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Abstract 

In this paper, brain emotional learning based 
intelligent controller (BELBIC) is implemented and 
verified for embedded and dedicated applications. 
Simulation results of this controller in continious 
simulation environments such as MATLAB/SIMULINK 
environment show that it is a suitable controller for 
many linear and nonlinear controlling tasks. 
Converting the high-level continuous model such as 
SIMULINK to event based HDL code is not a simple 
task and many aspects of this model conversion should 
be considered. A semi-automatic method was applied 
to SIMULINK model for obtaining a non-synthesizable 
VHDL code. After that, synthesizable code of BELBIC 
is created and verified for target platform based on 
designer objectives.  
 
1. Introduction 
 

One of the most important problems in developing 
industrial intelligent systems is their computation 
complexity. Recently by advancing in VLSI 
technology, implementation of intelligent systems on 
FPGA, ASIC, DSPs and other hardware platforms is 
possible and cost effective [1], [2] and [3]. Parallel 
computation in these platforms and hardware software 
co-design can dominate computation complexity and 
cost of these systems.  It must be noticed that in many 
industrial applications, an embedded hardware system 
is needed. However, design process from high 
abstraction levels to the desired platform model is not 
an easy task and it is a costly process.  

Applying artificial intelligence and bio-inspired 
approaches such as neural networks, fuzzy systems, 

and genetic algorithms in control engineering yield 
good results [4], [5], [6] and [7].  

BELBIC is one of these intelligent methods that 
have been applied successfully in some simulated and 
laboratory control systems [8], [9] and [10]. But for 
industrial applications, it must be modelled and 
implemented in dedicated and embedded hardware 
cores. 

In this paper, BELBIC high level continuous 
behavioural model in SIMULINK is converted and 
verified for dedicated implementation of this 
intelligent controller in industrial and dedicated control 
applications.  

In Section 2 the mathematical description of our 
model is discussed. Section 3 describes actor-oriented 
and continuous SIMULINK model of BELBIC. HDL 
non-synthesizable and synthesizable description of 
BELBIC and converting patterns are presented in 
Section 4. In Section 5, experimental results for 
verification and simulation of models are shown and 
finally conclusion is presented in Section 6. 
 
2. Mathematical Description 
 

BELBIC can have one or more input signal and 
only one output signal.  The structure of BELBIC is 
shown in Figure 1 [11]. This structure is a simple 
computation model of Amygdala and Orbitofrontal 
cortex of brain. Below, a short description about each 
part of BELBIC is presented.  

Thalamus: This part is simple model of real 
thalamus in the brain. In simple modeling aspect this 
part can be modeled with identical function. In fact 
some simple preprocessing on sensory input signals 
can be done in this part. 

IEEE EWDTS, Yerevan, September 7-10, 2007 51



 
Figure1. Structure of BELBIC [11]  

 
Sensory Cortex: Sensory cortex receives its inputs 

from thalamus, and it is assumed that it is responsible 
for the subdividing and discrimination of the coarse 
input from thalamus [11]. This part can be modeled 
with a simple identical function. 

Orbitofrontal Cortex: The Orbitofrontal Cortex is 
supposed to inhibit inappropriate responses from the 
Amygdala, based on the context given by the 
hippocampus [11].  

Amygdala: The Amygdala is a small structure in the 
medial temporal lobe of brain that is thought to be 
responsible for the emotional evaluation of stimuli. 
This evaluation is in turn used as a basis for emotional 
states, for emotional reactions and is used to signal 
attention and laying down long-term memories [11]. 

BELBIC receives Sensory Input signals from 
Thalamus. After preprocessing in Sensory Input, 
processed input signal will be sent to Amygdala and 
Sensory Cortex. Amygdala and Orbitofrontal compute 
their outputs based on Emotional Signal received from 
out. Final output is subtraction of Amygdala and 
Orbitofrontal Cortex. Through this section, 
functionality of these parts and learning algorithm is 
discussed based on [11]. 

The Thalamic connection is calculated as the 
maximum overall Sensory Input S and becomes 
another input to the Amygdala part. Unlike other 
inputs to the Amygdala, the thalamic input is not 
projected into the Orbitofrontal part and can not by 
itself be inhibited. 

)Smax(A ith = .  (1) 
For each A  node, there is a plastic connection 

weight V . Any input is multiplied with this weight to 
become the output of the node. The O  nodes behave 
analogously, with a connection weight W applied to 
the input signal to create an output. 

The connection weights iV  are adjusted 
proportionally to the difference between the 
reinforcement signal and the activation of the A  
nodes. The α  term is a constant that is used to adjust 
the learning speed.  

∑−α=∆ ))Arew,0max(S(V jii . (2) 

This is an instance of a simple associative learning 
system. The real difference between this system and 
similar associative learning systems is the fact that this 
weight-adjusting rule is monotonic, i.e., the weights 
V cannot decrease. This may at first seem like a fairly 
substantial drawback; however, there are good reasons 
for this design choice. Once an emotional reaction is 
learned, this should be permanent. It is the task of the 
Orbitofrontal part to inhibit this reaction when it is 
inappropriate. 

The reinforcement signal for the O nodes is 
calculated as the difference between the previous 
output E and the reinforcing signal rew . In other 
words, the O  nodes compare the expected and 
received reinforcement signal, and inhibit the output of 
the model should there be a mismatch: 

∑ −β=∆ ))rewO(S(W jii .                (3) 

The Orbitofrontal learning rule is very similar to the 
Amygdala rule. The only difference is that the 
Orbitofrontal connection weight can both increase and 
decrease as needed to track the required inhibition. 
Parameterβ  is another learning rate constant.  
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Model output computation formulas are presented 
at (4).The A nodes give outputs proportionally to their 
contribution in predicting the reward Rew, while the O 
nodes inhibit the output of E as necessary. 
 
3. SIMULINK Model 
 

In this section, continuous model of BELBIC in 
SIMULINK is presented. SIMULINK is general-
purpose continuous simulation environment for 
modelling physical and engineering processes. This 
actor-oriented modelling language can be used for 
simulating high-level behaviours of BELBIC in 
different applications. SIMULINK has many libraries 
for different fields and BELBIC is modelled with 
standard blocks in it. 

In Figure 1, a general form of a closed loop control 
system of BELBIC is presented. 

Figure 2 shows the BELBIC block that is developed 
based on the mathematical formulation of the previous 
section. The inputs of BELBIC model are sensory 
input and reward signals and the only output is Model 
Output. 
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Figure 1- Control system configuration using 

BELBIC 

 
Figure 2. BELBIC implementation in SIMULINK 

 
Figure 3. BELBIC structural view in 

SIMULINK 
In Figure 3 the structural view of BELBIC is 

presented.  Thalamus, Sensory Cortex, Orbitofrontal 
and Amygdala parts are implemented based on 
mathematical description. 

In Figure 4 internal implementation of Orbitofrontal 
that is implemented with the basic components of 
SIMULINK is shown. 

 
Figure 4. Orbitofrontal implementation in 

SIMULINK environment 
High-level behaviours of BELBIC such as stability 

and robustness can be shown with the SIMULINK 
model. 

4. HDL Models 
 

For the embedded implementation of BELBIC in 
industrial and real control applications, it must be 
implemented in a model language that an embedded 
platform technology supports. One of these 
computation technologies is FPGAs. It must be noticed 
that converting the mathematical model to HDL 
synthesizable code is not an easy task and many 
aspects of design will not be considered and detection 
of error source is difficult. A methodology used in this 
article is implementation of intelligent system in 
continuous and parallel simulation SIMULINK and 
converting this model to VHDL code. 

In the first stage, a SIMULINK model is converted 
to VHDL non-synthesizable code with semi-automatic 
converting pattern; and after that this VHDL model is 
converted to VHDL synthesizable code with fixed 
point or floating point data type support. Verification 
task for these models is not a hard task and detection 
of different types of errors can be done easily with 
separating concerns in different models. In this section 
different HDL models are discussed.  

Layering model abstraction is a good idea for 
abstraction and avoiding the details of a design. 
Nevertheless, it must be noticed that pure layering 
method for design is not good and different aspect of 
the problem must be considered in higher levels of 
abstraction. 

 
4.1. HDL non-synthesizable code 
 

SIMULINK model and VHDL or Verilog HDL 
models have similar and different features. Both of 
these models are parallel and actor-based. Conversion 
from SIMULINK models to behaviourally similar 
HDL blocks is possible and following hints such as 
components, initialization phase, simulation cycles, 
constant variables and data types must be considered in 
this transformation. For this transformation task, we 
developed a semi-automated pattern. This 
transformation pattern is Sim2hdl. Pattern describes a 
problem, which occurs over and over again in our 
environment, and then describes the core of the 
solution to that problem [12]. This transformation 
pattern can be reused for similar transformation models 
from continuous modeling environments such as 
SIMULINK to HDL non-synthesizable model. In 
Sim2hdl, the following hints are considered. 

Component: In SIMULINK, each component is 
implemented with a block. In VHDL, each component 
can be implemented in Entity and in Verilog hardware 
description language each block can be implemented 
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with a module. For each block in SIMULINK a similar 
entity or module with the same input and output 
signals can be created. 

Initialization phase: The initialization phase in 
SIMULINK will be done with a software engine 
before running the entire simulation. However, in a 
hardware component this phase can be done by 
defining hardware specific signals such as reset and 
load. 

Simulation Cycles: SIMULINK environment 
support variable and fixed step time. Variable step time 
is used for fast prototyping and execution of models. 
Hardware implementation of the step time for 
synchronization of computation is the clock signal. 
Two signals clkH and clkupH are utilized to 
synchronize the hardware components. The clkH 
signal is the basic clock of the hardware and is the 
minimum clock used in a system. The clkupH 
frequency is an integer factor of clkH signal and 
relation between these two-clock signals will be 
defined after obtaining a synthesizable HDL code. In 
must be considered that our pattern can be extended 
for multi step time in a distributed computation system. 

Constant Variables: Constant variables in 
SIMULINK model can be implemented with constant 
definition capabilities in HDL languages or can be 
implemented with hardware input signals to HDL 
model. 

Data Types: The data type used in many intelligent 
systems such as neural network and fuzzy systems is 
the floating point. In this stage double signals in 
SIMULINK model will be converted to real and float 
signals in HDL languages. If the simulation result 
satisfy designer with fixed point data type, he/she can 
use these types for a faster computation time and lower 
chip area.  

Computation: Any parallel computation behavior of 
blocks in a SIMULINK model can be mapped to an 
equivalent hardware description model in HDL 
languages. In the first stage, we will name these signals 
and define equivalent signals in each hardware block. 
For a feed backing signal we can use temporal signal 
variables in HDL design and update them with new 
result on the positive edge of proposed clock.  
In Figure 5, hardware schematic of BELBIC 
component is shown. In addition to input-output 
signals of SIMULINK, other signals are added based 
on Sim2hdl pattern.  
The Sim2hdl pattern can be utilized in similar tasks for 
converting SIMULINK models to HDL equivalent 
models. 

 
 
 

 
 

Figure 5. HDL block diagram of BELBIC 
 
4.2. HDL synthesizable code 
 

Obtained HDL model from a Sim2hdl 
transformation pattern is not synthesizable. Its 
computation behavior is similar to a continuous model. 
However, target data type, standards used for 
representation of float values and computation blocks 
such as adders, multipliers and   dividers must be 
defined. In addition, relation between clkH and clkupH 
is specified after doing the proposed tasks. 

In this stage, the designer can trade off among 
hardware criteria such as execution time, the number 
of computations used for target products, accuracy, 
and other design criteria.  

It must be noticed that computation behavior of a 
synthesizable code must be similar to a non-
synthesizable code and different verification 
algorithms can be applied for this task.  

In this experience, synthesizable code for a standard 
32-bit floating point is developed for a single clock 
operation and pipelining versions. 
 
5. Experimental Results 
 

In this section, experimental results are presented. 
First, a simulation result for controlling a simple linear 
plant with BELBIC is presented. After that, 
experimental results for verification of HDL non-
synthesizable model are presented and finally 
synthesizing results on some, FPGAs are shown.  
 
5.1 SIMULINK Simulation 
 

In this section, a linear model of submarine is 
represented. The model was supposed to reach the 
desired depth underwater. The linear model of the 
system is represented in (5).  

09.03
1.02.021.0)(
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                      (5) 
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Figure 6. Block diagram of Submarine Control 

System 

 
Figure 7. System Output for Step Response 

 
Table 1. Performance of BELBIC controller 
Steady State 
Error (After 

20 sec) 

Percent 
of  

Overshoot 

Rise 
Time 
(50%) 

Settling 
Time 

0.00014 1.49 % 0.009 0.0245 
Block diagram of the system used for this 

experimental result is represented in Figure 6. This 
system is implemented in MATLAB SIMULINK, and 
BELBIC pattern is applied to it. System output is 
shown at Fig. 7. The performances of this response are 
demonstrated in Table 3. 
 
5.2 Verification of HDL Model 
 

In this section, system level verification of BELBIC 
SIMULINK model and its VHDL model are presented. 
For the rew  input, a constant value is connected to 
the system. In addition, a sinusoidal signal is attached 
to the s  input. In Figure 8, output result of our system 
for 500 cycles is shown.  

 
Figure 8. SIMULINK and VHDL verification 

5.3 Synthesizing BELBIC on FPGA 
 

Synthesizing results of BELBIC on Altera Stratix II 
are shown respectively in Table 4. Data type for 
representation of real numbers is a 32-bit floating point 
based on IEEE-754. The adder, multiplier and 
subtractor are implemented as pipelined and single 
cycle structures so that designers can trade-off between 
chip area and performance. 
 

Table 4. Synthesizing results of BELBIC on 
Altera Stratix II 

Results of  with single 
cycle floating point  
adder and multiplier 

Results of  with Pipeline 
floating point adder and 

multiplier 
Number of 
used ALUT 

4921  of  
12480 

Number of 
used ALUT 

5272  of  
12480 

Number of 
Registers 

129 of  
14544 

Number of 
Registers 

2948  of  
14544 

Maximum 
Frequency 

8.81MHz Maximum 
Frequency 

88.26MHz 

 
6. Conclusions 
 

In this paper, a model-based approach is utilized for 
design, verification and implementation of BELBIC 
controller for dedicated cores. This approach can be 
utilized for similar intelligent and classic studies in 
which reusability and extendibility of models are 
considered. Conversion from SIMULINK model of 
controller was done with semi-automated 
transformation pattern. Many concerns for controller 
design from mathematical and stability to computation 
and real time constrains are considered. Separation of 
concerns helps designers from different engineering 
fields to detect source of errors and correct errors 
sooner. 
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