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Abstract. The quest for novel and unconventional computing machines
is mainly motivated by the man-machine dichotomy and by the belief
that dealing with new physical computing substrates, new environments,
and new applications will require new paradigms to organize, train, pro-
gram, and to interact with them. The goal of this contribution is to delin-
eate a possible way to address the general scientific challenge of seeking
for further progress and new metaphors in computer science by means
of unconventional approaches. Here we outline an amalgamation of (1)
a particle-based, randomly interconnected, and reconfigurable substrate,
(2) membrane systems, and (3) artificial chemistries in combination with
(4) an unconventional adaptation paradigm.

1 Introduction and Motivation

Biologically-inspired computing (see for example [28,18] for a general introduc-
tion), also commonly called natural computing, is an interdisciplinary area of
research which is heavily relied on the fields of biology, computer science, and
mathematics. It is the study of computational systems that use ideas and draw
inspiration from natural organisms to build large, adaptive, complex, and dy-
namical systems. The principal goal of biologically-inspired computing is to make
machines more lifelike and to endow them with properties that traditional ma-
chines typically do not posses, such as for example adaptation, learning, evolu-
tion, growth, development, and fault-tolerance.

It is evident that biological organisms operate on completely different princi-
ples from those of computer science (i.e., the man-machine dichotomy). Whereas
life itself might be defined as a chemical system capable of self-reproduction and
of evolution, computers constitute a fundamentally different environment where
such processes are not naturally occurring. This and our still poor understanding
of nature in many aspects makes it particularly difficult to copy it. Further dif-
ficulty often resides in the way how information in computers is represented and
processed. Mimicking biological information processing on computing devices,
for example, which usually process information serially, is highly inefficient be-
cause of the massively parallel character of biological systems. Also, whereas
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the concepts of computability and universal computation are undoubtedly cen-
tral to theoretical computer science, their importance might be questioned with
regards to biological organisms and biologically-inspired computing machines.
The well known concept of computation (as defined for example by a Turing
machine) can in most cases not straightforwardly be applied to biological com-
ponents or entire organisms and there is no evidence that such a system can
compute universally, on the contrary, nature usually prefers highly specialized
units. For example, it is much debated among neuroscientists, cognitive scien-
tists, computer scientists, and philosophers whether the metaphor of the brain
or mind as a digital computer is reasonable. However, although we have experi-
enced in the past that biological organisms are generally difficult to describe by
algorithmic processes, there is little reason to believe that they compute beyond
the algorithmic horizon [33], since, at the bottom, one might reason, it is all
just physical stuff doing what it “must.” Yet another debate is focused on what
cognitive paradigms should be used in order to obtain “intelligent” agents. This
seems to somehow become an eternal and useless discussion since—as in many
other fields—there is no best model. Different models are better for different
things in different contexts.

The quest for novel computing machines and concepts is mainly motivated by
the observation that fundamental progress in machine intelligence and artificial
life seem to stagnate [3]. For example, one of the keys to machine intelligence
is computers that learn in an open and unrestricted way, and we are still just
scratching the surface of this problem. Connectionist models have been unable to
faithfully model the nervous systems of even the simplest living things and par-
allel programming has failed to produce general methods for programming mas-
sively parallel systems. Our abilities to program complex systems are simply not
keeping up with the desire to solve complex problems. But is “programming’™—
by means of a high-level language for example—really the best solution for this
kind of challenge? I do have more hope in self-organization and learning when
it comes to the creation of highly complex and massively parallel systems. But
this opens numerous additional problems, such as the general lack of systematic
and formal approaches which would allow to gradually create hierarchical and
complex systems that scale-up well, for example.

Tomorrow’s grand challenges for computer science are not likely to be bound
to any specific real-world application, but one would rather like to have general
mechanisms—at least in a first step—that would allow to gradually and auto-
matically create complex systems. Typical issues often mentioned are robustness
towards failures, scalability, adaptation towards an ever-changing environment,
and more complex machines in general. Also, tomorrow’s computers are likely
to be ubiquitous and invisible, which requires a paradigm shift in how we orga-
nize, train, program, and interact with them. We believe that these challenges
are best approached by unconventional paradigms instead of “straying” around
the well-known concepts, changing the model’s parameters, and putting hope
in increasing computing power. Using Brooks’ words, we rather believe in “[. . .]
something fundamental and currently unimagined in our models” [3] than in all
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other possibilities, although they might play a role as well. We need new tools and
new concepts that move seamlessly between brain, cognition, and computation—
a finding that has also been made in a 2002 NSF/DOC-sponsored report [27].

The general goal of this contribution—presented in the form of a outline—is
to illustrate one possible way to address the general scientific challenge of seeking
for further progress and new metaphors in computer science by means of uncon-
ventional methods. The presented ideas should be seen as a fully integrative
approach for an unconventional computing machine, which includes everything
from the underlying hardware to its organizational principles. The work is on-
going and further develops some of the ideas first presented in [32]. Please also
note that the goal of this contribution is to give an overview and it is therefore
not self-contained and does not address all the details.

The remainder of the paper is as following: Section 2 gives an overview on the
architecture and mentions some relevant related work. Section 3 illustrates the
programmable reactor multitude and its communication structure. The imple-
mentation of cells and hierarchical structures is outlined in Section 4 and Section
5 explains the basics of chemical blending. Finally, Section 6 concludes the paper
and delineates future work.

2  Architectural Overview

Different areas in computer science on different levels are facing the same funda-
mental problems. For example, an ideal mobile phone communication network
is self-organized, robust, self-healing, and scalable, which might simply be trans-
lated into the capacity to adapt to a complex, uncertain, and ever-changing
environment. The same generally applies to distributed sensor networks, mesh
networks, the internet, collective robotics, amorphous computers, molecular elec-
tronics, and many other fields. All these applications are typically characterized
by decentralized control, asynchronous operation, and by the fact that failures
may occur at any time. However, they differ significantly in several aspects,
such as for example power consumption, resources available, agent density, and
communication infrastructure.

The specific goal of this work was to propose a novel reconfigurable com-
puter architecture that is based on an amalgamation of (1) a particle-based
and randomly interconnected substrate, (2) membrane systems, and (3) artifi-
cial chemistries in combination with (4) an unconventional adaptation paradigm.
An overview of the architecture is given in Figure 1.

In order to obtain a fault-tolerant system, the proposed architecture relies on
a simple, irregular, inhomogeneous, locally interconnected, asynchronously oper-
ating, and imperfect particle-based substrate (see Section 3), not unlike an amor-
phous computer. Currently, the only possibility to build a perfect machine out of
imperfect components is to make use of redundancy at some level, such as spare
components, which clearly favors a particle-based implementation. Scalability
is assured by avoiding central control and by using local interactions only. We
will also make extensive use of artificial chemistries, which represent—if appro-
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Fig. 1. Overview of the different levels of the proposed reconfigurable computer archi-
tecture: (1) particle substrate, (2) membrane systems used to build hierarchical levels,
and (3) an unconventional method to search for “good” membrane systems. Artificial
chemistries are used on all levels

priately used—an ideal means to compute in uncertain environments. Further,
they have also been identified as potentially very promising for the perpetual
creation of novelty [11], a feature that shall be later used to support adaptation.
In order to be able to create hierarchical organizations, we will make use of cells
and membranes throughout the system (see Section 4). Thereby, membrane sys-
tems will serve as a main source of inspiration. Finally, adaptation is achieved by
a method inspired by conceptual blending [7,6], a framework of cognitive science
that tries to explain how we think and deal with mental concepts. However, in-
stead of dealing with concepts, we will use artificial chemistries in combination
with membrane systems (see Section 5).

A number of completed and ongoing projects in the computer science research
community are dealing with alternative computer architectures. We shall briefly
focus on some relevant representatives. One of the most prominent projects in
the field is certainly MIT’s amorphous computing project' [1,19]. Amorphous
computing is the development of organizational principles and programming
languages for obtaining coherent global behavior from the local cooperation of
myriads of unreliable parts that all contain the same program and that are
interconnected in unknown, irregular, and time-varying ways. In biology, this
question has been recognized as fundamental in the context of animals (such
as ants, bees, etc.) that cooperate and form organizations. Amorphous comput-
ing brings the question “down” to computing science and engineering. Using the
metaphor of biology, the cells cooperate to form a multicellular organism (also
called programmable multitude) under the direction of a genetic program shared
by the members of the colony.

Blob Computing® [15,14] is an ongoing project that is based on a coupled
language-machine approach. The goal is to present an alternative to the well-
established von Neumann paradigm in order to tackle the major limitations of
current computer architectures. The model is designed to exploit “space” and
is based on a massively parallel and asynchronous computational architecture

! Website:http://www.swiss.ai.mit.edu/projects/amorphous
2 Website: http://blob.1ri.fr
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that offers a good scalability combined with a language that allows to fully ex-
ploit the underlying hardware. The programming language relies on a virtual
machine called graph machine, which is a self-modifying and self-developing net
of automaton. This basics of the language date back to Gruau’s work on cellular
encoding (see for example [12,13]). Each node (i.e., automaton) of the graph
can locally modify the graph and can apply cell division instructions in order to
develop the graph. A cell can for example simulate a simplified artificial neuron,
thus a cellular code can develop and simulate an artificial neural network. Map-
ping, a central challenge of parallel programming, is the problem of determining
which processor will simulate which cell of the graph. Naturally, a good place-
ment reduces the distance between the nodes that communicate. Gruau et al.
use physical forces for optimizing the shape and the location of a blob and thus
solve the mapping problem in an elegant way. As a proof of concept, they illus-
trate several interesting examples and experiments in [14], such as QuickSort,
building neural networks, and matrix multiplication.

Both, the amorphous computing and the Blob computing project are based
on an irregular, randomly arranged, and locally interconnected underlying hard-
ware structure. Examples of unconventional reconfigurable hardware architec-
tures based on a regular arrangement of the basic components are the Embryon-
ics [17], the POEtic project [31,35], and the CellMatriz architecture [16], which
all resemble traditional Field Programmable Gate Arrays (FPGAs) [34]. Finally,
on a totally different level, but with very similar goals (i.e., robustness, self-
healing and repair, adaptation), IBM has launched the autonomic computing’
initiative some time ago.

3 The Programmable Reactor Multitude

At the bottom of our reconfigurable architecture (see Figure 1) lies the Pro-
grammable Reactor Multitude (PRM), which shall be briefly described in the
next two sections. The programmable reactor multitude (i.e., the hardware) is
made up of a set of interconnected particles, each of which contains as a main
element a chemical reactor.

3.1 Communication Structure

MIT’s amorphous computer communication model assumes that all processors
have a circular broadcast of approximately the same fixed radius (large compared
to the size of the processor) and share a single communication channel. Since our
goal was to propose a new reconfigurable computer architecture, we have chosen
wire-based communication instead of wireless broadcast. The communication
model is illustrated in Figure 2. Each processor ¢ receives inputs from an average
of K4y randomly chosen neighbors that lie within a maximum radius of ¢;. Self-
connections are not allowed, but multiple connections are allowed. Further, all

3 Website: http://www.research.ibm.com/autonomic
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Fig. 2. Illustration of the inter-processor’s communication model. Each randomly ar-
ranged processing element ¢ (i.e., particle) receives inputs from an average of Kgvg of
its neighbors that lie within an maximum radius of ¢;. Multiple connections to the
same neighbors are allowed, self-connections are not allowed

communication channels are single and bidirectional. We also assume that the
processors are randomly and densely distributed on a two-dimensional surface
and that their physical position as well as their wiring are fixed, but that they
might be unreliable. For applications such as reconfigurable silicon-based circuits,
printable digital circuits, etc., this seems to be a reasonable constraint. The
processors do not possess any information about their physical location and can
only communicate with their immediate neighbors.

The main reason for choosing this alternative communication model was to
facilitate circuit-based real-world implementations, where long-distance connec-
tions are generally costly in terms of resources used and where radio-broadcast is
inadequate and unnecessary. It was further inspired by small-world graphs [30],
which have short average interconnection lengths but high clustering coefficients.
Although our connection graph does not exactly have small-world properties nor
is it scale-free, it is a reasonably good approximation and easy to create. Obvi-
ously, a necessary condition for a correct operation is a connection graph without
disconnected regions, as this would prevent communication among all particles.
In order to provide a fault-tolerant communication structure, however, redun-
dant links, i.e., multiple paths between two locations are necessary since it must
be possible in such a case to re-route traffic via alternative routes.

The message routing protocol is very simple and is based on chemical gradi-
ents only. This makes the message handling easy in case of faulty connections
and processors, in which case the messages simply choose an alternative route
in the direction of the gradient. However, at the same time, the expected time
to deliver a message is hard to estimate since its exact route is unknown. There
are basically three types of communication primitives: (1) broadcast a message
to all neighboring processors, (2) deliver a message to the source of a certain
gradient, and (3) search for a processor that satisfies a specific condition. For
more information, the interested reader is also referred to [32].
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3.2  The Particle’s Functionality

Several processor architectures have been proposed within the amorphous com-
puting project at MIT. Here, we will focus on yet another version, which is
mainly based on a chemical reactor paradigm, which helps to keep the over-
all design simple, uniform, and universal. The main part of the processor, also
called particle or amorphon is essentially composed of a stochastic chemical reac-
tor, which can host a limited number of molecules and reactions of an artificial
chemistry. An artificial chemistry [5] is a man-made system defined by a set
of reactions, a set of molecules, and by reaction dynamics which describe how
the elements interact. Here, we use a rewriting-based chemistry with molecules
such as for example w = {a,b,c} and reactions such as r = {a — ¢,b — a}
(see also Section 4). In our case, the reaction dynamics are as following: the
algorithm randomly draws a reaction and then checks whether it can be applied
with the molecules currently present in the reactor. If yes, the rewriting takes
place, otherwise a new reaction will be drawn.

Figure 3 shows a simplified view of a particle with its stochastic chemical
reactor. All incoming messages containing molecules or reactions are fed into
the reactor. Once in there, each chemical has a probability pjeqve to leave the
reactor and to be distributed to their interconnected neighbors according to
the protocol they specify with their special symbols, which shall be described
in the next section. We will see in Section 4 how the membranes will restrict
the chemicals to float around on the entire substrate. The resulting system is a
distributed reactor network with similar chemical concentrations in all reactors.
The system is entirely reconfigurable since the contents of the reactors is not
restricted.

amorphon reactor

particle particle

particle (enlarged)
{

Fig. 3. Simplified view of a particle and its stochastic chemical reactor. Each chemical
(i-e., molecule or reaction) has a probability of pieave to leave the reactor. The particle
is interconnected with its local neighbors as explained in the previous section
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Note that this only gives a partial overview on the system. Each particle
contains further components that deal for example with gradient information,
that locally store their values, and that route messages. We shall not go into
further details here as the chemical reactor represents the central element. Also,
the issue on how the reactors are initialized is not addressed here and we simply
assume a certain initial state of the entire programmable reactor multitude for
the sake of simplicity.

In the next section we shall see how membrane systems can be built on top
of a programmable reactor multitude.

4 Implementing Hierarchical Organizations with
Membrane Systems

The biological cell is undoubtedly the structural and functional unit of all liv-
ing organisms. Because of its importance, countless computational models with
to goal to mimic or copy cells in nature have been proposed. In this section,
we will draw inspiration from a particular cellular model in order to implement
hierarchical membrane structures on top of a programmable reactor multitude.
The main goal of this approach is to create hierarchical organizations, which
will later be used by chemical blending (see Figure 1 and Section 5). Also, hi-
erarchical composition is ubiquitous in any physical and biological system and
offers many benefits. For example, it is a means to divide and “hide” complexity,
to save resources since the building-blocks might be shared and re-used, and
to create higher levels of abstraction. The formation of groups and hierarchies
was also extensively addressed in the amorphous computing project. For more
information, see for example [4,20].

4.1 Membrane Systems

In 1998, Paun initiated P systems (or membrane computing) [22,24] as a highly
parallel, though theoretical computational model afar inspired by biochemistry
and by some of the basic features of biological membranes. A typical P system
(note that many variations exist) consists of cell-like membranes placed inside a
unique “skin” membrane. Multisets of symbol objects and a set of evolution rules
are then placed inside the regions delimited by the membranes. This artificial
chemistry, which evolves over time, can then be used to compute. Figure 4 shows
an example of a P system that generates n?,n > 1. For more details see [22].
The fact that all rules have to be applied in parallel in all membranes adds
resources and difficulties for hardware implementations because of the global
control signals needed for the synchronization. However, it makes the system
easier to create and to analyze. Despite this, Petreska and Teuscher [26] have
recently proposed a first P system implementation on traditional reconfigurable
circuits, which greatly speeds up their simulation. An additional problem is the
fact that membrane systems are usually engineered by hand as no methodology
exists so far on how to set up an artificial chemistry for a given task. Specifying
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Fig. 4. A P system that generates n?,n > 1, where n is the number of steps before the
first application of the rule a — bd. Redrawn from [23]

a non-trivial task algorithmically might of course by very hard, but if the prob-
lem is solvable by a machine, we know it can be done. Nevertheless, P systems
are particularly interesting for our purposes since they allow to easily create
hierarchies, which we consider a key issue for the creation of complex systems.
Also, this will allow us to create compartments for constraining the unlimited
spreading of the chemicals in the programmable reactor multitude network.

4.2 Membrane Systems on a Programmable Rector Multitude

In order to be able to efficiently and elegantly implement membrane systems on a
programmable reactor multitude, we have modified classical P systems in several
points. The following list provides an incomplete overview of the main points:

— The rules are no longer applied in parallel in each membrane, instead they are
applied stochastically and asynchronously and there are no priority relations
between the rules.

— Compared to classical P systems, where the rules do not usually change, our
rules can be rewritten and created by rules as well. For instance, the rule
a(b — ¢) — d requires a molecule a and a rule b — ¢ to be applied. The two
elements would then be removed from the chemistry and replaced by d. This
possibility allows to (self-) modify the reactor’s “program,” i.e., its rules, and
offers more flexibility than a fixed set of rules.

— A set of special symbols defines additional actions for each rule: r = (u, s,v) =
(u — sv), where u,v are multisets over the symbols of an alphabet V' and
the set R* of all reactions r, and where s is a special operator symbol from
a set S. The special symbols allow to send objects to different neighboring
membranes, to dissolve and create membranes, and will later allow us to
implement chemical blending, but overall, they offer simply a mechanism to
attach a certain additional action of any kind to each rule. The implemen-
tation of the special symbols (i.e., the microsteps) is generally done outside
the reactor.
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— The inter-membrane communication is modified such that a membrane can
not only send objects to its outer compartment, but also to a specific mem-
brane in that compartment.

These modifications are less guided by theoretical than by practical consid-
erations. Whether they make our membrane systems computationally more or
less powerful than their classical counterparts remains to be investigated, but
was not the focus on this work.

From an implementational point of view, every cell in a membrane system will
be represented by a set of neighboring particles from the programmable reactor
multitude. Chemicals of that cell can only leave this set of processors by means
of special commands, otherwise they will move inside the cell only. Remember
also that each reactor has a limited capacity, i.e., the more chemicals have to
be stored, the more reactors are required to make up the cell. Also, the goal
is to have a larger number of reactors available for each cell than it would be
strictly necessary in order to obtain a fault-tolerant system. Ideally, there should
be redundancy that allows to “lose” at least one particle out of one cell. In such
a case, it is for instance possible to hold a concentration of chemicals (e.g, a)
above a certain threshold by means of simple rules, even if the concentration
is disturbed by removing or adding reactors. Figure 5 illustrates this with the
following rules: r1 = a — a? and ry = a™ — a”, where n < m . Rule r; lets the
concentration grow constantly but slowly, whereas rule ry reduces the number
of molecules once it has reached a certain upper threshold m instantly by m —n

Evolution of the chemical concentrations
20 T T T T T

Concentration (number of chemicals)

0 | | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Time steps

Fig. 5. Holding a concentration of chemicals a constant. The disturbances at time steps
300 and 600 do only briefly alter the concentration
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1

particle

Fig. 6. Two possibilities of implementing hierarchical membrane systems on a pro-
grammable reactor multitude. See text for description

molecules. As one can see, the concentration shows a sawtooth-like behavior for
m = 10 and n = 8, but proves to be very robust against unexpectedly external
influences.

Let us now see how we can implement a membrane system, as shown in
Figure 4, on a programmable reactor multitude. There are two principal ways: (1)
respect the membrane’s hierarchical organization or (2) lay the individual cells
flat out. The two possibilities are illustrated in Figure 6. Possibility (1) seems
more natural, but there is a major drawback when a new cell has to be added.
In that case, existing cells would have to be enlarged in order to create room for
the new cells, which represents a time-consuming and non trivial task—especially
in the case of many hierarchical levels—given our simple processing elements.
Possibility (2) avoids this drawback, but in that case the communication between
the cells is more complicated. However, in most cases, this possibility seems to
be more appropriate, since adding and removing cells is greatly simplified.

5 Chemical Blending

Conceptual blending (or conceptual integration) [7,6] is a theory developed by
Fauconnier and Turner about conceptual spaces and how they develop and pro-
liferate as we talk and think. Conceptual spaces consist of elements and relations
among them and are of course not directly instantiated in the brain, instead, they
should be seen as a formalism invented by researchers to address and certain is-
sues of their investigation. When two conceptual spaces are blended together,
the new space contains parts of the original spaces, but it usually also contains
emergent structure. Very simple examples are “houseboat” or “computer virus,”
a more complex blend would be “digging one own’s grave.” For most real-world
situations that are more complex that a simple metaphor, blends develop in
larger conceptual integration networks, which are networks of conceptual spaces
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and conceptual mappings. The blend’s “quality” and “usefulness” is guided by a
set of optimality principles (see [7] for more details), most of which use human
judgment, which makes them hard to implement in computational frameworks.
Since the entire blending framework lacks a formal approach, different people
have worked on explicit computational approaches in recent years [36,8,9,25,10].
Also, conceptual spaces and blending are just a good tool to study meaning in
natural language, metaphors, and concepts, but they are not generally suitable
to talk about the structure of things [9]. Hence, Goguen and Harrell recently
proposed a blending algorithm called structural blending [9,10], which also takes
into account structure.

While all current computational approaches deal with concepts, we are in-
terested in a very different approach here: we are looking for an unconventional
adaptation paradigm in the context of artificial chemistries and membrane sys-
tems. Drawing inspiration from the constructing and optimality principles of
blending seemed promising since blending creates emergent structure, i.e., nov-
elty, and could therefore in principle be useful to discover new solutions. Also, as
mentioned earlier, artificial chemistries have been identified as potentially very
promising for the perpetual creation of novelty, which, together with a blending-
inspired method, could lead to interesting properties. Finally, please note that
the chemical blending approach is not intended to faithfully model blending, but
only draws inspiration from it instead.

The following analogies were basically used: a mental space is replaced by
a membrane system whereas objects and rules became molecules and reactions.
Also, the three constructing principles of blending [7], namely (1) composition,
(2) completion, and (3) elaboration can straightforwardly be replaced by com-
posing, completing, and applying the rules of the membrane system. As the
blending’s optimality principles do basically only make sense for conceptual in-
tegration, we have completely replaced them in a first step by an alternative
fitness-based measure as commonly used in evolutionary algorithms. The devel-
opment of specialized optimality principles for artificial chemistries is envisaged
for future work.

Figure 7 provides an overview on how a new cell is blended from two single-
membrane input cells. We have implemented one possible method which shall
now briefly be described. Let us assume two single-membrane systems (as shown
in Figure 7) that contain a certain number of molecules and reactions. The goal
is to create a new single-membrane system that contains “emergent content”
from the two original cells. For the sake of simplicity and because the reactions
represent the cell’s “program,” we will only focus on the chemical reactions and
not on the molecules here. One of the first steps of blending consists in estab-
lishing a cross-space mapping between related elements. In order to do this, we
introduce an activity and a similarity measure. The similarity measure considers
the rule’s symbols and structure and measures how related they are whereas
the activity measure compares how often the rules are used. The idea is that
rules with similar or opposite structure and activities should be more likely to
be combined to form new rules than any other combination. The mapping is
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Fig. 7. Blending a new cell from two single-membrane input cells. See text for more
details

established by merging the rules of the two cells together in one membrane and
by letting them “float” around freely in the reactor network while they “look out”
for suitable partners according to the similarity and the activity measure. Not
all reactions need to be paired together with another reaction. After some time,
the reaction pairs will be blended by randomly taking elements from one of the
two reactions in order to form similar, yet new reactions. The resulting cell will
therefore contain a mix of new reactions created on the basis of the old ones, but
will also contain original elements as well. From an implementational point of
view, all these steps are realized by means of special symbols in the reactions as
described in Section 4.2. Note that the activity and similarity measure as well as
the way the new rules are constructed depends on the application and on what
information the objects and rules represent and work on. The above example
should thus only be considered as a case study.

So far, we have have only seen how to blend a new cell from two input cells,
but how can this mechanism be used for creating good new cells that would solve
a certain problem? The basic idea is similar to the principles of evolutionary algo-
rithms (EAs). Instead of using optimality principles, each cell becomes a fitness
value assigned that expresses how good a given task is solved. As with EAs, one
would then maintain a population of cells where the worst cells die out and the
good ones survive. Instead of applying crossover and mutation operators, we sim-
ply apply the blending mechanism to create a daughter cell from to parent cells.

In [32], we have illustrated in a simple toy application that the above de-
scribed blending method works for a simple pattern classification tasks. Ex-
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tending the method in order to apply it to a robot’s maze navigation task, for
example, would be pretty straightforward. Also, we have so far only focused on
a blending mechanism for single membrane systems. Blending multi-membrane
systems and testing the gradual creation of more hierarchical levels will be ad-
dressed in future work.

6 Conclusion

We have outlined an unconventional reconfigurable computer architecture en-
hanced with an unconventional adaptation paradigm. The resulting architecture
is completely decentralized, particle based, supports the creation of hierarchical
membrane systems, and represents a support for chemical blending, which on
its turn can be used to create new membrane systems. In combination with a
population of membrane systems and a fitness-based optimality measure, this
allowed us to implement an algorithm not unlike an evolutionary algorithm in
order to create membrane systems able to solve a given task.

Most of the proposed concepts have been implemented and simulated in Mat-
lab, but so far only on their individual level (as shown in Figure 1). Simulat-
ing the entire architecture, i.e., running chemical blending on the particles, was
impractical and computationally too intensive in a first step. The simulations
should be considered as a proof of concept only and we are certainly far away
from solving any real world problems. Clearly, many questions remain open and
further research will be necessary to investigate the properties, drawbacks, and
strengths of that unconventional computing architecture.

Future work will be focused in particular on further developing and investi-
gating variants of chemical blending in order to improve the performance and
to be able to solve real-world problems, such as for example a robot navigation
task. A further goal is to investigate the properties of chemical reactor networks
as a function of their various parameters, such as their interconnection topology,
their internal storage capacity, and the parameter pjcq,e. We also plan to pro-
pose a hardware implementation of the basic particle by means of a hardware
description language such as VHDL.
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