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An artificial cell is comprised of the most basic elements in a hierarchical system, that has minimal functionality, but general
enough to obey the rules of “artificial life.” The ability to replicate, organize hierarchy, and generalize within an environment is
some of the properties of an artificial cell. We present a hardware artificial cell having the properties of generalization ability, the
ability of self-organization, and the reproducibility. The cells are used in parallel hardware architecture for implementing the real-
time 2D image convolution operation. The proposed hardware design is implemented on FPGA and tested on images. We report
improved processing speeds and demonstrate its usefulness in an image filtering application.

1. Introduction

Last two decades of study on artificial life revolve around the
problem of understanding the organizational principles of
life by treating “cells” as the basic blocks of information proc-
essing and transmission [1–3]. Contrary to biological cell
research studies that measure organization principle of net-
works of genes to form a living organ, the artificial cell re-
search investigates how networks of so-called artificial genes
can produce essential mechanisms of life made out of electri-
cal circuits [4].

Biological cells can be considered as the basic modules of
physical life in embryonic systems and are an inspiration to
the conceptual creation of artificial cellular systems. Ideally,
the conceptual artificial cells can be organized hierarchically
having the properties of the near perfect self-organization,
self-reproduction (multiplying), and fault tolerance (cica-
trization). These properties often result in a network of huge
number of cells. Such bioinspired networks of artificial cells
can be organized to perform a function or a set of functions.
The implementation of artificial cells in hardware [5] re-
mains an open problem.

In this paper, we propose an artificial cell that carries ba-
sic genetic features (basic arithmetic and logical operations)
having the properties of generalization ability, the ability of
self-organization, and reproducibility. The artificial cells are
used to create cellular system networks that implement 2D
image convolution, which represent a general and complex
image processing operation having several practical machine
vision applications.

2. Problem and Objective

In developing a robust digital logic system for application
such as image processing, the traditional fault reduction
and generalisation methodologies seem to be inefficient and
expensive [4, 5]. Since biological cells are well known for
their fault tolerance, self-organization, and self-producing
properties, the design of artificial cells that imitate such
properties could provide general hardware representations
that are efficient and inexpensive. With this broad aim,
we draw inspiration to design and implement a generic
image processing operation: the so-called 2D image convo-
lution operations. In a simplistic view, convolution can be
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Figure 1: RTL block diagram of the proposed artificial cell.

Table 1: Operation code inputs.

3 bit input code Basic operations

0000 Rest

0001 Addition

0010 Subtraction

0011 Accumulation

0100 Multiplication

0101 Division

1000 AND

1001 OR

1010 XOR

1011 NAND

1100 NOR

1101 XNOR

considered as a mathematical operation on two functions
that produces a modified version of one of the original func-
tions [6]. Convolution has a wide range of practical machine
vision applications such as in real-time image processing
machines like digital cameras, video cameras, printers, and
scanners. Depending on the kernel values of a typical con-
volution operator, several image processing operations can
be implemented. Typically, in an image processing task, the
images are read through the imaging sensors and the stored
in device memory. The image processing operations are
implemented using software agents through a microcon-
troller or ALU-based framework. Such typical methods
to implement convolution result in increased processing
requirements with increased image resolution. As distinct

from ALU-based framework, we propose a 2D convolution
processor that overcomes the limitation of image scaling (in-
creased space complexity) through a design of artificial cells
and their networks.

The research methodology of this paper can be summa-
rised in four stages.

(1) RTL design of the artificial cell. The cell architecture was
designed in VHDL and tested in the typical FPGA frame-
work. The architectural concepts were adapted from the idea
of artificial cell and the genotype definition of the cell formed
in terms of arithmetic and logical operations.

(2) Verifying the Functionality of the Cell. Several test cases
are designed and the performance of the cell analyzed using
a standard FPGA system simulator.

(3) Construct Topologies of Cells to Achieve Convolution for a
Single Cell. After the functionality of the cell is verified, the
architecture is implemented to perform the image convolu-
tion operation.

(4) Performance Comparison. The performance of the con-
volution operation implemented with the proposed architec-
ture is compared with an ALU based benchmark algorithmic
implementation done in MATLAB.

3. Proposed Artificial Cell Design

In image processing, convolution is an essential kernel-based
operator used for (1) intensity averaging to remove signal
noise gained from erroneous sensing, (2) edge or gradient
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Figure 2: Timing diagrams representing outputs from “arithmetic operation” of the artificial cell.

Table 2: Arithmetic test conditions and cell output.

Time Operation (binary) Function In 1 In 2 Output

0 ns → 1 ns 0001 Addition 1327 338 1710

1 ns → 2 ns 0010 Subtraction 84 3971 −3888

2 ns → 3 ns 0100 Accumulation 84 0 85

3 ns → 4 ns 0100 Multiplication 3419 363 1241097

4 ns → 5 ns 0100 Division 3419 363 9.419

5 ns → 6 ns 0000 Reset 0 0 0

detection, (3) local range detection, and (4) local standard
deviation calculations [7, 8]. Although convolution is an
analogue mathematical operator by its nature, in the recent
past, much of the hardware implementation of convolution
operator has been in the form of strict digital circuit logic,
with little flexibility of generalization. Performing parallel
convolution on the processing level is computationally in-
tensive and expensive; however, it should be simpler and less
expensive if performed at the sensing level. A digital imple-
mentation of convolution at the sensing level would require
less number of data to be processed than the implementation
at the processing level. This is because with local sensing
and parallel processing of the circuits, the requirement for
generalized memory allocations, data conversion and nor-
malization circuits can be reduced. Although artificial-cell-
inspired convolution may require a number of circuit ele-
ments, it has an advantage of guaranteed fault tolerance. This
may result in a complex hardware structure with increasing
image resolutions. On the other hand, a parallel convolution
would ensure no compromise with speed.

Convolution architecture is constructed from cells that
process in parallel to solve mathematical and logical func-
tions. The cell computes arithmetic and logic operations in
a synchronous and parallel manner. The architecture is test-
ed on different picture sizes in a pixel-dedicated fashion
and a sequential fashion. In the pixel-dedicated fashion, the
cell architecture is applied to every pixel at a time to yield

a true parallel convolution image processor. In contrast, in
the sequential fashion, the cell architecture is applied to
individual pixels at an expense of one clock cycle for every
pixel. This section will show the cell design, the architectural
design, and the test bench design for the sequential setup.

Figure 1 shows the overall Register transfer level of the
cell architecture design. The cell takes the following 4 inputs:
operation code (genome code), 2–32 bit inputs, and a clock
signal for synchronous operations. The operation code is
a 3 bit input that specifies the type of operation to be
performed by the cell and enables either the arithmetic or
the logic block. Table 1 shows the control codes that define
the functionality of the cell. The cell for constructing the
convolution operation is viewed as a composite of complex
arithmetic or logical operations which is broken down to its
simplest form as shown in Table 1.

The cell is based on the arithmetic and the logical blocks
that perform the defined arithmetic and logical genome. The
arithmetic block performs the simplest arithmetic operations
like addition, subtraction, accumulations, multiplication,
and division. The status bit is enabled high when the cell
processes and completes the requested operation, resulting
in a 32 bit cell output. The status bit is essential for commu-
nicating with neighboring cells if needed, for higher hierar-
chical level network implementations.

The cell is tested with different decimal values to verify
the varieties of different outputs like signed, unsigned, and
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Figure 3: Timing diagrams representing outputs from “logic operation” of the artificial cell.

Table 3: Logic test conditions and cell output.

Time Operation (binary) Function In 1 In 2 Output

0 ns → 1 ns 1000 AND 10101000

1 ns → 2 ns 1001 OR 10111110

2 ns → 3 ns 1010 XOR 00010110

3 ns → 4 ns 1011 NAND 10101010 10111100 01010111

4 ns → 5 ns 1100 NOR 01000001

5 ns → 6.5 ns 1101 XNOR 11101001

6.5 ns → 7 ns 0000 Reset 00000000
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Figure 4: The hierarchical cell architecture for 2D convolution operator.
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Figure 5: Convolution result of the convolution architecture performed on a single pixel.

float decimal values. Figure 2 shows the functional simu-
lation results of the arithmetic block and Table 2 shows
the corresponding numerical values of individual functional
tests. When testing with an FPGA simulator, the obtained
output does not support the float variables in the decimal
scale, however, the 32 bit binary output value can be verified
to be identical. The results in Figure 2 show that, within the
duration of one clock cycle/1 ns, the cell is capable to perform
the basic arithmetic operation independent of the size of the
input binary representation.

Figure 3 shows the functional simulation results of the
logic block and Table 3 shows its corresponding numeri-
cal values. The cell is tested with binary values to verify the
different outputs of the logic operations stated in Table 3.

The cell is verified to perform different logic operation within
the execution time of one clock cycle (1 ns).

4. Convolution Architecture
Design and Simulation

This section describes the overall design of the proposed
artificial cell-based convolution architecture for image pro-
cessing. Convolution in image processing is a linear operator
over a matrix (image) by another one which is called
“kernel.” A 3 × 3 kernel is most widely used and can be
used to implement various possible image operations [9].
Image filtering and normalization in image matching systems
[10, 11] is the most common application of such convolution
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Figure 6: An example of the input image (a) applied to the convolution processor. The image (b) shows the output of the convolution
processor for the applied input image (b). Note that the image (b) is normalized for display purpose.
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Figure 7: Function block diagram of ALU-based convolution.

operator. Equation (1) defines a convolution output C and
shows how the convolution is performed, where G resembles
the 3 × 3 kernel coefficients and F resembles the original
image pixel with the surroundings (3× 3 pixels and the orig-
inal pixel is the middle of the matrix):

C(m · n) =
∑

u

∑

v

F[m + u][n + v] ·G[u][v]. (1)

Figure 4 shows the register transfer level architecture of the
convolution operation. The presented architecture has 9 pixel
inputs from the image, and the architecture is set to con-
volute these inputs with a 3 × 3 window. It can be seen
from Figure 4 that the cells are interconnected together
in a hierarchical fashion to implement the convolution
operation. The inputs of the cells are synchronized together
through the input registers that are located in the blocks of
individual cells. The first rows of the cells are set as mul-
tipliers that multiply the window coefficients with the corre-
sponding input image pixels. The remaining cells are used for
implementing the addition of the multiplied values. Overall,
the architecture has 17 cells that implement the convolution
of a single image pixel. It can be noted that the operator block
governs the logical working of the cells by loading them with

Figure 8: A comparison of convolution operator execution times of
ALU design with that of proposed artificial-cell-based design.

the relevant filter coefficients, and the relevant operation
codes for addition and multiplication.

Figure 5 shows the result of the convolution architecture.
Here, the time required to perform the convolution opera-
tion over a single pixel is one clock cycle. The architecture
can be applied in parallel to any arbitrary n × m image
pixels so that the required processing time will remain at one
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clock cycle. For a demonstration of the proposed method, a
3 × 3 kernel matrix is randomly generated to take a value
of [−2 4 0, 0 −4 1, −2 1 2]. Figure 5 shows the out pixel
(0, 0) representing the filtered version of the center pixel
(0, 0) in a 2D image convolution operation (as in (1)).
Figure 6(a) shows the input image (all input pixels) applied
to the convolution processor and Figure 6(b) shows the
corresponding output image.

5. Comparison with ALU Implementation

An artificial cell-based 2D convolution processor is designed
with a speed of 2 GHz without any negative slack. Figure 7
shows the functional block diagram of the test design and
Figure 8 shows the time complexity results of proposed cell
design and that of ALU-based convolution operation imple-
mented in MATLAB run on an Intel(R) core TM 2 DUO
CPU T6400@ 2.00 GHz-based computer with 2 GB of DDR
RAM. It can be noted that the clock speeds of the proposed
convolution processor and that of an ALU-based processor is
kept same for fair comparison.

The design is composed of a clock generator that gener-
ates a 1 ns signal and a 100 ns signal. The data collector is
synchronized to read 1 pixel every 1 ns. The data collector
provides 3 × 3 pixel outputs with each pixel represented as
32 bits every 100 ns to the convolution architecture. The pro-
posed architecture is set to compute the convolution every
100 ns, where the execution time is equal to one clock cycle.
For every one clock cycle of 100 ns the architecture executes
the pixel and writes it to a file.

Figure 8 shows the time complexity of executing the
convolution operation when tested with different image sizes.
The comparison in Figure 8 shows that the artificial cell-
based design consistently outperforms the ALU-based de-
sign. Further, when using a parallel cellular architecture
where all pixels are processed at the same time, the proposed
approach resulted in a time complexity of one clock cycle per
image. Although this parallel approach to implement convo-
lution will add more number of circuit elements, the time
complexity of the proposed design becomes independent of
the size of the image.

6. Conclusions and Future Work

Inspired from the conceptual framework and properties of
a cell, we form a generic artificial cell useful for imple-
menting important machine vision function such as 2D
image convolution. Using the concepts of cell hierarchy and
multiplicity, we demonstrated the use of the proposed cell
architecture in a practical application of image convolution.
The proposed implementation of convolution operation
when used in real time image processing system show lower
time complexity than conventional ALU-based convolution
implementation. Further, the parallel nature of the proposed
architecture ensures the ease of scaling and robustness in
functional implementation. Since convolution is a general
operator that is used in almost all real-time digital image
processing systems, the proposed system can be used to
implement intelligent image processing cameras. The general

idea of the artificial cell can be further exploited in designing
high-speed object matching, tracking, image filtering, and
recognition systems. In addition, the presented research can
be extended to create more generalist cell architectures that
can simulate and model complex processes such as protein-
protein interactions, cell signaling, and high dimensional
data processing.
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