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ABSTRACT

This paper presents a new neural network structure and namely node-to-node-link neural network (N-N-LNN) and it is
trained by real-coded genetic algorithm (RCGA) with average-bound crossover and wavelet mutation [1]. The
N-N-LNN exhibits a node-to-node relationship in the hidden layer and the network parameters are variable. These
characteristics make the network adaptive to the changes of the input environment, enabling it to tackle different input
sets distributed in a large domain. Each input data set is effectively handled by a corresponding set of network parame-
ters. The set of parameters is governed by other nodes. Thanks to these features, the proposed network exhibits better
learning and generalization abilities. Industrial application of the proposed network to hand-written graffiti recognition

will be presented to illustrate the merits of the network.

Keywords: Genetic Algorithm, Hand-Written Graffiti Recognition, Neural Network

1. Introduction

Neural networks can approximate any smooth and con-
tinuous nonlinear functions in a compact domain to an
arbitrary accuracy [2]. Three-layer feed-forward neural
networks have been employed in a wide range of appli-
cations such as system modelling and control [2], load
forecasting [3-5] prediction [6], recognition [1,4,5,7-10],
etc. Owing to its specific structure, a neural network can
realize a learning process [2]. Learning usually consists
of two steps: designing the network structure and defin-
ing the learning process. The structure of the neural
net-work affects the non-linearity of its input-output rela-
tionship. The learning algorithm governs the rules to op-
timize the connection weights. A typical structure has a
fixed set of connection weights after the learning process.
However, a fixed set of connection weights may not be
suitable to learn the information behind the data that are
distributed in a vast domain separately.

Traditionally, two major classes of learning rules,
namely the error correction rules [11] and gradient meth-
ods [2], were used. The error correction rules [11], such
as the a-LMS algorithm, perception learning rules and
May’s rule, adjust the network parameters to correct the
network output errors corresponding to the given input
patterns. Some of the error correction rules are only ap-
plicable to linear separable problems. The gradient rules

Copyright © 2010 SciRes

[2], such as the MRI, MRIl, MRIIl rules and
back-propagation techniques, adjust the network pa-
rameters based on the gradient information of the cost
function. One major weakness of the gradient methods is
that the derivative information of the cost function is
needed, meaning that it has to be continuous and differ-
entiable. Also, the learning process is easily trapped in a
local optimum, especially when the problem is multimo-
dal and the learning rules are network structure depend-
ent. To tackle this problem, some global search evolu-
tionary algorithms [12], such as the real-coded genetic
algorithm (RCGA) [1,13], is more suitable for searching
in a large, complex, non-differentiable and multimodal
domain. Recently, neural or neural-fuzzy networks train-
ed with RCGA are reported [5,6,14]. The same GA can
be used to train many different networks regardless of
whether they are feed-forward, recurrent, wavelet or of
other structure types. This generally saves a lot of human
efforts in developing training algorithms for different
types of networks.

In this paper, modifications are made to neural net-
works such that the parameters of the activation func-
tions in the hidden layer are changed according to the
network inputs. To achieve this, node-to-node links are
introduced in the hidden layer. The node-to-node links
interconnect the hidden nodes with connection weights.
The structure of the N-N-LNN is shown in Figure 1.

JILSA



2 A New Neural Network Structure: Node-to-Node-Link Neural Network

Conceptually, the introduction of the node-to-node links
increases the degree of freedom of the network model. It
should be noted that the way to realize the node-to-node
links is also governed by the tuning algorithm. The re-
sulting neural net-work is found to have better learning
and generalization abilities. The enhancements are due to
the fact that the parameters in the activation functions of
the hidden nodes are allowed to change in order to cope
with the changes of the network inputs of different oper-
ating sub-domains. As a result, the N-N-LNN seems to
have a dedicated neural network to handle the inputs of
different operating sub-domain. This characteristic is
good for tackling problems with input data sets distrib-
uted in a large spatial domain. In this paper, hand-written
graffiti recognition (which is a pattern recognition pro-
blem with a large number of data set) is given to show
the merit of the proposed network. The proposed network
is found to perform well experimentally.

This paper is organized as follows: The N-N-LNN will
be presented in Section 2. In Section 3, the training of the
parameters of the N-N-LNN using RCGA [1] will be
discussed. The application example on hand-written
graffiti recognition system will be given in Section 4. A
conclusion will be drawn in Section 5.

2. Node-to-Node Link Neural
Network Model

A neural network with node-to-node relations between
nodes in the hidden layer is shown in Figure 1. An in-
ter-node link with weight m; is connected from the
(i+dp,)-th node to the i-th node. Similarly, an inter-node
link with weight r, is connected from the (i—d, )-th
node to the i-th node, i =1, 2, ..., ny.. d,, and d, are
the node-to-node distance, i.e. if d, =2, the link with
weight m; will be connected from node 5 to node 3.
Similarly, if d, = 3, the link with weight 1y will be
connected from node 3 to node 6. As a result, the total
number of node-to-node links is 2xn,, where ny is the
total number of hidden nodes. An example of the
node-to-node link connections is shown in Figure 2. The
node-to-node relationship enhances the degree of free-
dom of the neural network model if it is made adaptive to
the changes of the inputs. Consequently, the learning and
the generalization abilities of the N-N-LNN can be in-
creased.

Figure 3 illustrates the inadequacy of a traditional
neural network. In this figure, S1 and S2 are the two sets
of data in a spatial domain. To solve a mapping problem
using a neural network, the weight of the network can be
trained to minimize the error between the network out-
puts and the desired values. However, the two data sets

Copyright © 2010 SciRes

Input Layer

Hidden Layer Output Layer

Figure 2. Example node-to-node link connections in the
hidden layer (number of hidden node =6, d,=2, d,=3)

are separated too far apart for a single neural network to
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A New Neural Network Structure: Node-to-Node-Link Neural Network 3

model. As a result, the neural network may only model
the data set S (average of S1 and S2) after the training
(unless we employ a large number of network parame-
ters.) To improve the learning and generalization abilities
of the neural network, the proposed N-N-LNN adopts a
structure as shown in Figure 4. It consists of two units,
namely the parameters-set (PS) and the data-processing
(DP) neural networks. The PS is realized by the node-
to-node links which store the parameters (m, r are the
parameters which will be described later) governing how
the DP neural network handles the input data. Referring
back to Figure 3, when the input data belongs to S1, the
PS will provide the parameters (network parameters cor-
responding to S1) for the DP neural network to handle
the S1 data. Similarly, when the input data belongs to S2,
the DP neural network will obtain another set of parame-
ters to handle them. In other words, it operates like two
individual neural networks handling two different sets of
input data. Consequently, the proposed N-N-LNN is
suitable for handling large numbers of data.

Referring to Figure 1, z(t):[zl(t) L) -z, (t)]
denotes the input vector; n;, denotes the number of input
nodes; t denotes the current input number which is a
non-zero integer; wi¥,i=1,2, .., nmyj=1,2 .., N,
denote the connection weights between the j-th node of
the input layer and the i-th node of the hidden layer; n,
denotes the number of hidden nodes; w? , k=1,2, ...,

Nout; 1 = 1, 2, ..., Ny, denote the connection weights be-
tween the i-th node of the hidden layer and the k-th node
of the output layer; nout denotes the number of output
nodes. m; and r, are the connection weights of the

links between hidden nodes (there are 2n, inter-node
links); d,, is the node-to-node distance between the

(i+d, )-th node and the i-th node, d, is the

node-to-node distance between the i-th node and the
(i—d, )-th node. by denotes the bias of the output nodes;

tf;(-) and tfy(-) denote the activation functions of the hid-
den and output nodes respectively.  y(t)=

[yl(t) Y, (t) Yo, (t)} denotes the output vector.

The input-output relationship of the proposed neural
network is governed by the following equation:

Y, () =tf2(‘_n§“1w|§i2) fLE)-b, ). k=12, .o (1)

Figure 5 shows the proposed neuron at node i of the
hidden layer. Its output f (*) is given by

f, 2®) =t (%) ME)LFE). =12 ... m ()

xlt)= };Wﬁl)zj ), 3)

Copyright © 2010 SciRes

Figure 3. Diagram showing two sets of data in a spatial do-
main

Parameters-Set

Input )

A
Data-Processing
(DP) Neural
Network

——— Output

Figure 4. Proposed structure of the neural network
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where m; and r; are parameters to be trained. Refer-
ring to Figure 4, these parameters are stored in the PS.
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tf,(-) can be any commonly used activation function such
as the purely linear, hyperbolic tangent sigmoid, or loga-
rithmic sigmoid functions [2,11]. As mentioned earlier,
the node-to-node links enhance the degree of freedom of
the modelled function. In each neuron of the hidden layer,
the input from the lower neighbour’s output (;(t)) in-

fluences the bias term while the input from the upper
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4 A New Neural Network Structure: Node-to-Node-Link Neural Network

neighbour’s output (Fi(t)) influences the sharpness of the

edges of the hyper-planes in the search space. It can be
seen from (8) that the proposed activation function tf; (")
is characterized by the varying mean (ﬁi(t)) and the
varying standard deviation (Fi(t)) respectively. Their
values will be changed according to changes in the net-
work inputs. Figure 6 shows that the means control the
bias while Figure 7 shows that the standard deviations
control the sharpness. Referring to Figure 3, when the
input data belongs to S1, the corresponding ;(t) will

drive the other nodes (with Mi_q ) and Fiq) ) to

manipulate the characteristics of the S1 data. Similarly,
when the input data belongs to S2, the corresponding
7(t) will drive the other nodes to handle it accordingly.
Figure 8 explains the operating principle of the proposed
neuron. In this figure, P1, P2, and P3 are three sets of input

patterns. I3rl, |5r2 , and I5r3are the inputs from the upper
neighbour with the corresponding input patterns. Simi-
larly, P,1, P,2,and P,3are the inputs from the lower

neighbour with the corresponding input patterns. When
the proposed neuron manipulates the input pattern P1, the

shape of the activation function is characterized by F3r1

and I3m1, and eventually outputs the pattern P’1. Simi-

larly, when the neuron manipulates the input pattern P2,
the shape of the activation function is characterized by
P.2 and PB,2. So, the activation function is variable
and is dynamically dependent on the input pattern. Hence,
the degree of freedom of the modelled function is in-
creased. Comparing with the conventional feed-forward
neural network, the N-N-LNN should be able to offer a
better performance. In the N-N-LNN, the values of the

parameters w’ , W , m;, r;, b, d, and d, are
trained by an improved RCGA [1].

3. Network Parameters Tuned by
Real-Coded Genetic Algorithm

In this paper, all parameters of the neural networks are
trained by the improved RCGA with average-bound
crossover and wavelet mutation [1]. The RCGA process
is as follows: First, a set of population of chromosomes P
= [Py, Py ..., Ppopsize] is created (where pop_size is
the number of chromosomes in the population). Each
chromosome p contains some genes (variables). Second,
the chromosomes are evaluated by a defined fitness fun-
ction. The better chromosomes will return higher values
in this process. The form of the fitness function depends
on the application. Third, some of the chromosomes are
selected to undergo genetic operations for reproduction
by the method of normalized geometric ranking. Fourth,

Copyright © 2010 SciRes
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Figure 6. Samples of the activation function tf;(-) of the
proposed neuron with different m; (ﬁ =0)

1

0.2}

0.4k

-0.6

-0.8+

1

20 15 20

Figure 7. Samples of the activation function tf;(-) of the
proposed neuron with different . (m; =0).

genetic operations of crossover are performed. The
crossover operation is mainly for exchanging information
between the two parents that are obtained by the selec-
tion operation. In the crossover operation, one of the pa-
rameters is the probability of crossover . which gives

us the expected number of chromosomes that undergo
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A New Neural Network Structure: Node-to-Node-Link Neural Network 5
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Figure 8. Operating example of the proposed neuron with 3
set of data patterns for hidden node 5

the crossover operation. Crossover operation in [1] is
described as follows: 1) four chromosomes (instead of
two in the conventional RCGA) will be generated; 2) the
best two offspring in terms of the fitness value are se-
lected to replace their parents. The crossover operation is
called the average-bound crossover (ABX), which com-
bines the average crossover and bound crossover. The
average crossover manipulates the genes of the selected
parents, the minimum, and the maximum possible values
of the genes. The bound crossover is capable of moving
the offspring near the domain boundary. On realizing the
ABX operation, the offspring spreads over the domain so
that a higher chance of reaching the global optimum can
be obtained. After the crossover operation, the mutation
operation follows. It operates with the parameter of the
probability of mutation (), which gives an expected

number ( x,, x pop_size xno_vars) of genes that undergo

the mutation. The mutation operation is for changing the
genes of the chromosomes in the population such that the
features inherited from their parents can be changed. The
mutation operation is called the wavelet mutation (WM),
which applies the wavelet theory to realize the mutation.
Wavelet is a tool to model seismic signals by combining
dilations and translations of a simple, oscillatory function
(mother wavelet) of a finite duration. The wavelet func-
tion has two properties: 1) the function integrates to zero,
and 2) it is square integrable, or equivalently has finite
energy. Thanks to the properties of the wavelet, the con-
vergence and solution stability are improved. After going
through the mutation operation, the new offspring will be
evaluated using the fitness function. The new population
will be reproduced when the new offspring replace the
chromosomes with the smallest fitness value. After the
operations of selection, crossover and mutation, a new
population is generated. This new population will repeat
the same process iteratively until a defined condition is
met.

One superior characteristic of RCGA is that the de-
tailed information of the nonlinear system to be opti-
mized, e.g. the derivative of the cost function, need not

Copyright © 2010 SciRes

been known. Hence, RCGA is suitable for handling
complex optimization problems. In this paper, RCGA is
employed to optimize the fitness function characterized
by the network parameters of the N-N-LNN. The fitness
function is a mathematical expression that quantitatively
measures the performance of the RCGA tuning process.
A larger fitness value indicates a better tuning perform-
ance. By adjusting the values of the network parameters,
the fitness function is maximized (the cost value is
minimized) based on the RCGA. During the tuning
process, offspring with better fitness values evolve. The
mutation operation will contract gradually with respect to
the iteration number. After the tuning process, the ob-
tained network parameter values will be used by the
proposed neural network. As the proposed neural net-
work is a feed-forward one, the outputs are bounded if its
inputs are bounded, which happens for most of the
real-life applications. Consequently, no convergence
problem is present for the neural network itself.

The input-output relationship of the proposed N-N-
LNN can be described by,

Y O=9'®)t=12 . g ©
where
20=[20 o - 22

and

vo=Mo vo - v o

are the given inputs and the desired outputs of an un-
known nonlinear function g(-) respectively; ny de-
notes the number of input-output data pairs. The fitness
function of the RCGA depends on the application. The
most common fitness function is given by,

fitness = ! (10)
1+err
where err is the error.
The objective is to maximize the fitness value of (10)
(minimize err) using RCGA by setting the chromosome

to be [w! d, d,] foralli jand
k. The range of the fitness value of (10) is (0,1]. After
training, the values of these network parameters will be
fixed during the operation. The total number of tuned

parameters (N, ) Of the proposed N-N-LNN is the sum

w2 b, m

r

of the number of parameters between the input and hid-
den layers, the number of parameters between the hidden
and output layers, and the number of parameters form;,

r,, d,, d,.Hence,
I']para = ninnh + nout(nh +1)+ (Znh + 2)’
= (nin + nout + z)nh + nout + 2 (11)

JILSA



6 A New Neural Network Structure: Node-to-Node-Link Neural Network

4. Industrial Application and Results

In this section, industrial application example will be
given to illustrate the merits of the proposed network.
The application is on hand-written graffiti recognition.

A hand-written graffiti pattern recognition problem is
used to illustrate the superior learning and generalization
abilities of the proposed network on a classification
problem with a large number of input data sets. In gen-
eral, the neural network approaches are model-free. Dif-
ferent kinds of neural model applied for hand-written
recognition system are reported in [8,10,12,15,16].

4.1 Neural Network Based Hand-Written
Graffiti Recognition System

In this example, the digits 0 to 9 and three control cha-
racters (backspace, carriage return and space) are rec-
ognized by the N-N-LNN. These graffiti are shown in
Figure 9. A point in each graffiti is characterized by a
number based on the x-y coordinates on a writing area.
The size of the writing area IS Xmax BY Ymax. The bottom
left corner is set as (0, 0). Ten uniformly sampled points
of the graffiti will be taken in the following way. First,
the input graffiti is divided into 9 uniformly distanced
segments characterized by 10 points, including the start
and the end points. Each point is labeled as (x;, yi), i = 1,
2, ..., 10. The first 5 points, (x;, yi), i=1, 3,5, 7 and 9
taken alternatively are converted to 5 numbers z; respec-
tively by using the formula z; = XiXmaxt Yi- The other 5
points, (X;, Vi), i = 2, 4, 6, 8 and 10 are converted to 5
numbers respectively by using the formula z; = yiymaxt Xi.
These ten numbers, z;, i = 1, 2, ..., 10, are used as the
inputs of the proposed graffiti recognizer. The
hand-written graffiti recognizer as shown in Figure 10 is
proposed. Its inputs are defined as follows,

2ty =20
O ol -

where Z(t)=[7(t) Z,(t) 7,(t)] denotes the
normalized input vectors of the proposed graffiti recog-
nizer; z(t)=[z(t) z,(t) 2,,(t)] denotes the ten

points in the writing area; || denotes the I, vector norm.

The 16 outputs, vy, (t), k =1, 2, ..., 16, indicates the
similarity between the input pattern and the 16 standard
patterns respectively. The input-output relationship of the
training patterns is defined such that the output v, (t) =1

and others are zero when the input vector belongs to pat-
terni,i=1,2, ..., 16. For example, the desired outputs of
the pattern recognition systemare [100000000000
000 0] for the digit “0(a)”,[010000000000000
0] for the digit “0(b)”, and [0000000000000001]
for the character “space” respectively. After training, a

Copyright © 2010 SciRes
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Figure 9. Graffiti digits and characters (with the dot indi-
cating the starting point of the graffiti)

Space /

OO —I|ONJU1

¥:(t)

al) — Y, (t)

L) —

Neural
Network
with

, Graffiti
Adaptive '

Determiner Output

Activation
Functions
(NNAAF)

Zoll) —— Yis(®)

Figure 10. Graffiti digits and characters (with the dot indi-
cating the starting point of the graffiti)

graffiti determiner is used to determine the output of the
graffiti. A larger value of y;(t) implies that the input
pattern matches more closely to the corresponding graf-
fiti pattern. For instance, a large value of y,(t) implies
that the input pattern is recognized as “0”.

4.2 Results and Analysis

To train the neural network of the hand-written graffiti
recognition system, a set of training pattern governing
the input-output relationship will be used. 1600 training
patterns (100 patterns for each graffiti) will be used in
this example. The training patterns consist of the input
vectors and its corresponding expected output. The fit-
ness function is given by (10), with

o w0y |
POl o) 13)

k=1 16x100 ’
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where

VO =lyo vo - v

denotes the expected output vector and

yO=[n® .0 - 0]
is the actual network output defined as,

Vi (t) = tfz(i“glwﬁi” @) - bk) k=12, ..., 16, (14)
where
f (z(0) =tf1(jlglwignzj(t),r‘ﬁi(t),f;(t)), i=1,2, ... (15)

where tfy(-) is a pure linear transfer function in this app-
lication.

For comparison purposes, a conventional 3-layer fully
connected feed-forward neural network (FFCNN) [11], a
fixed-structure network with link switches (FSNLS) [6],
and a wavelet neural network (WNN) [14, 17-18] (which
combines feed-forward neural networks with the wavelet
theory, providing a multi-resolution approximation for
discriminate functions) trained by the improved RCGA
[1] are also used in this example. For all cases, the initial
values of the parameters of the neural network are ran-
domly generated. In this application, the lower and upper
bounds of the network parameters of the N-N- LNN

are (W w? b, mi]e[—4 4] , rel05 2] and
[d, d]eft (n,-1)]. For the FSNLS, WNN and

FFCNN, the network parameters are ranged from —4 to 4.
The number of iterations to train the neural networks is
15000. For the RCGA [1], the probability of crossover
() and the probability of mutation ( z,,) are 0.8 and

0.05 respectively; the weights of the average-bound
crossover w, and w, are setat0.5and 1 respectively;

the shape parameter of wavelet mutation ¢ is 2, and

the population size is 50. All the results are the averaged
ones out of 20 runs. In order to test the generalization
ability of the proposed neural networks, a set of testing
patterns consisting of 480 input patterns (30 patterns for
each graffiti) is used.

The average training, best training, average testing and
best testing results in terms of mean square error (MSE),
and the recognition accuracy rate of all approaches are
summarized in Table 1 and Table 2. It can be seen from
these two tables that the recognition system implemented
by the N-N-LNN outperforms those by the FSNLS,
WNN and FFCNN. The best results are achieved when
the number of hidden nodes (ny) is set at 20 for the
N-N-LNN, n, = 22 for the FSNLS, and n, = 24 for the
WNN and FFCNN. In comparison with the FSNLS,
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Table 1. Training results on doing the hand-written graffiti

recognition

n=18 n, =20 n,=22 n, =24

> Npara 520 576 632 688
5 Ave. MSE  0.0185 0.0157 0.0169 0.0179
= training Acc. 96.50% 97.38%  96.85%  96.62%
z Best MSE  0.0168 0.0139 0.0145 0.0143
training Acc. 96.88% 98.06% 97.31% 97.38%

Npara 1004 1112 1220 1328
a Ave. MSE  0.0337  0.0328 0.0314  0.0322
2 training Acc. 92.46%  92.62% 93.25%  93.18%
L Best MSE  0.0309 0.0293 0.0282 0.0288
training  Acc. 93.40% 93.75%  94.00%  93.86%

Npara 486 540 594 648
% Ave. MSE 0.0349  0.0321 0.0316  0.0309
= training Acc. 92.35% 92.42%  93.10% 93.23%
Best MSE  0.0315 0.0292 0.0280 0.0278
training  Acc. 93.31% 93.81% 94.00% 94.13%

Npara 502 556 610 664
% Ave. MSE 0.0393  0.0385 0.0380  0.0360
Q@ training Acc. 90.17% 90.46%  90.73%  91.50%
w Best MSE  0.0370 0.0388 0.0361 0.0326
training Acc. 90.50% 91.69%  92.56%  93.06%

Table 2. Training results on doing the hand-written graffiti

recognition

n=18 n, =20 n, =22 n, =24

> Npara 520 576 632 688

2 Ave. MSE 520 576 632 688
= training Acc. 0.0228  0.0186 0.0199  0.0211
prd Best MSE 95.21% 96.96%  95.49%  95.40%

training  Acc.  0.0204 0.0171 0.0185 0.192

Npara 95.93% 97.29%  96.25%  96.05%

9 Ave. MSE 1004 1112 1220 1328
(% training Acc.  0.0363 0.0350 0.0331 0.0349
- Best MSE 92.28% 92.50% 93.21%  93.00%
training  Acc.  0.0330 0.0322 0.0310 0.0312
Npara 92.92%  93.13%  93.96%  93.75%

% Ave. MSE 486 540 594 648
= training Acc.  0.0365 0.0346 0.0344 0.0329
Best MSE 92.08% 92.22% 92.71% 93.92%
training Acc.  0.0329  0.0320 0.0322  0.0308
Npara 92.59%  93.54%  93.75%  94.38%

% Ave. MSE 502 556 610 664
Q  training Acc. 0.0410 0.0404 0.0393  0.0374
L Best MSE 90.07% 90.58%  90.68% 91.25%
training  Acc.  0.0404 0.0393 0.0388 0.0361

WNN and FFCNN, the average training and testing er-
rors of N-N-LNN at n, = 20 are 0.0157 and 0.0186 re-
spectively. They imply 77.96% improvement over
FSNLS at n, = 22, 96.82% and 76.90% improvement
over WNN at n, = 24, and 129.3% and 101.1% im-
provement over FFCNN at n,, = 24, respectively. In terms
of the average testing recognition accuracy rate, the
N-N-LNN (96.96%) gives a better result than the FSNLS
(93.21%), WNN (93.92%) and FFCNN (91.25%).

Figure 11 shows the selected output values of the
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Figure 11. Output values of the N-N-LNN, FSNLS, WNN, and FFCNN for the 480 (30 for each type) testing graffiti patterns
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and FFCNN for the 480 (30 for each type) testing graf-

Figure 11 (continued). Output values of the N-N-LNN, FSNLS, WNN,

fiti patterns
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10 A New Neural Network Structure: Node-to-Node-Link Neural Network

N-N-LNN, FSNLS, WNN and FFCNN for the 480 (30
for each digit/character) testing graffiti. In this figure, the
X-axis represents the pattern number for corresponding
digit/character. The pattern numbers 1 to 30 are for the
digit “0(a)”, the numbers 31-60 are for the digit “0(b)”,
and so on. The y-axis represents the output y;. As men-
tioned before, the input-output relationship of the pat-
terns will drive the output y;(t)=1 and other outputs

are zero when the input vector belongs to pattern i, i = 1,
2, ..., 16. For instance, the desired output y of the pattern
recognition systemis[01 0000000000000 0] for
digit “0(b)”. Referring to Figure 11(d), we can see that
the output y;s of the N-N-LNN for pattern numbers
within 451-480 (the character “space”) is nearest to 1 and
other outputs are nearest to zero. It shows that the recog-
nition accuracy rate achieved by the N-N-LNN is good.

5. Conclusions

A new neural network has been proposed in this paper.
The parameters of the proposed neural network are
trained by the RCGA. In this topology, the parameters of
the activation function in the hidden nodes are changed
according to the input to the network and the outputs of
other hidden-layer nodes in the network. Thanks to the
variable property and the node-to-node links in the hid-
den layer, the learning and generalization abilities of the
proposed network have been increased. Application on
hand-written graffiti recognition has been given to illus-
trate the merits of the proposed N-N-LNN. The proposed
network is effectively an adaptive network. By adaptive,
we mean the network parameters are variable and depend
on the input data. For example, when the proposed neu-
rons of the N-N-LNN manipulate an input pattern, the
shapes of the activation functions are characterized by
the inputs from the upper and lower neighbour’s outputs,
which depend on the input pattern itself. In other words,
the activation functions, or the parameters of the N-N-
LNN, are adaptively varying with respect to the input
patterns to produce the outputs. All network parameters
of the N-N-LNN depend only on the present state. That
means the network is a feed-forward one, causing no
stability problem to the network dynamics.
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ABSTRACT

The paper describes the operation principles of the evolutive neuro fuzzy filtering (ENFF) properties, which based on
back propagation fuzzy neural net, this filter adaptively choose and emit a decision according with the reference signal
changes of an external reference process, in order to actualize the best correct new conditions updating a process. This
neural net fuzzy filter mechanism selects the best parameter values into the knowledge base (KB), to update the filter
weights giving a good enough answers in accordance with the reference signal in natural sense. The filter architecture
includes a decision making stage using an inference into its structure to deduce the filter decisions in accordance with
the previous and actual filter answer in order to updates the new decision with respect to the new reference system con-
ditions. The filtering process states require that bound into its own time limit as real time system, considering the Ny-
quist and Shannon criteria. The characterization of the membership functions builds the knowledge base in probabilis-
tic sense with respect to the rules set inference to describe the reference system and deduce the new filter decision, per-
forming the ENFF answers. Moreover, the paper describes schematically the neural net architecture and the deci-
sion-making stages in order to integrate them into the filter architecture as intelligent system. The results expressed in
formal sense use the concepts into the paper references with a simulation of the ENFF into a Kalman filter structure

using the Matlab® tool.

Keywords: Digital Filters, Neuro Fuzzy Systems, Evolutive Systems, Real Time

1. Introduction

The development of new intelligent systems requires me-
chanism that deduces its own external environment. Hav-
ing a characterization of its answers in order to discover
dynamically the changes of an external process; inter-
preting the operation levels to select the best response
updating its answers weights, in order to follow the best
approximation condition in accordance to the external pr-
ocess changes and taking a decision about the actual con-
dition to correct or update a system parameters.

These kinds of systems related to artificial intelligent
mechanisms, which have some problems to develop cap-
acities with high evolutive changing processes.

The new systems should use into its architecture evo-
lutive tools in order to get its own perception giving the
best decision answers, using this to solve complex prob-
lems, actualizing and adapting its perceptions and answ-
ers in accordance with a reference dynamical system.

The use of learning techniques based on searching the
optimal solutions represents a classical alternative man-

Copyright © 2010 SciRes

ner to obtain knowledge. The evolutive systems into the
neural net fuzzy digital filtering is an option for to obtain
different decision answer levels, in accordance with a
reference model dynamics, adapting its answers to the
possible changes by selecting the best values in order to
get the necessary convergence conditions, which should
has the best operation each time.

An evolutive system with artificial neural network pro-
perties is a computational model imitating natural proc-
esses as the biological systems. Constituting in this case
the processing elements called neurons, all of them con-
nected forming the neural net structure and a decision
stage to loop the process with the best answer [1,2].

The evolutive filtering is constructing with different
kind of decision answers, considering a set of character-
istics limited by the reference operation region. The goal
of this kind of filter is to characterize and infer a system
that has uncertainties in its operation, describing the na-
tural process, with a rule set; needing a feedback law in
order to follow the basic properties in accordance with a
desired input signal, adjusting its parameters to give a
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correct solution dynamically. According to this, the filter
chooses the best decision instruction to update the sys-
tem.

The neural net filter stage [3] works as a parallel fuzzy
neurons in loop form, which has an iterative searching
methodology used for evolutive algorithms and based on
the back propagation (BP) algorithm since its parameters
are updated dynamically ([4-6]) at each iteration by de-
grees [7]. This process refers to a back propagation pa-
rameter adaptation [8], using supervised learning by the
knowledge base according with the error e(k) ([9,10]) de-
scribed by the difference between the desired response
y(K) and the actual signal g(k) [11]".

With this perspective, the paper integrates the ENFF
concept with its real time restrictions [9], using statistical
methods in order to characterize the Kalman filter inter-
nal structure to give answers with respect to the operation
levels in natural way making a specific decision in order
to follow the natural reference model ([12,13]).

2. Filtering Stages

The criterion described as the error minimization e(k)[3]
describes the difference between the desired input y(k)

and the actual output filter §(k ), allowing to find the co-

rresponding membership function. Which is the best ap-
proximation from the signal y(k) to y(k) in order to ad-

just the parameters of the filter and get the correct answer
describing the reference system path in order to take the
decision into the decision stage. The error value e(k) sh-
ould be close to y with a limited interval [0, €] and ¢ is

described as inf{e(k):i,k €Z,} (i represents an in-

dex, with k interval [14,15])? Below, there is the stages
description of the evolutive filtering, the first three stages
are the inference mechanism; the stages d and e are the
filtering process and the decision stage is the instruction
decision:
e Input Inference: In this stage, the natural desired
signal y(k) from the reference system to the input filter
has a description in metric sense, is the first step of the
inference mechanism [5].
e Rule base: Dynamical rank intervals with respect to
the input of the filter use the logical binary connector
known as IF, representing the second step of the in-
ference mechanism.
e Output inference: The expert action with respect to
the rule base known as consequence uses the logical
binary connector THEN to find the correct weight an-

le(k) =y(k)-§(k), isafuzzy value.
%Inf s the greatest lower bound error value into the error set.
*The functional J(k) describes the convergence relation among the

real observed and its estimation; symbolically in recursive form:

I(k) :%[((k ~1J(k -1 +e(k)?)f
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swer as a(k) called membership function is the third

step of the inference mechanism.

e Filter algorithm: This is the filter stage, which ta-
kes the digital answer, converted in a natural response.
This is the closest distance value to the desired signal,
based on the predefined knowledge base.

o Natural feedback: the filtering process takes the co-
rrect linguistic value and feedbacks the filter parame-
ters, updating its operation according to the natural
evolution of the reference system considering the error
differences between y(k) and §(k) dynamically and

using a metric rank of the error functional J (k) 2

e Decision stage: Finally, the filter decision mecha-
nism takes the best answer option according with the
values of 9(k) and §(k —1) to actualize, the decisi-

on described asds(k).

Each decision stage is in accordance with the actual
and previous values of §(k) described as §(k —1) do-

ing a comparison between these values in order to select
the corresponding instruction answer to the reference
system, all the instruction answers are previously defined
using the logic connectors IF-AND-THEN the filter se-
lects the corresponding instruction to actualize the refer-
ence system conditions.

Figure 1, shows the filter architecture interacting with
a reference process to describe its operation and take a
decision instruction.

3. Filtering Description

The evolutive neural net fuzzy filter (see: Figure 1) re-
quires a knowledge base (KB); because, it has all the pos-
sible responses in accordance with the reference system or
process in which the filter is interacting. The evolutive by
neural net fuzzy filter has its state variables bounded by a

Figure 1. Evolutive neural net fuzzy filter process
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14 Evolutive Neural Net Fuzzy Filtering: Basic Description

rank of values described by fuzzy sets (for example, the
temperature classified by the fuzzy logic as high, me-
dium or low ([3,8,17,18]).

This kind of filter adaptively modifies its response
y(k) according to the dynamic changes at the filter de-

sired input y(k) from the reference process alteration (pr-
oduced by neural excitation). It requires that the error
loop inference (comparison between desired input y(k)
and actual output y(k) changes the filtering responses

using the knowledge base (KB) with real time conditions
(see: [4,6,9]).

The filter classifies its different operation levels by
membership functions, based on the error minimum fun-
ction Jyin to give a corresponding near specific answer for
each kind of desired input y(k) limited by the error dis-
tribution function, which is also limited by y. The classi-
fication of the reference system responses realized by the
filter is by the error distribution function considering di-
fferent levels of response (membership functions), each
level delimited by specific metrics bounded all into the
error distribution region. This classification represents th-
e characterization of the reference process operation in
interaction with the filter ([14,19]).

Using this kind of filters avoids the initial instability of
the error convergence because it has all information re-
quired and limited by an interval into a distribution re-
gion as supervised learning technique.

To do a classification of the membership functions the
filter uses an error criterion function using metric inter-
vals to delimit its operational levels. The membership
function set established inside a distribution function co-
rresponding to the error criterion; this classification with
several membership functions is in accordance to each
error interval (as operation linguistic levels).

Respect to Figure 1, u(k) is an input natural linguis-

tic value from the reference process interacting with the
filter. T(k) is the control area, which include all the fil-

tering processes corresponding to one iteration of a pr-
ocess set, in order to obtain an output response y(k). The

desired signal described as y(k) is the fuzzy natural re-
ference variable given by the reference system. e(k) is
a fuzzy value where the set {y,:y, >0, VieZ,} has
inf{y,}—>|4, |4/ >0and the sup{y,}—|1], |4 <1 [5]
with »* that must be the minimum value between’ y(K)
and y(k); both values should be almost equal; in other

words, e(k) is the difference between y(k), and y(k),

being this the criterion distance in order to select the
membership function for each case’.

4. Fuzzy Neural Net Structure

The ENFF architecture is develop in order to work as

Copyright © 2010 SciRes

neural net using back propagation properties ([11,19]).
This characterizes the operational linguistic levels of the
desired variable set {y(k)}, expressing as a basic estima-
tiona(k )result®, in accordance with the inference rules

with respect to the error value criterion selecting the cor-
responding membership function.

The neural net conditions are [1]:

e The desired input y(k) represents fuzzy labels, and
each one has different operation levels.

e The input inference recognizes the variable type (A,
B or C).

e The weights required for the internal adaptive ad-
justments into the filter architecture, to get a correct
response described as membership functions, rene-
wing the values of a(k) parameter using the

knowledge base.

e The connection into the filter according to the error
differences® has a minimum operation criterion, se-
lecting the membership function based on the mini-
mum cost of the filter response to update its wei-
ghts.

e It uses supervised learning into the knowledge base,
therefore, the neuron has previously all the infor-
mation included inT, .

e The decision stage compares the previous output
and the actual value of the filter to select a instruc-
tion decision [7].
Globally, according to Figure 2, the filter has four
neural layers:
The first layer with pxn,n,pez, input neurons rep-

resenting a set of desired inputs {y(k)}, a single hidden
layer with p processing units in which the inference me-
chanism operates in order to find the respective mem-
bership functiona(k); the output{ y(k)}, that is the an-

swers set of the neural process (see: Figure 2). The filter
has a decision stage layer as evolutive condition in order
to give control instructions for an external process ac-
cording with the previous filter answers.

The neurons architecture are simple processors, which
get information from the first input layer from the outside
world as desired signal {y(k)} to the next neurons into
the hidden filter layer.

The neural net structure proceed the result of their
previous processing step to nodes in the next higher lay-
ers in order to obtain the nearest desired signal value of
y(k) at the filter output y(k). In consequence the deci-
sion stage in the top-layer communicate their decision
results to the outside world as ds(k), which its instruc-
tions bounded inside the external reference process op-
eration in order to give the best control value.

Subsequently, using rules the fuzzy system performs
the classification in both stages: filtering and decision; its
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rules are generated automatically by the evolutive neural
net fuzzy filtering evaluating features which are difficult
to extract or to evaluate directly delimited by the filtering
criterion.

The neural net represents a set of services, activating a
specific neuron means the use of specific service with
different levels of response. The filter requires a variable
value according to the inference classification of the de-
sired signal set, according to the changes of the error
rank e(k) per iteration, one neuron is activating; next it-
eration the filter could renew the neuron or only change
its value by degrees.

The value of y(k) defines a neuron to activate or to se-
lect, in order to use its own set of operation levels
(membership functions by degrees) to give the corre-
sponding value of a(k), and gives a correct natural

answer [2].

5. Rule Base Strategy

This kind of filtering has operational properties defined
by the rules base to learn, recall, associate and compares
the new information delimited before according to the
error variance limits predefined. The fuzzy rules condi-
tions established as logical connectors (IF-THEN) con-
stitute the rules base with respect to the error intervals
and its respective response described as membership fun-
ction.

The rules generated constitute the inference of the de-
sired signal y(k)® as the logical connector IF, and the

logical connector THEN selecting automatically the pa-
rameter weighs of 4(k) according to the knowledge ba-

se ([18,20]):

The KB has an automatic classification of the filter
conditions: having the knowledge of the filtering opera-
tion levels. In addition, selects the corresponding mem-
bership function (value of 4(k)) of the knowledge base,

adapting its responses weighs to give a correct answ-
er (k) near to y(k).

A rules base filter characterized by a set of desired
signals {y(k)} at the filter input, classified by intervals

delimited previously into the error difference in order to
select the corresponding membership function, which has
the corresponding a(k) value giving a correct response

§(k) seeking the closest distance to y(k):
Ty ={(y(k), YD}y o))

In addition, mathematically correspondence of y(k)
and y(k), expressed with respect to the second probabil-
ity moment, has the infimum value, described as:

I = inf {min J (yo, )}, ¢
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Figure 2. Evolutive neural filter layers (L-low, M-medium,
H-high)

The rules set constitute a simple filter operation, based
on the error set {e(k)} as limit indicator of the corre-
sponding membership function set to adapt the parameter
dynamically.

The decision stage described as selects the best in-
struction answer to control a process according with the
filter answer, and its previous value, with the decision
inference mechanism by fuzzy rules.

For the decision stage, which is the finally inference of
the evolutive neural net fuzzy filter, using a set of fuzzy
rules to get the correct control instruction from its own
knowledge base (KB). First, consider the value level and
its previous value as the actual environment and select
the corresponding condition or strategy from the knowl-
edge base to loop an external process as.

To describe the decision stage mechanism, we use fu-
zzy rules to infer and select the corresponding value with
If-then rules; the filtering system selects and gives a spe-
cific instruction answer as in order to update and improve
the control instruction performance minimizing the error
process, in accordance with the fuzzy rule structure will
have:

Ifvalueis  andvalueis__ Thenvalueis .

This filter (ENFF) has two knowledge bases, one for
to select the parameter (as in Figure 1) and the second
used for the decision stage to select the instruction an-
swer (as in Figure 3).

The Figure 3 illustrates the decision stage mechanism
as fuzzy rules as:

i Inference |- If [ And [ Then +d5(k)i

i o G

: wk)  ple—1 E :
Figure 3. Decision stage inference
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16 Evolutive Neural Net Fuzzy Filtering: Basic Description

6. Real Time Scheme

DEFINITION 1 The real time properties of an evolutive
neural net fuzzy digital filter, which is an adaptive filter
performed according to ([6] and [10]):

e To take and to emit signals with fuzzy information
into intervals limited in accordance to the reference
process response according to the stability criteria
([5.6]).

e To take and to emit information through semi-open
time intervals, synchronized with the process evolu-
tion time, described in a relative way by semi-open
time intervals, considering the criteria into refer-
ences [15,21,22].

e A membership functions group forms a control area,
according to the properties considered in a) and b)
points, respectively ([18,20,23]) .

e A set of fuzzy rules builds the knowledge base ac-
cording to the fuzzy desired signal from the refer-
ence model y(k), obtaining a specific filter answer

9(k) ([16,20]).

e The adaptation algorithm updates the filter coeffi-
cients according to the selected membership func-
tion respectively to the established error criterion
symbolically expressed as 7.

e The decision stage mechanism selects the best in-
struction answer as ds(k ), in order to perform the
external process operation at each time.

The knowledge base has all information that the filter
requires to adjust its gains in optimal form and gives an
answer accomplishing the convergence range, inside of
the time interval (indexed withk € Z_ ) in agreement wi-
th the Nyquist sense, without loss of the stability pro-
perties [6,20,23]):

e y(k) is a measurable variable classified in metric

ranks as degrees in linguistic sense (described into
a state space variable bounded symbolically into
linguistic natural expressions as high, medium or
low values),

e T(k) is the control area described in pairs formed

by 9(k) and y(k) limited in time interval (has a
velocity change bounded in the sense exposed by

[11]),
e ¢(k) is the fuzzy value defined by the difference

among (k) andy(k), which is bounded by the
set {y,:7>0, viez,}, With inf{;}— |4/, such

*Sup is the least upper bound of a partially ordered set

The desired signal commonly has the basic and explicit description as
y(k)=a(k)y(k —1) + w(k) , where a, is known as stability pa-
rameter (see: [12] and [10]), @(K) is the perturbation output noise,

y(K) is the desired reference signal.
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. |xl<1, means that

that |4>0, supfy} |7
9(k) is approximately equal to y(k) metrically
speaking as linguistic variables, both are the same

natural value.
. ds(k) is the instruction answer of the filter acc-

ording with the output of the filter §(k) and its

previous value in fuzzy sense, to selects the corre-
sponding candidate function classified in probabil-
istic sense into a knowledge base to update an ex-
ternal process into a new condition.

6.1 Local and Global Description

DEFINITION 2 An ENFF in local and global temporal
sense has quality of response according to the conver-
gence criterion® with respect to the real time conditions
[15].

Global characteristics: The convergence intervals de-
fined by [0,6+«) with measures up to zero through er-

ror functional J(k) considering and the convergence rela-
tion', temporally parameterized to the membership func-
tion according to the linguistic variables values ([3,24]),
without loss that /e(k)/<1 in agreement to [6].

According to the evolutive neural net fuzzy concepts,
the global characteristics specified in stochastic sense
according to [15], where J(z, ) =inf {min{.Tk }}gg (see:

(2)), with {33 <{3,} and

P(J,<¢to)=10<<¢

without loss that its natural evolution described by [22]:

Toin =0.51 1 ©)

max

7. Simulations

For the simulation of the ENFF, in this case we use the
Kalman filter structure to integrate the filter stages, with
a transition matrix described by the knowledge base in
accordance to the error functional criterion [5]. The evo-
lution times into a soft system integrated in a PC with
AMD Sempron processor 3100+ with k intervals, having
a mean evolution time of 0.004 sec + 0.0002 sec.

The basic reference system in discrete state space ex-
pressed by the first order difference, as:

X(k+1)=a(k)x(k)+w(k) (4)
In accordance with the system (4) the output is:
x(k), w(k),v(k)e R™

y(k)=x(k)+v(k) : ®)

where: {x(k)}= is the set of internal states, {a(k)}= is the
parameters sequence, {w(k)}= is the noise set system
perturbation, {y(k)}= is the set of desired signal from the
system reference, v(k)= is the output noises.
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There are different operation levels described in prob-
ability sense in order to match with the functional error*
limit, in accordance with the desired signal y(k) and the
Kalman filter answer §(k). The filter operation bounds

into the second probability moment, establishing the fil-
ter classification as linguistic natural variables expressed
as low, medium and high levels.

According to the parameter é(k) selected by the rule

strategy, the Figure 4 shows the output answer (k) of

the filter with respect to the desire signal y(k) at the input
filter:

Figure 5 shows the decision stage process to obtain the
instruction answer as ds(k) according with the (k)

values and its previous stage described as §(k — 1):

The evolution time is less than the reference process
proposed as 0.092 sec., satisfying the condition described
in (3).

The Figure 6 shows the decision stage as linguistic
levels according with the filtering process in order to
give different decision answers level described as DA#:

The global convergence time of the filter is 0.08 sec,
which is less than the evolution condition of the system,
known as system maximum evolution time, oscillating
around 0.092 sec.

Figure 7 shows the functional described as J(k) with
respect to the filter:

8. Conclusions

The paper was about the analysis of the evolutive neural
net fuzzy filtering and its real time conditions, in order

show the applicability conditions into dynamical systems.

The paper describes the adaptive inference mechanism
that classifies and deduces the filter answers by the error
value as limit, in order to search the adaptive weights and
update its parameters to give a correct response dynami-
cally as a natural linguistic answer.

Figure 4. (k) Estimation in accordance with a(k) value
and y(k) reference

Copyright © 2010 SciRes

Figure 5. Decision answer ds(k) with respect to y(k) and

y(k-1)

Figure 6. Decision answer as linguistic levels (DA)

Figure 7. Parameter of convergence 7* illustratively by the
functional J(k)

The paper establishes how to construct and character-

ize the membership functions of the knowledge base in a
probabilistic manner with the decision rules set, making a
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18 Evolutive Neural Net Fuzzy Filtering: Basic Description

description of the real time conditions that the evolutive
neural net fuzzy filter (ENFF) has to perform, which
architecture works as a neural net. The filter has a final
decision stage in accordance with the filter operation
making a fuzzy inference between the actual and previ-
ous filter answers in order to select the corresponding
decision answer value.

The results are in formal sense and described using the
definitions considered in the papers referenced here. Fi-
nally, this work showed a simulation of the ENFF opera-
tion using the Matlab tool and the Kalman filter struc-
tureto integrate the evolutive properties, considering five
decision answers into the decision stage, having an accu-
rate filtering time response with respect to the reference
system in accordance with the real time properties pro-
posed in this work.
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ABSTRACT

Arabic Sign Language recognition is an emerging field of research. Previous attempts at automatic vision-based recog-
nition of Arabic Sign Language mainly focused on finger spelling and recognizing isolated gestures. In this paper we
report the first continuous Arabic Sign Language by building on existing research in feature extraction and pattern
recognition. The development of the presented work required collecting a continuous Arabic Sign Language database
which we designed and recorded in cooperation with a sign language expert. We intend to make the collected database
available for the research community. Our system which we based on spatio-temporal feature extraction and hidden
Markov models has resulted in an average word recognition rate of 94%, keeping in the mind the use of a high perplex-
ity vocabulary and unrestrictive grammar. We compare our proposed work against existing sign language techniques
based on accumulated image difference and motion estimation. The experimental results section shows that the pro-

posed work outperforms existing solutions in terms of recognition accuracy.

Keywords: Pattern Recognition, Motion Analysis, Image/ Video Processing and Sign Language

1. Introduction

The growing popularity of vision-based systems has led
to a revolution in gesture recognition technology. Vi-
sion-based gesture recognition systems are primed for
applications such as virtual reality, multimedia gaming
and hands-free interaction with computers. Another
popular application is sign language recognition, which
is the focus of this paper.

There are two main directions in sign language recog-
nition. Glove-based systems use motion sensors to cap-
ture gesture data [1-3]. While this data is more attractive
to work with, the gloves are expensive and cumbersome
devices which detract from the naturalness of the hu-
man-computer interaction. Vision-based systems, on the
other hand, provide a more natural environment within
which to capture the gesture data. The flipside of this
method is that working with images requires intelligent
feature extraction techniques in addition to image proc-
essing techniques like segmentation which may add to
the computational complexity of the system.

Note that while respectable results have been obtained
in the domains of isolated gesture recognition and finger
spelling, research on continuous Arabic sign language
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recognition is non-existent.

The work in [4] developed a recognition system for
ArSL alphabets using a collection of Adaptive Neuro-
Fuzzy Inference Systems (ANFIS), a form of supervised
learning. They used images of bare hands instead of col-
ored gloves to allow the user to interact with the system
conveniently. The used feature set comprised lengths of
vectors that were selected to span the fingertips’ region
and training was accomplished by use of a hybrid learning
algorithm, resulting in a recognition accuracy of 93.55%.
Likewise [5] reported classification results of Arabic sign
language alphabets using Polynomial classifiers. The
work reported superior results when compared with their
previous work using ANFIS on the same dataset and fea-
ture extraction techniques. Marked advantages of poly-
nomial classifiers include their computational scalability,
less storage requirements and absence of the need for it-
erative training. This work required the participants to
wear gloves with colored tips while performing the ges-
tures to simplify the image segmentation stage. They ex-
tracted 30 features involving the relative position and
orientation of the fingertips with respect to the wrist and
each other. The resulting system achieved 98.4% recogni-
tion accuracy on training data and 93.41% on test data.
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20 Continuous Arabic Sign Language Recognition in User Dependent Mode

Sign language recognition of words/gestures as op-
posed to alphabets depends on analyzing a sequence of
still images with temporal dependencies. Hence HMMs
are a natural choice for model training and recognition as
reported in [6]. Nonetheless, the work in [7] presented an
alternative technique for feature extraction of sequential
data. Working with isolated ArSL gestures, they elimi-
nate the temporal dependency of data by accumulating
successive prediction errors into one image that repre-
sents the motion information. This removal of temporal
dependency allows for simple classification methods,
with less computational and storage requirements. Ex-
perimental results using k-Nearest Neighbors and Bayes-
ian classifiers resulted in 97 to 100% isolated gesture
recognition. Variations of the work in [7] include the use
of block-based motion estimation in the feature extrac-
tion process. The resultant motion vectors are used to
represent the intensity and directionally of the gestures’
motion as reported in [8].

Other sign languages such as American Sign Language
have been researched and documented more thoroughly.
A common approach in ASLR (American Sign Language
Recognition) of continuous gestures is to use Hidden
Markov Models as classifier models. Hidden Markov
Models are an ideal choice because they allow modeling
of the temporal evolution of the gesture. In part, the suc-
cess of HMMs in speech recognition has made it an ob-
vious choice for gesture recognition. Research by Starner
and Pentland [9] uses HMMSs to recognize continuous
sentences in American Sign Language, achieving a word
accuracy of 99.2%. Users were required to wear colored
gloves and an 8-element feature set, comprising hands’
positions, angle of axis of least inertia, and eccentricity
of bounding ellipse, was extracted. Lastly, linguistic
rules and grammar were used to reduce the number of
misclassifications.

Another research study by Starner and Pentland [10]
dealt with developing a Real-time ASLR system using a
camera to detect bare hands and recognize continuous
sentence-level sign language. Experimentation involved
two systems: first, using a desk mounted camera to ac-
quire video, that attained 92% recognition and second,
mounting the camera in the user’s cap, which achieved
an accuracy of 98%. This work was based on limited
vocabulary data, employing a 40-word lexicon. The au-
thors do not present sentence recognition rates for com-
parison. Only word recognition and accuracy rates are
reported.

This paper is organized as follows. Section 2 describes
the Arabic sign language database constructed and used
in the work. The methodology followed is enumerated in
Section 3. The classification tool used is discussed in
Section 4. The results are discussed in Section 5. Con-
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cluding remarks along with a primer on future work in
presented in Section 6.

2. The Dataset

Arabic Sign Language is the language of choice amongst
the hearing and speech impaired community in the Mid-
dle East and most Arabic speaking countries. This work
involves two different databases; one for isolated gesture
recognition and another for continuous sentence recogni-
tion. Both datasets are collected in collaboration with
Sharjah City for Humanitarian Services (SCHS) [11], no
restriction on clothing or background was imposed. The
first database was compiled for isolated gesture recogni-
tion as reported in [7]. The dataset consists of 3 signers
acting 23 gestures. Each signer was asked to repeat each
gesture a total of 50 times over 3 different sessions re-
sulting in a total of 150 repetitions of each gesture. The
gestures are chosen from the greeting section of the Ara-
bic sign language.

The second database is of a relatively high perplexity
consisting of an 80-word lexicon from which 40 sen-
tences were created. No restrictions are imposed on
grammar or sentence length. The sentences and words
pertain to common situations in which handicapped peo-
ple might find themselves in. The dataset itself consists
of 19 repetitions of each of the 40 sentences performed
by only one user. The frame rate was set to 25Hz with a
spatial resolution of 720x528. The list of sentences is
given in Table 1. Note that this database is the first fully
labeled and segmented dataset for continuous Arabic
Sign Language. The entire database can be made avail-
able on request.

A required step in all supervised learning problems is
the labeling stage where the classes are explicitly marked
for the classifier training stage. For continuous sentence
recognition, not only do the sentences have to be labeled
but the individual boundaries of the gestures that make
up that sentence have to be explicitly demarcated. This is
a time-consuming and repetitive task. Conventionally, a
portion of the data is labeled and used as ‘bootstrap” data
for the classifier which can then learn the remaining
boundaries. For the purposes of creating a usable data-
base, a segmented and fully labeled dataset was created
in the Georgia Tech Gesture Recognition toolbox (GT?K)
format [12]. The output of this stage is a single master
label file (MLF) that can be used with the GT?’K and
HTK Toolkits.

3. Feature Extraction

In this section we introduce a feature extraction tech-
nique suitable for continuous signing. We also examine
some of the existing techniques and adapt them to our
application for comparison reasons.
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Table 1. Table type styles list of Arabic sentences with Eng-
lish translation used in the recognition system

NO. Arabic Sentence & English translation
1 Pl 3 S (ali ) uad
| went to the soccer club
) ) Bl sl )
I love car racing
3 A58 oy judl
| bought an expensive ball
4 a5 S 81 sl (gaie Candl a5y
On Saturday | have a soccer match
5 a8 S cala LéaL'J‘ =
There is a soccer field in the club
6 cilal ) Gl lia () Ko lae
There will be a bike racing tomorrow
7 Galall A3y Scuag
| found a new ball in the field
8 felal yee oS
How old is your brother?
9 Uy ol Sl gl
My mom had a baby girl today
10 banay J Y (A
My brother is still breast feeding
1 Uiy a0
My grandfather is at our home
12 dan 558 Gl sl
My kid bought an inexpensive ball
13 LS il el g
My sister read a book
14 claall 8 Gl ) ol cund
My mother went to the market this morning
15 Sl 8 Al da
Is your brother home?
16 BES (e S
My brother’s house is big
17 e 2y (A 7 g Y
In one month my brother will get married
18 Crogd o (A @llas
In two months my brother will get divorced
19 felina Jany ol
Where does your friend work?
20 s Sl Al
My brother plays basketball
21 Q) g2
| have two brothers
2 el il La
What is your father’s name?
23 o) by je g2 O
Yesterday my grandfather was sick
24 oY) b o e
Yesterday my father died
25 Alea iy o
| saw a beautiful girl
2 st e
My friend is tall
97 asill Ja STy U
I do not eat close to bedtime
28 prlaall 3133 Laleds S
| ate delicious food at the restaurant
29 slall oyl ol Ul
I like drinking water
20 el 8 Cadall Gyl caal Ul
I like drinking milk in the evening
31 zlaall e JSIaalll J<
I like eating meat more than chicken
| ate cheese and drank juice
33 sl e 28y ol 22 0
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Next Sunday the price of milk will go up
¥l glia Ly i
Yesterday morning | ate olives

35 S 32833 Bl (5 il
1 will buy a new car in a month
36 call Ladlag
He washed for morning prayer
Bdlall oLl die daaall 83a ) caad

34

37 | went to Friday prayer at 10:00 o’clock
Uiy caaals Slalily ) s
38 | saw a big house on TV
39 5 pilell Aol vie Caai Gua¥l
Yesterday | went to sleep at 10:00 o’clock
20 o zluall (8 Jaall I Ciad

| went to work this morning in my car

3.1 Proposed Feature Extraction

The most crucial stage of any recognition task is the se-
lection of good features. Features that are representative
of the individual gestures are desired. Shanableh et al. [7]
demonstrated in their earlier work on isolated gesture
recognition that the two-tier spatial-temporal feature ex-
traction scheme results in a high word recognition rate
close to 98%. Similar extraction techniques are used in
our continuous recognition solution.

First, to represent the motion that takes place as the
expert signs a given sentence, pixel-based differences of
successive images are computed.

It can be justified that the difference between two im-
ages of similar background results in an image that only
preserves the motion between the two images. These
image differences are then converted into binary images
by applying an appropriate threshold. A threshold value
of pu+xo is used where p is the mean pixel intensity of the
image difference, o is the corresponding standard devia-
tion and x is a weighting parameter which was empiri-
cally determined based on subjective evaluation whose
criteria was to retain enough motion information and
discarding the noisy data.

Figure 1 shows an example sentence with thresholded
image differences. Notice that the example sentence is
temporally downsampled for illustration purposes.

Next, a frequency domain transformation such as the
Discrete Cosine Transform (DCT) is performed on the
binary image differences.

The 2-D Discrete Cosine Transformation (DCT) given
by [13]:

2
vMN

. Tu .. VAT
f (i, J)cos(m~ (2i +1)jcos[m~(21 +1)j

F(u,v) = C(u)C(v)

1)
M-IN-1
%
i=0 j=0

where NxM are the dimensions of the input image ‘f” and
F(u,v) is the DCT coefficient at row u and column v of
the DCT matrix. C(u) is a normalization factor equal to
}/\Efor u=0 and 1 otherwise.
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(a) An image sequence denoting the sentence ‘I do not eat close to bed
time’.

(b) Thresholded image differences of the image sequence in part (a)

Figure 1. An example sentence and its motion representa-
tion
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Figure 2. Discrete cosine transform coefficients of a thresh-
olded image difference

In Figure 2, it is apparent that the DCT transformation
of a thresholded image difference results in energy com-
paction where most of the image information is repre-
sented in the top left corner of the transformed image.
Subsequently, zig-zag scanning is used to select only a
required number of frequency coefficients. This process
is also known as zonal coding. The number of coeffi-
cients to retain or the DCT cutoff is elaborated upon in
the experimental results section.

These coefficients obtained in a zig-zag manner make
up the feature vector that is used in training the classifier.

3.2 Adapted Feature Extraction Solutions

For completeness, we compare our feature extraction
solution to existing work on Arabic sign language recog-
nition. Noteworthy are the Accumulated Differences
(ADs) and Motion Estimation (ME) approaches to fea-
ture extraction as reported in [8,16]. In this section we
provide a brief review of each of mentioned solutions
and explain who it can be adapted to our problem of con-
tinuous Arabic sign language recognition

3.2.1 Accumulated Differences Solution
The motion information of an isolated sign gesture can
be computed from the temporal domain of its image se-

quence through successive image differencing. Let Iéjl)

denote image index j of the i repetition of a gesture at
index g. The Accumulated Differences (ADs) image can
be computed by:

_nt () _ -y
AD,; ="50, (1) 169 ) @
where n is the total number of images in the i"" repetition
of asign at index g. o, is a binary threshold function of

the j™ frame.

Note that the ADs solution cannot be directly applied
to continuous sentences (as opposed to isolated sign ges-
tures). This is so because the gesture boundaries in a
sentence are unknown, thus one solution is to use an
overlapping sliding window approach in which a given
number of video frame differences are accumulated into
one image regardless of gesture boundaries. The window
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is shift by one video frame at a time. In the experimental
results section we experiment with various window sizes.
Examples of such accumulated differences are shown in
Figure 3 with a window size of 8 video frames. Notice
that the ADs capture the frame difference between the
current and previous video frames and it also accumulates
the frame differences from the current window as well.

Once the ADs image is computed it is then trans-
formed into the DCT domain as described previously.
The DCT coefficients are Zonal coded to generate the
feature vector.

3.2.2 Motion Estimation solution
The motion of a video-based sign gesture can also be
tracked by means of Motion Estimation (ME). One well
known example is the block-based ME in which the input
video frames are divided into non-overlapping blocks of
pixels. For each block of pixels, the motion estimation
process will search through the previous video frame for
the “best match” area within a given search range. The
displacement, in terms of pixels, between the current
block and its best match area in the previous video frame
is represented by a motion vector

Formally, let C denote a block in the current video
frame with bxb pixels at coordinates (m,n). Assuming
that the maximum motion displacement is w pixel per
video frame then the the motion estimation process will
find the best match area P within the (b+2w)(b+2w) dis-
tinct overlapping bxb blocks of the previous video frame.
An area in the previous video frame that minimizes a
certain distortion measure is selected as the best match
area. A common distortion measure is the mean absolute
difference given by:

M (Ax, Ay) =
1 v » 3
b_zmzzlnzl mn Pm+Ax,n+Ay , —W S AX, Ay <w

where Ax, Ay refer to the spatial displacement in be-
tween the pixel coordinates of C and the matching area in
the previous image. Other distortion measures can be
used such as mean squared error, cross correlation func-
tions and so forth. Further details on motion estimation
can be found in [17] and references within.

The motion vectors can then be used to represent the
motion the occurred between two video frames. These
vectors are used instead of the thresholded frame differ-
ences. In [8] it was proposed to rearrange the x and y
components of the motion vectors into two intensity im-
ages. The two images are then concatenated to generate
one representation of the motion that occurred between
two video frames. Again, once the concatenated image is
computed it is then transformed into the DCT domain as
described previously. The DCT coefficients are Zonal
coded to generate the feature vector.
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(a) Part of the gesture “Club”

(b) Part of the gesture “Soccer”

Figure 3. Example accumulated differences images using an
overlapping sliding window of size 8

4. Classification

For conventional data, naive Bayes classification pro-
vides the upper bound for the best classification rates.
Since sign language varies in both spatial and temporal
domains, the extracted feature vectors are sequential in
nature and hence simple classifiers might not suffice.
There are two main approaches to dealing with sequen-
tial data. The first method aims to combine the sequential
feature vectors using a suitable operation into a single
feature vector. A detailed account of such procedures is
outlined in [14]. One such method involves concatenat-
ing sequential feature vectors using a sliding window of
optimal length to create a single feature vector. Subse-
quently, classical supervised learning techniques such as
maximume-likelihood estimation (MLE), linear discrimi-
nants or neural networks can be used. The second ap-
proach makes explicit use of classifiers that can deal with
sequential data without concatenation or accumulation,
such an approach is used in this paper. While the field of
gesture recognition is relatively young, the related field
of speech recognition is well established and documented.
Hidden Markov Models are the classifier of choice for
continuous speech recognition and lend themselves
suitably for continuous sign language recognition too. As
mentioned in [15], a HMM is a finite-state automaton
characterized by stochastic transitions in which the se-
quence of states is a Markov chain. Each output of an
HMM corresponds to a probability density function.
Such a generative model can be used to represent sign
language units (words, sub-words etc).

The implementation of an HMM framework was car-
ried out using the Georgia Tech Gesture Recognition
Toolkit (GT?K) which serves as a wrapper for the more
general Hidden Markov Model Toolkit (HTK). The
GT?K version used was a UNIX based package. HTK is
the de-facto standard in speech recognition application
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using HMM’s.
5. Experimental Results

A logical step in proceeding from isolated gesture recog-
nition would be connected gesture recognition. This can
be simulated by concatenating individual gestures into
artificial sentences. Intuitively, one would expect better
results for connected gesture recognition as opposed to
continuous gesturing. This is because concatenated ges-
tures do not suffer from the altered spatial gesturing that
occurs as gestures are signed continuously without
pauses. The first database consisting of isolated gestures
was used to create concatenated sentences of varying
length. These sentences were created without any con-
sideration of whether the constructed sentence held any
meaning or grammatical structure. This concatenated
data was divided into a training set and a testing set
comprised of 70% and 30% of the total data respectively.
The GT?K Toolkit was then used to perform recognition
based on individual words as the basic unit of Arabic
sign language. While concatenation is not the aim of this
work, the results obtained provide a valuable benchmark
for subsequent experiments with continuous sentence
signing. An average of 96% sentence recognition and
98% word recognition was obtained on the concatenated
testing dataset. The word recognition rate is comparable
to previous work in ArSL [7] using similar feature ex-
traction schemes. It would be prudent to note that due to
the nature of concatenation, the boundary between ges-
tures is prominent and this might account for the high
sentence recognition rate.

The second database was then used to perform con-
tinuous sentence recognition. This was also performed
with the help of GT?K. This data is also divided into a
training (70%) and testing set (30%). An average of 75%
sentence recognition and 94% word recognition was ob-
tained on the testing set. A detailed analysis of the vari-
ous associated parameters is given in the following dis-
cussion.

There are several parameters that affect the recognition
rates in continuous sign language recognition. Namely,
the sections below discuss the effect of varying the
number of hidden states, number of guassian mixtures,
length of feature vectors and the threshold used for bi-
narizing the image differences. Unless otherwise stated,
the length of the feature vectors used throughout the ex-
periments is 100 DCT coefficients.

The following results are based on the word and sen-
tence recognition rates. The former is computed through
the following equation:

D+S+1 (4)

Accuracy,,, =1- N
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Figure 4. The effect of number of states on the sentence
recognition rate (3 Gaussian mixtures are used)

Where D is the number of deletions, S is the number of
substitutions, | is the number of insertions, and N is the
total number of words. On the other hand, sentence rec-
ognition rate is the ratio of the correctly recognized sen-
tences to the total number of sentences. Correctness in
this case entails correct recognition of all the words con-
stituting the sentence without any insertions, substitu-
tions, or deletions.

5.1 Number of Hidden States

In Figure 4, the effect of increasing the number of hidden
states in the HMM topology on sentence and word rec-
ognition rates is examined.

An increasing trend with the recognition rates is ob-
served as the number of states is increased to a certain
number and then the classification rates saturates with a
subsequent drop. As the number of states in the Hidden
Markov Model is increased, we are in effect increasing
the degrees of freedom allowed in modeling the data.
Working with video data sampled at 25 frames per sec-
ond, the classification rate increased to a maximum at
nine states.

The saturation in recognition accuracy is attributed to
the fact that certain gestures do not extend for a long time
duration and are only represented by few frame differ-
ences. The increase in number of states only serves to
increase computation time while adding redundant data
that does not contribute to the classification rate.

5.2 Length of the Feature Vector

Figure 5 shows the recognition rates for increasing the
number of DCT coefficients within the feature vector.

It is expected that the increase in feature vector size be
accompanied by a corresponding increase in recognition
rates. This is due to the fact that each DCT coefficient is

JILSA



Continuous Arabic Sign Language Recognition in User Dependent Mode 25

uncorrelated with other coefficients and hence no redun-
dant information is present in increasing coefficients.
Experimental results shown in Figure 5 show a general
increase in recognition rates as the number of DCT coef-
ficients is increased.

The trend shows that any increase in recognition ac-
curacy beyond 100 coefficients is only slightly signifi-
cant. The increase in computation time is however a lim-
iting factor in increasing the length of the feature vector
indiscriminately.

5.3 Number of Gaussian Mixtures

The effect of increasing the number of Gaussian mixtures
is shown in Figures 6 and 7.

Gaussian mixtures are used to model the emission
probability densities of each state of a continuous Hidden
Markov Model.

For multi-dimensional data like the long feature vec-
tors used in this work it is desirable to have a number of
Gaussian mixtures so that any emission pdf can be effec-
tively fit. Increasing the number of Gaussian mixture
shows substantial improvement in recognition rates. The
results depict a general increase in recognition rates as
the mixtures are increased. However, the authors feel that
the limitation in collecting large amounts of data does not
allow the use of more mixtures.

5.4 Choice of Threshold

In the feature extraction process, the image differences
are thresholded into binary images based on a threshold
of p+xo, where | is the mean pixel intensity of the image
difference, o is the corresponding standard deviation and
X is a weight parameter. Results are shown in Figure 8
and 9 for different values of the weight parameter.

The recognition accuracy peaks at a weighting pa-

.24

Zn

Figure 5. The effect of length of the feature vector on sen-
tence recognition rates (3 Gaussian mixtures are used with
a HMM topology using 9 states)
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ar

Figure 6. The effect of the number of gaussian mixtures on
the sentence recognition rate (HMM topology using 9
states)

Figure 7. The effect of the number of gaussian mixtures on
the word recognition rate (HMM topology using 9 states)

rameter value between 1 and 1.25. A subjective com-
parison of the thresholded image differences shows that
these parameter values retain most of the motion infor-
mation whilst discarding spurious information such as
small stray shifts in clothing, illumination and the like.

Lastly as mentioned in Section 3.2 above, we compare
our solution against existing work on Arabic sign lan-
guage recognition. Namely we consider both the Ads and
ME approaches to feature extraction. Table 2 summaries
the sentence and word recognition rates using various
feature extraction solutions. The experimental parameters
are similar to those used in Figure 9.

The recognition results presented in the table indicate
that the proposed solution provides the highest sentence
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Figure 8. The effect of the weighting factor on the sentence
recognition rate (3 Gaussian mixtures are used with a
HMM topology using 9 states)

Figure 9. Effect of the weighting factor on the word recog-
nition rate (3 Gaussian mixtures are used with a HMM to-
pology using 9 states)

and word recognition rates. The ADs with the overlap-
ping sliding window approach was not advantageous.
Intuitively the ADs image puts the difference between 2
video frames into context by accumulating future frame
differences to it. However in HMMs temporal informa-
tion is preserved and therefore extracting feature vectors
from video frame differences without accumulating them
will suffice. It is also worth mentioning that increasing
the window size beyond 10 frames did not further en-
hance the recognition rate.

In the ME approach, the image block size and the
search range are set to 8x8 pixels which is a typicalset-
ting in video processing. The resultant recognition rates
are comparable to the ADs approach. Note that ME tech-
-niques do not entirely capture the true motion of a video
sequence. For instance with block-based search tech-
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Table 2. Comparisons with existing feature extraction solu-
tions

Sentence
. - Word
Feature extraction approach recognition L
rate recognition rate

ADs with an overlapping o o
Sliding window of size 4. 64.1% 91.0%

ADs with an overlapping 0 N
Sliding window of size 7. 65.2% 90.6%
ADs with an overlapping o 0
Sliding window of size 10. 68% 93.71%
Motion estimation 67.9% 92.9%
Proposed solution 73.3% 94.39%

nigques object rotations are not captured as good as trans-
lational motion. Therefore the recognition results are
inferior to the proposed solution.

6. Conclusions and Future Work

The work outlined in this paper is an important step in
this domain as it represents the first attempt to recognize
continuous Arabic sign language. The work entailed
compiling the first fully labeled and segmented dataset
for continuous Arabic Sign Language which we intend to
make public for the research community. The average
sentence recognition rate of 75% and word recognition-
rate of 94% are obtained using a natural vision-based
system with no restrictions on signing such as the use of
gloves. Furthermore, no grammar is imposed on the sen-
tence structure which makes the recognition task more
challenging. The use of grammatical structure can sig-
nificantly improve the recognition rate by alleviating
some types of substitution and insertion errors. In the
course of training, the dataset was plagued by an unusu-
ally large occurrence of insertion errors. This problem
was mitigated by applying a detrimental weight for every
insertion error which was incorporated into the training
stage. As a final comment, the perplexity of the dataset is
large compared to other work in related fields. Future
work in this area aiming to secure higher recognition
rates might require a sub-gesture based recognition sys-
tem. Such a system would also serve to alleviate the mo-
tion-epenthesis effect which is similar to the co-articu-
lation effect in speech recognition.

Finally, the frequency domain transform coefficients
used as features perform well in concatenated gesture
recognition. The average word recognition rate is also
sufficiently high with an average of 94%. The authors
feel that geometric features might be used in addition to
the existing feature to create an optimum feature set.
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ABSTRACT

Since plastic products are with the features as light, anticorrosive and low cost etc., that are generally used in several
of tools or components. Consequently, the requirements on the quality and effectiveness in production are increasingly
serious. However, there are many factors affecting the yield rate of injection products such as material characteristic,
mold design, and manufacturing parameters etc. involved with injection machine and the whole manufacturing process.
Traditionally, these factors can only be designed and adjusted by many times of trial-and-error tests. It is not only
waste of time and resource, but also lack of methodology for referring. Although there are some methods as Taguchi
method or neural network etc. proposed for serving and optimizing this problem, they are still insufficient for the needs.
For the reasons, a method for determining the optimal parameters by the inverse model of manufacturing platform is
proposed in this paper. Through the integration of inverse model basing on MANFIS and Taguchi method, inversely,
the optimal manufacturing parameters can be found by using the product requirements. The effectiveness and feasibility
of this proposal is confirmed through numerical studies on a real case example.

Keywords: Optimal Manufacturing Parameter, Injection Mold, Multiple Adaptive Network Based Fuzzy Inference Sys-

tem (Manfis), Taguchi Method

1. Introduction

Recently for the surge in the prices of fuel and raw mate-
rials like steel or iron, plastic goods used in industries
and everyday life are taking the place of metal ones.
Generally, since those products combined by pieces of
parts required higher precision and smoothness, the de-
mands on quality and efficiency of production become
higher than before. In order to level up the yield rate of
made-up articles, the manufacturing process should be
improved for the required of different goods [1]. Nowa-
days, for coping with the diversifying demands of present
markets, developed countries in industry have been in-
troducing the technologies of computer-integrated manu-
facture (CIM) as CAE/CAD/CAM to get competitive ad-
vantages [2-3]. That is, for the manufacturing process of
an industrial product with completed design, first, its
prototype is designed by the original concept. Next,
through computer-aided design (CAD) tool complete the
initial design. Third, by the analysis technology of com-
puter-aided engineering (CAE) to test and modify the
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design. Finally, depending on the better design, automo-
tive production can be done by computer-aided manu-
facture (CAM).

Before concurrent engineering attracting much attent-
ion, the technologies of computer-aided engineering ana-
lysis were seldom used to estimate designing faults by
manufacturers in advance. Where, mold design and man-
ufacturing process should be modified through many
times of trial-and-error tests [4-6]. It not only wastes
time and cost but also makes such experiences became
more difficult in teaching or accumulating. Besides, un-
der the situation of different product required or new
materials, the awkward problems as one more times of
teaching experience and molding can not be avoided.
Sometimes part of business chances may be losing for it.

The most helpful function of CAE is to carry out
simulation analysis of prototype design by computers [6].
By which, all possible problems and faults occurring in
manufacturing and design stages can be found in advance.
It is convenient to diagnose and modify designed before
product manufacture for reducing cost and time, and lev-
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eling up quality. However, even though those modern
computer-aided technologies as mentioned above play an
important role in manufacture, the subject of how to de-
termine optimal manufacturing parameters for extremely
matching product required still exists [7-24]. Although
there are a lot of methods such as statistical regression
calculation, neural network model and genetic algorithm,
grey relational analysis, and fuzzy theory etc. proposed
for optimizing parameters [25-30], lacking of method-
ology and integration. For it, a concept for building the
inverse model of manufacturing platforms by multiple
adaptive network fuzzy inference system (MANFIS) is
proposed. Through data self-organized and deductive
reasoning mechanisms of MANFIS, the optimal manu-
facturing parameters corresponding to product required
can be found. In this paper, the blade of a small-scale
wind power generator is selected as a real case studying
on injection mold. Through the simulation results by
computer-aided analysis software Moldex3D, the appro-
priateness and effectiveness of the proposal can be con-
firmed.

2. Solution Design and Problem Statement
2.1 Solution Description

The main purpose of this study is to determine the opti-
mal manufacturing parameters for injection mold. Ac-
cording to the literatures mentioned above know that the
manufacturing parameters of injection mold are highly
interdependent. That is, the whole system should be con-
sidered while part of parameters is undertaken to modify.
Here, a method for finding out the optimal parameters is
proposed. Figure 1 shows the executing flow of the
method. First, since there are always a lot of manufac-
turing parameters as well as controllable factors existing,
in order to realize which ones are the key factors and

Controllable . Important
Factors Taguchi Method Factors
Orthogonal
Arrays Lo
Simulator
Moldex3D
+
Random E(k)
Matrix
Invek\Model

Figure 1. Flow of proposed method
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reduce time and flows in computation, a less number of
important factors with more controllability can be ex-
tracted through the calculation of Taguchi method. Next,
instead of all possible experimental combinations to
simulator, the orthogonal arrays basing on those impor-
tant factors are developed. In addition, for the results
found by Taguchi method are unique, and possibly trap-
ping in local optimum, a decimal-fraction random matrix
as the numerical stirring is introduced into the orthogonal
arrays for wider-range simulation. Finally, by using the
simulated results such as warpage displacement or volu-
metric shrinkage etc. along with the corresponded or-
thogonal arrays, the proposed inverse model can be built
through MANFIS.

2.2 Real Case Selection

The real case selected for confirming the proposed
method is the manufacturing design of a blade for a
small-scale wind power generator. Since the blades are
the key part of such generators for their generation effi-
ciency and cost, the weight, smoothness, surface friction,
physical stress, and twisting angles etc. of them are re-
quired seriously in manufacture. In addition, instead of
FRP which is denounced by its environmental pollution,
the material ABS_NovodurP2GHV _1 is adopted to study.
Here, through the analysis of momentum theory and
blade element model, the geometric data of the blade is
determined as shown in Figure 2. Moreover, the hot and
cooling distributions by one-point injection and four
groups of cooling runners are shown in Figure 3.

Figure 2. Studying case designed by 3D’s flow

Figure 3. Distribution of hot runner and cooling runner
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3. Numerical Studies

Since the initial controllable factors are always selected
by the product required. Through the analysis of fish
bone diagram shown in Figure 4 and the consideration of
required product strength, there are eight factors selected
such as fiber percentage of material, material temperature,
injection pressure, holding time, holding pressure, mold
temperature, cooling time, and filling time.

3.1 Selection of Important Factors by Taguchi
Method

Two major tools used in the Taguchi method are the or-
thogonal arrays and the signal-to-noise ratio. Additional
details and application of Taguchi method can be found
in the books presented by Phadke [31], Montgomery [32],
and Park [33]. In this paper, three- level orthogonal ar-
rays are used. The design parameters and the levels cho-
sen for the Taguchi experiments are listed in Tablel.
Continuously, a L (3%) orthogonal arrays with eight
columns and eighteen rows can be developed as shown in
Table 2. Each design parameter has three levels assigned
to each column of the arrays. The eighteen rows repre-
sent the eighteen experiments to be conducted.

Since the assessing indices are the warpage displace-
ments and volumetric shrinkages in three dimensions as
X, Y, and z axes, respectively, through the computations
of simulator Moldex3D all indices corresponding to all
experimental combinations in Ly (3%) orthogonal arrays
can be found. By substituting these indices into Equations

Material  Injection
temperature pressure

Short shot Holding
dimension pressures

Product
quality

Mold Cooling Cavity
temperature time pressure

Figure 4. Fish bone diagram for factor analysis

Table 1. Eight controllable factors with three levels

level

factor 1 2 3
A. (%) percentage of fiber contents 20 16
B. ('C) material temperature 210 225 240
C.(MPa) injection pressure 90 105 120
D. (S) holding time 2 4 6
E. (MPa) holding pressure 63 735 84
F. (*C) mold temperature 50 70 87
G. (S) cooling time 10 20 30
H. (S) filling time 2.3 3.65 5

Copyright © 2010 SciRes

1 to 3, the important factors and optimal combination for
Taguchi method can be extracted and found by assessing
the quality characteristic (in Figure 5) and signal-to-noise
ratio (in Figure 6). By above results realized that the fac-
tors with more controllability as mold temperature, mate-
rial temperature, injection pressure, and holding time are
selected as the important factors.

€))

O]

52
%1 =-10 |Og§—2 3

3.2 Collection of Training Data Sets

For training the inverse model to be with more compre-
hensively deductive reasoning, all possible combinations
basing on the changes of four important factors should be
collected in general. However, it would be a cumbersome
task for experiment or computation. For the main advan-
tages of orthogonal arrays including experimental plan
simplification and feasibility of studying interaction ef-
fects among the different parameters, a Lq (3*) orthogonal
arrays developing with three levels (Table 3) from above
four important factors is built as shown in Table 4.
Moreover, for more detailed numerical data, a random
matrix (Table 5) as well as a stirring is introduced into
the Lo (3*) orthogonal arrays. Table 6 shows the in-
put-output training data sets through the computation of
simulator Moldex3D.

Table 2. Lig (3% orthogonal arrays

Exp A B C D E F G H
1 1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2
10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1
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Figure 5. Quality characteristic (2. B1. C3. D3, El. F1, G1. H2)

Figure 6. S/N ratio (A2, B1. C3. D3. E1l. F1. G1. H2)

Table 3. Four important factors with three levels

Table 5. Random matrix example

level

factor 1 2 3
B. ('C) material temperature 220 240 260
C.(MPa) injection pressure 110 120 130
D. (S) holding time 4 6 8
F. ("C) mold temperature 45 50 55

Table 4. Ly (3*) orthogonal arrays

w
(@]
w)

Exp

© o0 ~NOO U WNRE
WWWNNNRE PP
WNEFE WNEFE WN -
NEFE WEFEP WNWN R
P WONNREPWWNDERE T
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0.95 0.2311 0.6068 0.486
0.891 0.7621 0.4565 0.0185
0.821 0.4447 0.6154 0.7919
0.922 0.7382 0.1763 0.4057
0.935 0.9169 0.4103 0.8937
0.058 0.3529 0.8132 0.0099
0.139 0.2028 0.1987 0.6038
0.272 0.1988 0.0153 0.7468
0.445 0.9318 0.466 0.4187

3.3 Inverse Model

The proposed inverse model for finding out the optimal
manufacturing parameters corresponding to product re-
quired is built by MANFIS (in Figure 7), which is an
extension of ANFIS to produce multiple real responses
of the target system. The number of ANFIS is equal to
the number n of responses. ANFIS is a fuzzy inference

JILSA



32 Determination of Optimal Manufacturing Parameters for Injection Mold by Inverse Model Basing on MANFIS

Table 6. Training data sets for MANFIS

exp B Cc D F X Y Z \Y
1 2209 1102 46 454 0402 0.053 -0.129 4.14
2 2208 120.7 64 50.0 0581 0.058 -0.109 3.962
3 2208 1304 86 557 0302 0.132 -0.038 3.774
4 2409 110.7 6.1 554 0326 0.017 -0.083 4.774
5 2409 1209 84 458 0.358 0.004 -0.106 4.568
6 240.0 1303 4.8 50.0 0.577 -0.041 -0.137 4.888
7 2601 1102 81 50.6 0.305 0.028 -0.166 5.32
8 2602 120.2 4.0 55.7 0.483 -0.068 -0.238 5.796
9 2604 1309 64 454 0.69 0.096 -0.131 5.515

: warpage displacement in x axis
: warpage displacement in y axis
: warpage displacement in z axis
: warpage-volumetric shrinkage

< N < X

Figure 7. The structure of MANFIS

Figure 8. Five-layer structure of ANFIS

system (FIS) implemented in the framework of an adap-
tive fuzzy neural network. FIS is the process of formu-
lating the mapping from a given input to an output using
fuzzy logic.

ANFIS is based on Tagaki-Sugeno FIS. ANFIS gener-

ally has two inputs, one output and its rule base contains
two fuzzy if-then rules:

Rule I: If x is A; and y is B, then f; =p; + q;+ ry.

Rule 2: If x is A, and y is B, then f, =p,+ g+ 1.

The five-layered structure of this ANFIS is depicted in
Figure 8. The detailed description about it can refer to the
studies by R. Jang et al. [34-37]. Here, by using the
training data sets in Table 6 and through thirty times of
training, the errors of the unknown constants in each
node of MANFIS have been convergent.

4. Analysis and Discussion

For a complete-trained inverse model that is charac- ter-
ized with the inverse function of the simulator Moldex3D
as well as manufacturing platform. That is, the manufac-
turing parameters can be found by the product required
inversely. Here, the correlations between two kinds of
product required and one manufacturing parameter are
shown by 3D mesh diagrams in Figure 9. In addition to
identify the reasonable areas for product required, the
limits to the four important factors in the real case are set
as following; mold temperature: over 40°C , material
temperature: over 210 °C , injection pre- ssure: over
90Mpa, holding time: the smaller warpage the better.

Moreover, for the convenience in observation, the
reasonable intervals of each product required are summa-
rized in Table 7.

In order to confirm the reliability and preciseness of
inverse model, two groups of numerical comparisons are
made as shown in Table 8. Here, by comparing with the
inputs of inverse model with the outputs of simulator
which are corresponding to the outputs of inverse model,
the differences between them are tolerably small. This
appropriate performance of inverse model also can be
observed in Figure 10.

Table 7. Reasonable intervals for product requirements

factor
Product B c D F
required
X (mm) 0.302~0.65 0.302~0.65 0.302~0.4 0.302~0.5
Y (mm) -0.05~0.05 -0.025~0.075 -0.05~0.05 -0.05~0.1
Z (mm) -0.15~0.008 -0.175~0.008 -0.1~0.008 -0.15~0.008
V(%) 4 4 4 4

Table 8. Reliability performance of inverse model

Inverse Model

Simulator Moldex3D

Input Output Output
group X Y z Vv B C D F X Y z Vv
1 0.302 0.09 0.008 4 220 126 7.26 43.4 0.504 0.012 -0.102 3.851
2 0.302 0.09 -0.07 4 215 108 6.28 57.9 0.346 0.016 -0.028 3.738
Copyright © 2010 SciRes JILSA
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a. warpage-x-displacement and warpagey-
displacement to material temperature.

¢. warpage-x-displacement and warpage-
y-displacement to injection pressure.

e. warpage-x-displacement and warpage-
y-displacement to pressure holding time.

g. warpage-x-displacement and warpage-
y-displacement to mold temperature.

b. warpage-z-displacement and warpage-volu-
metric-shrinkage to material temperature.

d. warpage-z-d_isElaceme_nt_ and warpage-
volumetric-shrinkage to injection pressure.

f. warpage-z-displacement and warpage-
volumetric-shrinkage to pressure holding time.

h. warpage-z-displacement and warpage-
volumetric-shrinkage to mold temperature.

Figure 9. Correlations between two product requirements and one manufacturing parameter in 3D mesh diagrams

Copyright © 2010 SciRes
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Table 9. Optimized comparisons between Taguchi method
and proposed method

factor

method B c b F
Taguchi method  220°C 130Mpa 8s 55C
Proposal 215°CC 108Mpa 6.28s 57.9°C
requirement v 7 v
method
Taguchi method  0.46mm 0.09mm 0.008mm  3.79%
Proposal 0.346 0.016 -0.028 3.74%
a. Group 1
b. Group 2

Figure 10. Reliability performance of inverse model by two
groups of data

As mentioned above, although it is easy to find out the
optimal manufacturing conditions subjected to single
quality required by Taguchi method, in the situation of
requiring multiple qualities simultaneously, it is difficult
to cope with the problem. Besides, for the changing lev-
els of each controllable factor are ambiguous, it is possi-
ble to trap the solution in local optimum. The results are
shown in Table 9 just can respond above problem. Where,
by examining the manufacturing factors and product re-
quired found by Taguchi method and the proposed
method, respectively, it can be found that the perform-
ance of proposed method is better than that done by Ta-
guchi method.

Copyright © 2010 SciRes

5. Conclusions

For solving the optimal problem in manufacturing design
of injection mold, the method basing on the concept of
inverse model is proposed in this paper. Through the me-
thod, the optimal manufacturing parameters can be found
by using the product required inversely. In addition, the
effectiveness and appropriateness of the proposal are
confirmed by the numerical studies on the real case. Yet
the studied results show that the proposed method not
only can improve the insufficiencies of Taguchi method
but also offers a more précising and concise approach for
the optimization of manufacturing design.
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ABSTRACT

An intelligent fuzzy logic inference pipeline for the control of a dc-dc buck-boost converter was designed and built us-
ing a semi-custom VLSI chip. The fuzzy linguistics describing the switching topologies of the converter was mapped into
a look-up table that was synthesized into a set of Boolean equations. A VLSI chip-a field programmable gate array
(FPGA) was used to implement the Boolean equations. Features include the size of RAM chip independent of number of
rules in the knowledge base, on-chip fuzzification and defuzzification, faster response with speeds over giga fuzzy logic
inferences per sec (FLIPS), and an inexpensive VLSI chip. The key application areas are: 1) on-chip integrated con-
trollers; and 2) on-chip co-integration for entire system of sensors, circuits, controllers, and detectors for building
complete instrument systems.

Keywords: Multi-Fuzzy Logic Controller (MFLC), Field Programmable Gate Array (FPGA), Buck-Boost Converter,

Boolean Look-Up Table, Co-Integration

1. Introduction

The design of control laws for power converters and in-
verters has been based mainly on linear control theory.
However, most power electronics switching topologies
have variable structures which are non-linear, character-
ized by discontinuities, and are therefore more difficult to
model. The three most popular control methods used are
state-space averaging technique [1], variable structure
control (VSC) [2], and sliding mode control [3]. The
state-space technique may lead to instability, the VSC
control has hysteresis as drawback, and the sliding-mode
control is very complicated. The implementation of the
above-mentioned control laws are complicated, high cost
and almost not practical.

Fuzzy logic controllers (FLCs) are very suitable for
variable structures but current applications of FLCs use
software for implementation. However, hardware im-
plementation will be cheaper and faster. The proposed
method combines hybrid linguistic models used in FLCs
and computational paradigms of Boolean algebra. The
knowledge base of the converter switching topologies is
used to form a look-up table which is described by Boo-
lean equations which are easily implemented using
FPGA. Results showed that the size of the FPGA is in-

Copyright © 2010 SciRes

dependent of the number inference rules in the knowl-
edge base, speeds in giga FLIPS are achieved because it
is hardware based, and very fast control response.

2. Proposed Method

2.1 Single-Input-Single-Output (SISO) Fuzzy
Controller

Consider the generalized buck-boost converter shown in
Figure 1. This is a single-input-single-output (SISO) sys-
tem. The input variable is the capacitor voltage (v¢) and
the output variable is the duty ratio D. It can be shown
that the average model has the following equations:

di () _ @-D)vc(® +E

dt L L Y
dve (t) _ @-D)i(t) ve(t) @)
dt c CR

The membership functions for vc and D are shown in
Figure 2. The SISO system of Figure 1 has a single fuzzy
input V (vc) and a single fuzzy output D.

The fuzzy membership sets V and D are represented by
five linguistic qualifiers L (low), ML (medium low), OK
(okay), MH (medium high), and H (high). Hence there
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Switching frequency f
with duty ratio D
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)
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Fuzzy Inference Engine
(FPGA) and Decoder

\4

Fuzzy Encoders

Figure 1. Buck-boost switching converter with a fuzzy controller
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Figure 2. Membership functions for (a) voltage and (b) duty ratio

are 5x5=25 possible combinations that can generate 25
possible rules. However, the following 5 rules are suffi-
cient to describe the membership values of Figure 2.

RULE 1: IFVisH, THEND isL

RULE 2: IF Vis MH, THEN D is ML

RULE 3: IF Vis OK, THEN D is OK (3)
RULE 4: IFVis ML, THEN D is MH

RULE 5: IFVisL, THEND isH

2.2 Logic Synthesis of Fuzzy Controllers

Consider a SISO fuzzy controller with input universe of
discourse A® and output universe of discourse B'. Man-
zoul [4] showed that the number of unique fuzzy inputs
(ufi) is equal to the dimension of the input universe of
discourse. That is:

Copyright © 2010 SciRes

ufi=dim[A']=q, 4)
In the fuzzification process, each input is mapped into
only one value (one element) in the input universe of
discourse and zero value to all other values (elements).
The objective here is to use a look-up table. Therefore,
the number of rows in the look-up table is equal q;. It
was also shown in [4] that the total least integer number
of binary bits X for all the inputs is given by

X=log, q; ®)

Each fuzzy input has only one output value and there-
fore the maximum number of distinct output values is
also equal to q;. In the defuzzification process only one
element is selected in the output universe of discourse. It
is therefore, easier and economical to use the defuzzified
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outputs in the look-up table. If the there are p elements (p
<0,) in the output universe of discourse, the dimension of
the output universe of discourse is given as

dim[B']=p (6)

The total least integer number of binary bits Y for all
the outputs is given by

Y=log, p )
3. Buck-Boost Converter Fuzzy Controller
3.1 Fuzzy Controller

Consider a SISO controller to control the output voltage
of the buck-boost converter of Figure 1. The input vari-
able is the voltage and output variable is the duty ratio.
The duty ratio maintains the voltage at a selected value.
The ranges of capacitor voltage (vc) and duty ratio D are
(5.2 to 10.8) V and (0.33 to 0.47) respectively. The
membership values are in the interval [0, 1], where O
denotes no membership and 1 denotes full membership.
Assume that
im[V']=dim[D"]=29 (8)
From (5) the least number of binary bits to represent
the input values is given as

X=log, 29=5

Similarly, using (6) the least number of binary bits to
represent output values is given as

Y=log, 29=5
In Appendix | the 5 rules of (3) are expressed numeri-
cally. The fuzzy relation obtained is too big to be shown
here because of the size (29x29 matrix). Table 1 of Ap-

pendix | shows the summary of the complete computa-
tions of the controller.

3.2 Look-Up Table

The look-up table representing the fuzzy controller is
given in Table 2. The input universe of discourse has
dimension of 29 and the output universe has dimension
of 29. The look-up can be described by 7-variable Boo-
lean equations. That is,

0= (5,6,8,9,10,12,16,17,1923,26,27,28)

f1=Y (2,4,5,7,8,10,11,14,17,18,21,24,27)

f2=3 (2,3,5,6,8,9,14,15,16,21,22,24, 25,27,28,29)

f3=Y (1,5,6,7,14,16,17,18,19,20,24,25,26) )

f4= (1,2,3,4,14,24,25,26,27,28,29)

f5=3 (1,2,3,4,5,6,7,8,9,10,11,12,13,16,17,18,19, 20,
21,22, 23)

f6=Y (1,2,3,4,5,6,7,8,9,10,11,12,13,14,15)

Table 1. Summary of the controller computations

Input Voltage Fuzzified Input Fuzzy Output Output Duty Ratio (X)
0.0-5.20 1.0,0.0,00,...0.0 *0,0,.08,.16,.25,.33,.41,.5,.58,.66,.75,.83,.91,1.0 120
5.21-5.40 0.0,1.0,00,...0.0 *.08,.08,.08,.16,.25,.33,.41,.5,.58,.66,.75,.83,.91,.91 118
5.41 -5.60 oo0,..10 ...00 *,.16,.16,.16,.16,.25,.33,.41,.5,.58,.66,.75,.83,.83,.83 116
5.61-5.80 oo,..10 ...00 *,.25,.25, ,.25, ,.25, ,.25,.33,.41,.58,.66,.75,.75,.75,.75 114
5.81-6.00 oo,..10 ...00 * ,.33,.33,.33,.33,.33,.33,.41,.5,.58,.66,.66,.66,.66,.66 111
6.01-6.20 oo0,..10 ...00 x. ,.41,.41,.41,.41,.41,.41,.41,5,.58,.58,.58,.58,.58,.58 109
6.21-6.40 o.o,..10 ...00 *.5,5,5,5,5,5,5,5,5,5,5,5,5,5 106
6.41 - 6.60 oo,. .10 ...00 *.5,.58,.58,.58,.58,.58,.58,.5,.41,.41,.41,.41,.41,.41,.41 103
6.61 - 6.80 o.o,..10 ...00 *,.5,.66,.66,.6 ,.66,.58,.5,.41,.33,.33,.33,.33,.33 101
6.81-7.00 oo,..10 ...00 *.5,.75,.75,.75,.75,.66,.58, .5,.41,.33,.25, ,.25, ,.25, ,.25 99
7.01-7.20 oo,..10 ...00 *,.5,.83,.83,.8 .66,.58,.5,.41,.33,.25,.16,.16,.16 98
7.21-7.40 0.o0,..10 .. .,0.0 *.5,.91,.91,8 ,.66,.58,.5,.41,.33,.25,.16,.08,.08 97
7.41-7.60 oo,..10 ...00 *.5,1.0,.91,.83,.75,.66,.58,.5,.41,.33,.25,.16,.08,.0 96
7.61-7.80 oo,..10 ...00 ** 5,.5,5,.5,. .5,5,.5,.5,.41, 33,.25,.16,.08,0.0 94
7.81-8.00 oo,. .10 ...00 ** 51.0,. 5,** 70
8.01-8.20 oo0,..10 ...00 0,.08,.16,.25,.33,.41,5,5,5,5,5,5,5,5,5,5,** 45
8.21-8.40 oo,. .10 ...00 0,.08,.16,.25,.33,.41,.5,.58,.66,.75,.83,.91,1.0,.5,* 43
8.41-8.60 oo,..10 ...00 .08,.08,.16,.25,.33,.41, .5,.58,.66,.75,.83,.91,.91,.5,* 42
8.61-8.80 oo,..10 ...00 .16,.16,.16,.25,.33,.41,.58,.66,.75,.75,.75,.75,.5,* 41
8.81-9.00 oo,..10 ...00 .25, ,.25, ,.25, ,.25,.33,.41,.58,.66,.75,.75,.75,.75,.5,* 40
9.01-9.20 o.o,..10 ...00 .33,.33,.33,.33,.33,.41,.5,.58,.66,.66,.66,.66,.66,.5,* 38
9.21-9.40 oo,..10 ...00 41,.41,.41,.41,.41,.41,.5,58,.58,.58,.58,.58,.58,.5,* 36
9.41-9.60 oo,..10 ...00 5,5,5,5,5,5,5,5,5,5,5,5,5,5* 33
9.61-9.80 oo,..10 ...00 .58,.58,.58,.58,.58,.58,.5,.41,.41,.41,.41,.41,.41,.41,* 30
9.81-10.00 oo,..10 ...00 .66,.66,.66,.66,.66,.58,.5,.41,.33,.33,.33,.33,.33,.33,* 28

10.01 - 10.20 oo,..10 ...00 .75,.75,.75,.75,.66,.58,.5,.41,.33,.25, ,.25, ,.25, ,.25,.25,* 25

10.21-10.40 0.0, . .1.0,0.0,00 .83,.83,.83,.75,.66,.58,.5,.41,.33,.25,.16,.16,.16,.16,* 23

10.41 - 10.60 00, . .0.0,1.0,0.0 .91,.91,.83,.75,.66,.58,.5,.41,.33,.25,.16,.08,.08,.08,* 21
10.61-10.8 00, . .0.0,0.01.0 1.0,.91,.83,.75,.66,.58,.5,.41,.33,.25,.16,.08,.0,.0,* 20

NOTE: *=0,0,0,0,0,0,0,0,0,0,0,0,0,0,0
Duty ratio D=-0.0011051*X+0.4
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**=0,0,0,0,0,0,0,0,0,0,0,0,0

JILSA



Synthesis of Nonlinear Control of Switching Topologies of Buck-Boost Converter 39
Using Fuzzy Logic on Field Programmable Gate Array (FPGA)

Table 2. Look-up table for fuzzy controller

INPUT OUTPUT
# BINARY # BINARY

Ya ¥3 ¥2 y1 Yo f fg fy f3 fy fy fo
1 0 0 0 0 1 120 1 1 1 1 0 0 0
2 0 0 0 1 0 118 1 1 1 0 1 1 0
3 0 0 0 1 1 116 1 1 1 0 1 0 0
4 0 0 1 0 0 114 1 1 1 0 0 1 0
5 0 0 1 0 1 111 1 1 0 1 1 1 1
6 0 0 1 1 0 109 1 1 0 1 1 0 1
7 0 0 1 1 1 106 1 1 0 1 0 1 0
8 0 1 0 0 0 103 1 1 0 0 1 1 1
9 0 1 0 0 1 101 1 1 0 0 1 0 1
10 0 1 0 1 0 99 1 1 0 0 0 1 1
11 0 1 0 1 1 98 1 1 0 0 0 1 0
12 0 1 1 0 0 97 1 1 0 0 0 0 1
13 0 1 1 0 1 96 1 1 0 0 0 0 0
14 0 1 1 1 0 94 1 0 1 1 1 1 0
15 0 1 1 1 1 70 1 0 0 0 1 1 0
16 1 0 0 0 0 45 0 1 0 1 1 0 1
17 1 0 0 0 1 43 0 1 0 1 0 1 1
18 1 0 0 1 0 42 0 1 0 1 0 1 0
19 1 0 0 1 1 41 0 1 0 1 0 0 1
20 1 0 1 0 0 40 0 1 0 1 0 0 0
21 1 0 1 0 1 38 0 1 0 0 1 1 0
22 1 0 1 1 0 36 0 1 0 0 1 0 0
23 1 0 1 1 1 33 0 1 0 0 0 0 1
24 1 1 0 0 0 30 0 0 1 1 1 1 0
25 1 1 0 0 1 28 0 0 1 1 1 0 0
26 1 1 0 1 0 25 0 0 1 1 0 0 1
27 1 1 0 1 1 23 0 0 1 0 1 1 1
28 1 1 1 0 0 21 0 0 1 0 1 0 1
29 1 1 1 0 1 20 0 0 1 0 1 0 0

3.3 Control Instrument Implementation

3.3.1 FPGA Implementation

The FPGA configuration is implemented by using Xil-
inx’s X95 (XC9536-10-PC44 CPLD) and XS40 (XC40
05XL FPGA) boards. Both boards come with 8051 mi-
crocontroller with 12 MHz speed. The Xilinx’s devel-
opment system is used to implement the Boolean equa-
tions, which also represents the fuzzy controller. Figure 3
shows the semi-custom VLSI chip of the FPGA func-
tional block diagram.

3.3.2 Instrument
Figure 4 shows the diagram of the fuzzy logic controller

Yo fo
—>
>
° y f1 =
c 1 Zc
% s SEMI-CUSTOM [P 5 =
—> 8% [ CHPOFFPGA | |§& D
SE |o (Fuzzy Inference 18 ]
YN |e Engine) -2
S (e g

Figure 3. Semi-custom VLSI fuzzy controller chip
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chip pin outs and output waveforms. The binary inputs of
the controller yo, Y1, . . ., Y4 are the encoded fuzzified
crisp output voltage v¢ of the dc-dc converter. The binary
outputs of the controller fy, f;, . . ., fg are defuzzified to
provide the variable duty ratio D.

3.3.3 On-Chip Cointegration

Microsystems technology has made inroads in instrumenta-
tion and measurement (1&M) applications. The fuzzy logic
FPGA controller chip can be fabricated to have compact
size. The FLC chip of this paper provides an interesting
fabrication technique that has been identified in 1&M appli-
cations: cointergration of control/sensors/detectors and cir-
cuits for building complete instrument systems.

The on-chip controller mentioned in the paper uses a
compact FPGA chip, which can be fabricated as part of an
integrated system of sensors, circuits, controllers, and de-
tectors squeezed onto nanometer wafer. Such microchips
can be used in a variety of applications in different envi-
ronments and requirements. Besides mass volume produc-
tion of these microchips, there are other advantages such as
cheaper parts and assembly of instruments, better
functionality, lower mass and size, speed of control, lower
cost, and higher efficiency. Some companies are now using
multi fuzzy logic controller-based (MFLC) chips in some of
their new dryers, dishwashers, and washing machines.
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P P P P P P
G GfGe f G G V G
NNI1N2 f N fN C N
DD1D3 0D 2D C D

PGND; 7 39 i PGND
y2 ! 8 38 | f1
22| 9 37 | y4

GND | 10 36 |yl
v0 : 11 35 : f3
Bl 12 XC9536-10-PC44 3 | PGND
f33: 13 33 : PGND
f44 | 14 32 | vce
1| 15 31 | GND

T™s | 16 30 | DO

TCK: 17 29 : FO1

\18 19 20 21 22 23 24 25 26 27 28 /

Legend : PGND = Tie pin to GND for additional ground path or leave unconnected
VCC = Dedicated Power Pin
GND = Dedicated Ground Pin

TDI = Test Data In, JTAG pin

TDO = Test Data Out, JTAG pin

TCK = Test Clock, JTAG pin

TMS = Test Mode Select, JTAG pin
PROHIBITED = User reserved pin

@

(I | 1 LIl e |
I rrn —_— pu— pu— |
[ | | N | R, —— PR p—
(b)
Figure 4. (a) FPGA pin out; (b) input and output waveforms of FLC chip
4. Results voltage V¢=12 V and the circuit parameters are L=100 uH,

The output voltage of Figure 1 is regulated at about 8.0~ C=330 HF. The steady-state voltage is about 8.0 V- when
through a feedback loop using the fuzzy controller on  the load R is changed from 10 Qto 5 . Figure 5 shows
FPGA chip for adjusting the duty ratio D. The input the test results of a fuzzy controller chip.
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Figure 5. (a) Buck-boost converter results; (b) graph between voltage & duty; (c) relationship of frequency & duty ratio

Figure 5(a) shows the effect on the output voltage
when changing the load resistance. Figure 5 shows that
the output voltage v¢(t) can respond instantaneously to
changes in the duty ratio D. The hardware implementa-
tion is cheaper and faster than using software.

5. Conclusions

The fuzzy controller implemented on an FPGA was used
to control a dc-dc buck-boost switching converter. The
size of the semi-custom VLSI was independent of the
number of rules in the knowledge base and therefore no
memory space was required to store the large of rules.
The important aspect of the controller is that it was
hardware-based and consequently speeds over giga
FLIPS can be achieved. The on-chip controller is a com-
pact FPGA which may be integrated with sensors and

Copyright © 2010 SciRes

circuits to provide a complete co-integration system.
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APPENDIX I

The 5 Rules of Equation 3 Expressed Numerically
RULE 1:
IF
[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0.08,0.16,0.25,0.33,0.41
,0.5,0.58,0.66,0.75,0.83,0.91,1.0]

THEN

[1.0,0.91,0.83,0.75,0.66,0.58,0.5,0.41,0.33,0.25,

0.16,0.08, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]

RULE 2:
IF
[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0.5,1.0,0.91,0.83,0.75,0.66,
0.58,0.5,0.41,0.33,0.25,0.16,0.08,0]
THEN
[0.08,0.16,0.25,0.33,0.41,0.5,0.58,0.66,0.75,0.83,
0.91,1.0,0.5, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
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RULE 3:

IF

[0,0,0,0,0,0,0,0,0,0,0,0,0,0.5,1.0,0.50,0,0,0,0,0,0,0,0,0,0,0,0]
THEN
[0,0,0,0,0,0,0,0,0,0,0,0,0,0.5,1.0,0.50,0,0,0,0,0,0

0,0,0,0,0,0]

RULE 4:
IF [0.08,0.16,0.25,0.33,0.41,0.5,0.58,0.66,0.75,0.83,
0.91,1.0,0.5, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
THEN [0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0.5,1.0,0.91,0.83,
0.75,0.66,0.58,0.5,0.41,0.33,0.25,0.16,0.08,0]

RULE 5:
IF [1.0,0.91,0.83,0.75,0.66,0.58,0.5,0.41,0.33,0.25,
0.16,0.08, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
THEN [0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0.08,0.16,0.25,
0.33,0.41,0.5,0.58,0.66,0.75,0.83,0.91,1.0]
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ABSTRACT

Electric Fans are very commonly used in the industries, domestic applications and in tunnels for cooling and ventila-
tion purposes. Fan parameters estimation is an important task as far as the reliable operation of a fan system is con-
cerned. Basically, a fan is mainly consisting of a single phase induction motor and therefore fan system parameters are
essentially the electrical parameters e.g. resistances, reactances and some load parameters (fan blades).These parame-
ters often change under varying operating conditions and the knowledge of these parameters is necessary to have opti-
mum and efficient operation of the system. Therefore, fan system parameters are required to be estimated. Further, fan
system parameters estimation is required to ensure the smooth system operation and to avoid any malfunctioning of the
system during abnormal working conditions. In this paper, Artificial Neural Networks (ANN) approach has been used

for parameter estimation of a fan system. The simulated and experimental results are compared.

Keywords: Artificial Neural Networks, Fan System, Mathematical Modeling, Parameters Estimation

1. Introduction

A fan system is basically meant for getting air to people
occupying a building, office, residential complex, shops
or public places etc. and therefore directly impacting the
human comfort. Fan circulates the air and provides the
pressure required to push it. For many applications like
shop ventilation, material handling, boiler usage etc.,
fans become crucial for process support and human
health. In the manufacturing sector, fans use about 78.7
billion kwWh of energy every year. This consumption is
approximately 15% of the electricity used by motors
[1-3].

In manufacturing, fan reliability is critical to plant op-
eration. For example, where fans serve material hand-
ling applications, fan failure will immediately create a
process stoppage. In industrial ventilation applications,
fan failure will often force a process to be shut down.
Even in heating and cooling applications, fan operation is
essential to maintain a productive work environment. Fan
failure leads to conditions in which worker productivity
and product quality declines. This is especially true for
some production applications e.g. electronic component
manufacturing and plastics injection molding.

There are mainly two types of fans namely centrifugal
and axial [14]. These types are characterized by the path
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of the airflow through the fan. Centrifugal fans use a ro-
tating impeller to increase the velocity of an air stream to
gain kinetic energy. Centrifugal fans are capable of gen-
erating relatively high pressures. These fans are generally
used in “dirty” airstreams (high moisture and particulate
content), in material handling applications, and in sys-
tems at higher temperatures.

Axial fans move an air stream along the axis of the fan.
The air is pressurized by the aerodynamic lift generated
by the fan blades. Axial fans are commonly used in
“clean air,” low-pressure, high-volume applications.

The components of a fan system must function well in
order to ensure efficient operation. The cost-effective ope-
ration and maintenance of a fan system requires attention
not only to the needs of the individual pieces of equip-
ment, but also to the system as a whole. In this concern,
fan system parameters estimation plays a prominent role
which addresses the following issues:

1) Establishing current conditions and operating para-
meters.

2) Assessing energy consumption with respect to per-
formance.

3) Continuing to monitor and optimize the system.

4) Continuing to operate and maintain the system for
peak performance.

In this paper the method used for determining the fan
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parameters is based on on-line methods with the applica-
tion of artificial neural network algorithm. For the pur-
posed of simulating the fan system and the test condi-
tions, the software Matlab version 7.1 and LabView ver-
sion 8.0 have been used.

2. Mathematical Modeling of Fan System

Basically, a fan is a single phase induction motor having
stator, rotor working on the principle of electromagnetic
induction. Stator having two winding and a capacitor to
make it self starting. Rotor rotates with fan body. Hence
a fan system mainly consists of a single phase induction
motor, two to six blades usually made of wood, metal, or
plastic; which mount under, on top of, or on the side of
the motor. The majority of fans have either four or five
blades, while most industrial fans have three. Metal arms,
called blade irons (alternately blade brackets, blade arms,
blade holders, or flanges), which connect the blades to
the motor. Here, we are mainly concerned with the mod-
eling of single phase induction motor which is the main
component of a fan system.

The induction motor has only one stator winding
(main winding) and operates with a single-phase power
supply. In all single-phase induction motors, the rotor is
the squirrel cage type [2]. Equivalent Circuit of a Sin-
gle-Phase Induction Motor is shown in the Figure 1.

There is only a single mmf established by the excited
stator coil and, thus, only a single pulsating flux exists.
However, one-half of the mmf, hence one-half of the
turns, are associated with each of the forward and back-
ward mmf components. A set of slips can be defined for
both the forward-revolving and backward-revolving
fields as

WD — D,
S _ st 7 %m 1)
(25
Dy — WO
5 =—2—" )
Wgp

Equations (1) and (2) can be solved for @, and the
resulting expressions equated to yield

S, =2 - Sy ®)

The developed torque can be calculated directly from
the equivalent circuit as the power delivered to the ener-
gy conversion resistance divided by mechanical speed
giving

Tg =Tgt +Tgp
EIZR (L-s¢) 1., (1-s¢)
L2 s, 2 2" (2-5;) @
“ a)m a)m

The first term on the right-hand side of Equation (4) is
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Figure 1. Single-phase induction motor equivalent circuits

the torque (Ty ) produced by the forward-revolving field

while the second term is the torque (T, ) resulting from

the backward-revolving field. The developed torque can
alternately be found as the sum of the power across the
air gap divided by the associated synchronous speed.

Ta =Tt +Tap
Liog 1 Lop 1
;2 s 22T (2-5¢) -
= +
‘ Wt Wy

For both cases the second term (Tg, ) is a negative

quantity reflecting the fact that the backward-revolving
field results in a torque that acts against the direction of
rotation.

The impedance of the forward running rotor is

H Xm Rr jxr
=1 > [25f 5 (6)
The impedance of the backward running rotor is
2, = j2mf R, X @)
2 || 2(2-s;) 2
Zy=Rs+ jxs (8)
Zin=ZS+Zf+Zb (9)
V.
l=— (1 0)

in

By current division, the forward Current is

1.
ijm
i =———1| 11
f Z 1o (11)
And backward current is
1.
EJXm ,
bz X, L (12)

With |; and I, determined, the developed torque
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T4 can be readily calculated by Equation (5)
The Load Torque is

T. =k; + Ko® (13)
The accelerating torque is
Tace =TT, (14)

Here T, =J w+Bo and

_ (Taee —Bw)
J

where J=moment of Inertia

B=Damping Coefficient

From the above discussion we find six basic model
parameters namely stator resistance (R), stator reac-

tance ( X, ), rotor resistance (R, ), rotor reactance ( X, ),
magnetizing reactance ( X,,) and capacitive reactance
(X.) and these parameters are required to be estimated

for analyzing the overall performance of the system. To
determine these parameters Artificial Neural Network
(ANN) is used [9].

3. Fan System Parameters Estimation Using
ANN

There are three approaches for modeling the fan system:
white-box modeling [11], grey-box modeling [10] and
black-box modeling [4,7,12]. In the white-box modeling,
one assumes a known structure for the system and finds
the parameters of the assumed structure using offline
tests. In the grey-box modeling, one assumes a known
structure for the system and uses the online measure-
ments to estimate the physical parameters. In the black-
box modeling, the structure of the model is not assumed
to be known a priori. The only concern is to map the in-
put data set to the output data set. Among the three ap-
proaches for modeling the fan system, the grey-box
modeling of papers assumes a known structure for the
fan system, and tries to estimate the physical parameters
from online measurements. The main advantage of this
category is that it yields the physical parameters. Each
parameter has its physical meaning, which sounds good
especially for system engineers.

The ANN is used in this paper for estimating the sys-
tem parameters of a fan manufactured by Crompton
Greaves Ltd. India. The ANN structure is suitably se-
lected for this purpose. The block diagram of ANN pa-
rameter estimator is shown in Figure 2. The feed- for-
ward back-propagation ANN program is written in Mat-
lab version 7.1 for parameter estimation.

The input vector for ANN is consisting of angular
speed (rpm), voltage (V), and current (A) at different
delay time. The output vector is consisting of all system
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parameters at different operating conditions. The ANN
model consisting of four layers namely, one input layer,
two hidden layers and one output layer. The number of
neurons at input layer is equal to the number of inputs
and the number of neurons at output layer is equal to the
number of system parameters. The number of neurons for
both hidden layers is 8. Although it may be changed but
8 neurons are giving good results. Once, the ANN model
is trained off line with these simulated data using
Levenberg — Morquate algorithm (the training perfor-
mance of ANN is shown in Figure 3), then this trained
ANN model is used to predict the system parameters for
on-line data acquired from the experimental set up. The
manufacturer data is shown in Table 1.

Input
> Fan model
System
parameters
A
+
ANN

Figure 2. ANN model development for system parameters
estimation from simulation results

Figure 3. ANN training graph

Table 1. Manufacturer data for fan system

S.No. System Parameter Value (Ohms)
1. Rs 2.02
2. Rr 4.12
3. Xs 2.79
4, Xm 106.8
5. Xr 212
6. Xc 7.0
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4. Experimental Setup

The experimentation is done in Electrical Engineering
Lab at Dayalbagh Educational Institute, (Deemed Univ.),
Agra, India. The theoretical results are further validated
on a physical model. The physical model is consisting of
a ceiling fan of Crompton Greaves with the specifica-
tions of 1200 mm long blades, 230V, 50Hz, and 60W.

The laboratory model is consisting of a ceiling fan,
voltage controller, data acquisition (DAQ) board, and
man-machine interface. The real time data acquired with
the help of National Instrument Lab-view software and
the parameter estimation algorithm is implemented on
the real time Matlab software (version7.1) with a 50 ms
step size on digital signal processing (DSP) board. The
DAQ and DSP boards are installed in a personal com-
puter with the corresponding development software. The
analog to digital input channel of the DSP board receives
the input signal such as fan speed, supply voltage and
current. These input variables are used to calculate the
system parameters on-line [9] with the help of ANN as
shown in Figure 4. The estimated parameters compared
with the manufacturer data under normal operating con-
ditions.

5. Results and Discussion

The random noise is incorporated in the training data to
increase the generalization capability (fault tolerant ca-
pability) of ANN and the results are shown in Table 2.

Input

A 4

Fan system

Acquisition of Data using

NI-DAQ card

A
A

\ 4

Signal conditioning

Parameters

Learning

v

ANN

Error Q<—

Figure 4. Experimental set up of parameter estimation of
fan system using ANN

Algorithm

A
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Further, it is shown that resistances are somewhat in-
creasing while reactances (excluding Xc) are decreasing
with increase in supply voltage which is increased from
80V to 230V in the steps of 10 Volts. This is due to the
fact that with increase in voltage, the fan temperature
gets increased and so does the resistance values while at
low voltages, slip being high, the inductive reactance
values are high and then with the rise in voltage the
speed raises. But these variations get stabilized at near
about normal voltage as the fan attains its rated speed.

From the results shown in Figure 5 and Table 2 the

Table 2. Parameter estimation using ANN

Fan Parameters Test data Test data Manufacturer
in Ohms (without noise)  (with noise) data
Rs 2.0194 2.1835 2.02
Xs 2.7095 2.7975 2.79
Xm 106.7839 104.8351 106.8
Rr 4.1199 3.9647 412
Xr 2.1188 1.9660 212
Xc 6.9993 6.8436 7.00
Rs Xs Xm
! 2.805
2.035 106.86
203 [\ | [\ /[ |
‘\‘ o [ N 10684 ||
| | |
3 205 | \
2025 | | \‘
| |
“ “ 106.82 ‘\‘
| 279 | | | xe
2.02| ‘\ “ |
N
| | ay
‘ V
‘ 1068\
2.015(| 21 “‘ T
|
278 '
0 10 20 0 10 20 0 10 20
Rr Xr Xe
413 214 T 214 T
\
A A ‘\
\ ”/ \ |
[~ 2135 2135 | |
4.125 J‘ ‘\ ‘\
| x |
| | |
\‘ 213| | 213 |
J \ \
J \ \
412 | \ |
| \ A\ \
| 2125 \/ 2125 | /
415, 10 20 2% 10 0 2% 10 20

Figure 5. Variation in system parameters
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Figure 6. Comparison of simulated and experimental fan
speed at different voltages

system parameters are very much dependent upon the
operating conditions i.e. the applied voltage, temperature,
humidity etc. If there is any abnormality in the system,
the parameter changes to a great extent and that abnor-
mality could be recognized and system may be protected
from the major fault. The simulation and experimental
results for the fan system are compared as shown in Fig-
ure 6.

6. Conclusions

In this paper, the mathematical model for fan system is
developed and matlab code is written to validate it. Then
the experimental data acquired using LABVIEW from
fan system in the laboratory and used to estimate the
system parameters using ANN approach under different
operating voltages and the results have been compared.
The results show that the ANN on-line parameter estima-
tion method is fairly good and quite useful for monitor-
ing the system conditions.

It is clear from the experimental results that the per-
formance characteristics obtained from experimental data
and those from the simulated data using artificial neural
networks (ANN) are in close proximity. So the method
used for parameter estimation, performance prediction is
almost accurate for all practical purposes.

As the model development is based on the dimen-
sional information, the method is applicable to different
types of electric fans (i.e., different frame sizes as well as
of different ratings). Even at the design stage the model
can be applied to estimate the performance of the electric
fans and to check whether the performance deviates from
the desired one. The developed technique will be very
useful to designers and manufacturers.

Copyright © 2010 SciRes

The work may be extended to improve the results by
incorporating system nonlinearities in the model and
pre-processing the experimental data for ANN training.
Also suitable control system as well as the protection
system may be developed based on on-line parameter
variations.
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ABSTRACT

A new filtering algorithm — PSO-UPF was proposed for nonlinear dynamic systems. Basing on the concept of
re-sampling, particles with bigger weights should be re-sampled more time, and in the PSO-UPF, after calculating the
weight of particles, some particles will join in the refining process, which means that these particles will move to the
region with higher weights. This process can be regarded as one-step predefined PSO process, so the proposed algo-
rithm is named PSO-UPF. Although the PSO process increases the computing load of PSO-UPF, but the refined
weights may make the proposed distribution more closed to the poster distribution. The proposed PSO-UPF algorithm
was compared with other several filtering algorithms and the simulating results show that means and variances of

PSO-UPF are lower than other filtering algorithms.

Keywords: Filtering Method, Particle Filtering, Unscented Kalman Filter, Particle Swarm Optimizer

1. Introduction

Sequential signal processing has a wide range of applica-
tions in many fields such as statistical signal processing
[1], target tracking [2,3], et al.. Currently, there are many
filtering algorithm such as EKF [4], UKF [5], PF [6],
UPF [7], and so on. Particle filtering is a young filtering
method. Its advantage over other sequential methods is
particularly distinctive in situations where the used mod-
els are nonlinear and the involved noise processes are
non-Gaussian. An important feature in the implementa-
tion of particle filters is that the random measure is re-
cursively updated. With the random measure, one can
compute various types of estimates with considerable
ease. Particle filtering has three important operations,
sampling, weight computation, and re-sampling. With
sampling, one generates a set of new particles that repre-
sents the support of the random measure, and with
weight computation, one calculates the weights of the
particles. Re-sampling is an important operation because
without which particle filtering will get poor results.
With re-sampling one replicates the particles that have
large weights and removes the ones with negligible
weights.

Eberhart and Kennedy (1995) proposed the Particle
Swarm Optimization (PSO) algorithm is motivated from
the simulation of birds’ social behavior. With many ad-
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vantages of computing with real number, few parameters
to be adjusted, the PSO algorithm is applied in many
fields such as NN-training, Optimization, and Fussy
Control etc. PSO is an optimization strategy generally
employed to find a global best point.

In this paper, a new filtering algorithm — PSO-UPF
was proposed for nonlinear dynamic systems. Basing on
the concept of re-sampling, particles with bigger weights
should be re-sampled more time, and in the PSO-UPF,
after calculating the weight of particles, some particles
will join in the refining process, which means that these
particles will move to the region with higher weights.
This process can be regarded as one-step predefined PSO
process, so the proposed algorithm is named PSO-UPF.
Although the PSO process increases the computing load
of PSO-UPF, but the refined weights may make the pro-
posed distribution more closed to the poster distribution.
The proposed PSO-UPF algorithm was compared with
other several filtering algorithms and the simulating re-
sults show that means and variances of PSO-UPF are
lower than other filtering algorithms.

The remaining of the paper is organized as follows: in
the Section 2, a brief description of GPF is presented. In
the Section 3, firstly, the PSO algorithm is introduced,
and a new type PSO — one-step predefined PSO process
is proposed. Then the details of the new PF this paper
proposed — PSO-UPF is presented. In Section 4 the pro-
posed algorithm is compared to other several different
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filtering algorithms, and finally, some concluding re-
marks is given in Section 5.

2. Basic Particle Filter

The problem being addressed here is an estimating prob-
lem of the state of a system as a set of observations be-
comes available on-line, which can be expressed as fol-
lows:

X = f(xt—1)+wt—1

Yi :h(ut'xt)+vt @

where x, e R™ ,y, e R” ,u, e R™ ,v, e R™ are the state
of the system, the output observations, the input observa-
tions, the process noise and the measurement noise. The
mappings:

fiR™*R™ > R™and h: R™ *R™ > R™ represent the
deterministic process and measurement models.

In the bayes filtering paradigm, the posterior distribu-
tion is updated recursively over the current state x,

given all observations Z ={z}_ up to and including
time t as follows [6]:

PO 1Y) = [ POG 1% )P0 | Y1), 2
pCY, [ %) P(X 1Y)

Y)= 3

PO ) = v ®
pCY, | %) P(X 1 Yiy)

Y) = 4

PO ) =y v B

Using Monte Carlo sampling points, particle filter exe-
cutes the filtering process by generating weighted sam-
pling points of state variances recursively. Generic parti-
cle filter algorithm can be predicted as follows [6]:

Initialization

For each particle

draw the states x{" from the prior p(x,) ;

End

For each loop

importance sampling step

For each particle

sample )2((;) - q(xt | X(():I)—ll yl:t)

End

For each particle

evaluate the importance weights up to a normalizing
constant:

. My (gD | x®
_ g, PO PR X )
q(xt | XO:t—:I.7 yl:t)

For each particle, normalize the importance weights:

W

W =wh > whT? (6)
=1
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/l Re-sample
Eliminate the samples with low importance weights
and multiply the samples with high importance weights,

to obtain N random samples X approximately distrib-
uted according to  p(Xy, | Z,, ) -

Assign each particle an equal weight: w =1/N .

When executing particle filtering, the choice of the
proposal distribution is very important. Usually, the tran-
sition prior distribution is chosen to be the proposal dis-
tribution:

a(x I X1, Y0) = PO 1 %) )

But as not considering the recent observation, when
using the transition prior distribution as the proposal dis-
tribution, the filtering result is usually poor, especially
when the noise is heavy. In this paper, a kind of
semi-iterative unscented transformation was proposed to
address this issue.

3. The PSO-UPF Algorithm
3.1 Particle Swarm Optimizer Algorithm

PSO is an optimization strategy generally employed to
find a global best point. At each time step, a particle up-
dates its position and velocity by the following equa-
tions:

Vi t+D)= W*Vij O+ Gl () Py ®- X ®)

8

+6,1; (1)(pg (1) —X; (1)
X (t+1) =%, (1) +v; (t+1) 9
Wy = Winax — (Wmax = Whin )L (10)

where j e{L,2,...,Dn},ie{l,2,...,n},n is the size of the
population and Dn is the Dimension of the space
searched; w is the inertia weight, generally updated as
equation 3 [10], and g, isthe maximal evolution gen-

erations. ¢, and c, are two positive constants; r, and
r, are two random values into the range [0,1].

3.2 PSO in the PF Process

As depicted in the Section 2, in the re-sampling process
of regular particle filtering, the particles with bigger
weights will have more offspring, while the particles
with smaller weights will have few or even on offspring.
It inspires us to find more particles with big weights and
reduce the number of particles with small weights, which
will make the proposal distribution more closed to the
poster distribution. And it is the aim of using particles
swarm optimization in the particles filtering process.

The most important issue of using particles swarm
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optimizer is the choice of fitness function. In the pro-
posed algorithm, we want to find more particles with
bigger weights, so the fitness can be chosen as the value
of weights directly. As usually the aim of PSO algo-
rithms is to minimize the fitness function, so in the
PSO-PF, the fitness is the minus value of particle weight
as follows:

p(y, I xO)p(RY | X, (11)
g [ R84, V)

Secondly, as the computing consumption of particle
filtering is already very large, so the computing con-
sumption of new introduced PSO process should be re-
duced. In the PSO-PF algorithm, for every particle, at
first, a random number in the range of 0 and 1 will be
generated, and only when the number is smaller than a
predefined threshold, the PSO process can be conducted.
A new type of PSO process — one step predefined PSO
is introduced. In this process, only when the new location
is better than the original one, the particle will move to
the new one, and the location updating process will be
conducted only one time in each particle filtering genera-
tion.

Finally, the direction of particle updating is deter-
mined by the location of best particle in current genera-
tion and itself location. And as in the one-step predefined
PSO process, particle need not remember its individual
best location of history; the updating mode uses the so-
cial only mode of PSO algorithm.

3.3 The PSO-UPF Algorithm

In this section, the mentioned one-step predefined PSO
process is used in the UPF algorithm. The information of
UPF algorithm can be found in [9,10]. And he PSO-UPF
algorithm can be decried as follows:

For each particle

draw the states x{" from the prior p(x,) ;

fitness” =

set XV =E[x{"]

R = ELOG ~X)0¢ ~X)']
X(()I)a — E(X(()I)a) _ [(X((JI))T 0 O]T

Po(i)a — E[(Xéi)a _Yo(i)a)(xéi)a _Yo(i)a)T]

For each loop

/I Generate proposal distribution and resample
For each particle

/I calculate sigma points:

2 = 25 £ (na+ 2)RY]

/I update particles into next time:

2n,
(i)x @x (i) (i)X _ (m)  (i)x
- ;Wl Zlm 1

=ty e
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(I)X (myr,, (iHx _—(I)X @i)x _ —(I)X
l\t -1 ZW [Zhn a lm 1 ][Zhu a Jm 1 ]
2n,

DX _ (o, 0x 007 gix _ Ny m,,0x
Yiea = N Zieal s Viea sz 7

Ji1
j=0

/I Measurement update:

(m)r,, (Hx _ Fi)x Hx _ )x
y[Vt ZW [}/th =] ylm 1][7/j(\l 1 lel( 1]

Py = SWEILAY T -5 T

i1 Jyea i1

K,=P P "

t XY Vi
Xt(l) = Xt?tl)l + Kt(yt - yt(|it)—l
PO =P®, +K.P, K]

tt-1 [ RAA

I/l Sample
80~ g [ x?, ;) 2 N(xD,BY)
set 10 =(x0,%?) and PY =(PY,RY)

For each particle:
Calculate fitness as equ.11, denoted by F;
Find the particle with best fitness, suppose the location
isL*;
For each particle
Generate a random number ¢ in the range of [0 1];
If c<C // C is the predefined threshold.
newLocation* =
originalLocation + rand*(L*-orginalLocaion);
calculate the fitness of newLocation* , de-
noted by F*;
if F*<F
orginalLocation = newLocation;
end if
end if
end for
For each particle
Normalize the importance weights as equ.4
Re-sample
Eliminate the samples with low importance weights
and multiply the samples with high importance weights,

to obtain N random samples x{) approximately distrib-
uted according to  p(Xgy | Z,) -
Assign each particle an equal weight: w/ =1/N .

4. The Simulation Experiments

In this paper, the proposed algorithm was compared to
other seven filtering algorithm — EKF, UKF, GPF,
GPFMCMC, EKFPF, EKFPFMCMC, UPF, Experimen-
tal settings are shown in the Table 1. The settings of
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other six filtering algorithms are the same as [4-8].
4.1 Benchmark Function

In this paper, the following benchmark function [10] was
chosen to test the proposal algorithm.
Bechmark 1:

X, =1+sin(wz(t—1)) +%xH +U,

1xf+vt, t<30
5
Yo =

%xt—2+v[ t>30

Bechmark 2:

X, =1+sin(0.04* 7z *(t-1)) + 0.5* x_, + W, ,
Y, =0.2*%x7 +cos(x,)/10+v,
where w, ~ 7(3,1), v, ~ N(0,1e—2), particle number

N=200, sample time T=100, whicle the results were the
average of 50 times of experiments. C=05 ,
R=1l-2, Q=0.75 a=05, B=05, k=1,

4.2 Experimental Results and Some Remarks

Experimental results are shown in Figure 1-Figure 2 and
Table 1~Table 1. All results are the means of 100 runs,
as the results of UPF and SIUPF are close and far differ-
ent with others, an enlargement figure was drawn as Fig-
ure 3.

As shown in the experimental results, it is clear that,
EKF has the worst results, but has the best running time.
While the proposed algorithm has the best results, but
has longer running time. In theory, the running time of
PSO-PF is between one and two times of UPF, due to the
refining step, and the simulation results has proved it.

11 T T T T
X : : [ @ Tre x
10*%*"l"*""%*"""%" —O -PF -
& l l | —= -PF-EKF
9’} STt r - 1T B PEUKF |
\ l : | | —o—PSO-PF
8—/ e ) L —
\ | | |
| 191 | |
| | | |
7% o I T %r ******
+ | | \ !
7 | \ X
s | | \/
5 ,/?,L,,,,,,,:,,,,,,,i,,, ,,L ,,,,, s |
o l l l
| | | |
4 1 1 1 1
5 10 15 20 25

Figure 1. Results on benchmark 1
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; || --v--PF-UPF | |
| ! | —>— PSO-PF
O L | T
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Time
Figure 2. Results on benchmark 2
Table 1. Results on benchmark 1
MSE MeanRunTime
mean variance
EKF 0.6975 0.1248
UKF 0.3234 0.1297 -
PF 0.18001 0.1650 0.4733
PF-EKF 0.1426 0.2147 41292
PF-UKF 0.1239 0.1107 7.2136
PSO-PF 0.0268 0.0359 8.2324
Table 2. Results on benchmark 2
MSE MeanRunTime
mean variance
EKF 0.3375 0.1438
UKF 0.2347 0.1277 -
PF 0.2301 0.6247 0.3903
PF-EKF 0.3181 0.1147 5.1652
PF-UKF 0.2339 0.1347 7.1336
MPF 0.0968 0.0959 8.1224

5. Conclusions

Basing on the concept of re-sampling, particles with
bigger weights should be re-sampled more time, this pa-
per has proposed a new type of particle filtering algo-
rithm — PSO-UPF. In the PSO-UPF, after calculating the
weight of particles, some particles will join in the refin-
ing process, which means that these particles will move
to the region with higher weights. This process can be
regarded as one-step predefined PSO process, so the
proposed algorithm is named PSO-UPF. Although the
PSO process increases the computing load of PSO-UPF,
but the refined weights may make the proposed distribu-
tion more closed to the poster distribution. In the follow-
ing experiment, the proposed algorithm has better per-
formances than other several types of filtering methods.
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