
I
a

J
a

b

K

a

A
R
R
A
A

K
F
R
B
F
N

1

r
m
h
d

o
N
r
r
i
s
t

a
t
u
p

h
m

h
1

Applied Soft Computing 29 (2015) 233–244

Contents lists available at ScienceDirect

Applied  Soft  Computing

j ourna l h o mepage: www.elsev ier .com/ locate /asoc

mplementation  of  the  RBF  neural  chip  with  the  back-propagation
lgorithm  for  on-line  learning

.S.  Kima,  S.  Jungb,∗

Samsung Electronics, Republic of Korea
Intelligent Systems and Emotional Engineering (ISEE) Laboratory, Department of Mechatronics Engineering, Chungnam National University, Republic of
orea

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 March 2013
eceived in revised form 14 August 2014
ccepted 15 December 2014
vailable online 6 January 2015

a  b  s  t  r  a  c  t

This  article  presents  the hardware  implementation  of  the floating-point  processor  (FPP)  to  develop  the
radial  basis  function  (RBF)  neural  network  for the  general  purpose  of pattern  recognition  and  nonlinear
control.  The  floating-point  processor  is  designed  on a  field  programmable  gate array  (FPGA)  chip to exe-
cute  nonlinear  functions  required  in the parallel  calculation  of  the  back-propagation  algorithm.  Internal
weights  of  the  RBF  network  are  updated  by the  online  learning  back-propagation  algorithm.  The on-line
eywords:
loating-point processor
BF neural network
ack-propagation algorithm
PGA

learning  process  of  the  RBF  chip  is  compared  numerically  with  the  results  of the  RBF  neural  network
learning  process  written  in  the MATLAB  program.  The  performance  of  the  designed  RBF  neural  chip  is
tested  for the  real-time  pattern  classification  of  the  XOR  logic.  Performances  are evaluated  by  comparing
results  from  the  MATLAB  through  extensive  experimental  studies.

© 2014  Elsevier  B.V.  All  rights  reserved.

onlinear classifier

. Introduction

Intelligent electronics that process intelligent information are
apidly getting attraction of researchers in engineering and infor-
ation fields. Not only software programming, but also intelligent

ardware for intelligent information processing is increasingly
emanded due to the development of hardware technology.

The word of ‘intelligence’ has been frequently used in the area
f machine learning, soft computing, or artificial intelligence [1,2].
owadays, the concept of intelligence is used in almost every

esearch fields including signal processing, control, mechatronics,
obots, materials, transportation and even construction. Typically,
n the areas of dealing with physical systems such as dynamical
ystems, intelligent electronics are severely demanded to improve
he system performance.

A neural network mimicking a human brain is one of powerful
nd popular intelligent tools since it has learning capability, adap-
ation capability, and generalization capability. An ultimate goal of
sing neural network is to use those capabilities to improve the
erformance in various aspects.
Specially, in the area of dynamical systems, neural network
as been used as nonlinear controllers for robot manipulators to
inimize the tracking errors [3–6]. With the help of hardware

∗ Corresponding author. Tel.: +82 42 821 6876; fax: +82 42 823 4919.
E-mail address: jungs@cnu.ac.kr (S. Jung).

ttp://dx.doi.org/10.1016/j.asoc.2014.12.018
568-4946/© 2014 Elsevier B.V. All rights reserved.
technology, neural network and fuzzy logic controllers are designed
on a DSP chip along with FPGA for controlling nonlinear dynamical
systems [7,8]. Multilayered neural networks are implemented with
particle swarm optimization algorithms on FPGA for identifying
dynamical systems [9]. Fuzzy inference modules are also imple-
mented on FPGA [10,11]. Interval type-2 fuzzy systems for a real
plant are implemented on FPGA [12] and particle swarm optimiza-
tion of interval type-2 fuzzy systems is implemented on FPGA [13].

Recently, a lot of attempts to design neural network hardware
on a field programmable gate array (FPGA) chip as an intelligent
electronics have been made [14–17]. In many cases of developing
the neural network hardware, the forward propagation of neural
processing is only designed on an FPGA chip for an offline learning
and online control scheme although the complete neural network
processing requires two  stages: forward and backward propaga-
tion [18–21]. FPGA implementations on stochastic and adaptive
control applications are used [22,23]. Designing the backward
propagation process is relatively difficult since a lot of calculations
are involved to update internal weights [24–26]. FPGA hardware
is developed to implement on-line learning for shape recognition
[27]. Multi-layered perceptron network (MLP) has been developed
on FPGA with fixed point data notation and its performance
is measured by hardware specifications such as the number

of multiply–add operation and the number of weight updates
per second [28]. The neural estimators were designed by high
level programming language and downloaded on NI C-RIO using
Labview software for speed estimation of two-mass drive system

dx.doi.org/10.1016/j.asoc.2014.12.018
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2014.12.018&domain=pdf
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Fig. 1. The RBF network structure.

29]. RBF neural network has been implemented in vision system
or real-time face tracking and identity verification. Since the facial
dentification is focused, the detailed hardware implementation of
BF neural network was not elaborated [30]. Genetic algorithms
re implemented on FPGA [31]. Design and implementation of a
BF neural network on FPGA with the detailed back-propagation
lgorithm for an on-line classifier or controller, of which learning
an be done in on-line fashion, are relatively rare in the literature.

In this paper, therefore, a hardware design and implementation
f the radial basis function (RBF) neural network (NN) by designing
he floating-point processor (FPP) using the hardware description
anguage (HDL) is presented. Due to its nonlinear characteristics of
he network, it is very difficult to implement the neural hardware
ith integer-based operations to satisfy the acceptable accuracy.

o calculate nonlinear functions required in the neural network
rocessing such as sigmoid functions or exponential functions,
oating-point operations are required.

Designing the floating-point processor allows us to implement
onlinear functions. Thus, the exponential function can be designed
s the 32 bit single-precision floating-point format. In addition, to
pdate weights in the network, the back-propagation algorithm
an also be designed with the HDL and implemented in the FPGA
ardware. Most operations are performed in the floating-point
ased arithmetic unit and accomplished sequentially by the order
f instructions stored in a ROM.

Finally, the RBF neural network hardware is implemented by
riting the assembly codes running on the floating-point pro-

essor. The RBF network is tested on the FPGA for nonlinear
lassifications. Extensive experiments are conducted by comparing
ossible calculation deviation errors due to the functional approxi-
ation between the designed chip and the MATLAB to evaluate the

easibility of using the neural network chip.

. Radial basis function network

.1. RBF network structure

The radial basis function (RBF) network is one of neural network
tructures that learn by measuring the Euclidean distance of data.
he RBF network is simple in the structure that there are one non-
inear hidden layer and a linear output layer as shown in Fig. 1.
here are no weights between the input layer and the hidden layer.
he linearity of the output layer becomes an advantage of analyzing
he stability of the closed loop system in association with feed-

ack controllers. This simple structure turns out to be advantages
f RBF network over the multilayered perceptron (MLP) network
or dynamical systems [32].
puting 29 (2015) 233–244

Each neuron at the hidden layer has a Gaussian function
described as

�j(x) = exp

(
−
∑L

i=1(xi − �j)
2

2�2
j

)
(1)

where xi is the ith input element, �j is the mean value of the jth
hidden unit, �j is the covariance of the jth hidden unit, and L is the
number of input elements.

The output layer is linear so that the kth output is an affine
function that can be obtained as

yk =
M∑

j=1

�jwjk + �k (2)

where �j is the jth output of the hidden layer in (1) and wjk is the
weight between the jth hidden unit and the kth output, �k is the
bias weight of the kth output, and M is the number of the hidden
units.

2.2. Back-propagation learning algorithm

To train the network shown in Fig. 1, the back-propagation algo-
rithm is derived to update weights between the hidden layer and
the output layer, and nonlinear function parameters of the hidden
units. The output error for the kth output is defined as

ek = ydk − yk (3)

where ydk is the desired output value. The output error is propa-
gated backward to adjust internal weight values, which is known
as the back-propagation algorithm.

Then, the objective function is defined to minimize the output
errors as

E = 1
2

N∑
k=1

e2
k (4)

where N is the number of the output units.
The back-propagation algorithm searches the minimum value

by calculating the gradient of Eq. (4) with respect to the weight.
The gradient of Eq. (4) is calculated as

�w = −�
∂E

∂w
(5)

where w can be weights or Gaussian parameters and � is the learn-
ing rate. Substituting (4) into (5) and applying the chain rule yields

	w = −�
(1/2)∂(e2

1 + · · · + e2
k

+ · · ·e2
N)

∂ek

∂ek

∂w
= −�ek

∂ek

∂w
(6)

Therefore, the function ∂ek/∂w needs to be obtained for each
internal variable, (wjk, �k, �j, �j) ∈ w of the RBF network. One typ-
ical example for the weight wjk, we have

�wjk = −�wek
∂ek = −�wek

∂(ydk − yk) ∂yk = �wek
∂yk
= �wek�j (7)

where �w is the learning rate.
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In the same manners, we can have the detailed update equations
s

�wjk = �wek�j,

��k = ��ek,

��j = ���j

L∑
i=1

(xi − �j)

�2
j

N∑
k=1

ekwjk,

��j = ���j

L∑
i=1

(xi − �j)
2

�3
j

N∑
k=1

ekwjk,

(8)

here �w, ��, ��, �� are learning rates. Finally, all weights are
pdated recursively.

(t + 1) = w(t) + �w (9)

. Design of a processor based on floating-point format

.1. Nonlinear function representation

To implement the RBF network hardware, Eqs. (1), (2), (8), and
9) are the main algorithms. Eqs. (1) and (2) are implemented for
he forward propagation, (8) and (9) for the back-propagation pro-
ess. In the forward propagation, the Gaussian function has to be

epresented in the hardware description language (HDL).

Unfortunately, there is no property of representing nonlinear
unctions in the HDL. Thus, the numerical approximation procedure
f expressing the Gaussian function is required.
ting-point processor (FPP).

The Gaussian function for the real value x is given by

f (x) = e−((x−�)2/2�2) (10)

One of approximating methods is to use the Taylor series expan-
sion. For example, the exponential function can be expressed by the
Taylor series as follows.

e−x = 1 − x + 1
2!

x2 − 1
3!

x3 + 1
4!

x4 − 1
5!

x5 + 1
6!

x6 − 1
7!

x7

+ 1
8!

x8 + · · · + HOT (11)

where the high order terms (HOT) are ignored. In the programming
with the HDL for an FPGA chip, we use the following format instead
of (11) for simplicity.

e−x = ((· · ·( 1
8

x − 1)
1
7

x + 1)
1
6

x − 1)
1
5

x + 1)
1
4

x − 1)
1
3

x + 1)
1
2

x − 1)x

+1 + · · · + HOT (12)

Truncation of the HOT may  yield the approximating error of non-
linear functions. Effects by the approximation process are analyzed
and evaluated for possible applications in the later section.

3.2. Architecture of the processor
The floating-point based processor is designed. The processor
can perform arithmetic calculations such as addition, subtraction,
multiplication, and division. The architecture of the processor
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Table I
Special cases of data format.

Class Exponent Fraction

Zeros 0 0
De-normalized numbers 0 Non zero
Normalized numbers 1–254 Any
Infinities 255 0
Fig. 3. The pipelin

ollows the Harvard reduced instruction set computer (RISC) archi-
ecture. The overall structure of the processor is described in Fig. 2.

The processor has the basic 4 cycles of fetch, decode, execute,
nd write-back steps to execute an instruction. Each unit has the
unction as follows.

Program memory: it is a ROM that stores instruction codes. Its
word length is 32 bit long and 12 bit address can access 4096
instructions. Thus, the size of the program memory is 16 K bytes.
Data memory: it is a RAM that stores data. Its word length is 32
bit long and the size is 16 K bytes.
Program counter: it contains the address of the next instruction
in the program memory. It refers to the status register to execute
Jump or conditional branches.
Instruction register: it stores the instruction code from the pro-
gram memory for one cycle for decoding.
Instruction decoder: a 32 bit instruction code is separated into an
op-code and operands and then decoded into control signals.
Status register: it states conditions of the functional unit after
each calculation.
Register group: it has the master group and the slave group. It can
be used as a source for operand 1 and operand 2 for the functional
unit. It has 32 registers and the register size is 16 bit.
Reference ROM: it contains frequently used constants for cal-
culations such as �, a constant for exponential function, and
coefficients for the Taylor series expansion of sinusoidal functions

and other nonlinear functions.
Functional unit: it performs the arithmetic calculation based on
a 32 bit single precision format such as addition, subtraction,
multiplication, and division. It also performs logical operation as
NaN (not a number) 255 Non zero

well. It has the converter for changing the floating-point format
to the fixed-point format or vice versa.

3.3. Instruction set

Instruction sets such as LD, MOV, ADD, SUB, MUL,  DIV are
defined as op code. The instruction set is 32 bit long composed of 7
bit op code, 24 bit operand as shown in Fig. 3. Assembly codes by the
sequence of instructions can represent neural network algorithms.

To save the time for the instruction, instruction is executed by
the pipelining process of fetch, decode, execute and write-back as
shown in Fig. 3.

3.4. Numerical operations
The data is a 32 bit single floating-point based on IEEE format.
Table I shows the special cases of number representations.
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opcode operand1 operand2

RECOGNITION

offset case big_operand small_operand exponent sign

offset small_operand

ARRANGEMENT

adjust_operand

big_operand adjust_operand case

OPERATION

mantissa add_signal

exponent mantissa sign add_signal

REARRANGEMENT

result

3

o

d
T
m
u
c

T
C

Fig. 4. Addition and subtraction process.

.4.1. Addition/subtraction
Addition/subtraction takes 4 steps of recognition, arrangement,

peration, and rearrangement as shown in Fig. 4.
The recognition module decides the case depending upon con-

itions of operand, exponent, and mantissa as listed in Table II.

he arrangement module adjusts the number of bits and operation
odule executes addition/subtraction. The rearrangement mod-

le modifies the exponent and sends it out. All of processes are
ompleted within one clock cycle.

able II
ases of addition/subtraction.

Case Case check bit
select [3.0]

Comment

1 0001
Sign of each operand is same.
Values of exponent and mantissa are different.

2 0010
Sign of each operand is same.
Value of exponent is same.
Value of mantissa is different.

3 0011
Sign of each operand is same.
Values of exponent and mantissa are same.

4 1001
Sign of each operand is different.
Exponent of operand 1 is greater.

5 1010
Sign of each operand is different.
Exponent of operand 2 is greater.

6–1 1011
Sign of each operand is different.
Value of exponent is same.
Exponent of operand 1 is greater.

6–2 1100
Sign of each operand is different.
Value of exponent is same.
Exponent of operand 1 is greater.

6–3 1101
Sign of each operand is different.
Value of exponent is same.
Value of mantissa is same.
puting 29 (2015) 233–244 237

3.4.2. Multiplication
The multiplication module is relatively simple. Multiplication

can be done by an exponent part and a mantissa part separately.
Signs are determined by XOR operation, exponents by addition,
and mantissa by regular multiplication. Conditions such as zero,
overflow, underflow, de-normalized error are also checked during
operation. Fig. 5 shows the multiplication block module.

3.4.3. Division
In the same way  of multiplication, each part is calculated sepa-

rately as in Fig. 6. The exponent part can be modified with respect
to the result of mantissa operation. This can be adjusted by consid-
ering several cases of operands. The flow of the mantissa division
process is shown in Fig. 7. Two mantissa values are compared under
different cases.

3.4.4. Format converter
The data format needs to be modified when different format data

such as integer-based data to process data internally are obtained
from the external devices. Fig. 8 shows the format converter that
converts integer to single precision and single precision to integer.

4. Radial basis function network design

4.1. Process of designing RBF network

Using the floating-point processor as a core unit, the RBF net-
work can be designed. The flow chart of processing the RBF network
is shown in Fig. 9. The procedure can be divided into three parts,
initialization, forward calculation, and backward calculation. This
iterative procedure can be repeated until the error converges to
satisfy the specified tolerance.

4.2. Programming RBF network

The block diagram of the RBF network design is shown in Fig. 10
and the detailed design by HDL is shown in Fig. 11. It consists of the
floating-point processor, memories, a boot module, and a status
controller.

The process of the RBF network can be programmed by the
instruction designed in the floating-point processor. The assem-
bly codes are written for calculating the forward process and the
backward process of the RBF network. Fig. 12(a) shows the program
for the forward process of calculating Eq. (2) and the outputs are
calculated from the inputs via the hidden layer. Each operation of
calculating �j is shown in Fig. 12(a). Then the output yk is calcu-
lated and compared with the desired value to yield the error. Next
is the back-propagation algorithm. The error is used for the back-
ward calculation. Four different parameters are updated, weights
between the hidden and the output layer, the bias weight of the
output layer, the mean value of the hidden units, and the covari-
ance values of the hidden units. The assembly codes for updating
weights are presented in Fig. 12(b).

4.3. FPGA programming of RBF network

The hardware design of the RBF network is described in Fig. 11. It
is composed of a ROM for booting, a ROM for storing instructions, a
data memory, a core processor, a control unit, and a communication
module. The communication module sends resultant data to the

external device after calculation by other modules.

• A: Boot ROM: initialize and load parameters of RBF network such
as learning rates, weights to the data memory.
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opcode exponent1 exponent2

EXPONENT OPERATION

exponent

opcode mantissa1 mantissa2

MANTISSA OPERATION

mantissa

sign1 sign2 exponent mantissa

ADJUSTMENT

zero overflow underflow denormalized result

sign1 sign2 exponent1 exponent2 mantissa1 mantissa2

opcode

iplicat

•

•

•

•

•

Fig. 5. Mult

B: Instruction ROM: holds instructions for calculating the RBF
network. It has a size of 32 bit 16 K byte words.
C: data memory: stores resultants after calculating the RBF net-
work. Parameters such as � or � are stored. It has a 16 K byte
memory.
D: core module: calculates actual processes of the RBF network
after 4 step pipelined structure depending upon instructions.
E: control module: once the calculation of the RBF network is
done, the value of the objective function is sent to the PC through

serial communication. It controls where to send the data by spec-
ified address.
Others: multiplexers: synchronize the data or signals if
necessary.

opcode o

RECO

zero infinity case sign1 sign2 ex

case exponent1 exponent2

EXPONENT OPERATION

exponent

sign exponentzeroinfinity

Fig. 6. Division
ion process.

5. XOR logic classification experiment

5.1. Experimental setup

The performance of the designed neural chip is tested on Cyclone
II EP2C70F672C8 FPGA board, which has 300,000 gates. The classi-
fication of the XOR logic is performed by the neural chip. The XOR
logic is known to be the prototype example of the nonlinear classi-
fication example determining the performance of neural networks.

The RBF network designed as in Fig. 11 is embedded into this FPGA
chip.

Initial weights and input patterns are given in Table III. Although
the number of RBF units and good initial center values can be easily

perand1 operand2

GNITION

ponent1 exponent2 mantissa1 mantissa2

mantissa1 mantissa2

MANTISSA OPERATION

mantissa

mantissa

 process.
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Val1 =  Val2 ?

Yes

Val1 >  Val2 ?

No

Val1 =
Val1 – Val2

Yes

Val1 < < 1No

Mantissa Division Algorithm

Val1 < < 1

Quotient(23-n)
 = 1

Quotient(23-n)
 = 0

n++

N >= n ? No
Save quotient to 

the result of 
mantissa

End process

Val1 = ‘1’&mantissa1
Val2 = ‘1’&mantissa2

N = 23,n = 0 

One shot 
calculationYes

Start process

Fig. 7. Mantissa division process.

f
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f
t

Initialization
Parameters

Calculation
hidden layer

Calculation
output layer

Calculation error

Error <
Tolerance

Update weights
and Bias

Update mu and
sigma

Increase
iteration
counter

Iteration <
limitNo

Yes

End Learning

NoYes

chip and the MATLAB. Fig. 13 shows the similarity of the error con-
vergence with a small deviation when the error starts converging
at around the 650th iteration. The difference is minimal and can
be improved by allowing the high order of the Taylor series since
ound, here nominal values are used. To examine the numerical
ccuracy of the neural chip, the same initial conditions are specified
or the neural chip and the MATLAB simulation. The 50th order of
he Taylor series approximation is used.
sign            operand

INT2SP CONVERTER

result

sel sign 

Fig. 8. Format c
Fig. 9. Flow chart of RBF network process.

5.2. Classification results

Learning takes about 650 iterations until the error converges as
shown in Fig. 13. Fig. 13 shows the comparison plots of the error
convergence between the neural chip and the MATLAB simulation.
Under the same conditions, the RBF network is tested for the neural
sign            operand

SP2INT CONVERTER

result

operand

onverter.
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3232

32

32
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32
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Fig. 10. RBF network block diagram.

Table III
Initial conditions for the RBF network.

Parameter Value Parameter Value

X00 0.1 Desired2 0.9
X10  0.1 Desired3 0.1
X01  0.9 Output weight0, w0 0.1
X11  0.1 Output weight1, w1 0.1
X02  0.1 Bias, � 1
X12 0.9 �0 0.5
X03  0.9 �1 0.5
X13  0.9 �0 0.5
Desired0 0.1 �1 0.5
Desired1 0.9 Tolerance 0.001

Table IV
Final results tested after learning.

X0 X1 Y Output Error

0.1 0.1 0.1 0.100996 −0.000996
0.1  0.9 0.9 0.898341 0.001659
0.9  0.1 0.9 0.898341 0.001659
0.9 0.9 0.1 0.101117 −0.001117

Table V
Final parameter values of the RBF network.

Parameters Value

Weight0, w0 −0.8526668
Weight1, w1 −0.84844798
Bias, � 0.95275021
�0 0.11095808
�1 0.90131116

t
n

i
f
W
r

5

g

d

Table VI
Outputs of hidden layer after learning.

Input pattern ϕ1(x) ϕ2(x)

(0.1, 0.1) 0.99892410 0.00000612
(0.1, 0.9) 0.06134785 0.00247532
(0.9, 0.1) 0.06134785 0.00247532
(0.9, 0.9) 0.00376761 0.99996786

Table VII
RMS  errors for different order.

Parameters (N) RMS  error

10 0.406756
20 0.001010
30 0.002087

shown above for different orders of the Taylor–Maclaurin series.
We  see the error decrease as the order increases. Beyond the 40th
�0 0.33398876
�1 0.23129223

his deviation occurs due to the numerical approximation of the
onlinear functions.

The learning stops when the error satisfies the tolerance spec-
fied in Table III. After the learning process, all patterns are tested
or the classification. The resultant classification is given in Table IV.

e clearly see that learning of the neural chip has been done cor-
ectly.

.3. Classification analysis

After learning, the final parameter values are determined and

iven in Table V.

Based on the data from Table V, the output value of the hid-
en units with respect to each input pattern is calculated. Table VI
40 0.000035
50 0.000035

summarizes the values.

ϕ1(x) = e−(‖x−�0‖2/2�2
0

) = e−(x−0.11095808/2(0.33398876)2),

ϕ2(x) = e−(‖x−�1‖2/2�2
1

) = e−(‖x−0.90131116‖2/2(0.23129223)2) (13)

Thus, we  can draw the decision boundary for the two classes.
Based on Eq. (13), the decision boundary can be drawn on the input
space. We  see from Fig. 14 that two  classes are separated by the
hyper plane generated by the RBF neural network.

6. Performance evaluation

6.1. Effects by approximation order

The effect of the numerical approximation by the Taylor series
expansion is investigated. The error convergence of the neural
hardware is tested for different orders of the Taylor series, and
compared with that calculated by the MATLAB program under
same initial conditions. The learning rates �w = 0.05, �� = 0.05,
�� = 0.005, �� = 0.005 are used in this case.

When the 10th order approximation is used, the network does
not converge. Table VII shows the summary of the convergent error
order, the performance is compatible. So we  decide to use the 40th
order of the Taylor series expansion for the nonlinear function
approximation.
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Fig. 11. RBF network design with HDL.
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Fig. 12. Calculation of RBF network.
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Table  VIII
Pattern output after learning.

Desired value Actual value Pattern error

(0.1, 0.1) 0.1 0.100996 −0.000996
(0.1, 0.9) 0.9 0.898341 0.001659
(0.9, 0.1) 0.9 0.898341 0.001659
(0.9, 0.9) 0.1 0.101117 −0.001117
Sum of error 0.000008

Table IX
RMS error between MATLAB and FPGA.

Parameters RMS  error

Sum of error 0.000034
w0 0.002204
w1 0.000024
Bias, � 0.000061
�0 0.000010
�1 0.000049
�0 0.000010
�1 0.000713

Table X
Final parameter values of the RBF network.

Parameters Value

w0 −0.921395
w1 −1.018259
� 1.122028
�0 0.113313
�1 0.889585
�0 0.453306
�1 0.402052
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Fig. 14. The decision boundary for the XOR logic.

Table XI
Pattern recognition after learning.

Desired value Actual value Pattern error

(0.1, 0.1) 0.1 0.101586 −0.001586
(0.1,  0.9) 0.9 0.898415 0.001585
(0.9,  0.1) 0.9 0.898415 0.001585
(0.9, 0.9) 0.1 0.101244 −0.001244
Sum of error 0.000009

Table XII
RMS  error between MATLAB and FPGA.

Parameters RMS  error

Sum of error 0.000069
Weight0, w0 0.000157
Weight1, w1 0.000052
Bias, � 0.000067
�0 0.000029
�1 0.000125
�0 0.000035
�1 0.000713

Table XIII
Weight changes by different learning rates RMS.

Parameters �w = �� = 0.05, �� = �� = 0.005 �w = �� = 0.1, �� = �� = 0.01

w0 −0.85266680 −0.8761408
w1 −0.84844798 −0.8705631
� 0.95275021 0.9776968
�0 0.11095808 0.0977247
�1 0.90131116 0.9075751
�0 0.33398876 0.3640978
itera tionE

Fig. 13. Error convergent plot when the 50th order is used.

.2. Convergence of weights

The learning stops when the error satisfies the tolerance speci-
ed in Table III. After the learning process, all patterns are tested for
he classification. The resultant classification is given in Table VIII.

e clearly see that learning of the neural chip has been done cor-
ectly. Classification is well done. Table IX shows the difference of
he weight values between the neural hardware and the MATLAB
rogram. Finally converged values of weights are listed in Table X.
.3. Convergence of weights when different learning rates

Next experiment is done when the learning rates, �w = 0.1,

� = 0.1, �� = 0.01, �� = 0.01 are used. The goal is to see the
�1 0.23129223 0.2313576

difference under a different learning condition. The deviation errors
between the neural hardware and the MATLAB program are clearly
compared.

Table XI shows the classification result after learning. The dif-
ference of the final weight values between the neural hardware

and the MATLAB program is listed in Table XII. Table XIII compares
weights values when two different learning tasks have been exe-
cuted. We see the closeness in weight values between two  different
learning tasks although different learning rates are used.
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. Conclusion

The floating-point based processor is designed in the HDL to
llow us to design the RBF neural network. The hardware imple-
entation of the RBF neural network is written in assembly codes

nd embedded on the FPGA chip. The performance of classifying the
onlinear classifier of XOR logic is successfully tested. Experimen-
al results show that 50th order is enough to give an acceptable
ange of deviation error by the Taylor series for nonlinear func-
ion approximation. Therefore, the computational error due to the
umerical approximation can be accepted. The neural chip suc-
essfully conducts the nonlinear classification by the on-line back
ropagation learning algorithm. Since we confirm that the RBF neu-
al chip works properly, the neural chip can be used as a controller
or controlling nonlinear dynamical systems in the future.
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