
COMPUTER AIDED MODELING AND SIMULATION 
OF BIO-INSPIRED HARDWARE SYSTEMS 

 

Csaba Szász, Virgil Chindriş, Loránd Szabó 
Department of Electrical Engineering 
Technical University of Cluj, Romania 

e-mail: Csaba.Szasz@edr.utcluj.ro 
 

Abstract – Bio-inspired digital systems are designed to imitate the complex behaviors 
and remarkable abilities of living organisms from nature. From this reason, they are 
built up on complex hardware structures - usually with VLSI network circuits - which 
communicate to each other through well defined interaction rules. Real-time 
simulation of some kind of structure involves several difficulties for designer 
engineers. The paper is focused to evidence the problems regarding the bio-inspired 
artificial immune hardware systems simulation, and to present software which could 
be a useful toolkit to solve the above mentioned problems. Also new methodologies 
and software strategies for the complex VLSI circuits-based digital systems real-time 
simulation are proposed. 
 

1. BIOLOGICAL ORGANISMS AS MODEL FOR BIO-INSPIRED 
HARDWARE SYSTEMS DEVELOPMENT 

  
As it is known, the immune system found in higher evolutional level 

biological organisms is a distributed and multilayered system that is robust and able 
to identify infectious pathogens, injury, diseases, or other harmful effects. 
Therefore, its properties and abilities – like self-healing or surviving – would be 
more advantageous in many applications were often are imposed robustness and 
also high security operation requirements. The basic goal of these research efforts is 
to take inspiration from biological organism’s immune system and embryonic 
processes to acquire these fault tolerant properties in hardware circuits. For this 
reason, the artificial immune systems have been applied to many different 
application areas, such as: hardware fault tolerance, industrial process monitoring, 
fault tolerant software, pattern recognition, electrical drives control, neural networks 
implementation, optimization and industrial control processes, etc. 

The artificial immune system presented in this paper is modeled on a 
POE-type (Phylogeny, Ontogeny, Epigenesis) embryonic structure developed in 
analogy with the evolutionary processes of biological systems [1]. In accordance 
with this model, these embryonic systems derive from the multi-cellular structure of 
complex living organisms with strong hierarchical organization from molecular to 
population levels, as shown in figure 1. All multi-cellular organisms start their life 
as a single cell, which divides repeatedly to generate numerous identical copies of 
it. Each cell contains all the information necessary to create the entire entity – the 
genotype, or named DNA, as it is expressed in figure 2. As the number of cells 
grows, cell differentiation takes place, when some of them start to change to provide 
different or specialized functionality. 
 



 
 

Fig. 1. 
Living organism’s evolution process as 
model for POE systems development 

 

 
 
 

Fig. 2. 
A single cell structure from a multi-

cellular organism 

In this case the appropriate gene (or genes) is selected based upon the cell’s 
position inside the cell network as well as other factors. 
 

2. ARTIFICIAL CELL MODEL FOR BIO-INSPIRED SYSTEMS 
DEVELOPMENT 

 
Considering the observations made in the previous chapter, the paper 

presents some research efforts regarding the development of an FPGA-based 
artificial cell model with a generalized character, in order to reproduce with high 
fidelity the complex phenomena and interaction rules inside embryonic hardware 
systems. For this reason, an original structure for the artificial cell is proposed, as 
shown in figure 3 [2]. 

 
 

Fig. 3. 
Hardware model for FPGA-based artificial cell 

 
According to this model, each FPGA circuit is considered an artificial cell 

with 4 lattices capable of full operation in a network structure through specially 
defined data and control buses [2]. Each lattice of the artificial cell has the same 
number of input/output bits and configuration structure, with the same operation 



functions. For example, the upper-lattice of the artificial cell has the following 
configuration: 

- UI (b0ui, b1ui, b2ui, b3ui) - the data bus (4 input bits) to receive information 
from the upper neighbor cell; 

- CkuI - the input data bus synchronization clock; 
- UO (b0uo, b1uo, b2uo, b3uo) - the data bus (4 output bits) to send 

information to the upper neighbor cell; 
- CkuO - the output data bus synchronization clock; 
- AuI - signal received from the upper cell (alive=1, dead=0)/data transaction 

enable signal; 
- AuO - the cell’s internal signal (alive=1, dead=0)/data receive enable signal. 

The same 12-bit configuration is used for the left, right, and down lattice of 
the artificial cell, and is specially designed for the full-operation of each FPGA 
circuit in a bi-dimensional artificial cell network [2]. 

With the purpose of make easy the research and modeling process too, the 
artificial cells are organized in macro-groups of cell networks, each with 9 artificial 
cells, as it is presented in figure 4.  
 

 
 

Fig.4.  
Artificial cell network model (cluster) 

 
In the software model indicated in this figure, each cell is an autonomous 

FPGA array, with special functions inside the organism, defined through an 
instruction set (program), and called the cell’s gene. Each cell has a copy of all 
genes from the organism (operative genome), and depending on the cell’s position 
inside the organism, only one cell has a gene operative (the cell’s differentiation 
properties). 

In the presented model, the operative genome is designed with 5 genes (A, B, 
C, D, and E), and at the same time just one gene is shown active (highlighted in the 
figure). The cells which don’t show any operative gene are considered spare cells 
(4 cells from the total of 9 in a cluster indicated in figure 3). It is important to note, 
that the implemented genes are generically labeled in the model with A, B, C, D, 
and E, but they can represent a wide range of control algorithms and programs 
(industrial process control, electrical motors control, etc.) defined by the software 
initialization process. 

In accordance with the above mentioned strategy, in figure 5 an artificial 
organism model build with 4 macro-group artificial cell network (clusters) is 



presented. In this model, a network with up to 40x40=1600 cells is possible to be 
simulated.  

 

 
 

Fig. 5.   
Artificial organism model 

 
3. BIO-INSPIRED HARDWARE SYSTEMS COMPUTER-AIDED 

SIMULATION 
 

In actual stage of modeling and simulation software environments 
development, the international corporations offer two main categories of simulation 
toolkits for the electronic circuit designers: simulation environments were the 
signals are continuous in the real time domain (OrCAD, PSpice), or environments 
were the signals can have only Boolean values (Electronics Workbench Digital). 
In special cases where complex digital systems simulation is necessary, with several 
VLSI circuits in a network, these environments also become difficult and inefficient 
for utilization, especially for real-time simulation expectations. 
 

 
 

Fig. 6. 
Main window of the VLSI circuit’s simulation software toolkit 



This conclusion lead the team involved in the above mentioned embryonic 
hardware structures development to design a new simulation environment, specially 
conceived for complex VLSI circuit’s network topologies real-time simulation. 
The main window of this simulation software toolkit is presented in figure 6. 
In accordance with the designer’s expectations, de environment is able for real-time 
simulation of maximum 62500 digital circuits each with 8 pins, or a network with 
25 VLSI circuits each own with maximum 400 pins. The hardware architecture of 
one complex circuit with 400 pins is implemented through VHDL language 
programming. In this reason, any kind of complex hardware can easily simulate in 
real-time operation, this depending only by the programmer’s experience and its 
own implementation abilities. 

To prove the new software toolkit generous simulation resources, in figure 7 
a complex VLSI circuit’s network is implemented on a design pad and prepared for 
real-time investigations.  

 
Fig. 7. 

Simulation model of the FPGA circuit’s based artificial cell network  
 
The figure shows an artificial cell cluster, according to the software model 

given in figure 4. Each cell from this network is an FPGA-based circuit, with the 
operation mode, external buses and hardware structure proposed in the artificial cell 
model from figure 3. Beside this all, the whole network is initialized and 
programmed through by a PIC 18F4550-type general purpose microcontroller via 
personal computer. The whole software simulation package is divided into three 
main components: the unit for the VLSI circuit’s edition and modeling, the module 
for the real-time simulation, and more one unit for the graphical elements 
simulation created by the user. Of course, a user-friendly software oscilloscope 
included into the toolkit is also available, for convenient real-time monitoring of the 
followed digital signals in the given embryonic system. 

In figure 8 an artificial cell network structure (artificial organism) is given 
with the 36 artificial cells of 4 clusters. Two External Devices are considered for 
the excitation signals generation: one in the upper-left side, and other in the down-
left side of the network. Suppose that, they generate signals in the network as shows 
the two paths marked in the figure with arrows. 



Fig. 8. 
Externally excited artificial cell network 

Fig. 9. 
Network communication strategy inside 

the cluster 
The obtained result is shown in the software oscilloscope from figure 9. 

Following the paths marked with arrows, the communication signals expressed in 
the left side of figure 9, the right way of communication between the cells can be 
deduced.  

CONCLUSIONS 

A specially developed simulation software toolkit is presented, with the 
purpose of complex VLSI circuit’s real-time simulation interconnected in network 
topologies. The proposed models and artificial structures can be a support for future 
developments in bio-inspired hardware systems, in order to found the theoretical 
basis, the design models or development methods of this new science domain 
named the embryonic systems.  
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