and
third is the proxy server cache. The inefficient addition
of more layers in the hierarchy of caches may increase
the document retrieval time [3]. When the proxy server

Fig. 1.  Pre-fetching to Personal Proxy Cache
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cache is full and an object is replaced then usual least
recently used (LRU) algorithms give poor performance
[4]. Since the likelihood of finding the objects in the
personal proxy cache is greater than finding the objects
in the proxy server cache, the addition of an extra layer
in the hierarchy reduces the objects downloading time.

B.  Personal Caching Agent

A Personal caching agent determines the objects to be
pre-fetched. The user browsing history helps to
determine possible candidates. Furthermore, simple
heuristic rules may also help in determining the possible
candidates. For instance, if the user visits a particular
newspaper or entertainment site everyday, then it may
be required to pre-fetch the objects to the personal proxy
cache. As well, if the user visits a list of links then it is
better to pre-fetch the other objects in the list while the
first object is being downloaded [5].

III.  IMPLEMENTATION

The prototype for the personal proxy cache is
implemented for the Microelectronics and Software
System’ s Lab. The personal proxy cache is implemented

Fig. 2.  Hierarchy for Personal Proxy Cache

Client Client

Proxy Server Cache

Internet

Layer 1

Layer 3

Layer 2

Proxy Server

Local Cache Local Cache

Personal
Proxy Cache

Personal
Proxy Cache

in the /usr/local/tmp directory for users on the Sun
Solaris 2.5 operating system. The users can utilize the
free disk space (/usr/local/tmp) for their pre-fetching and
thus download the documents at a faster rate. Squid ver.
1.1.21 is used as the proxy server and wget ver. 1.5.0 is
used to pre-fetch the objects from the Internet. The
objects referenced by the links in the current document
are downloaded to the personal proxy cache.

A.  Algorithm

A simple algorithm is proposed to pre-fetch the objects.
The algorithm is easy to implement and does not require
large over-head.

1. Retrieve the visited link from the log file of the user

2. Pre-fetch the other objects referenced by the links
in the current object

3. IF the user visits some other link THEN terminate
the pre-fetching process

The pre-fetching is proportional to the time spent at the
website by the user.

B.  User Request Path

When a user makes a request, the object is first searched
in the local browser cache. If the document is not found
then the request is given to the proxy server. The Proxy
Server checks the documents in the personal proxy
cache for the user. If the document is available in the
personal proxy cache then it is given to the user. If the
document is not located in the personal proxy cache, it
is searched in the proxy server cache and if it is not
available there then the object is retrieved from the
Internet.

When the object is retrieved from the Internet, then a
copy of the object is stored in the proxy server cache and
another copy is stored in the personal proxy cache.

IV.  CONCLUSION

Objects are pre-fetched to the personal proxy cache to
get faster downloading. Since the personal caching
agent is used, the probability of finding the objects at the
proxy server is greater and fewer objects are
downloaded from the Internet.
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Abstract - This is a digest of the work and research
completed thus far in developing a progressive image
transmission scheme.  Efficient and quick communi-
cation of perceptually important image information
is desired resulting in this research with wavelet and
fractal techniques for the identification and extrac-
tion of perceptually important features.  This is done
with the final goal of interactive control over the pan-
ning, zooming, and termination of the image recon-
struction with minimal recomputation at progressive
steps.

I. INTRODUCTION

TRANSMISSION and manipulation of large images,
such as satellite or aerial images of natural

resources and city streets, proves to be a time and
resource consuming task.  Images, such as that in Fig. 1,
are often used by city planners, telephone companies,

hydro companies, and natural resource institutions and
usually require high accuracy and resolution for project
planning.  Uses for these high resolution images include
tasks such as deciding where to place new sewer pipe-
lines and telecommunication lines, or analyzing images
of farm land to determine the best application pattern for
pesticides, herbicides, and nutrient supplements.  Other
applications for high resolution images include astron-
omy image warehousing, medical image database distri-
bution, and photographic cartography.

Unfortunately, images of the required resolution
often exceed 25 megabytes.  The sheer size and high res-
olution required makes storage, transmission, and
manipulation of the images prohibitive.  To compound
these problems there may be hundreds or thousands of
these images in a remote database.  This makes search-
ing through a remote database and zooming on regions
of interest in an image even more difficult.

We therefore investigate and develop new progres-
sive image transmission techniques for distributing such
images efficiently and effectively.  Through the proper
extraction, ordering, andcontrol of the flow of transmit-
ted data, image compression and transmission can be
improved upon to suit a larger class of image distribu-
tion problems than current progressive image transmis-
sion techniques can efficiently handle.  First of all,
image compression by itself can reduce the amount of
data that must be transmitted from source to destination.
If image compression is done such that increasing levels
of perceptually important details are transmitted then
this improves the early recognition of important features
in the image before all of the image is transmitted.  If the
user notices that the image is not desired then transmis-
sion is terminated prematurely and the user can move on
to another image.  This extra control over the transmis-
sion is useful in helping reduce total transmission time.
Another important feature is the ability to zoom interac-
tively in and out of different regions of an image or pan
around in a zoomed image.  If zooming and panning is
done in a smart way, the data stream can be changed

PROGRESSIVE IMAGE TRANSMISSION USING

WAVELET AND OTHER FRACTAL TECHNIQUES

Richard Dansereau
eMail:  richard.dansereau@pobox.com

Department of Electrical and Computer Engineering, Signal and Data Compression Laboratory,
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Fig. 1 Aerial ortho image of urban area
(courtesy of Linnet Geomatics, Inc.).
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dynamically to send only the image information
required for the area of the image being viewed.  This
does require a smarter transmitter/receiver configuration
but the extra flexibility is indispensable for some of the
listed applications.  This whole scheme can be classified
as anadaptive progressive image transmission model.

The remainder of this paper presents the important
aspects of research and work done so far for achieving
this adaptive progressive image transmission scheme.
Section II outlines some of the work done with wavelets
in developing progressive image transmission.
Section III outlines a new technique developed for the
representation of image textures through fractal surface
interpolation.  Section IV outlines the begins of a quan-
titative measure of image quality based on the fractal
complexity.  Section V outlines some of the initial work
done with image denoising to improve the compressibil-
ity of images which will reduce transmission time.  And
finally, Section VI briefly describes the client/server
testbed under development to field test the developed
progressive image transmission schemes.

II . PROGRESSIVEIMAG ETRANSMISSION

USING WAVELETS

A number of approaches are being investigated and
are under development to efficiently and effectively per-
form the progressive transmission of images.  The pri-
mary approach looked at consists of decomposing
images using the wavelet transform and then selectively
choosing and ordering which wavelet coefficients best
perceptually represent the image.  A data flow diagram
of one of the implemented progressive image transmis-
sion schemes using wavelet decomposition is illustrated
in Fig. 2 [DaKi98a].  Here, we have an image that is
feed through a soft-threshold denoiser [Dono95] to
remove noise that hinders the compressibility of the
image.  This resulting denoised image is passed through
a wavelet transform filter and then embedded zero-tree
coding [Shap93] is used toorder and compress the
wavelet coefficients according to energy magnitude.
Finally, adaptive arithmetic coding [WiNC87], which is
a lossless entropy coder, is used to remove further data

Fig. 3 Progressive transmission of the aerial ortho image denoised to 35 dB with size in bytes and % of original.
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Fig. 2 Data flow of a basic progressive wavelet image coder.
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redundancy left in the data stream before transmission.
A set of sample steps from a progressive image trans-
mission using this scheme is shown in Fig. 3.

III . PROGRESSIVEIMAG ETRANSMISSION

THROUGHFRACTAL SURFACEINTERPOLATION

Another approach to progressive image transmis-
sion being investigated is to use fractal surfaces to syn-
thesis textures within an image.  Work began with
developing techniques tomeasure, represent , and syn-
thesis image textures using fractal techniques. A new
technique for image compression was developed where
fractal surfaces, such as the one illustrated in Fig. 4, are
used to recreate image surfaces throughfractal surface
interpolation (FSI) [DaKi96].  This is done by measur-
ing the fractal dimension of the surfaces throughout an
image and then recreating these surfaces using 2D frac-
tional Brownian motion (fBm) through the midpoint dis-
placement algorithm (MPD) [Saup88].  This technique
was found to work best with random looking textures
due to the nature of the randomness in the MPD.  Fur-
ther work was done with FSI where fractal surfaces
were overlaid on coarse wavelet compressed representa-
tions of images [DaKi97].  This improved the compres-
sion ratio of the images since wavelets do a better job at
the overall surface tendencies in images while the fractal
surfaces can represent the random noise texture features
perceptually present on top of these surfaces.

The ideas of FSI for image compression were then
extended to a progressive image transmission scheme
[DaKi98b].  The natural progressive nature of the image
reconstruction steps, as illustrated by the three succes-
sive steps in Fig. 4, lends itself well to the progressive
transmission of the surface information so that increas-
ing levels of detail in the surfaces are reconstructed.

IV. MEASURE OFIMAG ECOMPLEXITY

AT PROGRESSIVESTEPS

Along with the actual progressive image transmis-
sion schemes being developed, we are also interested in
the quality of the image at successive steps during the
progressive image transmission.  This is a primary inter-
est since understanding how specific progressive image
transmission schemes break down and order the image
information is vital in evaluating the performance of the
progressive image transmission.  Also, understanding
how the progression occurs helps in tuning the selection
of parameters to improve the early steps of the progres-
sive image transmission.

Traditionall y, only thepeak signal-to-noise ratio
(PSNR) of an image is used to evaluate its quality.
Unfortunately, this only relates the reconstructed image

with the original image in terms of energy.  This is limit-
ing and since more appropriate measures can be devel-
oped for evaluating the successive steps in a progressive
image transmission.  To this end, development is under
way on a quantitative image quality measure based on
the Rényi generalized entropy [DaKi98a][Kins94].
Using the Rényi dimension measure, a range of fractal
dimensions is calculated which gives a measure of the
fractal complexity within the image.  Combining both
the PSNR and the fractal complexity measures of the
Rényi dimension, optimal selection of wavelet coeffi-
cients of an image is possible to improve the its quality
at successive steps in the progressive transmission.
Using this, successive steps in the transmission should
be perceptually superior to a selection scheme based on
energy alone since the fractal complexity within the suc-
cessive images is better represented.

V. SOFT-THRESHOLDDENOISING

Another important aspect of the progressive image
transmission scheme, or any image compression scheme
in general, is the removal of unwanted, incompressible
noise from the image as a preprocessing step.  This is in
line with the goals of the progressive image transmis-
sion since identification of perceptually important image
features is required which rarely includes noise compo-
nents.

The general notion of denoising is the removal of
noise that is present in a signal, leaving only the clean
signal.  Normally, though, the noise component is
unknown so denoising seems an impossible task.  Using
the a priori knowledge that noise usually has different
statistical properties and characteristics from those of
the clean image, we can differentiate between the noise
and image components in the signal.  Removal of this
noise generally improves the compression rate of the

Iteration #1

Iteration #2

Iteration #3

Fig. 4 Example of 2D fBm illustrating FSI.



image and therefore reduces the time required for the
progressive transmission of the image.

Research done to date in this area includes using
soft-threshold denoising [Dono95].  Here, we apply a
nonlinear thresholding scheme to the empirical wavelet
coefficients of a transformed image.  This process
smooths out noise in the image but tries not to degrade
sharp, prevalent structures such as edges which are nor-
mally removed when using classical smoothing opera-
tors.  Also, soft-threshold denoising does not introduce
spurious artifacts into the denoised image that later may
be interpreted as significant.  The denoised image will
be as smooth as the original.

VI . CLIEN T/SERVERTESTBED FORPROGRESSIVE

IMAG ETRANSMISSION

The first phase of the implementation of the client/
server software is completed.  A testbed for image dis-
play, transmission, and progressive reconstruction has
been developed with work now shifting on the interac-
tive control of the progressive image transmission.

The idea behind the client/server testbed is to make
the system smart enough so that the client can recon-
struct the image as image information is received.  Also,
the system is designed so that the server can dynami-
cally react to interactive requests made by the client dur-
ing the transmission of a particular image.  This
interactive control includes panning, zooming, and ter-
mination of transmission for the image.

Dynamic control over the progressive transmission
makes it possible to reduce bandwidth requirements
since the server only needs to transmit requested por-
tions of an image instead of blindly transmitting the
entire image even if it is not desired.  Also, the server
can transmit only those portions and details of the image
that the client does not already have.  This is especially
important for panning and zooming since much of the
image is already available on the client side and only the
additional image information required because of the
panning or zooming action needs to be transmitted.

VII . SUMMA RY

A number of techniques have been explored to
achieve the desired progressive transmission of images.
Wavelet techniques have shown to produce favourable
results for decomposing images and allowing selection
of important image features for transmission.  Fractal
surface interpolation presents another technique for pro-
gressive image transmission since surface textures can
be represented by increasingly detailed random fractal
surfaces.  The Rényi dimension has been found to be
useful for measuring the complexity within an image

and hence is useful as a quantitative quality measure of
complexity for images.  This is useful in the selection of
image features to more faithfully represent the succes-
sive images in the progressive transmission.  Soft-
threshold denoising proves effective at removing noise
and improving the compressibility of images though
some level of the signal is also removed.  Further work
of reintegrating the removed signal is planned.  Finally,
a client/server testbed for field testing the progressive
image transmission schemes has been developed.
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Abstract|This research addresses the problem

of moving object detection in image sequences,

with application to very low bit rate video cod-

ing. An approach to segmentation of moving

objects in facial image sequences is presented.

In this approach a split-and-merge procedure is

used to resolve the di�culties arising out of the

mutual dependence between motion estimation

and segmentation. The basis of the approach

is the segmentation of a given frame based on

edge detection and subsequent merging of regions

based on motion analysis. The edge detection has

been achieved using the wavelet transform. The

motion estimation is based on a geometric model

for the objects to be detected. Preliminary re-

sults obtained with typical head and shoulder im-

ages are presented.

I. Introduction

T
HE very low bit rate coding of video (i.e., as
low as 10 Kb/s) has been necessitated by the

ever growing demand for visual communication ser-
vices over the public networks. It has been shown
that object-based coding can be used to achieve
much better perceptual image quality at low bit
rates, compared to the classical block-based coders
[MuHO89]. The fundamental idea behind object-
based coding is to extract and encode messages de-
scribing the moving objects in a video sequence. At
the decoder, the sequence is reconstructed by syn-
thesizing images using the transmitted messages.
This requires modeling of moving objects, and dif-
ferent types of models including 2D and 3D models
have been proposed in the past [LiLF94]. In this pa-
per we use a 2D model to represent the projections
of actual 3D objects on the image plane, and avoid
the problem of dealing with 3D objects . Thus, the
object detection problem reduces to the segmenta-

tion of an image sequence into regions that con-
�rm to the given model. In comparison to a block-
based coder, the object based coder uses arbitrarily
shaped regions for motion compensation. This ap-
proach entails certain complexities with respect to
a block-based coder. Firstly, it is necessary to es-
tablish the temporal correspondence of moving re-
gions between frames, and possibly throughout the
entire image sequence. Secondly, it requires, in ad-
dition to motion information, the shape of objects
or segmentation information to be transmitted to
the decoder, leading to an additional coding over-
head compared to a block-based coder. Therefore,
the segmentation of moving objects must be carried
out such that the inter-frame variations of detected
objects are minimal.

This paper presents an approach to object detec-
tion in head and shoulder image sequences. Our
work has been motivated by the application of
object-based video coding to such sequences and
achieving bit rates in the vicinity of 10 Kb/s.
Hence, we attempt to segment the image sequence
into regions that closely corresponds to the actual
objects, i.e., head and shoulders of a person. This
ensures the consistency of objects through the se-
quence, and allows the coding of only the small
inter-frame variations of object-shapes. The pro-
cess can be divided into two steps: (i) short term
analysis that identi�es moving objects in two con-
secutive frames, and (ii) long term analysis that en-
sures a temporally coherent \image scene". This
paper deals with the �rst step. The second step in-
volves segmentation projection and object tracking.
The main feature of the segmentation method pre-
sented in this paper is the use of an object model.
We use a split-and-merge procedure in �nding ac-



curately the boundaries of moving objects that con-
�rm to the model. In the split phase, a given frame
is segmented into set of regions using wavelet-based
edge detection [MaZh92]. This allows the accurate
location of intensity boundaries in the image. Next,
the motion estimation is carried out to identify the
regions that belong to moving objects. In the merge

phase, the adjacent regions that undergo similar
motion are merged to form complete moving ob-
jects.

II. Object Model and Motion Estimation

In the context of this paper, an \object" is a re-
gion covered by the projection of a 3D moving ob-
ject onto the image plane. It is desired that images
in a sequence be segmented along the boundaries
of such projections. In order to detect the bound-
aries we have to use some a priori knowledge about
the underlying objects, expressed in the form of an
object model. Since the purpose of our work is to
detect objects in head-and-shoulders images, it is
necessary to use a model that can best represent
such objects. In this paper, the quadratic surface
model with 3D rigid motion presented in [Diehl91]
has been used. This model is a good approximation
to the general surface shape of human face. Also,
the commonly used a�ne model is included in this
model as a special case. Let R denote set of pixels
de�ning a moving region, and let (u; v) be the op-
tical 
ow �eld at a point (x; y) 2 R. Also denote
image intensity function by I(x; y; t) at time t. As-
suming that 3D-2D mapping is the parallel projec-
tion, the above object model leads to the parametric
optical 
ow �eld given by

u = a1x
2 + a2y

2 + a3xy + a4x+ a5y + a6 (1)

v = b1x
2 + b2y

2 + b3xy + b4x+ b5y + b6 (2)

where ai and bi are the motion parameters that
characterize the region. Let (û; v̂) be an estimate
for the optical 
ow �eld based on some estimates for
motion parameters ai and bi. It is assumed that the
intensity of a point remains constant along its mo-
tion trajectory. Then, if R is known, the optimum
values for motion parameters can be estimated by
minimizing the quadratic error measure

ER =
X

R

[I(x; y; t) � I(x+ û; y + v̂; t� 1)]2: (3)

In our experiments, we used the gradient-based
minimization. For this purpose we assume that the
local spatio-temporal variations are linear, which
holds true only if the motion of a region R is small.
We address this problem by using a hierarchical es-
timation, based on a multi-resolution image pyra-
mid [AnBH93].

The main objective of the image sequence seg-
mentation problem addressed here is the partition
of each frame into regions which are uniform with
respect to the motion parameters in (1) and (2).
This requires the knowledge of motion parameters.
However, we need to know the region boundaries to
estimate the motion parameters. As a solution to
this problem, we propose a split-and-merge proce-
dure, as depicted in Fig. 1. In the split-phase, an
initial partition of the image is obtained by segmen-
tation using spatial-features (texture boundaries in
our case) in a given frame. The regions so obtained
are then used for motion estimation using two con-
secutive frames. Subsequently, the observed motion
is used as a similarity criterion in identifying frag-
mented objects. The complete moving objects are
constructed by merging adjacent regions with sim-
ilar motion.

Current Frame

Previous Frame

Motion

Motion-based Region Merging

Spatial Segmentation

Motion Estimation

Initial Objects

Parameters

Final Objects

Fig. 1. Proposed split-and-merge algorithm of moving
object segmentation.

III. Segmentation and Object Detection

A. Wavelet-based Boundary Detection

The objective of this step is to �nd an initial set of
regions to be used for motion estimation. Therefore



it is desirable to identify signi�cant texture bound-
aries, a subset of which is likely to be the motion
boundaries. Therefore we adopt segmentation by
boundary detection or \edge" detection. One of
the basic methods of edge detection is the use of
derivatives. An image generally contains details at
di�erent scales. For example, and image may con-
tain several large objects and each of the objects
may contain details at smaller scales. A commonly
used approach to eliminate unwanted details is the
processing of the image using a smoothing opera-
tor, prior to computing the derivatives. This leads
to the idea of multi-scale edge detection. In this
paper, we adopt the wavelet-based multi-scale edge
detection proposed in [MaZh92]. It has been shown
that the edges in an image can be found by detect-
ing the locations of the modulus maxima of wavelet
transform, when the underlying wavelet is a deriva-
tive of a smoothing function. We used a cubic-spline
smoothing function and therefore a quadratic-spline
wavelet [MaZh92].

B. Motion-based Region Merging

In the texture segmentation, the projections of
the same 3D object may be fragmented into several
regions according to texture variations. The bound-
aries corresponding to 3D objects can be found if all
adjacent regions that move coherently are merged
together. Since a similar 3D motion does not al-
ways result in a unique set of motion parameters
on a 2D plane [Adiv89], they cannot be compared
to determine the similarity of regions. In this pa-
per we use an implicit measure based on the image
quality obtained by motion compensated image re-
construction. Speci�cally, a set of motion parame-
ters is estimated for each pair of adjacent regions.
If the motion compensated prediction error is below
a certain threshold, the two regions are merged to-
gether. The procedure is repeated for each pair of
adjacent moving regions. In deciding upon a suit-
able threshold, we used peak signal-to-noise ratio
(PSNR) within a region as a measure of image qual-
ity. It was assumed that a PSNR greater than 30 dB
corresponds to insigni�cant perceptual distortion.

IV. Experimental Results

Figures 2 & 3 show the preliminary results ob-
tained by applying the segmentation algorithm de-

scribed in the previous section to the image se-
quence Claire, using three consecutive frames (Fig.
2, a-c) from this sequence (frame rate 12 Hz). The
results obtained after wavelet-based segmentation
of last two frames are shown in Fig. 2 (d-e). These
results have been obtained after post-processing of
the initial segmentation. This involved closing of
gaps in detected boundaries, followed by elimina-
tion of small regions. It was found that all images
in this sequence, as well as other similar sequences,
were segmented into about 30 regions. These re-
gions were then used to the estimate motion ac-
cording to the object model described in the Section
II. The Figs. 2 (f-g) shows the model-failures de-
tected after motion-compensated image reconstruc-
tion. These regions correspond areas a�ected by
facial expressions and uncovered background. The
Fig. 2 (h-i) shows the objects formed by motion-
based region merging. We note that the persons
head has been detected in both frames as the mov-
ing object. Finally, Fig. 3 shows the images recon-
structed by motion compensation of objects shown
in Fig. 2 (h-i). These images require coding of only
the 12 motion parameters of the main object, i.e.,
the face, except in the model failure regions shown
in Fig. 2 (f-g). However, since model-failure re-
gions tend to have random shapes, both the shape
and the texture of these regions cannot be easily
predicted. At present texture in model-failure re-
gions is assumed to be coded in a lossless manner.

V. Conclusions

The experimental results have shown that a typi-
cal head-and-shoulders image sequence can often be
reproduced with acceptable perceptual quality, by
coding only the motion parameters associated with
few large objects (two in most cases). A bottle-
neck, however, is the coding of a few model-failure
regions, and background regions exposed by the mo-
tion of objects. It was observed that the object de-
tection based on the analysis of two frames alone
does not always yield consistent results in the con-
text of an image sequence. Also, it does not allow us
to establish the correspondence between objects de-
tected over an image sequence. Future work in this
direction includes the extension of the method pre-
sented here to incorporate long term object track-
ing.



            

(a) Frame #92.

            

(b) Frame #94.

            

(c) Frame #96.

            

(d)

            

(e)

            

(f)

            

(g)

            

(h)

            

(i)

Fig. 2. Simulation results: Claire sequences.
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Abstracts
This paper presents a framework for transients classifi-

cation using wavelet transform and two specific artificial
neural networks, propabilistic neural networks (PNN)
and resource allocating neural networks (RAN). One sig-
nificant feature of wavelet for transients characterization
is its time-scale two dimensional but compact representa-
tion. One distinguishing feature of PNN and RAN is the
ability to adjust their architecture automatically to adapt
to new environment quickly and accurately, which makes
them the promising candidates for transients classifica-
tion in power system. Some experimental results have
indicated the suitability of this framework for transients
classification.

I. I NTRODUCTION
Electromagnetic transients in power systems result from a

variety of disturbances on transmission lines, such as switch-
ing, lightning strikes, faults, as well as from other intended or
unintended events. Such transients are extremely important,
for it is at such times that the power system components are
subjected to the greatest stresses from excessive currents or
overvoltages[KiSh83][MoKi96].

In recent years, an increasing demand has been observed
for power system monitoring and transient recording (includ-
ing faults) combined with analysis, classification, and report-
ing. One important component of such system is the digital
transient recorder, which has been available in some well-
equipped substations to record various transients and provide
assistant information about the transients for system opera-
tors to analyze them and take actions whenever a fault
occurs. However, present transient recorders lack classifica-
tion capability to distinguish “interesting” events from “triv-
ial” events.

The desired intelligent transient recorder should have the
ability to distinguish and classify different kinds of tran-
sients, provide a means to filter out meaningful information
needed to assess system performance, classify faults and
other disturbances to help identify stability, fault or other
power quality issues, and even more importantly to provide a
means to look automatically for early anomalies that could
cause catastrophic failure.

Transients are signals with a finite life, that is, a transient
dies to zero in a finite time. Frequency based analysis has
been common since Fourier’s time; however, frequency anal-

ysis is not ideally suited for transient analysis, because Fou-
rier based analysis is based on the sine and cosine
functions, which are not transients. This results in a very
wide frequency spectrum in the analysis of transients. A
solution to the problem is to appeal to the use of transients
to analyze transients. Wavelet transform is the right tool
for transients analysis using a small transient - wavelet.

The capability of artificial neural networks (ANN) to
learn complex mappings, linear or nonlinear, from the input
space to output space, while remaining robust in a noisy
environment, has resulted in their application to power sys-
tems, ranging from fault classification and localization to
power load prediction. The fundamental feature of neural
networks is the ability of learning, however, in many appli-
cations of neural networks in power systems, the learning
ability has not been fully realized. Such limitations and cor-
responding improvements are introduced in part III.

II. W AVELET CHARACTERIZATION OF TRANSIENTS
Wavelet theory is the mathematics which deals with

building a model for non-stationary signals, using a set of
components that look like small waves, called wavelets. It
has become well known as a useful tool in several fields,
including signal processing, image compression, biomedi-
cal applications, speech processing, acoustics, numerical
analysis[Kins97] [KiLa93].

 Given a time-varying signalx(t), a wavelet transform
consists of computing coefficients that are inner products of
the signal and a family of “wavelets”. In a continuous
wavelet transform (CWT), the wavelet corresponding to
scalea and locationb is

                  (1)

where  is the wavelet “prototype”, usually called a
“mother wavelet”. Each wavelet, , is a scaled
(compressed or dilated) and translated version of the same
original function .
 The DWT of a simulated single-phase fault waveform
using Daub4 is shown in Fig. 1. The diagrams show that at
scales 1, the instantance of important events (fault occur-
ring, circuit breaker opening and reclosuring) are clearly
localized, while at scales 5, the local variations of the fun-
damental frequency are clearly shown. The tilling of time-
scale plane by wavelet transform for these two types of
transients are shown in Fig. 3 [MoKi97].

ψ a b,( ) 1

a
----------ψ t b–

a
---------- 
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Fig. 1.  (a) The original waveform of a single-phase fault

and wavelet transform coefficients at  (b) scale 1,
(c)  scale 5.
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III. N EURAL  NETWORK  APPROACH TO TRAN-
SIENTS CLASSIFICATION
The use of pattern recognition for power system security

analysis was first investigated in 1968. Since neural network
can be fully applied for pattern recognition, it has been
widely investigated for transient classification (including
faults). It was evident even in 1968 that the generation of
training set by off-line simulation would be prohibitively
tedious. All automatic learning approaches to system secu-
rity analysis or transients analysis are confronted by the
obstacle of training-set generation arising from the tremen-
dously large number of combinations of variables and
topologies and the computation required for each simula-
tion. Besides the combinatorial problem, there is the prob-
lem of generating a sufficiently large population of
“insecure” states for a highly meshed network. How to deal
with this problem is still a open problem. One approach is to
develop some on-line instead of off-line training-set genera-
tion technique, at the same time make neural network more
flexible and more suitable for on-line incremental learning.

Among many types of neural networks, the multilayer
feed-forward neural network, also known as backpropaga-
tion (BP) network, and Radial basis function network
(RBFN) have become the main architecture of choice, but
both have some problems like limited flexibility, long time
training, and unsuitability for on-line automatic learning.

One major problem with BP network is its architecture
parameters have to be tried experimentally, which is very
time consuming. Also if the architecture of neural network
is decided after these tries and then fixed, the network will
have difficulties to adapt itself to a new environment. Since
many power systems are expanding and new facilities are
added, new transient types with different appearance must
be added to the neural network. The BP network cannot
incorporate such information easily. One possible way is to
retrain the network with all the past and new training sam-
ples, which would be very time consuming. Another way is
to only use the new samples to train the neural network, but
it may lead to the overall performance degradation caused
by the new training samples. The basic reason for the degra-
dation is that the BP network is a globally connected net-
work, thus new samples affect all the weights globally.

RBFN is based on a set of radial basis functions which
provide the property of localized influence, therefore, the
system can develop and refine its parameters quickly in one
region of the measurement space without affecting its learn-
ing in distant regions, which occurs in BP network. But tra-
ditional implementation of RBFN still has some drawbacks.
The main problem is the number of centroids of RBFN has
to be determined in advance. If the number of centroids is
not decided properly, the accuracy of RBFN is seriously
affected.

An ideal neural network should be capable of adjusting
not only its weights but also its architecture, to match its



The transients caused by capacitor switching operation are
also included to test if the PNN could distinguish faults
from switching operation. Different kinds of noise are
added to simulate real-world effects.

The training time of PNN for the small scale problem is
a couple of seconds. With the optimal window size, the
PNN can classify samples in testing set with 100% correct
rate. In contrast, the BP network took 5 minuets to train,
but achieved only 90% correct classification rate. So, com-
pared to the BP network, the PNN has a very fast training
speed and at the same time achieves high accuracy. Further-
more, the PNN can easily add new pattern neurons to incor-
porate new typical transients or even new classes of
transients.

3.2 RESOURCE ALLOCATING  NETWORKS (RAN)
The RAN was developed as a means to overcome the

problem of NP-completeness in learning with fixed-size
network [Plat91]. Its motivation was coming from the fact
that by allocating new resources, learning could be
achieved in polynomial time. Platt views the task of RAN
as combining memorization with adaptation, in which
memorization is achieved by storing the input-output
observation similar to Parzon window estimation method.
He improves on this method by storing fewer observations
which makes the size of the RAN grow sublinearly and
eventually saturate. The architecture of the RAN is shown
in Fig. 5.

At first, the system creates a coarse representation of the
function, then refines the representation by allocating units
with smaller and smaller widths. Finally, when the system
has learned the entire function to the desired accuracy and
length scale, it stops allocating new units.

The RAN is first tested on a particular chaotic time
series created by the Mackey-Glass delay-difference equa-
tion. The prediction result are shown in Fig. 6.

ZA ZB

A B
Power Supply Power Supply

Fig. 4. Transmission system used for the PNN studies.

. . .

. . .

Output

Input

Layer
Hidden

Fig. 5. Network architecture of the RAN. The dashed line
show the addition or deletion of hidden units.

architecture complexity to the complexity of a specific prob-
lem in a on-line fashion. At the beginning of work, a neural
network may just have been trained by a limited training set
obtained off-line with quite simple architecture, but with the
continues exposure to new classes of events, which is una-
voidable in power systems, the neural net may incorporate
into itself new classes of transients by adjusting its architec-
ture. For transients belonging to same class but with different
appearance, the network could either adjust its weights with
only local influence or add new neurons to represent the same
class transients which have big difference.

 Two candidates of this ideal neural network are propabilis-
tic neural networks (PNN) and resource allocating networks
(RAN).

3.1 PROBABILISTIC  NEURAL  NETWORKS (PNN)
PNN, first proposed by Specht in 1988 [Spec88], was

implemented in [MoKi98] for power line faults classification.
With its solid mathematical foundation, the PNN implements
the Bayes classification rule, which minimizes the expected
error of classification, thus improving its accuracy. Further-
more, due to its modular architecture and fast learning speed,
PNN is very suited for learning system which is always
evolving, and the on-line and incremental learning can also
be easily achieved.

The architecture of the PNN is shown in Fig. 3. The pattern
layer contains one neuron for each training case. Specifically,
it represents a certain number of training samples (j, k, l,...)
from each ofC different classes for a total ofR training sam-
ples. Each neuron in the pattern layer computes a distance
measure between the unknown input and the training case
represented by the neuron. An activation function, known as

the Parzen window, is applied to the distance measure. In the
summation layer, there is one neuron for each ofC classes.
These neurons sum the values of the pattern layer neurons
corresponding to that class to obtain an estimated density
function of the class. The number of neurons in the output
layer is also equal to the number of classes,C. The output
layer is often a simple threshold discriminator which acti-
vates a single neuron to represent the projected class of the
unknown sample.

To demonstrated the suitability of PNN for fault classifica-
tion, a PNN is employed to identify the different patterns gen-
erated from a simple transmission system which is shown in
Fig. 4.

The training patterns are created to cover a variety of fault
inception angles, fault resistance, source capacities and loads.

. . . . . .

.

.  . .

 . . .

. . .

Fig. 3. Architecture of the PNN.
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We then used load data from Manitoba Hydro to test the
predict ability of the RAN technique [MoKi98]. The predic-
tion experiments were performed with three different lead
time, 1 hour, 24 hours, and 168 hours (1 week) respectively.
Figure 7 shows the results of 24-hour ahead prediction over
250 hours period. The results shows that RAN can grow up
or shrink to match its architecture complexity to the under-
lying dynamic changes. The application of RAN for tran-
sients classification is still undergoing and the results will be
presented in the future.

IV. SUMMARY

This report described a framework to characterize and
classify power system transients. Wavelet transform has
shown its advantage to characterize transients in a more
compact and representative way. Due to the difficulty to
generate training-set from the tremendously large number of
combinations of variables, topologies and the computation
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required for each simulation, a more flexible neural net-
work which is suitable for on-line training is desired. The
PNN and RAN, with their capability to fast adapt their
architecture to dynamic environment, have been found to
be promising candidates for on-line transients classifica-
tion.
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