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a b s t r a c t

Biology presents incomparable, but desirable, characteristics compared to engineered systems. Inspired
by biological development, we have devised a multi-layered design architecture that attempts to capture
the favourable characteristics of biological mechanisms for application to design problems. We have
identified and implemented essential features of Genetic Regulatory Networks (GRNs) and cell signalling
which lead to self-organization and cell differentiation. We have applied this to electronic circuit design.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction and motivation

Biological organisms exhibit characteristics such as robustness,
adaptivity, and self-reconstruction that are highly desirable in
human designed systems. However the exact mechanisms and ori-
gins of such characteristics are still far from understood. Recently,
the emerging consensus coming from biological research, points
to the importance of dynamic networks of gene activity, these
have come to be known as Genetic Regulatory Networks (GRN)
(Davidson, 2001). Such networks are concerned with gene regu-
lation, and protein synthesis. This inspires us to abstract and utilize
the process of gene regulation networks for the construction of
engineering systems. Banzhaf et al. argued that “complicating the
genotype–phenotype map” by introducing artificial genetic reg-
ulatory networks could lead to increased evolvability and would
“generate a dynamic system that would allow environmental inter-
actions to intervene and stabilize self-organization, much more
like natural evolution” (Banzhaf et al., 2006). In addition, many
researchers have become interested in genotype–phenotype maps
that mimic aspects of biological development. It is proposed that
this should lead to enhanced scalability of evolutionary methods
since small genotypes could be evolved that are developed into
much larger systems. In this paper we argue that the continual
process of development will bring benefits for the process of sys-
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tem construction, e.g. it has already been shown elsewhere that
such systems can recover after damage (Liu et al., 2004; Zhan
et al., 2009). From the system point of view, biological develop-
ment could be viewed as a multi-layered system with each layer
abstracted by different system processes. Bringing these concepts
together, one can hypothesize that every multi-cellular organism
could be viewed as a multi-layered system that develops from the
zygote cell via the mechanisms of gene regulation and cell sig-
nalling. This suggests that it would be fruitful to use a layered
abstraction model for the construction of engineering systems so
that the higher level construction will inherit the characteristics
from the underlying gene regulations. The work presented in this
paper focuses mainly on some important biological mechanisms
and how they can be applied to engineering system design. Our
aim is to capture an abstraction of biological development and
identify aspects of gene regulation and developmental mechanisms
required to produce small but useful designs. We show that intro-
ducing abstractions of processes such as signalling pathways and
a cell membrane can be beneficial to artificial evolution in that
they assist in achieving differentiated gene regulation in cellular
structures leading to more complex designs. We have applied our
model to the design of digital combinational circuits. These circuits
arise from the analogues of the underlying continual and time-
dependent processes of biological cells. In our case stable circuits
arise from attractors in artificial gene regulatory networks. So our
system is continually in the process of constructing a combinational
digital circuit. In another work we have shown that our system is
highly robust to damage or alteration of underlying processes (Zhan
et al., 2009).

0303-2647/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.biosystems.2009.07.008
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Fig. 1. Layered view of biological development.

2. Biology concepts and inspiration

In biology, systems are constructed from the gene regulations
inside cells and cell–cell signalling. These dynamic development
processes build up stable and robust individuals. Therefore, under-
standing details of this process and employing many of these
aspects should be important in the construction of a bio-inspired
structure in engineering.

2.1. Biology process

Biological development is a complex process involving cell divi-
sion, pattern formation, morphogenesis, cell differentiation and
growth. These five processes overlap to allow development to pro-
duce the most complex entities on earth (Wolpert, 1998). Within
this “high level” process Genetic Regulatory Networks play a crucial
role in the success of biological development. This is the process of
regulating the DNA sequence: transcribing DNA into mRNA and
then translating this information into proteins. Regulatory pro-
teins then bind to other gene regulatory sites and regulate DNA
sequence once again. These gene and protein activities build up
a complex dynamic regulatory network. The components of the
GRNs are genes, mRNAs and proteins, the processes include gene
expression, protein transcription and translation. These processes
are illustrated in Fig. 1.1

2.2. Multi-layered view of biology development

The fundamental mechanism of the development process is
the process of genetic regulation and the consequent network of
interactions that it produces. This is often viewed as a layered
construction process from DNA, to mRNA, to proteins and finally
to organism through protein modification as in Fig. 1. A layered
abstraction model provides a convenient way of investigating dif-
ferent aspects of the system and their relevance and utilization for
engineering applications.

2.3. Genetic Regulatory Networks and feedback loops

Gene regulation dynamically generates a network structure
with genes as network nodes and regulatory proteins as the
connections between nodes. It is suggested that many system prop-
erties originate from this self-regulation network. In particular, cell
differentiation, and homeostasis are generated by positive and neg-
ative feedback loops from two important regulation mechanisms:

1 This diagram is modified from http://www.accessexcellence.org/RC/VL/GG/
protein synthesis.html.

enhancement and inhibition. Negative feedback loops generate
homeostasis with or without periodicity. Positive feedback loops
generate multiple alternative steady states (Brenner et al., 1990).
In biology, such feedback loops are thought to be responsible for
dynamical complexity (Thomas, 1991).

2.4. Protein synthesis

After RNA polymerase binds to a promoter sequence of a gene
transcription proceeds sequentially from the 5′ end of a DNA strand
to the 3′ (i.e. from the terminal phosphate group to the terminal
hydroxyl group) and proceeds through the coding region. Once
the termination codon in DNA is met, a message RNA (mRNA)
is released. As the name suggested, mRNA contains the informa-
tion for the translation process. During translation, mRNA passes
through the ribosome whereupon transfer RNAs (tRNAs) will match
with the codons in mRNA and the amino acids at the end of tRNAs
will be linked together. When the stop codon in mRNA arrives, the
linked amino acids, will be released as a polypeptide molecule.

2.5. Cell signalling

Cell signalling is one of the central aspects of all organisms from
prokaryote to complex multi-cellular systems. Through signalling,
cells control their activities such as differentiation, proliferation,
life or death and instruct metabolism, movement and expression of
genes (Hancock, 2003). Signals in one cell influencing the develop-
ment of an adjacent group of cells is called induction. This happens
through three main ways: diffusion, direct contact or gap junction.
One inductive signal can influence a group of cells or sometimes
only its immediate neighbours (Wolpert, 1998). Inductive signals
can either be diffused chemically or by direct contact signal. They
will bind to the receptor protein in cell membrane and then be
processed through a series of biochemical reactions and converted
into other proteins inside the cells. This conversion is called sig-
nal transduction and is carried out by enzymes and builds up a
cascade of processes known as a pathway (Hanahan and Weinberg,
2000). In diffusion processes, signals can be passed between cells as
diffusible molecules and release chemical messages into the extra
cellular space. These chemicals then diffuse and eventually come
to other cells (the target cells).

2.6. Degeneracy characteristics

Degeneracy is the ability of elements that are structurally dif-
ferent to perform the same function or yield the same output. It
is a common biological property at all levels of organizations such
as genetic code, immune systems, neural networks and evolution
processes (Edelman and Gally, 2001).

2.6.1. Degeneracy in genetic regulation
During protein synthesis, DNA releases mRNA as a sequence

of nucleotides where three nucleotides at a time, called codon,
are translated into one amino acid. Since RNA is constructed by
four types of nucleotides: adenine, guanine, cytosine and uracil,
there are 4 × 4 × 4 = 64 possible combined codons. Three of these
are reserved for stop codons and the rest are for 20 different amino
acids. Therefore, one amino acid could be translated by more than
one codon and this defines degeneracy in genetic code.

2.6.2. Degeneracy in gene regulatory site
During transcription, different transcription start and stop

points provide degenerate mRNAs. Numerous distinct polynu-
cleotide motifs exist within gene regulatory sites which are
functionally redundant and therefore are degenerate. Transcription
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factors themselves have been shown to be functionally degenerate
too.

2.6.3. Degeneracy in protein folding
At polypeptide chain level, different polypeptides can fold to

structurally and functionally equivalent proteins.

2.6.4. Degeneracy and evolution
Evolvability requires genetic diversity for the process of natu-

ral selection since selection cannot operate without dissimilarity
among organisms. Degeneracy at the genetic level permits differ-
ent selection pressures to operate on different genes even when
they contribute to the same phenotype and therefore this provides
a way to generate diversity at this level from evolutionary opera-
tions such as gene duplication, divergence and sexual reproduction.
With the ability to construct the same functions and generate the
same outputs, a degenerate system can adapt in response to vari-
able unpredictable changes in the environment context (Edlman,
2001).

2.6.5. Degeneracy impact on robustness
Robustness describes a system’s ability to maintain function

with perturbations (Wagner, 2005) and is a desirable characteris-
tic for any system working in changing or damaging environment.
In order for the system to perform fault recovery, additional tech-
niques will be required in design such as error detection, damage
confinement and assessment, error recovery and fault treatment
(Anderson and Lee, 1981). This increases the design complexity as
such systems require consideration of both its function and fault
tolerance.

However, in nature, living beings are more complex than engi-
neered systems, yet species have been surviving in dynamical
environment both genetic and environment perturbations for bil-
lions of years. Research has revealed that robustness is presented
at all levels of natural organisms from gene regulation networks,
proteins, metabolic networks to embryonic development (Wagner,
2005). Inaction or alteration of some genes or their interactions
leads to little effect of the whole constructed gene regulation net-
works in many cases. After alterations to amino acids, proteins still
maintain their functions. The removal of important chemical reac-
tions does not necessarily stop the function of metabolic networks
to sustain life. Finally, the dramatic transformations during embry-
onic development organisms still allow the development of viable
adults (Wagner, 2005). This massive function redundancy at all
levels arises from the underlying degeneracy at each level.

3. Related work in computational development

Bio-inspired artificial design is a relatively new research field,
but the promise from nature is high, and this has motivated
research in the last few years. In the fields of computation and engi-
neering inspiration from biological development and evolution has
led many researchers to focus on the analysis of such systems so
that they can be used to help solve problems concerning pattern
formation, robot control and circuit design.

Kumar (2004) models an evolutionary developmental system
with many natural development processes for three-dimensional
multi-cellular development and differentiation. Bowers (2005)
designs an embryogeny model for pattern formation tasks. His
evolved results exhibit canalization in the genotype and pheno-
type mapping process. He emphasizes the importance of a complex
mapping between genotype and phenotype in an evolutionary pro-
cess and argues that the robustness displayed in the phenotype
is the result of functional groupings in the genotype that produce
modularity in the mapping process. Roggen and Federici (2004)
consider a morphogenetic system and a cell chemistry model. In

their analysis they conclude that development systems are suitable
for large target domains because they reduce the genetic search
space and exploit regularities. In addition, they found that the
developmental systems exhibit internal temporal dynamics and are
able to recover from significant amounts of damage to the pheno-
type. Others have shown that high levels of self-reconstruction can
be achieved by using development mechanisms for both pattern
formation and digital circuit tasks in (Liu et al., 2004; Miller, 2004).
Gordon devised a gene regulation network mechanism and inves-
tigated its role in the scalability of developmental mechanisms for
hardware design (Gordon and Bentley, 2005). Taylor and Quick both
use gene regulation mechanisms to model systems for real time
control tasks by allowing signal coupling in embodied agents with
an environment. They found that the agents are able to self-adapt in
the environment and exhibit robustness (Quick and Nehaniv, 2003;
Taylor, 2004). Eggenberger models a developmental neural con-
troller using a ligand–receptor interaction mechanisms and gene
regulation. It is suggested that gene regulation confers adaptivity to
a system and that developmental approaches increase evolvability
and provide faster convergence towards solutions (Eggenberger et
al., 2002). Tufte and Haddow (2003) use an L-system with restricted
cell types for actual phenotype, local knowledge (neighbouring
states) and cell death, to achieve cell growth, differentiation and
pattern formation on a hardware platform. Koopman (2004) intro-
duces hardware-friendly GRNs for POEtic tissue (Tyrrell et al.,
2003) for fault tolerance. Mattiussi and Floreano (2007) inspired
by biological GRNs introduce a new approach to the genetic repre-
sentation and evolution of generic analogue networks and presents
comparable analogue electronic circuit design performances with
GP methods.

4. Biology-inspired model

The previous section on biology has described a hierarchical
construction mechanism from gene regulation to proteins in cells
and inter cell signalling to obtain a cellular system. The dynamical
gene regulation mechanism introduces degeneracy which allows
evolved individuals to be robust to damage. This motivates us to
mimic such processes for the construction of engineered systems.
But what should we mimic? In the model, a standard gene regula-
tion with enhancer and inhibiter are introduced to achieve stable
gene regulation. Biological protein synthesis process has inspired a
mapping process that introduces a new level of degeneracy: genetic
code level degeneracy. A cellular system is included to achieve large
system from small genes. In addition, we have mimicked some
aspects of cell signalling to increase evolvability. Fig. 2 gives an
overview of a construction process compared with the protein syn-
thesis process in biology. In biology, proteins are constructed by
amino acids which are generated from gene regulation and mRNA
translation. In the system design, we can identify elements required
for design such as logic gates for the gate-level circuit design. Dur-
ing construction, they can be obtained by translating the products
from gene regulation. By linking them together, sub systems in one
cell will be constructed. Through cell signalling, we will obtain the
whole system.

4.1. Model structure

The hierarchical model we have devised consists of three layers
as shown in Fig. 3: a genome layer, a protein layer, and a mapping
layer. The genome layer is where the system undergoes its prin-
cipal development mechanisms and where the GRN determines
when and where cells in the system will grow. The protein layer is
related to signalling mechanisms, the cell pathway and membrane.
Finally, the mapping layer translates the underlying regulation
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Fig. 2. System design flow compared with biological protein synthesis process.

products, utilizes the synthesized functional components and con-
structs them to specific applications (i.e. pattern formation, circuits
or robot controllers).

4.1.1. Genome layer
In this layer gene regulations are carried out in each developed

individual cell, based on the regulatory conditions. Each cell con-
tains a genotype. The system grows from initial zygote cells (one
or many) to its final structure.

4.1.2. Protein layer
This is the signalling layer. It models other system aspects to

assist gene regulation towards target patterns. Proteins in each cell
pass through their cell membrane, and via signalling pathways to
their neighbouring cells, are able to exchange information with
other cells in the system. This negotiation mechanism between
cells is important to the development process and helps the system
achieve the overall task.

Fig. 3. Layered model structure. Each layer abstracts different level system process:
The genome layer abstracts the gene regulations, the protein layer is concerned with
signalling, and the mapping layer is concerned with the design application.

Fig. 4. Cell structure and processes.

4.1.3. Mapping layer
This is the layer where protein synthesis takes place. It is where

the underlying regulation products are translated into the elements
required for the application task. How should one map the under-
lying processes into application designs so that the constructed
system inherits the potential underlying characteristics? We follow
a biological construction process in which proteins are translated
from mRNA and then linked together.

4.2. Model components

4.2.1. Cell
Cells are the basic computational units. They store information

involved in the developmental process: DNA sequences, proteins,
cell membrane and pathways and provide the environment to carry
out processes: gene regulations, signalling and protein synthesis.
Fig. 4 shows an overview of cells as realized in this work and
includes three layer processes. These cells include a representa-
tion of an artificial DNA, regulatory proteins, mRNA, and structure
proteins. In addition, it presents abstractions of some fundamen-
tal biological processes: gene regulations, protein transcription and
translation. Regulatory proteins, either from other cells, or from ini-
tialization, regulate DNA sequence and generate other regulatory
proteins. These proteins are stored in a regulatory protein table and
regulate genes in DNA. They build up gene regulation networks
as in the top loop in the figure. On the other hand, they provide
cell intra and inter regulatory environment through gene regu-
lation and signalling and organize the system. mRNA is released
from gene regulation as linking products between underlying pro-
cess and applications. They are then translated to elements and
constructed together to obtain a final system design.

4.2.2. Gene structure
According to the typical gene structure in biology, each gene

is modelled to have a regulatory region and a product region as
illustrated in Fig. 5. Two types of regulatory regions: enhancer and
inhibitor are incorporated in gene structures to construct positive
and negative feedback loops. Regulatory regions act as conditional
regions, determining when a particular gene will be expressed.
Product regions define gene products (regulatory proteins). When
regulatory proteins are bound with regulatory regions in genes as
in Fig. 6, genes will be expressed and generate other regulatory pro-
teins and these proteins will regulate other genes in DNA sequence.
As in Fig. 4, each gene can be regulated by more than one enhancer
and inhibitor and generate more than one product.

Binding of regulatory proteins is determined by a binding ID
(En and In) and binding protein concentration threshold (En th and
In th). When an enhancer protein has an ID that matches a regula-
tory region’s ID and is such that its concentrations are above binding
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Fig. 5. Structure of a gene.

Fig. 6. Steps in gene action.

thresholds, this gene will be expressed, unless there are bound
inhibitors and their concentrations are larger. When the gene is
expressed, it will produce a certain amount of protein product. The
amount is determined by the amount of the bound regulatory pro-
teins and the product rate. This process is described in Fig. 7. Once
proteins bind, a process takes place that is like a chemical reaction,
regulatory proteins will continually be absorbed as illustrated in
Fig. 7.

4.2.3. Protein
In each cell, all gene products are regulatory proteins but some

also act as instruction proteins. Regulatory proteins bind to gene’s
regulatory binding sites so that they enhance or inhibit gene actions
as described in the previous section. Instruction proteins are used
within the development process and include “instructions” that
will influence cell division and cell death. Each different protein has

an ID to distinguish it, its quantity is described as a floating point
number initially between 0.0 and 100.0. Each instruction protein is
associated with either a division direction or cell death function as
described in Section 4.3.3.

4.2.4. Cell membrane
Cell signalling is a significant process in biological development

and acts as the negotiation processes between cells so that the
cellular systems can function as a complete system. Membranes
existing in every cell have an important role and provide a way of
cell signalling by controlling the passage proteins between cells
and deciding which proteins can pass through cells. Since their
contribution is to assist gene regulation processes, and regulatory
proteins are modelled by floating point number, membranes are
modelled through a threshold (not based on biological cell mem-
brane) implemented as floating point number between 0.0 and
100.0. Each protein in a cell has a cell membrane threshold that
determines the minimum level for diffusion through the membrane
to occur. This is illustrated in Fig. 11.

4.2.5. Cell membrane
Cell signalling is a significant process in biological development

and acts as the negotiation processes between cells so that the
cellular systems can function as a complete system. Membranes
existing in every cells have an important role and provide a way of
cell signalling by controlling the passage proteins between cells
and deciding which proteins can pass through cells. Since their
contribution is to assist gene regulation processes, and regulatory
proteins are modelled by floating point number, membranes are
modelled through a threshold (not based on biological cell mem-
brane) implemented as floating point number between 0.0 and
100.0. Each protein in a cell has a cell membrane threshold that
determines the minimum level for diffusion through the membrane
to occur. This is illustrated in Fig. 11.

4.2.6. Signalling pathway
In our model, each protein has an associated pathway. When

a protein’s concentration is large enough to exceed a cell’s mem-
brane threshold, it will pass through the membrane and be changed
to another protein according to its pathway. For example suppose
there are three proteins with membrane thresholds (in parenthe-
ses) 0 (10.0), 1 (10.0), 2 (20.0) a pathway might be 0 → 1, 1 → 1,
2 → 0. So, for instance, when the concentration of protein 0 is larger
than 10.0, part of it will diffuse to neighbours and become protein
1. The process of signalling and diffusion is further illustrated in
the next section. In the model pathways and membrane thresh-
olds are determined by evolution before systems start to develop.
Embedded within cells, these aspects are the same for each cell.

Fig. 7. Regulatory protein binding and generation of product proteins.
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Fig. 8. A three-gene regulation network.

4.3. Development process

4.3.1. Gene regulation network
During regulation, regulatory proteins will be generated and

these proteins will regulate other genes in DNA. Fig. 8 illustrates
a gene regulation network constructed of three genes. For clarity of
explanation, regulatory thresholds have been ignored (set to 0.0).
The first two integers are enhancer and inhibitor sites and the last
two are expression products. Genes can be regulated by other genes
and by themselves. In Fig. 8, gene 0 is regulated by genes 1 and 2,
gene 1 is regulated by gene 0 and gene 2 is regulated by gene 1 and
itself where gene 1 acts to enhance its action while itself inhibits
its action.

4.3.2. Protein diffusion
Each protein has the potential to diffuse from its local cell by

passing through its cell membrane to its near neighbours (neigh-
bouring locations are predefined and can be in current cell’s
vertical, horizontal or diagonal directions). Eq. (1) describes how
the amount of proteins changes through diffusion.

Pt+1
conc = 1

2
Pt

conc +
[

1
(2 × Number of cell borders)

]∑
Pt

conc (1)

1/2Pt
conc describes the amount of protein that is left after diffusion.

[1/(2 × Number of cell borders)]
∑

Pt
conc describes the amount of

each protein with the same ID diffusing in from each neighbour-
ing cell. Fig. 9 illustrates the process of 1/2Pt

conc: protein 3 in
a cell with initial concentration 40 diffuses to 4 neighbour cells
which initially have no proteins. If one cell gives all its neighbours
1/(2 × Number of cell borders)Pt

conc amount of the current proteins,

Fig. 9. A protein diffusion example after one time step.

each protein amount at the cell will be reduced by 1/2. This forms
the first sum parameter in the equation and defines a uniform dif-
fusion process.

4.3.3. Cell division
Cell division controls the development of the system resulting

in multi-cellularity. This model considers

• what and how much protein a daughter cell inherits from its
mother cell

• where to put the daughter cells, when this process occurs

This involves two steps: taking a proportion of proteins (e.g.
100%, or 50%) from the mother cell and obtaining the final cell pro-
teins through a protein signalling pathway. The division process
occurs during gene regulation. Some proteins are predefined to
determine the division directions so when the active gene’s product
is the division protein, a cell will have the potential to divide. Once
a cell is ready to divide there has to be a location to place the daugh-
ter cell. Division process will only occur when the division direction
is empty and within a predefined environment boundary. At each
development cycle, cells’ actions take place in an “age” order (old
cells act first). This avoids the conflicts when at the same cycle,
daughter cells try to occupy the same position. Fig. 10 illustrates

Fig. 10. Cell division example.
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Fig. 11. Cell signalling in the model.

cell division but where thresholds in gene regulatory sites, protein
diffusion and cell membrane have been ignored and gene product
generation rate is 1 for simplicity. In the example, the initial zygote
cell is placed at the south of a two-cell environment. Proteins 1 and
2 are predefined as west and north division proteins. Two genes: 0
and 1 make up the genome in the cell. The zygote has protein 0 with
concentration 10 and proteins 1 and 2 have concentration 0. With
this initialization, within 0.5 development cycle, gene 0 is active
and produces protein 0 and protein 1 each with level 10, protein 1
instructs a west division, but there is no empty place at the west
direction, so no division occurs at this half cycle as shown in Cell
Division Process Table. Protein 1 then promotes gene 1 to express
and generates protein 1 and protein 2 each with level 10. Protein 2
instructs a north division, so at cycle 1 there will be two cells in the
system. The protein level table shows that at the cycle 1, protein
0, 1 and 2’s level are the same, this stops gene 0 from expressing
again and the system comes to an idle state (no gene actions after
the first cycle as shown in gene action table).

4.3.4. Cell signalling
Proteins are involved in signalling according to their levels and

ID matches: large protein concentrations in the cell diffuse con-
stantly out of their membrane and subsequently via pathways into
neighbour cells. As described early, diffusion proteins, pathway and
cell membrane serve as cell signalling aspects in this system. These
mechanisms mimic paracrine signalling in biology.

Fig. 12. Circuit construction.

Fig. 13. Cell connection.

In Fig. 11 an example of membrane function in sender cells and
pathways in receiver cells is given. If proteins diffuse to two neigh-
bours, according to the diffusion equation, each diffused protein
in cell A will be 1/4 of the current level which is half of the total
reduction level of each protein illustrated in Fig. 11 as two released
proteins out of sender cells. One of them will pass into the receiver
cell shown in the figure, the other will pass into the other neighbour
(not shown in the figure). Since the threshold for diffusion of pro-
tein 0: 10 is larger than the amount of protein to diffuse 1/4 × 30 = 7,
its diffusion is blocked. In the receiver B cell’s surface, there is a
channel for protein 0 to pass into the cell and instigate protein 0 to
finally generate protein 1 in cell B.

Regulation and signalling change protein levels and therefore
alter protein activities, e.g. in cell A protein levels are reduced after
signalling and therefore if there are no proteins diffused in, no
signals will pass into cell B at the next cycle.

4.3.5. Mapping process
At the application level, the underlying regulation will be

mapped to the elements required for design. Through analogy
with biology we have included a process similar to the transla-
tion process in protein synthesis. Translation includes amino acid
translation and linking to polypeptide chains. This inspires gate
translation and connections in electronic circuit design. We choose
a mathematical modulo function (e.g. mod 3 in Fig. 12) as the
translation mechanism and use the connection mechanism in CGP
(Miller and Thomson, 2000) to connect gates together. Fig. 12 gives
an example of the circuit construction process. Each product is asso-
ciated with input connections as in the square bracket indicating
where the translated gates are connected. The modulo function is
used to translate products into gates as shown in the table in Fig. 12.

Fig. 13 shows an example of connecting cells together with
another CGP-like netlist. Each integer indicates where each cell
input connects. Circuit outputs connect to the last cell output.

5. Analysis

In order for a cellular regulation system to be applied for design,
we firstly require the ability of gene regulations to achieve stable
actions. Secondly such regulations should allow cells to differen-
tiate. This section will investigate the factors necessary to build a
system that meets these requirements and demonstrates the essen-
tial and necessary modelled elements and processes.

Three aspects are involved in signalling: proteins, membrane
threshold and cell pathway and that they organize two signalling
processes: diffusion and transduction events.
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Fig. 14. Feedback loops through the use of enhancers in gene regulation (x donates
“no effect”).

Fig. 15. Environment supply through inter cells to stabilize gene regulations.

5.1. Stabilization of gene regulations

A self-organized system could either move towards stability or
regular behaviour or turn into chaos. This means that in order for
our system to perform reliable actions it needs to arrive into partic-
ular regulation states (which will define the cell type). To achieve
stable gene regulation, genes need to be involved in their own
expression either in a group or by itself. There needs to be a constant
supply of regulatory proteins to regulate genes’ action. This can be
achieved by either regulation feedback loops or constant inter cell
supplies in this system.

When cells are isolated from each other, stable regulation within
cells is achieved by feedback through the use of regulatory proteins
that are gene enhancers and inhibitors. The role of an enhancer is to
exert positive control on regulation. This is necessary for situations
where the regulation behaviour is required to persist (conferring
stable behaviour). For example, in Fig. 14, on the left of the figure,
once gene 0 is activated, its own positive feedback loop will cause
its own regulation. On the right of the figure, either gene 0 or gene
1’s action will promote the other gene’s regulation, and therefore
both gene 0 and gene 1’s are in stable states.

Fig. 17. Differentiations associated with cell division and gene regulations.

In a multi-cellular system, cells negotiate through signalling.
Each cell can signal to others and affect the others regulatory envi-
ronment and hence provide regulatory resources. Fig. 15 illustrates
this, when protein 1 is infused to the zygote cell to start gene reg-
ulations, gene 0 is activated and generates protein 0. During cell
signalling, protein 0 moves into the bottom cell via its pathway
and becomes protein 2 which promotes the expression of gene 1.
Once gene 1 is expressed, it will generate protein 3 which via the
pathway will become protein 1 and promote gene 0’s expression.
Therefore, gene 0 and gene 1 are stably expressed in different cells
and provide regulatory proteins via pathways that promote each
other’s expression.

5.2. Stabilization of protein level

Enhancer proteins, if involved in positive feedback, can bring
systems to stable regulation states. This is because they are in
equilibrium with consumption and production. This process also
guarantees the level of proteins involved in regulation is balanced,
for example, protein 0 on the left of Fig. 16 is balanced because it
is constantly involved in a self-regulation process however protein
1’s level will be accumulated as shown in the protein level table. In
other words to keep the protein level balanced, it needs them to be
involved in regulations.

Negative feedback loops with a consumption process are nec-
essary to overcome the problem of accumulation. Fig. 16 shows
an example: another gene 1 is added in the right part to make
use of both products: protein 0 and 1. This gene will start
to function when protein 1’s (as enhancer) level accumulates
above protein 0’s (as inhibitor) level in the second cycle (cycle
1.5) shown in gene action table. As regulatory protein binding
involves protein consumption, proteins 0 and 1 levels at the end
of cycle 2 both have a level of 10. In the protein level table

Fig. 16. One example of stabilizing protein level.
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(shaded), the same regulations will start after cycle 2, this guar-
antees balanced product levels at the end of each cycle. In the
later experiments since applications (e.g. digital circuits) arise
from gene regulation level, the stability of proteins is not mea-
sured.

5.3. Regulation of cell differentiation

The process of cell differentiation is central to multi-cellular bio-
logical development. In biology, even the simplest multi-cellular
organisms contain hundreds of cells (for example C. elegans). These

Fig. 18. Protein and gene action table corresponding to the genetic regulatory network shown in Fig. 17.
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Fig. 19. Differentiation occurring as a result of signalling pathway.

cells usually contain the same genetic information that is derived
from one fertilized cell through mitotic cell division. The differ-
entiation process is controlled by different gene activities in cells
and the cascade of cellular processes such as inductive interactions
and asymmetries in cytoplasm that determine division (Wolfe,
1993).

A multi-cellular system function arises from the coordination
of cells of different types and functions. In addition to mechanisms

Fig. 20. Protein and gene action table corresponding to the genetic regulatory network shown in Fig. 19.
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Fig. 21. Theoretical gene regulation patterns in cellular systems.

that produce stable gene regulation states, a cell differentiation pro-
cess is required so that systems can start from one single zygote.
In the model, cell differentiation happens throughout the develop-
mental process during gene regulation, cell division and signalling.
One way to achieve cell differentiation is through the possibility
of different feedback loops arising from the genome. For example
in Fig. 17, gene regulation mimics the gene transcription process in
biology where a DNA molecule is read from the 5′ to the 3′ terminal
and regulates gene activities from gene 0 through to the last gene.
In a two-cell environment, development begins with a zygote cell
that has been initialized with an amount of protein 1. Assume that
product protein 10 is responsible for the north division of a cell.
The two resulting cells (after division) will find themselves in dif-
ferent regulation loops. Illustrated in the protein and gene action
table in Fig. 18 (at the back of the paper) at the 5/6 development
cycle, the zygote cell obtains the regulatory protein: protein 3 and
starts a stabilized regulation in gene 5 itself. The north cell starts the
regulation in next development cycle (cycle 2) and obtains the reg-
ulatory protein: protein 2 at 1 (3/6) development cycle and starts a
stabilized regulation in gene 2 itself. For implementational reasons
the new daughter cells are assumed to start their gene regulations
at the next development cycle.

Signalling pathways between cells is another way to achieve dif-
ferential gene regulation. Proteins diffusing to neighbouring cells
through pathway interactions will react to other proteins so the
actual proteins coming into neighbours could be different from
those originally present, this allows the differential gene regula-
tions between these cells. For example, in Fig. 19, there are two
regulation loops in the networks. At initialization there is protein 4
in the zygote cell; proteins diffuse to the neighbours at the end of
each development cycle via the pathway protein 3 becomes protein
1. Therefore, in the zygote cell the gene cycle ends up self-regulating

and protein 3 diffuses to its north neighbour but the north cell
receives protein 1 and it ends up in a gene 3 self-regulation loop. As
illustrated in the protein and gene action table in Fig. 20 (at the back
of the paper) at the 2/4 development cycle, zygote cell obtains the
regulatory protein: protein 3 and starts a stabilized regulation in
gene 2 itself. At the end of development cycle 1, protein 3 in zygote
cell diffuses and via its pathway turns into protein 1 and comes into
north cell. The stabilized gene regulation starts at cycle 2 in gene 3
itself.

5.4. Evolution of regulation of cell differentiation

Theoretically, considering only the binary expression, if a
genome has n genes, it contains 2n regulation states (i.e. on or
off). These regulation states are determined by the regulation envi-
ronment, e.g. the regulatory proteins in the cell. There are sixteen
different patterns from a two gene individual developing in two-
cell environments (see Fig. 21).

Practically, dynamical cell signalling and the complexity of a
regulation network make it difficult to design and obtain particular
regulation patterns. So we have used an evolutionary algorithm to
find them in multi-cellular environment. A 1 + � evolutionary algo-
rithm is used. Fig. 22 illustrates the algorithm and the parameters
for evolution and development.

Initially, 10 individuals are randomly generated. The best indi-
vidual is chosen as the parent in each generation. This parent
will generate 4 children through mutations for current generation.
These steps are carried out at every generation and stop at a pre-
defined termination generation. Fitness is evaluated at the 10th
development cycle by comparing the gene regulation patterns with
the target patterns. In order to obtain stable gene regulations, it
is summed for a further 10 development cycles. The fitness F is

Fig. 22. Search algorithm and parameters.
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Fig. 23. Random target gene regulation patterns in 3 × 3 cells.

given by

F = 1
num cycles

⎛
⎝

k=num cycles∑
k=start cycle

j=num cells∑
j=1

i=num genes∑
i=1

ıgt

⎞
⎠ (2)

where ıgt is one when the evolved gene g matches the activation of
the target gene t. For example, in a 3 × 3 cell organism with 2 genes
the highest fitness possible is 2 × 3 × 3 = 18 (assuming that all genes
match the target for all development cycles in all cells).

In the case that no better individuals are generated, the newest
child with the same best fitness will be selected as the parent to
allow some genetic drift. This has been proven to be an important
factor in solving problems (Vassilev and Miller, 2000; Yu and Miller,
2001; Yu and Miller, 2002; Miller and Smith, 2006).

Since regulatory proteins are determinants in regulation pat-
terns, the regulatory proteins in the initial cell environment are
evolved. Each cell is initialized with one protein. The genes for
cell signalling (membrane and pathways) are also evolved. Fig. 23
shows randomly chosen gene regulations and locations in a 3 × 3
environment with 2, 3 and 4 genes. A pattern is defined by both gene
regulations and environment so that the same number of differen-
tial states often refer to different patterns. A 3 × 3 cell environment
provides maximum 9 differential states which is a sub-set of 2n × 9

different patterns. Table 1 summarizes the number of gene regula-
tion states in each pattern. They are a sub-set of the total regulation
states and total patterns. The results obtained using evolution with
signalling (shown in the ‘Perfect Runs’) show that when few genes
are involved it is relatively easy to evolve solutions that regulate

Table 1
Number of states in the target 3 × 3 cells.

Random 1 Random 2 Random 3

2 genes 4 4 3
3 genes 5 5 6
4 genes 7 7 5

themselves into specific random patterns of gene regulation. This
hints more generally that it may be possible to use a small number
of genes (n) for large system (2n × cellular size) design in multi-cellular
systems by utilizing the different combinations of genes.

5.5. Evolution of differential regular regulation patterns

Differentiable regulations in the system are necessary for it to
produce different phenotypes. This is also one of the interesting
areas of investigation within developmental biology (Geard and
Wiles, 2003). The previous section shows that through evolution,
random gene regulation patterns can be achieved.

Real functional systems either natural or human designed often
present regularities. In nature, this is an emergent property arising
from its self-organization through developmental modularity and
evolutionary processes at all levels. Functional modules of proteins
(protein complexes and metabolic pathways which are considered
the primary building blocks of bimolecular systems) in species
deviated from one another through orthologous genes. These are
genes in different species that derive from a common ancestor. This
is in contrast to paralogous genes that describe homologous genes
within a single species that diverged through gene duplication and
selection of genotype–phenotype mapping mechanisms (Callebaut
and Rasskin-Gutman, 2005; Snel and Huynen, 2004). Plant and ani-
mal shapes present significant symmetry.

Research into complexity investigates the common feature of
small world patterns displayed by biological, social and technolog-
ical networks and electronics circuits (Cancho et al., 2001). This
suggests that in our model, simple regular patterns with symme-
try and positional modular gene regulations should be able to be
evolved.

Fig. 24 shows four regular gene regulation patterns in 5 × 5 cells
with 5 genes in each cell. In the vertical direction asymmetric 1 and
2 are not symmetrical, however they are symmetric with respect
to the horizontal axis. Symmetric 1 is completely symmetric both
vertically and horizontally but Symmetric 2 is only symmetric diag-
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Fig. 24. Regular target gene regulation patterns in 5 × 5 cells.

onally. Evolutionary results with and without signalling are shown
in Table 3 and the table shows that the method is highly success-
ful in producing regular patterns compared with random pattern
evolution results in Table 2.

5.6. Cell signalling

Since signalling takes place between cells during an organism’s
development, and this also affects regulatory proteins within cells,

it appears to be an important mechanism for achieving differen-
tial gene regulations in cells. We investigated this by comparing
the evolution of specific gene regulation patterns with and without
signalling. The absence of a cell membrane can be implemented by
allowing every diffused signal to pass through sender cells. Path-
ways can be removed in signalling, by making receiver cells receive
the same diffused signals as sent without transduction.

The comparison with and without signalling shows how each
aspect (membrane and pathway) affects the achievement of gene
regulation patterns): In the result in Table 2, “without pathway”
shows the effect of cell membrane and “without membrane” shows
the effect of pathway. In Tables 2 and 3 the different shading high-
lights the different effects of signalling and no signalling (dark
shading for best effects, light shading for worst effects (no shading
is not included). The results for random target patterns show that
including both membrane and pathway mainly gives much better
results. Removing pathways and/or membranes (especially mem-
branes) produces worse results. This can be seen in Fig. 25 where
average evolution results are compared. When we investigated the
role of these signalling mechanisms for symmetric and asymmetric
5 × 5 cell organisms we found that removal of cell membrane had
a more dramatic worsening effect. These suggest that membrane
thresholds in this system have an important role in allowing cell
signalling to influence the production of specific regulation pat-
terns. The pathways have a smaller affect. With regular target gene
regulation patterns (non-random) cell signalling mechanisms are
less important and the initial proteins can be enough to achieve
certain regular patterns. This can be seen by comparing the results
from “with signalling” and “no signalling”. However, random pat-
terns are complex, and here cell signalling is much more important

Table 2
Evolution of random gene regulation patterns in 3 × 3 cells.

Signalling Best/max fitness Perfect Runs Average best
fitness

Standard deviation of
best fitness

2 genes Random 1 With Signalling 18/18 8/10 17.6 0.04
No signalling 16/18 0/10 15.8 0.05
No pathway 18/18 4/10 17.2 0.04
No Membrane 17/18 0/10 16.5 0.06

Random 2 With Signalling 18/18 9/10 17.9 0.02
No signalling 17/18 0/10 16.8 0.04
No pathway 17/18 0/10 16.8 0.04
No membrane 18/18 4/10 17.2 0.05

Random 3 With signalling 18/18 9/10 17.7 0.05
No signalling 18/18 9/10 17.8 0.03
No pathway 18/18 6/10 17.3 0.06
No membrane 18/18 4/10 16.7 0.06

3 genes Random 1 With signalling 27/27 7/10 26.7 0.02
No signalling 25/27 0/10 24.6 0.03
No pathway 27/27 1/10 26.1 0.01
No membrane 26/26 0/10 23.5 0.08

Random 2 With signalling 27/27 10/10 27 0
No signalling 26/27 0/10 25.7 0.03
No pathway 27/27 9/10 26.7 0.03
No membrane 26/27 0/10 24.7 0.04

Random 3 With signalling 27/27 6/10 26.6 0.02
No signalling 25/27 0/10 24.5 0.03
No pathway 27/27 5/10 26.4 0.03
No membrane 27/27 1/10 25.7 0.04

4 genes Random 1 With signalling 36/36 1/10 34.7 0.04
No signalling 33/36 0/10 32.1 0.04
No pathway 36/36 2/10 34.1 0.04
No membrane 32/36 0/10 30.8 0.06

Random 2 With signalling 36/36 2/10 34.6 0.03
No signalling 33/36 0/10 32 0.04
No pathway 35/36 0/10 33.5 0.04
No membrane 34/36 0/10 32.3 0.04

Random 3 With signalling 36/36 4/10 34.7 0.04
No signalling 34/36 0/10 32.9 0.03
No pathway 35/36 0/10 34.5 0.03
No membrane 34/36 0/10 33.1 0.03
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Table 3
Evolution of regular gene regulation patterns in 5 × 5 cells.

Signalling Best/max fitness Perfect Runs Average best fitness Standard deviation of best fitness

Symmetric Pattern 1 With signalling 125/125 10/10 125 0
No signalling 125/125 10/10 125 0
No pathway 125/125 10/10 125 0
No Membrane 122/125 0/10 109.3 0.06

Pattern 2 With signalling 125/125 3/10 124.3 0.004
No signalling 125/125 10/10 125 0
No pathway 125/125 10/10 125 0
No membrane 125/125 3/10 111.4 0.10

Asymmetric Pattern 1 With signalling 125/125 9/10 124.5 0.01
No signalling 125/125 9/10 124.5 0.01
No pathway 125/125 9/10 124.5 0.01
No membrane 120/125 0/10 116.1 0.04

Pattern 2 With signalling 125/125 9/10 124 0.02
No signalling 125/125 3/10 124.3 0.004
No pathway 125/125 2/10 124.2 0.004
No membrane 125/125 1/10 118.9 0.03

so that both transient and permanent regulatory proteins can take
roles in regulations.

5.7. Signalling at the application level

In the application level, the signalling between cells is through
cell outputs. In Fig. 26 the cell circuit had a single output that could
potentially be used (as an input) to another cell. In Fig. 27 cells can
exchange information through their 5 outputs. In this section, we
will investigate this level of cell signalling in achieving small cir-
cuit tasks: 1 bit adder, 2 bit multiplier and even 3 parity for each

Fig. 25. Signalling effect to achieve random patterns.

Fig. 26. One cell output.

problem. Fig. 28 shows that the best average results occur for the
number of outputs that is intermediate between 1 output signalling
and 5 output signalling. In the case of the 1 bit adder, a 2 bit cell
output achieved the highest fitness, for even 3 parity, 2 and 4 bit
cell outputs produce the same average results, and for 2 bit mul-
tiplier, 3 bit cell outputs produce best average. Table 4 lists more
detailed evolution results of each function with different number
of cell outputs. From the results, we can see that although more
cell outputs provide more signalling between cells, they increase
the search space, for example, the connection choices for each cell
input will be increased by Cell No. × (No. of Cell Outputs − 1). Better
solutions are the ones that present the best trade off, e.g. the dark
shading in the table highlighting the best results of each case.

Fig. 27. More cell output.

Fig. 28. Average 30 runs: number of cell output comparison.
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Table 4
Evolution results of circuit functions with different number of cell outputs.

Best/max fitness Perfect runs Average best solutions Standard deviation of the best solutions

1 bit adder 1 bit cell output 16/16 10/30 14.63 0.0737
2 bit cell output 16/16 28/30 15.93 0.0159
3 bit cell output 16/16 27/30 15.9 0.0191
4 bit cell output 16/16 23/30 15.73 0.0315
5 bit cell output 16/16 17/30 15.47 0.0426

2 bit multiplier 1 bit cell output 62/64 0/30 59.1 0.016
2 bit cell output 64/64 4/30 61.2 0.029
3 bit cell output 64/64 7/30 62.53 0.019
4 bit cell output 64/64 5/30 61.6 0.026
5 bit cell output 64/64 2/30 61.17 0.025

Even 3 parity 1 bit cell output 8/8 12/30 7.2 0.095
2 bit cell output 8/8 26/30 7.87 0.043
3 bit cell output 8/8 21/30 7.57 0.091
4 bit cell output 8/8 28/30 7.87 0.048
5 bit cell output 8/8 24/30 7.8 0.044

5.8. Degeneracy in design

In an analogue of biological development, individuals (circuits)
are continually generated during development and through the
degeneracy of the underlying gene regulations the mapping pro-
cess can produce the same circuit behaviour (from different genes).
Degeneracy is present at many levels of the system as described in
the following examples.

As a result of the modulo operation in gate translation, many
gene product proteins can map to the same gate function, this
mimics how mRNA codons are translated to amino acids in protein
synthesis. So this is one form of degeneracy in the genetic repre-
sentation. Fig. 29 gives an example of redundant functions provided
from two degenerate genes.

Genes with different regulatory sites but the same products
will also generate functional redundant gates as in the example in
Fig. 30. The same translation function and gate types are provided
as in Fig. 29. Genes once regulated will generate the same products
which will be translated to the same gates.

Different environmental contexts can cause different gene reg-
ulations that generate the same structures and present degeneracy
during regulation. Fig. 31 shows an example of two different
genes. They regulate independently with different context stim-
ulation and generate the same products thus produce the same
gates.

When the combination of regulatory proteins is determined
by the gate types, the same gene can be regulated by different
regulatory proteins. This means that there is regulatory protein

Fig. 29. Genetic code degeneracy.

Fig. 30. Gene regulatory site degeneracy.

degeneracy. Fig. 32 shows one example of this, where both regula-
tory protein 0 and 4 can bind with regulatory site 0 and therefore
regulate gene 0’s action and generate gates.

Incorporating the same gate connections with degenerate genes
or degenerate gene regulations will construct degenerate circuits
as the example in Fig. 33 where gate 3 and gate 5 generate the same
outputs from different gene actions.

Using a CGP representation approach also allows degeneracy
since different netlists may construct the same functions since they
differ in connection genes that are not used. Fig. 34 shows two dif-

Fig. 31. Regulation (slicing) degeneracy.

Fig. 32. Regulatory protein degeneracy.

Fig. 33. Circuit construction degeneracy.
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Fig. 34. Degeneracy from neutral gates.

ferent translated netlist that yield the same output from gate 6. The
first and third translated have no affect on this output.

These introduce alternative mechanisms for introducing redun-
dancy from traditional robustness technique. At the application
level damage of gate functions could be recovered by its constantly
dynamical regulation mechanism. Even when there is damage at
the gene level such as gene knock out damage, with degeneracy,
there will be functional replacement. Embedding various regula-
tory proteins at the underlying level can give tolerance to transient
faults such as signal disturbance.

6. Summary

Motivated by the characteristics presented by natural organ-
isms, this paper has reviewed biological construction mechanisms
from gene regulation network to protein synthesis with cell sig-
nalling in the development of multi-cellular system. We reviewed
degeneracy as a common characteristic which corresponds to the
robustness in organism. Inspired by these mechanisms, a biological
inspired model is built up that uses Genetic Regulatory Network
and development mechanisms for engineering design. The sys-
tem organizes itself through its gene regulation and cell signalling
mechanisms and develops into a multi-cellular organism. We show
that both the positive and negative feedback loops in gene reg-
ulations are important aspects in achieving stabilized inter and
intra regulatory cellular system. Cell signalling such as membrane
threshold and pathway assists in achieving differentiated gene reg-
ulation patterns.

From the model abstraction point of view, many bio-inspired
developmental models are based on cellular automata, e.g. in
Miller’s system and its implementation with neighbour cell cou-
pling is used to achieve the global regulation (Miller, 2004).
Similarly the cell chemistry based and morphogenetics system pro-
posed by Roggen and Federici (2004) and Gordon’s system (Gordon
and Bentley, 2005) also directly apply neighbours’ protein states
to determine gene regulation in cells. The work presented here
has identified and abstracted other biological processes such as
signalling pathways and cell membrane thresholds. These can be
helpful for tuning signalling between cells so that each cell could
either regulate itself alone or strongly or weakly couple with its
neighbours. Membrane threshold could be viewed as filters, block-
ing the unnecessary regulatory proteins from the necessary in
achieving cell differentiation.

From the design point of view, it defines a layered design method
to separate biological mechanisms: gene regulation, cell signalling
and system construction. It uses the mechanisms from protein syn-
thesis: mRNA translation to link the underlying and application
together. This construction mechanism introduces degeneracy as
an alternative mechanism to achieve robustness in design.

At the application level, cell signalling is allowed through choos-
ing the number of cell outputs. Evolution finds the best trade off
between the highest cell signalling (defined by gene product num-

ber and the predefined cell input number) and lowest signalling
number. This reminds of the trade off between amount of com-
putation required and biological complexity. However with the
development of nanotechnology and the reduced cost of electronic
chips and memories, and the emerging research into using new
media for the computation purposes (Harding et al., 2008; Fair,
2007), utilizing biological mechanisms for engineering design is a
promising approach for building intelligent systems.
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