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Automated localisation of the optic disc, fovea, and retinal

blood vessels from digital colour fundus images1

Chanjira Sinthanayothin®, James F Boyce, Helen L Cook, Tom H Williamson
Image Processing Group, Department of Physics, King’s College London, U.K.
And Department of Ophthalmology, St.Thomas’s Hospital, London, U.K.

ABSTRACT - Aim-- To recognise automatically the main components of the fundus on digital
colour images. Methods--The main features of a fundus retinal image were defined as the optic disc, fovea
and blood vessels. We describe methods for their automatic recognition and location. 112 retinal images
were pre-processed via adaptive, local, contrast enhancement. The optic discs were located by identifying
the area with the highest variation in intensity of adjacent pixels. Blood vessels were identified by means of
a multilayer perceptron neural net, for which the inputs were derived from a principal component analysis
of the image and edge detection of the intensity. The foveas were identified using matching correlation
together with characteristics typical of a fovea—for example, darkest area in the neighbourhood of the optic
disc. The main components of the image were identified by an experienced ophthalmologist for comparison
with computerised methods. Results-- The sensitivity and specificity of the recognition of each retinal main
component was as follows: 99.1% and 99.1% for the optic disc; 83.3% and 91.0% for blood vessels; 80.4%
and 99.1% for the fovea. Conclusions-- In this study the optic disc, blood vessels and fovea were accurately
detected. The identification of the normal components of the retinal image will aid the future detection of
diseases of these regions. In diabetic retinopathy, for example, an image could be analysed for retinopathy
with reference to sight threatening complications such as disc neovascularisation, vascular changes or
foveal exudation.
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1. Introduction

The patterns of disease that affect the fundus of the
eye are varied and usually require identification by
a trained human observer such as a clinical
ophthalmologist. The employment of digital fundus
imaging in ophthalmology provides us with
digitised data that could be exploited for
computerised detection of disease. Indeed many
investigators use computerised image analysis of
the eye, under the direction of a human observer
[1-4]. The management of certain diseases would
be greatly facilitated if a fully automated method
was employed [5]. An obvious example is the care
of diabetic retinopathy, which requires the
screening of large numbers of patients
(approximately 30,000 individuals per million total
population [6,7]). Screening of diabetic retinopathy
may reduce blindness in these patients by 50% and
can provide considerable cost savings to public
health systems [8,9]. Most methods, however,
require identification of retinopathy by expensive,
specifically trained personnel [10-13]. A wholly
automated approach involving fundus image
analysis by computer could provide an immediate
classification of retinopathy without the need for
specialist opinions.

Manual semiquantitative methods of
image processing have been employed to provide
faster and more accurate observation of the degree
of macula oedema in fluorescein images [14].
Progress has been made towards the development
of a fully automated system to detect
microaneurysms in digitised fluorescein
angiograms [15,16]. Fluorescein angiogram images
are good for observing some pathologies such as
microaneurysms which are indicators of diabetic
retinopathy. It is not an ideal method for an
automatic screening system since it requires an
injection of fluorescein into the body. This
disadvantage makes the use of colour fundus
images, which do not require an injection of
fluorescein, more suitable for automatic screening.

The detection of blood vessels using a
method called 2D matched filters has been
proposed [17]. The method requires the
convolution of each image with filter of size 15x15
for at least 12 different kernels in order to search
for directional components along distinct
orientations. The large size of the convolution
kernel entails heavy computational cost. An
alternative method to recognise blood vessels was

developed by Akita and Kuga [18]. This work does
not include automatic diagnosis of diseases,
because it was performed from the viewpoint of
digital image processing and artificial intelligence.

None of the techniques quoted above has
been tested on large volumes of retinal images.
They were found to fail for large numbers of
retinal images, in contrast with the successful
performance of a neural network.

Artificial neural networks (NNs) have
been employed previously to examine scanned
digital images of colour fundus slides [19]. Using
NN, features of retinopathy such as haemorrhages
and exudates were detected. These were used to
identify whether retinopathy was present or absent
in a screened population but allowed no provision
for grading of retinopathy. The images with
retinopathy still require grading by a trained
observer. Grading greatly improves the efficiency
of the screening service because only those patients
with sight threatening complications are identified
for ophthalmologic management. This task is more
complex than identifying the presence of
retinopathy because the computer programme must
be able to detect changes such as
neovascularisation, cotton wool spots, vascular
changes and perifoveal exudation [20]. The first
step for achieving this aim is to be able to
automatically locate the main regions of the
fundus—that is, the optic disc, fovea and the blood
vessels. The data from these regions can then be
analysed for features of sight threatening disease.
Identification of the regions of the fundus may also
aid analysis of images for other diseases that
preferentially affect these areas preferentially—for
example, glaucoma and senile macular
degeneration.

In this study, a variety of computer image
analysis methods, including NNs, were used to
analyse images to detect the main regions of the
fundus.

2. Methods

In all, 112 TIF (tagged image format) images of the
fundi of patients attending a diabetic screening
service were obtained using a TOPCON TRC-
NWS5S non-mydriatic retinal camera. Forty degree
images were used.
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Figure 1: Digital Colour Retinal Image.

2.1 Pre-processing of Colour Retinal Images

The captured fundus images were of dimensions
570550 pixels. Each pixel contained three values,
red, green, and blue, each value being quantised to
256 grey-levels. An example can be seen in
Figurel. The contrast of the fundus images tended
to diminish as the distance of a pixel from the
centre of the image increased. The objective of pre-
processing was to reduce this effect and to
normalise the mean intensity. The intensities of the
three colour bands were transformed to a intensity-
hue-saturation representation [21]. This allowed
the intensity to be processed without affecting the
perceived relative colour values of the pixels. The
contrast of the intensity was enhanced by a locally
adaptive transformation. Consider a sub-image, W
(i, j), of size MxM pixels centred on a pixel located
at (i, j). Denote the mean and standard deviation of

the intensity within W(, j) by ( f ) and o

w
respectively. Suppose that fmx and fmm were the

maximum and minimum intensities of the whole
image.

The adaptive local contrast enhancement
transformation was defined by equations (A1) and
(A2) of appendix A.

Figure 2 shows the effect of pre-
processing on a fundus image, Figure 1.

2.2 Recognition of the Optic-Disc

The optic-disc appeared in the fundus
image as a yellowish region. It typically occupied
approximately one seventh of the entire image, 80x
80 pixels. The appearance was characterised by a
relatively rapid variation in intensity because the

Figure 2: Retinal image after pre-processing
by local colour contrast enhancement.

“dark” blood vessels were beside the “bright”
nerve fibres. The variance of intensity of adjacent
pixels was used for recognition of the optic disc.

Consider a sub-image W(i, j) of
dimensions MxM centred on pixel (i, j). Let <f>y
@y as defined by equation (A3) be the mean
intensity within W(i, j). (If W(i, j) extended beyond
the image, then undefined intensities were set to
zero and the normalisation factor was
correspondingly reduced.)

A variance image was formed by the

transformation
2

2. )~ pi)=(17) ~(£)y) > )

where the sub-image was 80x80 pixels.
An image of the average variance within sub-
images was then obtained as

P = 4N =Py, ©)

The location of the maximum of this
image was taken as the centre of the optic-disc,

(id ,jd) .
(ig>Jq) =arg VIVIEE%MW(I'J) ©)

The variance image of Figure 2 is shown
in Figure 3 and the location of the optic-disc in
Figure 7.

2.3 Recognition of Blood-Vessels

Blood vessels appeared as networks of
either deep red or orange-red filaments that
originated within the optic disc and were of
progressively diminishing width. A multilayer
perceptron NN was used to classify each pixel of
the image [22-24]. Pre-processing of the image was
necessary before presentation to the input layer of
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Figure 3: The variance image of Figure 2.

the NN. Pattern classifiers are most effective
when acting on linearly separable data in a small
number of dimensions. More details are described
in appendix B.

The values of the three spectral bands of a

pixel were strongly correlated. The principal
component transformation [25] was used to rotate
the axes from red-green-blue to three orthogonal
axes along the three principal axes of correlation,
thus diagonalising the correlation coefficient
matrix. The values along the first axis exhibited the
maximum correlated variation of the data
containing the main structural features.
Uncorrelated noise was concentrated mainly along
the third axis, while, in general, texture tended to
be along the second. The original data was reduced
in dimensionality by two thirds by the principle
component transformation.
A measure of edge-strength was obtained for each
pixel by processing the image from the first
principal component using a Canny edge-operator
[26-28]. This was used to enhance vessel / non-
vessel separability.

Figure 4: An example of the data input to the net, of
size 2x10x10 pixels. In this example, the pattern
was classified as vessel.

Figure 5: Classification of the image Fgure 2 into
vessels/non-vessels.

Figure 6: The classified image after post-processing
to remove small regions.

2.4 Neural Network Algorithm

Each pixel of a fundus image was
classified as vessel or non-vessel. The data input to
the NN were the first principal component [29] and
edge strength values from a sub-image of 10x10
pixels localised on the pixel being classified, as
shown in Figure 4. The net was a three-layer
perceptron having 200 input nodes, 20 hidden
nodes and two output nodes.

A training/validation data set of 25,094
examples, comprising 8,718 vessel and 16,376
non-vessel, was formed by hand and checked by a
clinician. The back propagation algorithm with



early stopping was applied [30,31], using 5/6 of the
data for training and 1/6 for validation.

Figure 7: The results of automatic recognition of
the main components of the fundus from digital
fundus colour image.
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2.5 Postprocessing [32,33]

Figure 5 shows the classification of the entire
image into vessel and non-vessel, denoted as black
and white respectively.

The performance of the classifier was
enhanced by the inclusion of contextual (semantic)
conditions. Small isolated regions of pixels that
were misclassified as blood vessels were
reclassified using the properties that vessels occur
within filaments, which form networks. Three
criteria were applied -- size, compactness and
shape. Regions smaller than 30 pixels were
reclassified as non-vessels. The compactness of a
region may be expressed using the ratio of the
square of the perimeter to the area [34] — for
example, circular discs have a ratio of 4r. Regions
whose ratios were less than 40 were reclassified as
non-vessels. Approximating a region by an
elliptical disc yields a measure of shape in terms of
the ratio of the major and minor axes [35].
Regions smaller than 100 pixels with a ratio
smaller than 0.95 were reclassified as non-vessels
as can be seen in Appendix C. Figure 6 shows the
effect of such post-processing on an image.

Figure 8: A sample of images showing the results of the recognition of the main components from digital

fundus colour images.
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2.6 Recognition of the Fovea

The centre of the fovea was usually
located at a distance of approximately 2.5 times the
diameter of the optic-disc, from the centre of the
optic-disc. It was the darkest area of the fundus
image, with approximately the same intensity as
the blood vessels. The fovea was first correlated to
a template of intensities. The template was chosen
to approximate a typical fovea and was defined by;

. L[ +ﬁ)j
2@, j)= 128[1 > exp{ o2 :l 4
Where (i, j) are relative to the centre of the
template. A template of size 40x40 pixels was
employed, the standard deviation of the Gaussian
distribution being o = 22. Given a sub-image W(i,j)
centred on pixel (i, j) of dimensions MxM with

Example of 2020 sampling patch image.

{In the white sguare boo)

intensities g(k, 1),(k, ))eW(i, j), the correlation
coefficient of W at (i, j) with an image having
intensities f{7, j) is [21]
y(.)) =
D[ en=(1), [t~k i-D-(g),]
k.l

%
{Z[f(k,l)—mW]ZZ[g(f—k,j—l)—<g>W]2}

The correlation coefficient (i, j) is scaled
to the range [-1 < y < 1], and is independent of
mean or contrast changes in f{i, j) and g(i, j). The
range of values runs from anti-correlation, -1,
through no correlation, 0, to perfect correlation +1.

The location of maximum correlation
between the template and the intensity image,
obtained from the intensity-hue-saturation

)

Expand paich image.

Vessels labeled by clinician,  Vessels labebed by Mewral Metwork
(MM, climician and MM,

Red: Vessels by clinician & NN,

Comparison of labels from

Gireen; Vessels by clinician but non-vessels by BN,

Bibag; Mon-vessels by clinician buf wessels by NN, Betinal background: Both matched m sdentify noa-vessels.

Figure 9: Example of patch of size 20x20 pixels used to measure the accuracy of vessels recognition.



transformation, was chosen as the location of the
fovea, subject to the condition that it be an
acceptable distance from the optic-disc and in a
region of darkest intensity.

The criteria deciding the existence of the
fovea were a correlation coefficient more than 0.5
and a location at the darkest area in the allowed
neighbourhood of the optic disc.

Figure 7 and 8 give examples of foveal-
location, the cross indicates the located position in
each example.

2.7 Validation of the Accuracy of Detection of
Regions

An experienced ophthalmologist observed
the localisation of the optic disc and fovea by the
algorithms. In order to provide independent test
data for the Dblood vessels, the same
ophthalmologist manually traced the vessels of 73
randomly selected patches of 20 x 20 pixels taken
from the images. The traced vessels were then
compared with the positions of the vessels
identified by the neural network. An example of a
random patch is shown in Figure 9.

3. Results

The recognition rates for optic disc, blood
vessels and fovea were as follows:

(1) The optic disc was identified incorrectly in one
image. The sensitivity and specificity for the
detection of the optic disc recognition were
99.1% and 99.1% respectively.

(2) The recognition rate of blood vessels by the
neural network was 99.56% for training and
96.88% for validation data respectively. The
sensitivity and specificity of the detection of
blood vessels were calculated for each of the
73 patches. The overall sensitivity and
specificity for the detection of the blood
vessels were 83.3% (SD 16.8%) and 91.0%
(SD 5.2%) respectively.

(3) To assess the accuracy of recognition of the
fovea, the images were separated into three
groups: Group 1: 71 images presented all of the
fovea of within the image. In 60 the fovea was
detected correctly (84.5%) but in 11 (15.5%)

the fovea was unidentified; Group 2: in 29
retinal images the fovea was at the edge of the
image but more than half was present on the
image. In 18 images the correct position of the
fovea was located (62.1%). In one image the
fovea was detected inaccurately in the nasal
retina (3.4%). The fovea was not identified in
10 images (34.5%); Group 3: 12 retinal images
either presented no fovea or less than half of the
foveal area was within the image. The
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algorithm did not identify a fovea in these
images.
The overall sensitivity and specificity of the
detection of the fovea were 80.4% and 99.1%
respectively.

4. Discussion

In this study computer based algorithms
were used to detect the main regions of the fundus
without any intervention from an operator. The
accuracy of the detection was high for the optic
disc, blood vessels and the fovea (especially when
the image contained the whole foveal area). It is
hoped that the detection of these regions will aid
the examination of fundal disorders. The optic disc
was particularly reliably detected and may be
examined in the future for patterns of disease such
as glaucoma [36]. The fovea was missed in a
number of cases but usually when there was poor
centration of the fovea in the image. This can be
easily remedied by more careful fundus
photography. The detection of the major blood
vessels was performed using NN analysis. NNs
have been employed in the past in other areas of
medicine [37] and ophthalmology [38,39] because
of the capability of these programs to cope with
highly variable images. Indeed, NN have already
been used before to detect features of retinopathy
but employing minimal pre-processing [40]. The
pre-processing and post-processing used in this
study reduces the reliance upon the NN and
improves the efficiency of the computer analysis.
The smaller blood vessels were more difficult to
detect. However, the method used to calculate the
accuracy of the detection of the blood vessels by
comparing vessels recognised by the NN technique
with the vessels traced by the ophthalmologist may
introduce some errors. It was technically difficult
for the ophthalmologist to locate subjectively the
exact position of vessels, especially at their edges.
Therefore, the accuracy of the ophthalmologists’
identification of blood vessels may have been
variable. Other methods may need to be explored
in order to detect all of the blood vessels—for

example, active contour models (SNAKES)
[41,42], to avoid confusion with features such as
retinal haemorrhages. There may be other

applications for this technology-- for example, the
accurate detection of the major blood vessels may
allow the “fingerprint” of the blood vessels to be
used for identifying individuals in a way similar to
that in which iris crypts have been utilised [43] .

In this study it was possible to detect the
main regions of the fundus image. Once these
have been identified, the data from these regions
can be analysed for abnormality. Of course some
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of the diseases that we would propose to study may
alter the appearance of these regions, reducing their
detection. However, the algorithms were designed
to minimise this risk, particularly for disease
processes such as diabetic retinopathy. In diabetic
retinopathy further algorithms will be required to
detect features which indicate risk to the patients’
sight such as neovascularisation, cotton wool spots,
venous changes and parafoveal exudation. The
detection of other features of retinopathy in
diabetes (haemorrhages and exudates), and other
disorders such as senile macular degeneration, will
be facilitated by the removal from the image data
set of complex regional features such as the blood
vessels and the optic disc. In diabetes, grading of a
patient’s retinopathy by fundus imaging and
computer analysis, at the site of acquisition of the
image, would allow an immediate opinion for the
patient on the urgency of referral for an
ophthalmologic opinion.

In conclusion, computer algorithms were
able to detect regions of the fundus. These may be
exploited for the examination of patterns of
disease. This may have particular relevance to the
management of common ophthalmologic disorders
such as diabetic retinopathy.

Appendix A: colour local contrast

enhancement

The RGB colours, where R, G, and B are
abbreviated from the colours Red, Green, and Blue
respectively, represent the colour model used for
computer graphics or image analysis. Another
colour model, which will be used in this work, is
the 7HS model, where I, H, and S are abbreviations
for Intensity, Hue, and Saturation respectively. The
RGB and IHS have an invertible relation between
them [21].

The importance of an RGB model is to
display colour images. To present the full colour
techniques for image enhancement in some detail,
we are interested in the /HS model. The /HS model
is best suited to present full colour techniques for
image enhancement in detail. It is important that
once the /HS model is applied to enhance an image,
it must be converted back to RGB for visual
display. The [HS model is suitable for image
enhancement because the intensity component is
decoupled from the colour information of the
image. Applying the local contrast enhancement
technique to the intensity component and
converting the result to RGB for display will not
affect the colour content of the image.

Local Contrast Enhancement [44]

Let the intensity, £, of the picture elements
(pixels) of an N x N digital image be indexed by

(ij) 1<i, j <N. Consider a subimage of size M x M
centred on (i, j) in this paper M=49. Denote the
mean and standard deviation of the intensity within
W by <f>w and ow(f) respectively.

The objective is to define a point
transformation dependent on W such that the
distribution is localised around the mean of the
intensity and covers the entire intensity range. The
implicit assumption is that W is large enough to
contain a statistically representative distribution of
the local variation of grey levels, yet small enough
to be unaffected by the gradual change of contrast
between the centre and the periphery of the fundus
image. The adaptive contrast enhancement
transformation is defined by
£ )= gli.))

[ () =¥y (fmin)]
[\PW (fmax) - \PW (fmin )]

Where the sigmoidal function was

-1
¥, (f) = [1 + exp(%—_fﬂ (A2)

w

=255 (A1)

while fi.x and f;, are the maximum and minimum
values of intensity within the whole image with

Fwe = —A} DS kD (A3)
(ke W(i.j)
2 1 2
oy (=17 D(fD-<f>,) (A4

(k.D)e(i,))

The local contrast enhancement function
provides large contrast enhancement for an initially
small o (poor contrast) and little contrast
enhancement for an initially large o (high contrast).

As a result of local contrast enhancement,
the dark area is brighter and clearer showing more
detail. However, the technique of local contrast
enhancement not only adjusts the contrast of the
image but also increases the noise. Hence, a 2D
Gaussian smoothing filter or median filter has been
applied in order to reduce the noise before the local
contrast enhancement process.

Appendix B: prepare data for NN
First Principal Component [45]

The PCA (principal component analysis)
technique is the same as the Karhunen Loeve
transform technique, also known as Hotelling
transform, which aims to form linear combinations
of the image bands in order to maximise the
information content in the highest order bands.
Giving a set of K image bands, denoted by the
intensities of N? pixels £,(i) for i=1,...Na = 1,....K.



We first form a set of zero mean images by
subtracting off the mean of each band

g, =1.(D)=-<f,()> (B1)
Where
< f= L3 g B2)

NZ? 4

To simplify the formulation, it is
convenient to write the set of K image bands g,(i)
as a N’ x K matrix, where each image of the
spectral band forms a column of the matrix
normally,

g g0 K g0
ol 8@ @ K @ | @
M M O M
g (N?) g, (N*) K gy (N?)
We define a K by K matrix C as
C=G'G, (B4)

where G is the transpose of G. The
matrix C, can be expressed in terms of the input
image g,(7) as having elements,

Cap = 2,842, ()

=2 (L, (=< L,()>)f,()-<f,()>) (BS)

DWROVAGEES WAG) WAC

This is the un-normalised correlation
between the ath and the bth image bands.

Hence C is the spectral correlation matrix
of the images. We form a matrix H of uncorrelated
images by the orthogonal K x K matrix transform
B.
H=GB

(B6)
Since the columns of H are uncorrelated
HH= A (B7)
where Ais a diagonal matrix
A4 0 A O
A 0 4, A O (B8)
M MO M
0 0 A A
it follows that
CB =BA (B9)

The above equation is just the familiar
eigen vector/value problem where the A, are the
eigenvalues of the matrix C and the columns of the
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matrix B are the corresponding eigenvectors. Since
the matrix C is symmetric, c; = Cpa, the
eigenvector problem involves finding the
eigenvalues and vectors of a real symmetric matrix.
Hence we can solve for the eigenvalues and vectors
by applying Jacobi transformations [46]. Finally,
the transform of the set of K orthogonal images 4,
(i), being linear combinations of the normalised
images g,(i), is given by

h,(i)= Zba,,ga (i)

fora=1, .., Kand (1), h(2), ..., h(N)
will be the first component of the set of principal
components which will be used together with the
edge gradient as the pattern data for classification
by a neural network.

Edge Gradient

(B10)

In this paper we applied the edge operator
to the first component of a PCA image. Canny has
defined an edge detection operator, which is
optimal for step edges corrupted by white noise.
The operator that we use in this work is the
implementation of operator obtained by Spacek.
The reasons that we use Spacek's solution because
Canny was unable to construct a solution of the
defining conditions and so approximated one by a

Tdifference of gaussians. Spacek demonstrated that
performance of his solution was superior to
Canny's approximation. Since the operator satisfies
the conditions proposed by Canny we refer to it as
the Canny edge operator.

The Spacek method that we use takes the
form [28].

h(x) = 16.9564 sin(x) + 13.0161 cos(x) —
18.8629 exp(x) + 4.8468 exp(-x) + 1 (B11)

h(x) has been defined in the interval
(-1,0). Values in the range (0, /) may be obtained
from the anti-symmetry of the edge operator. For
our application, we have modified to use the Canny
edge filter in two dimensions by smoothing the
operator in the orthogonal direction, hence yielding
two dimensional edge kernels A,(x,y) and hy(x,y)
for edge strengths in the x, y» directions
respectively. Now we apply the 2D edge filter in x
and y directions. The response of the filters to the
image is given by a 2D-convolution integral.

The response an image to an edge kernel
is given by a 2D discrete convolution, the edge
strength in the x direction

e, ()= h (& fx=&y-nddn (B12)

with a similar equation for e,(x, y). The intensity of
the edge image intensity is defined by
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1/2 (B13)

e(x, ) =[te, (x, )" + (e, (x, )]
Appendix C: post-processing
Area

The simplest and most natural property of
a region is its area, given by the number of pixels
of which the region is comprised. This method was
used to remove the small regions of the output
vessels/non-vessels classification from neural net,
small regions with less than 30 pixels were
removed.

Compactness [33]

Compactness is a commonly used shape
descriptor independent of linear transformations
given by

(region border length)’

compactness = (&3]

area

The most compact region in Euclidean

space is a circle. Compactness assumes values in

the interval (1, o) in digital images if the boundary

is defined as an inner boundary. The limit value of

compactness in this work is 40, within the region
less than 100 pixels will be determined.

Ellipse Parameter

The ellipse parameter used is the ratio between the
major and the sum of the two (major and minor)
axes of an ellipse. This parameter describes the
shape of the region and lies between 0.5 (a circle)
and 1 (a line). The method that we used to
calculate this parameter is the same as employed in
PCA. Considering a region, with two variables, x
variable (positions of the region pixels in x co-
ordinate) and y variable (positions of the region
pixels in y co-ordinate). The major and minor axes
of the region can be calculated as the eigen values
of the covariance matrix:

> (x—<x>)? Dx—<x>)y,—<y>)

IS —<xo)r-<y>)  Y-<y>)’ (€2)

where x;, y; are co-ordinates in the x, y directions of
the region and <x>, <y> are the average value of
the region's x, y co-ordinates. From this property,
the ellipse parameter of circle, ellipse, and line are
0.5, 0.5 < ellipse param <1, and 1 respectively.
From our experiments with the test images of
variable shapes, we decided to use an ellipse
parameter of less than 0.95 the small regions (less
than 100 pixels) to classify then as non-vessels.
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Robust Stabilization of Uncertain Linear System with
Distributed State Delay*

Suthee Phoojaruenchanachai, Kamol Uahchinkul
Jongkol Ngamwiwit and Yothin Prempraneerach

ABSTRACT —In this paper, we present the theoretical development to stabilize a class of uncertain

time-delay system. The system under consideration is described in state space model containing distributed
delay, uncertain parameters and disturbance. The main idea is to transform the system state into an
equivalent one, which is easier to analyze its behavior and stability. Then, a computational method of
robust controller design is presented in two parts. The first part is based on solving a Riccati equation
arising in the optimal control theory. In the second part, the finite dimensional Lyapunov min-max

approach is employed to cope with the uncertainties. Finally, we show how the resulting control law

ensures asymptotic stability of the overall system..

KEY WORDS -- Robust Stabilization, Time-delay System, Control System Design.

1. Introduction

It is well known that uncertain parameters and
disturbance in practical control system such as
modeling errors, linearization approximations, etc.,
are always found and disturb the system. On the
other hand, the time delay which commonly
encountered in various engineering systems is
frequently a source of instability. Therefore, the
problem of robust stabilization of state delayed
system with uncertain parameters have received
considerable attention of many researchers, and
many solution approaches have been proposed, see,
for example [1~9] and reference therein. One
approach which frequently applied to deterministic
robust control is by means of the so-called “second
method” of Lyapunov. The design is based on a
nominal linearization of given system with time-
varying, non-linear uncertain elements of the
system and the extraneous disturbances grouped
into an unknown but bounded function. Only
knowledge of compact sets bounding the system
uncertainties is required. Furthermore, if they
satisfy certain matching conditions, complete
insensitivity to the system variations can be
achieved, see, for example [1~8] and reference

therein. Other often-used approach is based on
H _ control theory of which resulting control law

o0

is linear [9][10]

In this paper, A class of linear system
containing constant known distributed state delay,
uncertain parameters and additive disturbances are
presented. Determination of controller parameters
can be divided into two parts. First, base on the
improved Fiagbedzi and Pearson theorem [11~13],
the linear transformation is utilized to reduce the
original problem into an equivalent one which is
easier to find the solution. Next, by using the well-
known Lyapunov min-max approach of Gutman
[14], a suitable stabilizing control law is derived.

This paper is organized as follow. In the next
section, we introduce the wuncertain system
considered here and the state-feedback based
transformation technique. In section 3, we derive
the required robust control law. A numerical
example in section 4 demonstrates the proposed
control method. Some final remarks and conclusion
appear in Section 5.

2. Problem Formulation

Consider a class of uncertain time-delay systems
(S;) which is defined by the following state

equations

) = [A+MOK(@) +[4, + A, (O]t~ h)

0
+ j_ A,.(0)x(t —r - 0)do

* This paper is reprinted from the same title of IEICE TRANS. FUNDAMENTALS, Vol.E82-A, No. 9 SEPTEMBER 1999, pp1911-1918
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0
+ L A, (O)x(t — r— 0)dO

+[B + AB(0) () + Bw(?) (2.1)

where xeR" is the current value of the

system state, u(z)e R™ is the control function,
w(t)e R’ is the additive disturbance 4, 4,, B
are known constant matrices of appropriate
dimensions, 4, € Ll([—r,O]; R™"| is a matrix
whose elements are integrable functions on [-7,0],
AA(t), A4,(t), AA.(¢), AB(t) are matrices whose
elements are continuous, unknown but bounded
functions, 4, re R is a known constant delay
time and the initial function of system be specified
as xy(n) € Cyl[-,.0}R"), 1, = max(n, r).

Assumptions
Before proposing our controllers, the following

assumptions are made throughout here.
Assumption 2.1: The nominal system of (S,); i.e.,

the system (S,) which AA(¢) = A4, (1) = A4, (t) =0,
AB(t) =0, w(t) =0 are spectrally stabilizable.
Assumption 2.2: For all e R, there are exist
continuous matrix functions H(¢), H,(¢), H,(¢),
and E(¢) of appropriate dimensions such that

a) AA(t)=BH(1),

b) A4, (t) = BH (1),

¢) AB(t)=BE(),

d) 7 +%(E(t) + ET(t))Z ol for some scalar 5)0 ,
e) A4.(t) = BH,.(t)

f) there are scalar u(x;) and pg(¢) such that
p(x) = |[H (0x(0) + H, (0)x(c = )

b

+ f H,(H)x(t - r — 0)d6 + (1)

and
1) Z[EQ)
g) information &, u and py are available

Note here that physical meaning of matching
conditions defined in Assumption 2.2 is all
disturbance and uncertainty effects disturb into the
system though the same channel as the control.
And if matching conditions are satisfies, we can
rewrite system (S;) to the form

&) = Ax()+ Ax(t —h) + LO A,.(0)x(t—r—6)do)

+Bu(t) +v(t)) (2.2)

where
v(t)=H@)x(t)+ H,()x(t = h)
+ ’ H,.@t)x(t—r—0)d0 + E()u(t) + w(t)
’ (2.3)

Transformation Technique
We begin with the linear transformation 7,

defined by
20) = (T.(0))o)

— x(0)+ jfh 40 4, x(t —h—6)do

0 0 y
+j j e 4 (—r—O)x(t —r +0)dwd
—rd—0
2.4)

where A4, € R™" is a matrix yet to be defined.

Proposition 2.1 :
Let the matrix A, be defined by

A, =A+e My,

0
+ j A (0)do,  (2.5)

and
0,(8y)co(4.)co(Sy) (2.6)
where
o(Sy)=1{s €C; det(s] —A—e " 4,
0
_I e_(”e)SAr (g)de) = 0} )

and
0,(8;)=1{s€0(S,;); Re(s)=0},

Then, &) satisfies (2.1) and hence (2.2), if and
only if &) satisfies the system of the form (S,)

&) = A,z() + Bu(t) +v(t)) 2.7)

Furthermore, the following properties are true:

(a) (AC, B) is a stabilizable pair,

(b) if lim, ,,.[z()] = 0, then lim, . [x(:)| = 0

(0) if lim,_,||z(1)| < ki, 3k < oo, then
lim, . [x(0) < ky, Fky < o,

Proof:
By wusing the Leibniz’s formula [15], it is
straightforward to verify that (2.2) in conjunction



with the transformation (2.4) yields (2.7); see
Appendix. Property (a) follows from Theorem 3.2
of [8]. To show the property (b) and (c), are
obtained using Laplace transform (2.4) to obtain,
after some rearrangement,

X(s) = A'(s)(sI - 4,)Z(s)
+ N (5)(sT — 4. )¥(s)
where A(s) =|s] — A— eih“'Ah J, and

2.8)

0 0
Y(s) = I eA‘HAhI eSOy ()d7d@ .
h —(h+0)

Next by setting t = 7+h+6, Observe that

h+6)
f eSOy (t)dr = f e xy(t—h—0)dt
—(h+0) 0

Since xg(r) = 0, Yre[-h, 0], we have

O 00
J' e—s(r+h+9)x0 (T)dT _ J‘ e—stxo (t —h- H)dt
_(h+6) 0

= L{x,(t—h-0)}.

where the operator L{ } is defined as the Laplace
Transform.

Furthermore, by setting t = 7+r+a+86,

0
I_(r+a+6) e—S(T+I’+a+9)x0(T)dT

(r+a+6) ot
- J'O e xo(t -1 —a —O)dt

Since xy(7) = 0, Vreg[-1,, 0], wehave

0
I_(r+a+g) e—s(r+r+a+9)x0(z_)dz_

J' ety (t—r—a —0)dt
0

Lixy(t—r—a—06)}
This implies that
p(t) = L {¥(s))

= L—l{J'i)h eAchhL{xo (t—h- 6’)}d0}
0 (0
L71 A(.aA‘ oL a0 ”
+ {LLM)e (O)Lix,(t—r—a-0){a }
- J-i)h eACHAhXO(t —h-0)do

0 0
+ J' j e 4 (O)xo(t—r—a —O)dadd
—r J—(r+0)

and hence,
w(t) = 0, Vi>t, =max(h,r).

€2 Techiiical Journal
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Note here that (2.6) implies that all eigenvalues of
the transfer function A_](s)(sl —AC) are stable.
Consequently, it can be verified that

limx(o)] < tim “L_I{A_l(s)(s] 4, )Z(s)}(t)”
+ lim “L‘l {A‘l (5)(s — 4, )\P(s)}(t)”

lim HL_l {A‘l(s)(sl 4, )Z(s)}(t)” .

{—>o0

The above analysis imply that w(¢#) does not
x(1).

asymptotic stability of z(¢f) implies asymptotic
stability of x(¢) since A™'(s)(sI —4,) is stable. [

influence  stability of Furthermore,

3. Controller Design

In this section we present a suitable controller
design, which is based on the Min-Max Approach
of Gutman, to stabilize z(¢). Next we will proof

that the controller
asymptotically stable.

can make the system

Theorem 3.1 : Suppose there exists a transforma-
tion satisfying the hypothesis of proposition 2.1.
Then, for given Q > 0, there exist a positive

definite solution P to the Riccati equation

A'P+ P4, —PBBTP+Q =0 (3.1)

Furthermore, a control law, which render closed-
loop systems asymtotically stable, is given by

u(®) =up () +uy () (3.2)
where
uy (1) =—%BTPz(t) (3.3)
and
2 T
iy (£) = — P (x,T)B Pz(¢) . (3.4)
S(p()|B P +¢ )
where the nonlinear gain
pOx) = pagug (O] + u(x,), (3.5)

and ¢ € R™ and § is the positive scalar defined in
Assumption 2-d.

Proof:

First, we take the positive definite function

* This paper is reprinted from the same title of IEICE TRANS. FUNDAMENTALS, Vol.E82-A, No. 9 SEPTEMBER 1999, pp1911-1918
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V,(t) = zT (6)Pz(t) (3.6)
as Lyapunov function candidate for the system
(2.7) with control (3.2). Applying with the Riccati
equation, the following is obtained of the
derivative of V,

1= 27 (0)| AT P+ PA, [(t) + 227 (0)PB(u(t) + v(0)
Substitute u, (¢) in the above equality to get
e =~ (0|47 P+ P4, - PBBT Pl (1)
+227 (1) PBuy () + (1))
= —2"()Qz(t) + 22" (1) PB(uy (1) + (1))
since v(¢) still has same value as defined in (2.3),
we have

=" (0z(0) + a(t) + B(O)
where
a(t) = 227 (t)PB( + E(t))uy (1)

and

B(t) = 2ZT(t)PB{H(t)x(t)+Hh(t)x(z—h)

+f H,(6)x(t —r—0)d0+o(t)+ E(u, (1)}

Consequently from u,(¢#) defined in (3.4), a()
becomes
a(t) = —2k(t)z" (t)PB(I + E(t))B” Pz(r)

= 2k(t)z" (t)PB(I + %(ET () + E(t))jBTPz(t)

< —2k(t)z" (1)PBSB” Pz(r)

where
k() = P ;(x’) - (3.7)
S(p(x,)|B Pz(t)“—ire oy
Hence
al) < —2k(t)5HBTPz(t)“2 (3.8)
On the other hand,
B@) < 2”BTPZ(I)“/)(xt) (3.9)

Combining (3.8) with (3.9) to get
a(t)+ () < 2(— k(t)5HBTPz(t)H2

+ p(x,) BTPZ(I)H j (3.10)
(3.7) and (3.10) imply that

ol o
al)+ p) < 2

B p“BTPz(t)H te#

+ p(x,)|B” Pz(t)H]
P BT Pz(t)H
<2

pHBTPz(t) +e ?

< 2e7?

Therefore,
Kty = —z" ()0z(t) +a(t) + B(1)

< 2T (O)0z(t) + 27

By using [17], It can be verified that closed-loop
system (2.7) with control law (3.2) s
asymptotically stable. O

4. Numerical Example and
Simultion

Consider the following uncertain system with
distributed time delay with its linear part as defined

m
&) = Ax(0)+[4;, + A4, O]t - h)

+ f A, (0)x(t - r —0)dO + Bu(t) + (1) (4.1)

where
7%_
A:u, Ah =e, A,(@):SIH(SQ), B:l)
65
|A4, ()| <3, ()| =< 05, h=1, r:%

Therefore, it can be verified by using the numerical
algorithm proposed in [15] that o, = {l},
consequently A, has chosen to be 1. Next, we
choose QO to be 3 then P becomes 3 and the
nonlinear gain

p(x,) = pu(x,) =|3-x(t—h)+0.5 4.2)
Using the controller described and let ¢ be 0.15,

the response of the system (4.1) with controller are
given in the figure 1 shown below



The State x and Control output u versus Time t

State x and control output u
: IS
T
—
1

5 10 15 20 25
Time (sec)

Fig 1. Simulation Result,

Furthermore, figure 2 shows the response of
system (4.1) with only linear control law (3.3). It
can be observed that the control law without
nonlinear part can not stabilize the system. In the
other hand, the nonlinear part is sufficient to
control the effect of uncertainties and disturbance
for stabilizing the system

The State x and Linear control output u versus Time t

T

State x and Linear control output u

Time (sec)

Fig 2. Simulation Result without
nonlinear control law
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5. Concluding Remarks

We have presented a method to stabilize uncertain
system with distributed time delay. By using
matching condition defined in Assumption 2.2, we
can change system model (2.1) into new model
(2.7) that easier to be applied with the special
linear transformation. The transformation is used to
reduce the system state model so that we can obtain
a stabilizing condition as shown in Proposition 2.1.
In the other word, choosing 4., such that

A_l(s)(sl —A,) stable, paves the way to feasible

design of the robust controller. And it explains why
stability of z(¢) can imply stability of x(¢). As a
consequence, we obtain a new design of robustly
stabilizing controller for the system.

In General, the problem of determining
the roots of systems has been considered by many
authors. Base on Manitus method [16], Fiagbedzi
and Pearson had proposed the solution for
distributed systems in 1987, see [13] for
references.

Finally, we note that the applicability of
our approach is not limited to stabilization
problem. For instance, it is feasible to extend our
result in section 3 to cope with the model-
following control of which concept is proposed in

[7].
6. Appendix

Supplementary proof of Proposition 2.1
From the hypothesis of Proposition 2.1, we have

&) = Ax(t)+ A,x(t —h) + j_o A.(0)x(t—r—0)do)

+B(u(t) + (1)) (A.1)

with the auxiliary output

z(t) = (T.(x0)(@®)
— x(1)+ f e 4, x(t — h— 0)do

h

0 0
+j j e 4 (<1 —O)x(t —r+0)dwd0 (A.2)
—rd-0

where the matrix A4, be defined by
0
A =Are g +j O 4 (0)de,  (A3)

By using the Leibniz's formula [12], it can be

verified that

* This paper is reprinted from the same title of IEICE TRANS. FUNDAMENTALS, Vol.E82-A, No. 9 SEPTEMBER 1999, pp1911-1918
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d * 40
— | e A4, x(t—h-0)do
dt J-n n¥( )
= e 4,x(t)- A, x(t—h-0)

0
+ACJ. Myt~ h-6)do

and
0 0

%J' I e A, (=r —O)x(t —r+0)drd0
—rd-0

- [ e 4, (- 0)x(t) - 4, (-r—0)x(t +0)

0 A,
+ ACJ‘ ,¢ A (-r-0)x(t-1+ H)dr}db’
Hence,
d % 40
&) = J&r)+—.[ e’ 4. x(t—h—0)do
dt J-n
0 0
+%L Jie e’ A (~r —O)x(t—r+0)dzd0
= Ax(t)+ A,x(t—h)
0
+ j A, (0)x(t —r —0)dO + B(u(r) + (1))
+e M g, x(1)— Ayx(t—h—0)
0
+ ACI e 4, x(t—h—0)do
—h

+ f [e e 4 (—r—O)x(t)— A, (~r—O)x(t +6)

0
+ 4, I e, (—r—o9)x(t—1+o9)dr}d9

0
= A, [x(t) + j e 4, x(t—h—6)do
—h

+ j_o j_og e A (—r—O)x(t—r+ H)drdé?}
+ Bu(t) + ()

{Aw‘”/’v A, + J'O e 4 (O)dO-A, :|x(t)

which is equivalent to

Ke) = A.2(0) + Bu() + (1))

owning to (A.2) and (A.3).

Next, to show (2.8), Laplace transform (A.2) to
obtain

Z(s) = Lz}

0
- L{x(t) + j e 4, x(t —h—0)do
—h

+ f Ii, e A (<r—O)x(t—a+ H)dadé?}
= X(s)+ fh e 4, L{x(t—h—0)}do

+ j_o Ioe e 4 (—r—O)Lix(t—a +0))dad0

Consequently,

0
Z(s) = X(s)+ j 4 dox (s)

0 0
+j e 4, j ¢TI0y (D)dnd
h _(h+6)

0 0
+ j J' e 4 (@)™ dod X (5)
—r J—(r+6)

+f,, JjHa) 4 (@Jj,, e xe)dndoddt

0
= {Hj e’ 4,60
—h

+ J’Q r eA”“A,(H)e_“'(”“w)dadé’})((s)
—r J—(r+6)
+ J‘O e’ 4, IO eSOy (v)dd
h —(h+6)

+f"f(r+€) 4 (H)Jj,m o (et
(A4)

Note here that
I+ f M 4,6+ f f e 4.0 dodd
—h — (r+)

= (s 4.)"AGs)

(A.S5)
where

0
A(s) = |:s1 —A-e ™4, - j e O 4 (9)de}

This can be verified easily by direct integration and
then using (A.3). Finally, direct substitution (A.5)
in (A.4) yields the required result.
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Introduction to Micro-Electro-Mechanical Systems (MEMS)
with Emphasis on Optical Applications
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ABSTRACT -- Micro-Electro-Mechanical Systems, or MEMS, are integrated micro devices or
systems combining electrical and mechanical components. They are fabricated using integrated circuit (IC)
batch processing techniques and can range in size from micrometers to millimeters. These systems can
sense, control and actuate on the micro scale, and function individually or in arrays to generate effects on
the macro scale. This paper presents an overview of MEMS technology with emphasis on optical
applications. Applications of MEMS devices vary in many fields from automotive transducers, biomedical
technologies, communication systems, robotics, aerospace, micro-optics, industrial sensors and actuators.
The applications of MEMS in optics include display systems, optical switching, optical communication,
optical data storage, optical processing and interconnection, and adaptive optics. Examples of micro-optical
components and systems are described in this paper.

KEY WORDS: MEMS, MOEMS, micromachining, micro-optics, sensor, actuator
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Micro-Electro-Mechanical System (MEMS)[1].
This field is called by a wide variety of names in
different parts of the world: micro-electro-

1. Introduction

Trend toward smaller size, higher performance, and

greater functionality for electronic devices is made
possibly by the success of solid-state microelec-
tronics technology. In the late 1980s, the silicon
Very-Large-Scale-Integrated (VLSI) design and
manufacturing was developed for use in field of

mechanical systems (MEMS), microsystem techno-
logy (MST), micromechanics, and micro total
analysis systems (u-TAS) etc. These systems
interface with both electronic and non-electronic
signals and interact with non-electrical physical
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world as well as the electronic world by merging
signal processing with sensing and/or actuation.
Instead of dealing only electrical signals, MEMS
also deals with moving-part mechanical elements,
making miniature systems possible such as
accelerometers, fluid-pressure and flow sensors,
gyroscopes, and micro-optical devices. MEMS are
designed using computer-aided design (CAD)
techniques based on VLSI and mechanical CAD
tools and typically batch-fabricated using VLSI-
based fabrication process [1]. The commercial
available surface and bulk micromachining such as
Multi-User-MEMS process (MUMPs) at MCNC
and MOSIS service respectively are widely used to
fabricate prototype MEMS devices due to their low
cost and short turn-around time. Post-processing
such as cavity etching, silicon bonding and flip
chip soldering can be applied to produce the more
complex mechanical structures for suitable
applications. An early application of MEMS was in
the field of microsensor and microactuator for
measuring or driving position, pressure, velocity,
acceleration, force, torque, flow, magnetic field,
temperature, gas composition, humidity, pH, fluid
ionic concentration, and biological gas/liquid-
/Molecular concentration. Some applications have
been successfully commercialized in market such
as thermal inkjet printer, automotive accelerometer,
and high-resolution display projector.

Cpto
Electronics

Figure 1. Schematic diagram shows
interdisciplinary field of MOEMS

MEMS is also widely used to fabricate micro
optical components or optical systems such as
deformable micromirror array for adaptive optics,
optical scanner for bar code scanning, optical

switching for fiber optical communication etc. This
special field of MEMS is called ‘Micro-Opto-
Electro-Mecha-nical Systems (MOEMS)’. This
interdisciplinary field has to combine knowledge in
optics, electronics, and mechanics to design and
fabricate devices as shown in Fig.1.

2. Fabrication Technology

Batch IC fabrication technology is used to
fabricate mechanical microstructures such
as beam, spring, diaphragms, orifices,
grooves, gears, linkages, and complex
mechanical suspended flexure. MEMS
devices can be divided into two fabrication
classes: Surface micromachining and bulk
micromachining.

2.1 Surface micromachining

Surface micromachining is an additive fabrication
technique that involves the building of devices on
the top surface of substrates. Specific structure
parts of a device are encased in layers of a
sacrificial material during fabrication process. The
structural parts are released by chemical etchant
dissolving of the sacrificial layers. Surface
micromachining can be used to fabricate not only
relatively conventional mechanical structure such
as beams or diaphragms, but also more
sophisticated ones such as gears, linkages, and
micro-motors. Commercial polycrystalline silicon
surface micromachining processes such as MUMPs
(Multi-User-MEMS-Process) and SUMMIT
(Sandia  Ultra-planar ~ Multi-level ~ MEMS
Technology) are available for prototyping MEMS
designs. Multi-levels of doped or undoped
polysilicon layers are used to form the mechanical
structures and silicon dioxide layers are used as the
sacrificial material. The schematic layout diagrams
of MUMPs and SUMMIT surface micromachining
fabrication were shown in Fig. 2 [2]. Electrostatic
micromotor fabricated by surface micromachining
was shown in Fig.3.

2.2 Bulk micromachining

Bulk micromaching is a subtractive fabrication
technique that uses the substrate to form
mechanical structure of MEMS devices. The single
crystal substrate is etched in anisotropic
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Figure 2. Surface micromachining fabrication
(MUMPs and SUMM;T)
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Figure 3. Electrostatic micromotor fabricated by
MUMPs: diameter is 80 pum. (Courtesy of MCNC)
(For reference, human hair diameter is 70-80 um)

etchants such as potassium hydroxide (KOH) or
ethylene-diamine pyrocatecol (EDP) along given

crystal planes. The process is based on the fact that
anisotropic etchants etch the <100> and <110>
crystal plane significantly faster than the <I111>
crystal planes. In a <100> silicon substrate,
anisotropic etching proceeds along <100> plane but
practically stop etching at <111> plane, making a
54.7 degrees angle slanted wall in the etched
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cavity. The final size of etched cavity is controlled
by the etch-mask opening or heavily boron-doped
silicon etch-stop. Under-etching occurring where
etch masks are misaligned with <110> direction
can be used to fabricate suspended microstructure.
The Miller indices indicated the plane of silicon
crystal was shown in Fig.4. Fig. 5 shows the cavity
anisotropic-etched by EDP.

TZ TZ z
w ! Y

(100) (110) (1iy)
Dense More Dense Most Dense

Figure 4. The Miller indices of silicon crystal
plane

L4 1777

@Ky @&.87KX 11.5M 8094

Figure 5. The etched cavity from anisotropic
etching: cavity size ranges from 10-100 um. (Bulk
micromachining)

The design of MEMS device is limited by planar
geometry of IC fabrication process. Three-
dimensional structure or high aspect ratio (height to
width) is difficult to fabricate by conventional IC
process. The x-ray photolithography technique
(LIGA) was developed to fabricate high aspect
ratio structure over 100. Microgear and motor
fabricated by LIGA were shown in Fig.6.

Post-fabrication processes such as bonding or flip
chip soldering permit a silicon substrate to be
attached to another substrate to provide added
design flexibility and packaging possibility.
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Figure 6. Micromotor components fabricated by
high aspect ratio LIGA. Stator (upper figure) and
rotor(lower figure). (Courtesy of MCNC)

3. Computer-Aided Design for
MEMS

Computer-Aided Design and Engineering programs
(CAD and CAE) have been recently developed to
assist MEMS design easier. In MEMS technology,
the design complexity is compounded by intimacy
between mechanical and electronic performance.
Several commercially available software tools such
as L-EDIT, Cadence, and MEMCAD can provide
the layout tool for MEMS design. The MEMS-
specific tools that are integrated into an
environment where complete structural, as well as
operational, analysis such as MEMCAD,
CAEMEMS, and IntelliSuite have used to be
design verification tools (e.g., solid modeling,
finite element analysis, discretization, and
visualization). These software tools have also
proven useful for modeling a variety of parameters
(e.g., displacement, stress, electric field, magnetic
field, temperature, and fluid velocity) under a wide
variety of conditions. Fig. 7 shows computer-users
interface of MEMS CAD tool available in market.

Finite-element analysis (FEA) is one very powerful
technique to model a variety of static and dynamic
phenomena for a complex microstructure. Among
them are mechanical stress-strain distribution,
thermal distribution, frequency response, fluid
flow, electromagnetic field and resonant frequency.
Several commercially available software packages

such as Ansys, Nastran, Cosmo, and Abaqus
provide sophisticated modeling capabilities.

e

Figure 7. MEMS CAD tool for design, layout, and
simulation (Courtesy of Tanner EDA)

4. Microactuators, Microsensors

and Microsystems

4.1 Microactuator

Microactuators are component that converts energy
into appropriate action capable of producing
micron-scale motion. Microactuators can be classi-
fied into two classes: rigid microstructure and
deformable microstructures. Rigid-type micro-
actuators such as micromotors provide displace-
ment and force through rigid-body motion [1].

Deformable microstructures such as beams and
diaphragms provide displacement and force
through mechanical deformation. Currently, the
microactuation methods in common use are
electrostatic, electromagnetic, piezoelectric and
thermal. Fig.8 shows deformable mirror driven by
electrostatic mechanism.

Figure 8. Electrostatic deformable micromirror
array [4]



The electrostatic actuation uses the nature of
electrostatic force provided by parallel plate
capacitor structures or comb-finger structures. The
attractive and repulsive forces generated by electric
charge distribution are used to convert electrical to
mechanical energy. The electrostatic actuated de-
vices (e.g., micromirror array, microswitch,
scanner, microshutter, micromotor) are widely used
in varieties of fields. Fig.9 shows the commercially
available micromirror array for display projection
developed by Texas Instrument, USA.

Mirror -10 degrees
r—

!
Landing ;;\"“* substrate
Figure 9. Texas Instrument’s micromirror display
projector (Courtesy of TI DSP)

Electromagnetic actuator has been demonstrated in
conjunction with both mechanical classes of
microactuators but electro-magnetic systems prove
difficult to micromachine using planar IC
processes. The high aspect ratio micromachining
method such as LIGA is required to build the three-
dimensional structure of magnet and solenoid.
Magnetostatic micromotor was shown in Fig.10.
Electrostatic actuator dominates in the development
of actuators in microworld because of its simpler
and more compatible with IC fabrication.

Figure 10. Magnetostatic micromotor. (Courtesy of
UW Madison)
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Another form of microactuation is based on the
piezoelectric effect [5]. This material exhibits
deformation of crystal when voltage is applied.
Therefore, piezoelectric films can be used to
provide actuation in a variety of applications such
as valves, pumps, and positioning devices. Typical
piezoelectric thin films now used in microactuator
technology are zinc oxide (ZnO), lead zirconate
titanate (PZT), and polyvinylidene fluoride. Of
these materials, PZT has the largest piezoelectric
coefficient. Thermal actuator uses bimorph
structure that there is thermal coefficient of
expansion mismatch between two layers of
materials to generate force or motion. The bimorph
structure can provide deformations in the lateral or
normal to the plane of substrate. In general, thermal
microactuators have a slow response time (on the
order of tens of milliseconds) and high power
consumption (on the order of tens of milliwatts).
Electrostatic microactuators can be much faster
(with response time measured in microseconds),
and consume far less power but less force or
motion generated.

4.2 Microsensor

Microsensors are component that converts one
form of energy into another and provides a usable
energy output in response to a specific measurable
input. Due to the micro-scale size of microsensors,
less invasive, high accurate/sensitive, and low
cost/weight sensor can be achieved. The smart
sensor fabricated by IC processes can integrate
with CMOS electronic circuits on the chip to
handle, switch, or amplify the signal. Several kinds
of microsensors are successful in the market such
as pressure sensor, flow sensor, thermal sensor,
gas/chemical sensor, accelerometer, and
immunosensor. The commercially available inte-
grated accelerometer for automotive air bag system
developed by Analog Devices was shown in
Fig.11.

Figure 11. Integrated accelerometer and packaged
device. (Courtesy of Analog Devices)
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5. MEMS for Optical Applications

Micro-Opto-Electro-Mechanical System (MOEMs)
is a specific field of MEMS that includes the
knowledge in fields of optoelectronics and optics to
create the micro-optical components and systems.
Some micro-optical components recently fabricated
at University of Colorado, Boulder, Colorado have
been described and demonstrated as follow [6].

5.1 Piston micromirrors

One of the most useful MOEM components is the
electrostatically actuated piston mirror. This device
takes advantage of the planar nature of the surface
micromachining process and the ease to form
parallel plate capacitor structures by sacrificial
layers releasing. The segmented or membrane
deformable micromirrors have been fabricated. The
upper plate of the structure can be metallized to
create a moving mirror. The lower plate was used
as an underlying addressable electrode. When a
voltage is applied between the two plates, an
attractive electrostatic force is developed and
balanced by the restoring mechanical force of the
flexures that suspend the mirror over electrode. The
phase of incoming light modulated by mirror
deflection can be controlled by applied voltage
between two electrodes. Fig.12 shows one element
of micromirror array.

L

Figure 12. Element of segmented deformable
micromirror

Bulk micromachining process is another way to
fabricate micromirror array that micromirror and
CMOS circuit can be integrated on the same chip.

Thermal bimorph actuator was used instead of
electrostatic actuator to actuate the mirror in
vertical direction. The larger deflection stroke can
be achieved with trade off in lower modulated
frequency. The bulk micromachining micromirror
array was shown in Fig.13. Applications of
deformable micromirror array include active
aberration correction for atmosphere’s turbulence

compensation or free space optical communication
systems. The schematic diagram of wavefront
compensation for aberration correction was shown
in Fig.14. The incoming wavefront was phase-
modulated by up/down movement of micromirror

—

=
o
i3]

element.

Figure 13. Micromirror array fabricated by bulk
micromachining
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Figure 14. Aberration correction

5.2 Gratings

Optical grating is another optical element that can
be easily fabricated in surface micromachined
polysilicon. The optical grating is an optical
element that serves to periodically modulated the
phase or the amplitude of the incident wave. The
grating consists of repetitive arrays of polysilicon
line suspended over substrate by flexure which
individual line was electrostatically moved
perpendicular to the plane of substrate to diffract
light of a particular wavelength at a designed angle.
The electrostatic grating, shown in Fig.15, has an
active area of 500 um x 500 pm with 2 um lines
spaced 4 um center-to-center. The array of grating
line is moved perpendicular to the plane of the
substrate to change the phase relationship between



light reflected off the grating lines and substrate.
This grating is designed to be able to modulated
optical intensity by shifting power from the zero

diffracted order to the +1% diffracted orders.

Figure 15. Micro-optical grating

5.3 Fresnel Lenses

Since surface micromachining uses materials with
uniform layer thickness, it is not possible to design
curved refracting lenses: however, Fresnel lenses
can be fabricated easily. Fresnel lens consists of an
array of polysilicon circular rings increasing in
width and spacing toward the center. An example
of a 7 order Fresnel lens is shown in Fig.16. The
plate is 200 pum tall and locks into place. The slider
attached at the left lifts the plate. The bottom of
lens plate is hinged so it can be flipped up into the
light path. The Fresnel lens on substrate can be
used to collimate laser light from laser diode. The
schematic diagram of microhinge is shown in
Fig.17

Figure 16. Micro-Fresnel lenses.
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5.4 Optical Scanner

Optical scanner is another optical component
successfully demonstrated for commercial market.
The scanner consists of hinged mirror plates
connected to thermal actuator arrays, which can
move 10 pm laterally on substrate. The lateral
thermal actuator consists of a narrower polysilicon
hot arm connected to a wider polysilicon cold arm.

Figure 17. Schematic diagram of micro-hinge for
flip-up structure

When the current is applied to them, the higher
current density in the hot arm causes it to heat and
expand more than the cold arm. This causes the
actuator tip to move laterally in an arcing motion
towards the cold arm side as shown in Fig.18.
Typical dimensions of thermal actuator are: ‘hot’
arm 2.5 um wide, 240 um long; ‘cold” arm 16 um
wide, 200 um long and gap between both arms 2 p

m wide. motion
_>

Hot arm

N

Cold arm

Figure 18. Thermal actuator (Heatuator).

The coated gold mirror surface is 75um square (for
reference , the diameter of human hair is about 70-
80 um). An etch hole has been cut in the center of
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the mirror to ensure that the mirror is completely
released during the sacrificial oxide etch. The
mirror is connected to the substrate with two
substrate hinge, and to the actuator array with a
self-locking tether. The lock and key mechanism
consists of a key hole in the bottom of the mirror
plate with awide opening at the top and narrow
opening at the bottom. The tether end is tapered
into a triangularshape which slightly overhangs the
bottom of the keyhole. Below the triangular tip,
slots are cut into both sides of tether, corresponding
to the size of the narrow bottom of the keyhole. As
a hinged plate is rotated off the substrate, the tether
slide into the keyhole. The actuator array is used to
set the angle of the mirror plate for beam steering,
or it could be used to move continuously, to create
a scanning mirror with a large scan angle. The
15.7° maximum deflection angle is observed [6].
Micro-optical scanner for bar code scanning or
display projection was shown in Fig.19.

rold suface

Tether lock
Subs tate

Tether

Figure 19. Micro-optical scanner

Rotate mirror plate is another mechnism for
scanning the optical beam. Fig.20 shows a flip-up
mirror attached to rotary stepper motor, which is
driven by an array of thermal actuator. The 200 pm
sector gear on the base allows the 180° of
positioning. Mirror is 185 pm wide and 200 pm
tall.

5.5 Corner Cube Retroreflector

So far only single device have been described,;
however, more complex systems can be developed.
One of the most interesting optical components is a

corner-cube retroreflector (CCR). A CCR has three
mutually hinged, stand-up gold plated mirrors. One
hinged mirror is positioned and modulated with a
thermal actuator array, in the same manner as the
scanning mirror. The other hinged mirror is held by
a slotted locking plates to fix the position of mirror.

Figure 20. 180 degree scannong mirror

As shown in Fig.21, CCR system has a static gold
mirror on the substrate and two perpendicular,
mirrored walls. This mirror arrangement will
reflect light back in the direction of its incomimg
path, and is commonly used in roadside reflectors.
The CCR can be used for line-in-sight optical
communication

Mowing Wirror

Fized MWirrors

Figure 21. Micro-corner cube retroreflector

The previously described optical components can
be combined to form a micro optical bench as
shown in Fig.22. A vertical cavity surface emitting
laser (VCSEL) is used as a laser light source. The
laser beam is emitted perpendicular to the substrate
and reflected by 135° mirror. The beam is
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Figure 22. Micro-optical bench for display projection system

collimated by Fresnel lens and scanned in two
dimensions by rotating micromirror and fan mirror.
This micro optical system is proposed as low cost
laser scanner or bar code scanner [7].

6. Conclusion

MEMS proves to be a promising technology for
future sensors and actuators. Trend to decrease
size, enhance performance, and lower the cost of
transducer in market is made possibly by the
success of MEMS technology. Fabrication
technique has to be developed further to support
the increasing MEMS industry. MEMS has
merged several fields of knowledge to create a
micro-scale device by using today available IC
fabrication technology. Discussions of MEMS
technology, fabrication tool, MEMSCAD tool, and
MEMS applications for sensor and actuator
concentrated on micro-optics applications have
been presented in this paper.
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ABSTRACT - In the past, computer viruses have created a huge damage to the computer systems
over the world. The objective of the new viruses is to destroy the system and cause the effects to the
societies and economics. Virus's development and concepts of writing it has trended to be more powerful
and cause more damage everyday. This paper presents information about computer viruses in the detail of
techniques and concepts of the way they work, objective of the attack, trend, producing techniques,
protection methods, and the future technology.
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Parallel K-means Clustering Algorithm on NOWs
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ABSTRACT - Despite its simplicity and its linear time, a serial K-means algorithm's time
complexity remains expensive when it is applied to a problem of large size of multidimensional vectors. In
this paper we show an improvement by a factor of O(K/2), where K is the number of desired clusters, by
applying theories of parallel computing to the algorithm. In addition to time improvement, the parallel
version of K-means algorithm also enables the algorithm to run on larger collective memory of multiple
machines when the memory of a single machine is insufficient to solve a problem. We show that a problem
size can be scaled up to O(K) times a problem size on a single machine.

KEY WORDS -- Clustering algorithms, K-means algorithms, Parallel Algorithms, Computational
Geometry, Data Mining
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such that each vector vy, 1< 1 < K, 1<j < |Cj| has
the closest distance (i.e., Euclidean distance) to
means X;, 1< 1 < K [1] (See figure 1 for an
example of K-means categorization of 25 points for
K = 4). The algorithm achieves this result by
minimizing a square-error function E such that

1. Introduction

Clustering is the grouping of similar objects and a
clustering of a set is a partition of its elements that
is chosen to minimize some measure of
dissimilarity [1]. Clustering algorithms are often
useful in applications in various fields such as
visualization, pattern recognition, learning theory,
and computer graphics. A classical vector
quantization problem is usually solved as a
gradient-descent problem. However, in practice a
more convenient computing scheme is batch
computation, usually named the K-means
algorithm [2].

E=Ziix Zveall Xi-v |P

A K-means algorithm is measured by two criteria:
intra-cluster criterion and inter-cluster criterion. An
intra-cluster criterion (i.e., the inner summation)
represents how good the cluster C; is. Typical intra-
cluster criteria are the diameter, radius, variance,
variance multiplied by |Cj|, variance multiplied by
ICil* of point set |Cj|, a Euclidean distance, and a

Given a set S of N D-dimension vectors without square-error criterion. In this paper we use a

any prior knowledge about this set, the serial K-
means clustering algorithm forms K disjoint
nonempty subsets {C,,C,,Cs,...,Cx} of vectors

square-error function as our criterion because 1)
our purpose is to parallelize K-means algorithm
and 2) the square-error criterion, defined above, is
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the most commonly used and a good measure of
the within-cluster variation across all the partitions
[5]. For more information about other criteria, we
suggest the paper [1] by Mary Inaba, Naoki Katoh,
and Hiroshi Imai. The inter-cluster criterion (i.e.,
the outter summation) is defined as the total cost of
the K clusters. Generally, the inter-cluster criteria
are max{intra(C,),intra(C,),...,intra(Cx)} and X
=1 xintra(C;) where intra(C;) is an intra-cluster
criterion of C;. In this paper we use the latter
criterion. By minimizing each intra-cluster criterion
locally (i.e., moving only vectors that reduce the
error function to a new appropriate cluster), we
expect that the algorithm will globally yield an
optimal inter-cluster criterion. The K-means
clustering algorithm is then to find a K clustering
that minimizes the inter-cluster criterion or the
error function.

Serial K-means Algorithm
1. Randomly select |S|/K members of the set S to
form K-subsets

2. While Error E is not stable:

3. Compute a means X; 1< i < K for
each of the K subsets.

4. Compute distance d(i,j), IS1 <K, 1<j<N
of each vector such that d(i,j) =1 X;- vi ||

5. Choose vector members of the new K
subsets according to their closest distance
to X, 1<i<K.

6. End

The serial K-means algorithm has time complexity
O(RKN) where K is the number of desired clusters
and R;is the number of iterations [3].

2. Proposed Algorithm

In this section we present some related works,
motivations, materials, our parallel K-means
algorithm, and complexity analysis.

2.1 Related Works and Motivations

In [4] authors present a clustering using a coarse-
grained parallel genetic algorithm to obtain an
optimal minimum squared-error partitions and use
a distributed algorithm to improve the total
execution time. Their algorithm is based on a
SIMD model. In [7] authors present an optimal
adaptive K-means algorithm with dynamic
adjustment of learning rate to induce a near-optimal
clustering solution in a situation where the pattern
ensemble is not available. In [8] authors define the
notion of a well-separated pair decomposition of
points in d-dimensional space and develop efficient
sequential and parallel algorithms for computing
such a decomposition. The authors then present a

decomposition of multidimensional point sets and
its applications to k-Nearest-Neighbors and n-body
potential fields. Their parallel algorithm is based on
a CREW PRAM model. These are some papers
related to parallel clustering and K-means
algorithms that are known to us.

Many applications for clustering algorithms,
particularly applications in data mining, usually
require the algorithms to work on massive data sets
with an acceptable speed. For instance, in [6]
NASA launches satellites for studying the earth's
ecosystems. The Earth Observing System (EOS) is
capable of generating about a terabyte of data per
day. These terabytes of data will then be used to
identify anomalies on earth by a visualization
program. A grouping of such data sets could be
done by clustering algorithms. However, when a
data set is large, processing time and space
requirement by the serial algorithms have become a
serious concern. To our knowledge, no parallel
non-heuristic K-means clustering algorithm has
been developed on a message-passing model of a
network of workstations (NOWs). We are
interested in developing K-means algorithm
because it is simple and widely used in practice. In
addition, we are also motivated by an advantage of
wide availability and relatively inexpensive costs
of parallel computing on a network of
workstations. Our contributions in this paper are
then 1) to significantly reduce time complexity of
the serial K-means algorithm by data parallelism
and 2) to eliminate a limitation of memory
requirement on a single machine when data sets are
massively large.

2.2 Materials and Parallel K-means
Algorithm

We use a network of homogeneous workstations
with Ethernet network and use message-passing for
communication between processors. In an Ethernet
network, all communications consist of packets
transmitted on a shared serial bus available to all
processors [9]. Message-Passing Interface (MPI) is
used as a library routine in C programming
language for communication between processes.
The following is a description of the parallel K-
means clustering algorithm. A master-slave single
program multiple data approach (SPMD) is used.

Let Tarup be a constant time needed in sending a
blank message and let Ty, be a constant time
needed to send one data element (i.e., 4 bytes of
integer). Note that in practice these two time
constants may vary from one system to another.



Master Process

1.Randomly form K equal subsets
of set S

2.Send each subset to each of
the K slaves

3.Receive K resulting subsets from
K slaves.

Complexity

K(Tsartupt N/KTgaia)

Slave Process
1.Receive a vector subset P from
master process

2.While Error E is not stable:

3. Compute a mean Xpyrank O [P|
the subset P B

4. Broadcast the mean Xyrank
to every other slaves

5. Compute distance d(i,j), K|P]|
1<i<K,1<j<|P| of each vector

in P such that d(i,j) =1 Xi-vj ||

6. Choose vector members K|P|
of the new K subsets according
to their closest distance
to X, I<i<K

7. Broadcast K subsets computed
in step 6 to every other slaves

8. Form the new subset P by collecting [P|
vectors that belong to Xuyrank that
were sent from other slaves in step 7

9.End

10.Send the subset P to master process Turp+ [P|Taaa

Complexity

Tslanup + Tdala

TslarlupJr IP‘Tdala

It is worth noting that broadcasting in this
algorithm does not undermine the overall
performance. In fact, broadcasting is intentionally
used in order to improve the performance of the
algorithm because broadcasting only requires one
setup time for each broadcast while a pair of send()
and receive() requires one setup time each time the
message is sent from one process to another. Since
the setup time for each message passing in MPI is
large, broadcasting helps alleviate this problem
significantly while achieving the same effect as
send() and receive().

2.3 Time/Space Complexity Analysis

We analyze the algorithm into communication
steps and computation steps. Let Teomm be the time
complexity of communication and T¢em, be the time
complexity of computation. There are 4
communication phases and 3 computation phases
in the algorithm. Each phase can be described as
follows.

Phase 1: Master process sends K equal subsets to K
slaves. Thus,

£2 Techiiical Journal
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Tcomml = K(Tstarlup + N/ KTdata)

Phase 2: After each slave process receives a subset
from master process, it computes its mean Xpyrank
from subset P. This step takes

Tc:ompl = |P‘

Phase 3: In this phase each slave broadcasts its own
mean to every other slave. Thus,

Tcomm2 = Tstartup + Tdata

Phase 4: Each slave computes Euclidean distance
of each vector in subset P and computes vector
members of the new K subsets. This phase takes

Teomp2 = 2K|P|

Phase 5: In this phase each slave broadcasts K
subsets to every other slave. Thus,

Tcomm3 = Tstartup + |P ‘Tdata
Phase 6: Each slave forms the new subset P. Hence,
Tcomp3 = |P‘

Phase 7: Each slave sends its subset P to master.
Hence,

Tcomm4 = Tstanup + |P‘Tdata
Let R, be the number of iterations of the while loop
at step 2, TCM be total communication time, and
TCP be total computation time. The total time
complexity can then be computed.

Total time = TCM + TCP

TCM = Tcomml + Tcomm2 + Tcomm3 + Tcomm4
= K(Tstanup+ N/ KTdata) +
Rp(sztanup+(|P‘+1)Tdata) + Tstartup + |P|Tdata
= (2Rp+K+1)Tstanup + (N+Rp(|P|+1)+|P|)Tdata
= O(N+R,[P))

TCP = Tcompl + Tcomp2 + Tcomp3
= R,(2|P[+2K|P)) = O(2R,K|P|)

Total time = O(N+R|P|) + O(2ZR,K|P|)
= OQRKP)

Given a uniformly distributed data set of N vectors,
each slave process on one machine requires space
of O(N/K). Hence, the parallel K-means algorithm
has total space complexity O(N).
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3. Experimental Results

Both versions of K-means algorithms are run with
K =4 and D = 2. All experimental input data are
uniformly distributed random vectors. Execution
times, the number of iterations, and speedup are
measured as follows:

N Iter. | Iter. | Exec. | Exec. | Speedup
D=2 Serial | Para | Sec.|Sec.
Serial Para

100K 35 34 127 268

200K 22 22 174 328

300K 32 31 351 648

400K 31 31 472 859

500K 27 28 543 1044

600K 26 26 946 1749

700K 29 31 3683 3322 1.11
800K 36 36 6871 5923 1.16
900K 28 28 13146 6248 2.10
1000K - 25 - 8216

From the table, we observe that there is no speedup
from N = 100,000 to N = 600,000 because
communication time is much greater than
computation time. (The MPI library seems to
require a lot of time for initialization and cleanup
stages. In addition, a MPI broadcast is a simulation
on a single bus.) However, from N = 700,000 to N
= 900,000, the computation time starts to dominate
the communication time, resulting in substantial
speedup. The parallel version also allows one to
use larger problem sizes because data are
distributed to several machines. In the experiment
the serial version could not continue when N =
1,000,000 because a single machine did not have
sufficient memory to meet computational
requirement. The parallel version is expected to
gain more speedup as N increases and computation
time starts to dominate communication time.
However, due to our limited memory space, we can
show experimental results of N as large as
1,000,000 vectors (See figure 2).

4. Conclusion

Time complexity of the serial K-means algorithm is
O(RKN) whereas time complexity of the parallel
K-means algorithm is O(2R,K|P|). Since R, and R,
are inherently equivalent and N >> |P| , O(2R,K|P])
is asymtotically better than O(R,KN).

Suppose N is sufficiently large and data is
uniformly distributed. |P| would be close to N/K.
We can measure performance of the parallel K-
means algorithm against the performance of the

serial algorithm by using speedup S(K), where K is
the number of processors:

Execution time of single processor
S(K) =

Execution time of K processors

_ O(RsKN) O(RsK2|P|)
O(2RpK|P)) O(2RpK|P))
- 0(K/2)

The experiment confirms that when N is
sufficiently large, speedup gain is O(K/2) as
predicted.

In a system with P processors a possible maximum
speedup is P. In our parallel algorithm the number
of processors P is essentially equal to K. Let T be
the efficiency defined as

T = (speedup gain/maximum speedup)100%
Thus, efficiency of parallel K-means algorithm
T = (K/2)/K x 100% = 50%

We can conclude that our parallel K-means
algorithm achieves 50% efficiency of time
complexity. 50% is relatively efficient and cost
effective if we consider that the system used in this
paper is an Ethernet-based message-passing system
and that the K-means clustering algorithm operates
globally by nature. In terms of space complexity,
the parallel K-means algorithm has the same total
complexity O(N) as the complexity of the serial
version. However, the parallel version allows one
to use larger problem sizes because of its
distributive nature. The parallel algorithm can scale
a problem size up to O(K) times the size of the
problem on a single machine.

5. Future Work

The speedup of the proposed algorithm may be
improved even more significantly if we reduce
communication time by grouping two or more
subsets together on one machine. However, this
will likely affect scalability of the algorithm. In
addition, our algorithm needs to use exactly K
machines to operate. Future work could be making
the algorithm more flexible by allowing it to adapt
itself into any number of machines. In [9] the
authors work on overlapping connectivity
Ethernets. Their configuration can be expected to
reduce even more communication time of our
algorithm significantly without having impacts on
scalability. Besides, because most clustering
applications tend to apply to a massive size of data



sets, we are interested in finding a method to
partition a data set by K-means algorithm in such a
way that we can temporarily ignore some resulting
partitions in order to work on a few chosen specific
partitions without sacrificing clustering quality. A
motivation is to save some significant working
space and we believe, by means of doing so, we
can find a way to add a new portion of a data set
into the existing partitions without having to rerun
the K-means algorithm from the start. Some
partially-related work has already been studied in
[8]. A by-product of this study is a domain
decomposition for possibly applying Divide-and-
Conquer strategies to parallelize the algorithm for
better speedup.
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Figure 1. Two-dimensional data are clustered into 4 categories by running K-means algorithm on the data.
Each color represents each category. The centroids are the representatives of each category.
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Figure 2. The running time of parallel and serial K-means algorithms are shown in the graph. It can be seen
that the parallel time is less than the serial time when the number of samples is greater than 700,000 and it
is about twice less than the serial time when the number of samples is 900,000.
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Text-dependent Speaker Identification Using Neural Network
On Distinctive Thai Tone Marks’

Chularat Tanprasert', Chai Wutiwiwatchai’, Sutat Sae-tang’
Software and Language Engineering Laboratory,
22" floor, Gypsum Metropolitan Tower, Sri-Ayudhaya Rd., Bangkok 10400, THAILAND
E-mail: ' chulak@nectec.or.th, “cwutiwiw@notes.nectec.or.th, *sutat@notes.nectec.or.th

ABSTRACT-- This paper presents a neural network based text-dependent speaker identification system for Thai
language. Linear Prediction Coefficients (LPC) are extracted from speech signal and formed feature vectors. These features
are fed into multilayer perceptron (MLP) neural network with backpropagation learning algorithm for training and
identification processes. Five Thai tone marks are considered very closely in choosing the sentences in order to achieve the
best speaker identification accuracy. Five speaking texts with each Thai tone and a mixed tone text are comparatively
experimented. Average identification rate on 9 speakers achieves above 95% when using mixed tone text, and poor results
occur with middle and low tone texts, which usually cause vagueness or unclear voices.

KEY WORDS -- Text-dependent speaker identification, Linear prediction coefficients, Neural networks, Thai tone.
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1. Introduction process. This task is language dependent requiring some

comprehensive researches.
Speaker recognition can be separated into two groups Thai language consists of 44 consonants, 18 vowels, 10
[1,5]; speaker verification which has main task in Thai digits, and 5 tonal levels or tone marks. Tone
verifying speaking person, and speaker identification marks, different from intonation, can be added in Thai
which tries to answer who is speaking. Speaking text words and caused different meaning. This characteristic
dependency is an important limitation of these systems. of Thai language is experimented carefully to consider its
On text-dependent system, the first essential procedure is effect. Thai tone mark is an outstanding feature like tone
to select some speaking texts that can cover speaker's marks in Mandarin or Korean. Five Thai tonal levels can
characteristics as much as possible for the recognition be classified into dynamic and static tones. Dynamic

*This article is a reprint of the article appeared in the Proceedings of IEEE-INNS International Joint Conference on Neural Network, July, 1999.



tones, rising and falling tones, have a great change of
fundamental frequency with respect to duration, while
the static tones, low, middle, and high tones, are quite
stable. Figure 1 [6] illustrates a graph of fundamental
frequency of each tone plotting with average time

duration.
r'y
Rising

High

Middle

Fundamental
Frequency, F0 (Hz)

Falling
>

»

0 100%

Duration

Figure 1. Fundamental frequency curve with respect to
speech duration for each Thai tone.

Speaker identification system can conclusively be
modeled as shown in Figure 2 [2]. Features are some
quantities, which are extracted from preprocessed speech
and can be used to represent the whole speech signal.
Two sets of features consisted of spectral and prosodic
features are proposed in many researches. Many works
have concluded that the spectral based features such as
Linear Prediction Coefficients (LPC), Cepstral
coefficients, and their derivatives, have more efficient
than prosodic-based features like fundamental frequency,
formant frequency, and speech energy [3-5]. Main
reasons are easiness in extraction and their consistency
over several variations. Also, there are many recognition
system proposed for speaker recognition such as a well-
known nonlinear time-aligned techniques called
Dynamic Time Warping (DTW) [1,4], Vector
Quantization (VQ) [12], Artificial Neural Network
(ANN) [10], and statistical Hidden Markov Model
(HMM) [1,5]. What technique should be used depends
on some factors in the implemented system.

Speech Signal

v

Preprocessing

v

Feature Extraction

training testing
A A 4
Reference N Pattern
Template Matching

v

Recognition Result

Figure 2. Speaker recognition model

In this paper, time duration of speaking voices is
normalized via a time normalization technique. Hence,
equal number of features, LPC is extracted from equal
time-duration speech and can suitably form the input of
backpropagation neural network, which has an essential
limitation on number of input but has a strength of
nonlinear mapping or recognizing [8].

2. Proposed Speaker Identification
System

In the proposed system, digital speech signal is passed
through a preprocessing procedure, which performs
energy-based endpoint detection and time normalization.
LPC features are then extracted from preprocessed
speech and the input vectors have passed through the
backpropagation learning algorithm with multilayered
perceptron network for both training and evaluation
processes. Figure 3 shows overall model of the proposed
system.

Speech Signal

v

Preprocessing

v

LPC Extraction

Neural Network

Identification Result

Figure 3. Overall proposed speaker identification model

2.1 Linear Prediction Coefficient (LPC)

A well-known speech coding strategy is to assume that
each speech sample can be estimated from linear
combination of p-previous speech samples as described
in the following equation.

R y4
X(n):ZakX(n—k) (1)
k=1

where X(n) is a speech sample n, a,'s are p-order
linear prediction coefficients (LPC), which can represent
a speech signal. The way to find value of a; is to

minimize an error between an original speech sample and



an estimated speech signal as shown in equation 2 by
differentiation with each a, .

E, = Z{/@n(m)—zp:ak)(n(m—k)} 2)

Equation 2 forms an error of the whole speech frame
instead an error of each sample. N denotes index of
speech frame and m denotes index of speech sample
within frame n. P equations derived from the
differentiation of error equation are then solved to obtain
the values of a; by Levinson-Durbin algorithm [7].

2.2 Multilayer Perceptron (MLP) with
Backpropagation Learning Algorithm

In this paper, we have chosen to use a backpropagation
neural network [8,9,11] since it has been successfully
applied to many pattern classification problems including
speaker recognition [10] and our problem has been
considered to be suitable with the supervised rule.

Output
Layer

Hidden
Layer 2

Hidden
Layer 1

Input
Layer

Figure 4. The structure of MLP

MLP neural network we used consists of four layers; one
input layer, two hidden layers and one output layer. The
structure of the backpropagation neural network is shown
in Figure 4. The first layer has 1,520 input neurons (152
frames x 10 LPC-orders) which are fully connected to
the first hidden layer. The two next hidden layers consist
of 20 neurons per layer. The last layer is the output layer
consisting of 9 neurons which one output neuron
represented one speaker. All four layers are fully feed-
forwarded.

3. Experimental Results

Our experiments were conducted on six sentences. Each
sentence consists of five words. The first five sentences
contain the same word in a tonal level of middle, low,
falling, high and rising, respectively. The last sentence
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contains one word from each tonal level. So the last
sentence has five different tonal levels. All six sentences
used in our experiments are shown in the Table 1.

In the experiment, we recorded in an office environment
at 11.025 kHz sampling rate, 16 bit and single channel.
The average lengths of each sentence are 2.5 second. The
utterance is obtained from 9 local speakers (4 females
and 5 males). Each speaker was asked to pronounce each
sentence ten times per day for two days. Therefore, the
total utterances are 180 utterances for each sentence.
False starts, pauses, and background noise are manually
controlled in this database. The data were randomly
divided into two sets, with 135 utterances in the training
set and 45 utterances in the test set.

e Training set consists of 8§ and 7 times from the
first and second day, respectively. Total is 135
utterances (15 x 9).

e Test set consists of 2 and 3 times from the first
and second day, respectively. Total is 45
utterances (5 x 9).

Each utterance was pre-emphasized, time normalized,
and performed the 10™ order autocorrelation analysis.
The results were used to find the LPC feature vector. The
LPC analysis was performed for every 20-ms speech
frame with 5-ms overlapping.

Table 1. Six sentences in our experiments.

No. [ Sentences Phonetics Tone
mark

1 w-m-m-o-io | el el el Tel Yedf | Dliddle
d | popme | Peltel fel tel Peld Low

3| BAdded | el el ?e2 el fed | Falling
4| BE-mee-m | el Tel el el vl High
5| BE-BE-E | Med Ted Ped 7ed 7edi | Rising
b | pe-d-G- | PelPel 7e2 a3 Ped Al
tones

Two experiments were conducted. The first one was
performed by using backpropagation network on the
training and testing sets. The neural network simulator
used in our experiments is SNNS (Stuttgart Neural
Network Simulator) [9]. The second experiment was
conducted by applying the Euclidean distance on the
mean of distances of 20 utterances of each speaker on
each sentence.

The identification rates of all six training sentences by
neural network are all approaching 100%. The
identification rates in percentage on testing data between

*This article is a reprint of the article appeared in the Proceedings of IEEE-INNS International Joint Conference on Neural Network, July, 1999.



the backpropagation network and the Euclidean distance
are shown in Table 2. It is found that the ANN produces
the best accuracy with a mixed five tone sentence at
above 95% and give lowest average identification rate
with sentence of middle tonal level at 68.89%.
Meanwhile, the Euclidean distance gives the
corresponding same result with ANN. The mixed tone
sentence gives the best performance at 82%
identification rate, while the worst result was obtained
from sentence with middle tone mark at only 65%.

Table 2. Comparison of the identification rate between
backpropagation network and Euclidean distance.

Sentence Identification rate (%)

No. Neural Network Euclidean
Distance

1 68.89 65.00

2 77.78 69.00

3 88.89 74.00

4 82.22 73.00

5 86.67 80.00

6 95.56 82.00

100
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70 L4
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60

1 2 3 4 5 6
Sentence No.

Figure 5. The comparison of the identification rates
between ANN and Euclidean distance.

In Figure 5, the identification rates in percentage of ANN
are better than ones of the Euclidean distance, but the
best sentence of each technique are alike, while the
sentence with middle tonal level gives the lowest
identification rate in both techniques also. Therefore, the
experimental results have shown that tonal levels of Thai
tone marks are important to Thai speaker identification
system. Furthermore, the sentence with several tone
marks produces a better accuracy than a sentence with
single tone mark with the same length of words.

Further experiment has performed with ten isolated Thai
digits (0-9) on 20 speakers. Voices of each digit are

recorded 10 times per week for 4 weeks, 7 times are used
for training and the rest are used for testing. Table 3
illustrates phonetic of Thai digits, their tonal levels, and
identification results.

Table 3. Identification results using speaking text of

isolated Thai digits
Thai Phonetics | Tone Identification
digit mark rate (%)
0 /su:né4/ Rising 80.00
1 /nvngl/ Low 80.83
2 /s@:ng4/ | Rising 82.08
3 /sa:m4/ Rising 82.08
4 /si:1/ Low 79.17
5 /ha:2/ Falling 84.58
6 /hok1/ Low 60.42
7 /cetl/ Low 78.33
8 /pa:tl/ Low 70.83
9 /kao:2/ | Falling 84.17

Larger number of speakers, and also shorter speaking
text duration may normally pull down the performance of
identification system as shown in Table 3. However, the
results still confirm our conclusion on tone effect. Falling
tone such as digit "5" and "9", and rising tone such as
digit "2" and "3", can give quite high identification rates,
while for example; digit "4", "6", and "8" conduct poor
results. Another interesting notice is the worst
identification obtained by digit "6", which may be caused
by not only a low tone digit, but also a very short
utterance digit.

Future researches of Thai text-dependent speaker
identification system will be deeply investigated on the
suitable length of speaking text, Thai alphabets and
vowels, and other preprocessing and identification
techniques.

4. Conclusion

LPC speech feature and a neural network with
backpropagation training algorithm are appropriate to use
for a Thai text-dependent speaker identification system
on distinctive Thai tone marks. The best average
identification rate is over 95% on nine Thai native
speakers with ANN. In the comparison between ANN
and Euclidean distance as an identification engine, ANN
shows a great powerful nonlinear recognition
performance. To improve system capability, mixed tone
speech in appropriate length of speech duration should be
selected for speaking sentence since it can cover more



personal characteristics than using each tone in all
utterances.
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