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Preface

The International Conference on Unconventional Computation and Natural Com-
putation, UCNC, is an interdisciplinary meeting where scientists with differ-
ent backgrounds, yet sharing a common interest in novel forms of computation,
human-designed computation inspired by nature, and the computational aspects
of processes taking place in nature, present their latest theoretical or experimental
results. The topics of the conference typically include:

Molecular computing
Quantum computing
Optical computing
Chaos computing
Physarum computing
Hyperbolic space

computation
Collision-based

computing
Super-Turing

computation

Cellular automata
Neural computation
Evolutionary

computation
Swarm intelligence
Ant algorithms
Artificial immune

systems
Artificial life
Membrane computing
Amorphous computing

Computational
systems biology:

◦ genetic networks
◦ protein-protein

networks
◦ transport networks
Computational

neuroscience
Synthetic biology
Cellular (in vivo)

computing.

The first edition of UCNC (formerly called Unconventional Models of Computa-
tion and Unconventional Computation) was held at the Centre for Discrete Math-
ematics and Theoretical Computer Science, Auckland, New Zealand, in 1998, and
the conference logo became the logo of its first host. Subsequent sites of the con-
ference were Brussels, Belgium, in 2000, Kobe, Japan, in 2002, Seville, Spain, in
2005, York, UK, in 2006, Kingston, Canada, in 2007, Vienna, Austria, in 2008,
Ponta Delgada, Portugal, in 2009, Tokyo, Japan, in 2010, Turku, Finland, in 2011,
Orléans, France, in 2012, and Milan, Italy, in 2013.

The 13th edition in this conference series, UCNC 2014, was organized in London,
Ontario, Canada, in the Deparment of Computer Science of the University of
Western Ontario, during the week of July 14–18, 2014.

The meeting was pleased to have four distinguished invited speakers who presented
talks touching on several UCNC topics:

– Yaakov Benenson (ETH Zürich), “Molecular Computing Meets Synthetic Bi-
ology”

– Charles H. Bennett (IBM T. J. Watson Research Center), “From Quantum
Dynamics to Physical Complexity”

– Hod Lipson (Cornell University), “The Robotic Scientist: Distilling Natural
Laws from Experimental Data, from Cognitive Robotics to Computational
Biology”

– Nadrian C. Seeman (New York University), “DNA: Not Merely the Secret of
Life – Using the Information in DNA to Control Molecular Structure”
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The meeting was also pleased to have three distinguished invited tutorial speakers:

– Anne Condon (University of British Columbia), “Programming with Chemical
Reaction Networks and DNA Strand Displacement Systems”

– Ming Li (University of Waterloo), “Approximating Semantics”
– Tommaso Toffoli (Boston University), “Do We Compute to Live, or Live to

Compute? Entropy Pumps, Evolution vs Emergence, and the Risks of Success”

This year, in response to the Call for Papers, there were 84 submissions sent by
authors from 30 countries. Each submission was reviewed by at least three referees
and discussed by the members of the Program Committee. Out of these, 31 papers
were selected for oral presentation and 11 posters were selected for presentation
at the conference and inclusion of their abstract in these proceedings.

The conference has a long history of hosting workshops. The 2014 edition in
London hosted three workshops:

– “DNA Computing by Self-Assembly,” organized by Matthew Patitz, with in-
vited speakers Scott Summers and Damien Woods (Tuesday, July 15),

– “Computational Neuroscience,” organized by Mark Daley, with invited speak-
ers Randy McIntosh and William Cunningham (Thursday, July 17).

– “Unconventional Computation in Europe,” organized by Martyn Amos and
Susan Stepney, with invited speaker Ricard Solé (Friday, July 18).

We are grateful for the support of the FIELDS Institute for Research in Mathe-
matical Sciences, the PERIMETER Institute for Theoretical Physics, the Depart-
ment of Computer Science and the Faculty of Science of the University of Western
Ontario, Research Western, IBM, and the Rotman Institute of Philosophy.

We thank all those who have contributed to this meeting. In particular, we thank
the invited speakers, the contributing authors, the referees, the members of the
Program Committee, the members of the Steering Committee, the local organizers
and the Student Volunteer Team, all of whose efforts have contributed to the
practical and scientific success of the meeting.

July 2014
Oscar H. Ibarra

Lila Kari
Steffen Kopecki



5

Organization

Program Committee

Andrew Adamatzky University of the West of England, UK
Selim G. Akl Queen’s University, Canada
Eshel Ben-Jacob Tel Aviv University, Israel
Cristian S. Calude University of Auckland, New Zealand
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Kaced, Tarik



7

Kanter, Ido
Kawamata, Ibuki
Ko, Sang-Ki
Kobayashi, Satoshi
Kolonits, Gábor
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Self-Assembly and Disassembly System with

Multi-Component in Swarm Molecular Robots

Wibowo Adi∗† Kosuke Sekiyama∗

Abstract

In this paper, we report a multicomponent self-assembly and disassem-
bly processes using DNA strand displacement to construct swarm molec-
ular robots.

1 Introduction

The self-assembly and disassembly in multi-components are important to mimic
biological processes, such as, mechanisms of self-repair and regeneration cycle
biological structures [1]. In regard to DNA nanotechnology research, several
reports on self-assembly method are investigated, some of which adopted a
component-based model in self-assembly[2] to build DNA structures. However,
disassembly process in the self-assembly design is more difficult to be realized.

Herein, we proposed a reversible self-assembly and disassembly processes by
using DNA strand displacement in the multi components connections. The self-
assembly and disassembly processes were experimentally demonstrated by gel
electrophoresis and fluorescent signal observations.

2 Findings and Argument

The framework for the molecular robotics model was inspired by multicompo-
nent development in robotics. Based on the framework, each component has an
interface which is connected to complementary glue code by using strand dis-
placement reaction. The glue code is the double-stranded DNA strand serving
solely to bind several components which is corresponding to the glue code. We
presented a simple reversible self-assembly and disassembly processes as shown
in Fig. 1. The reversible glue code is used to enable the reaction repeatedly for
assembly and disassembly processes. The experimental work exhibited that the
proposed design is an excellent tool for reversible the processes based on the
observed DNA size and fluorescent signals as shown in Fig.2

∗Department of Micro-Nano System Engineering, Nagoya University,Japan,Supported by
the Japan Society for the Promotion of Science Grant 22220001.
†Department of Informatics, Diponegoro University, Semarang, Central Java, Indonesia
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Figure 1: Reversible Self-Assembly and Disassembly Processes

(a) Gel Electrophoresis (b) Self-Assembly Signal (c) Self-Disassembly Signal

Figure 2: The DNA size and Fluorescent Signal Observations

Conclusions

In summary, we unveiled a programmable self-assembly and disassembly pro-
cesses of multi-components which enabling the basic model for programmable
shapes on demand. Near future, we focus on developing a molecular robot in
large number of component and the aggregation.

References

[1] A.A. Boghossian, An Engineering Analysis of Natural and Biomimetic
Self-Repair Processes for Solar Energy Harvesting Thesis (Ph. D.)–
Massachusetts Institute of Technology, Dept. of Chemical Engineering, 2012

[2] Y. Ke, L. L. Ong, W. M. Shih, P. Yin. Three-dimensional structures self-
assembled from DNA bricks. Science 338, 1177, 2012.
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Can Stochasticity Increase Performance of

Cellular Automata in Solving Density

Classification Problem in Two Dimensions?

Henryk Fukś ∗

1 Introduction

Density classification problem is one of the simplest yet non-trivial computing
tasks which seem to be ideally suitable for cellular automata (CA). In 1995,
Land and Belew [Phys. Rev. Lett. 74, 5148 (1995)] demonstrated that there
exists no one-dimensional two-state cellular automaton which classifies binary
strings according to their densities of 1’s and 0’s. Since then there have been
many attempts to find good-quality approximate solutions, or to modify the
problem itself in order to make it exactly solvable. One of such modifications
employs two CA rules. It has been demonstrated [H. Fukś, Phys. Rev. E
55 2081R (1997)] that the density classification of a string of length L can be
performed perfectly in L time steps with two cellular automata rules, rule 184
used in the first L/2 steps and rule 232 used in the remaining time steps.

This two-rule solution cannot be easily generalized to two (or higher) dimen-
sions, because it critically depends on a kinetic phase transition occuring in CA
rule 184. No rule exhibiting analogous transition is known in two dimensions,
most likely because no such rule exists. We propose, therefore, to approach
this problem form an entirely different angle, namely by introducing stochas-
tic component into the CA rule. More precisely, we show that a superposition
of rule 184 “lifted” to two dimensions and a simple probabilistic interacting-
particle process exhibits behaviour essentially equivalent to the phase transition
in rule 184 in 1D. Such a “hybrid” rule, coupled with stochastic variant of rule
232 “lifted” to two dimensions, can then be used to perform density classifi-
cation problem with success rate approaching 100% in the limit of time going
to infinity. Details of the construction of the aforementioned rules are shown
below.

Let s denote an L× L binary 2D array with periodic boundary conditions,
with individual entries si,j , where i, j ∈ {0, 1, . . . , L − 1}. Moreover, let X
denote an array of independent and identically distributed random variables

∗Department of Mathematics and Statistics Brock University, St. Catharines, Canada
Email: hfuks@brocku.ca. Supported by NSERC Discovery Grant 123456.
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Xi,j , where i, j ∈ {0, 1, . . . L− 1}, such that

Pr(Xi,j = 0) = Pr(Xi,j = 0) =
1

2
. (1)

If we define

ui,j =




si−1,j+1 si,j+1 si+1,j+1

si−1,j si,j si+1,j

si−1,j−1 si,j−1 si+1,j−1


 , (2)

then the first rule s→ FX(s) is defined as

[FX(s)]i,j =





1 if ui,j =




? ? ?
? 0 ?
? 1 1


 and Xi,j−1 = 1

0 if ui,j =




? 0 ?
? 1 1
? ? ?


 and Xi,j = 1

si,j otherwise.

(3)

The second rule, s→ GX(s), is defined as

[GX(s)]i,j =





1 if ui,j =




? ? ?
0 0 0
? 1 ?


 and Xi,j−1 = 1,

0 if ui,j =




0 0 0
? 1 ?
? ? ?


 and Xi,j = 1,

1 if ui,j =




? ? ?
? 0 ?
1 1 1


 and Xi,j−1 = 1,

0 if ui,j =




? 0 ?
1 1 1
? ? ?


 and Xi,j = 1,

si,j otherwise.

(4)

Both FX and GX are number-conserving, meaning that they do not change the
number of zeros or ones. They only serve as a source of stochasticity.

The density classification can be performed by s→ Ψ(s) defines as

Ψ = (GXR232)T (FXR184)T , (5)

where
[R184(s)]i,j = si−1,j + si,jsi+1,jsi−1,jsi,j . (6)

[R232(s)]i,j = majority {si−1,j , si,j , si+1,j}. (7)

Obviously, we need to use a different random field X each time step.
Using the standard definition of performance used in the literature, perfor-

mance of the density classification using the above scheme approaches 100% as
T →∞. However, one can obtain a very good performance even for a finite and
relatively small T . For example, for 100× 100 lattice, the performance is 92.3%
for T = 1000, 96.8% for T = 2000 and 99.1% for T = 4000.
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When Does an Unconventional Substrate

Compute?

Clare Horsman ∗ Susan Stepney † Viv Kendon ‡

Many diverse substrates are proposed for unconventional computation, from
relativistic and quantum systems, to chemical reactions and slime moulds. But
what does it mean to say that such substrates are specifically computing, as
opposed to merely performing the physical processes of that substrate?

Our theoretical framework [1] encompasses and distinguishes the acts of per-
forming scientific experiments to test a theory, engineering physical systems in
the presence of a theory, and performing computation with physical systems.
In our framework we have a space of physical entities P , behaving according
to (known or unknown) physical laws H : P → P , and a space of abstract
mathematical or computational entities A, behaving as prescribed by the rele-
vant (theory-dependent) mathematical or computational dynamics C : A → A.
We have a (theory-dependent) modelling representation relation M : P → A,
that models physical entities as abstract mathematical objects. We can define a

(theory-dependent and non-primitive) reverse instantiation relation M̃ : A → P ,
that instantiates representational abstract mathematical objects as correspond-
ing physical entities. The different possible relationships between P , A, M and

M̃ distinguish the processes of science, prediction, engineering, and computa-
tion, as described in [1].

We define physical computing to be the use of a (well-characterised and well-
engineered) physical system’s dynamics to predict the outcome of an abstract
dynamics (desired computation) [1]. We represent our abstract problem in an

abstract machine description A = M(P ). We encode this into P using M̃ , and
the physical dynamics H(P ) gives the final physical state P ′. We decode this
to M(P ′), which, for a well-engineered physical system, is sufficiently close to
M ′(P ), the desired a result.

We can use our framework to analyse various physical devices to see if and
how they are being used as computers. The use of a physical system as a
computer is a use of technology : computers are highly engineered devices.

The physical theory C for classical digital computers is well developed. It
is used to scale devices, and run programs that are new. In contrast, uncon-

∗Department of Computer Science, University of Oxford, OX1 3QD, UK. Supported by
the CHIST-ERA DIQIP project, and by the FQXi Large Grant “Time and the Structure of
Quantum Theory”
†Department of Computer Science, University of York, YO10 5GH, UK. Partially sup-

ported by EU FP7 FET Coordination Activity TRUCE, project reference number 318235
‡School of Physics and Astronomy, University of Leeds, LS2 9JT, UK
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ventional computing substrates generally have a theory that is much less well
developed. This covers both the scientific theory of the native substrate, and
the theory of it in its engineered state, which can require significant modifica-
tion. This leads to problems of confidence in scale and composition that can
cast doubt on the use of a particular substrate as a computer.

A phenomenological theory is one derived from experimental observation,
without much or any underlying explanatory model. A phenomenological theory
can have predictive power (this input is taken to that output); however, without
an underlying physical theory, it has to do a lot more work to convince that all
relevant changes have been taken into account and that the computation can
be relied on.

Well-characterised physical substrates tend to have deep theories. Any phe-
nomenological theories involved in the engineering of these substrates is usually
valid at the relevant production scales, too. However, less well-characterised
chemical and biological substrates, and unconventional materials, tend to have
phenomenological theories only, and valid only at smaller scales. This means
it is difficult to take any results about computational ability or performance
of these substrates at small laboratory sizes, and scale these up to large scale
performance, with any confidence.

Some unconventional devices do have a physical model behind them, but
this claimed physical model does not capture the actual physical behaviour,
particularly at large scales. A theory that is ‘sufficiently good’ for its original
purpose might nevertheless not be ‘sufficiently good’ for computational pur-
poses, particularly at larger scales, or at the extremes necessary to gain the
claimed computational properties. In this case we have a bug in the physical
implementation, not because it has been incorrectly engineered according to
theory, but because the underlying simplistic physical theory is wrong. Analy-
sis of the operation of unconventional devices needs to be aware of the domain
of applicability of the underlying theory, and when the operation of the device
falls outside this domain.

Another reason that a theory that is ‘sufficiently good’ for its original purpose
might nevertheless not be ‘sufficiently good’ for computational purposes is that
computational use might require a dramatically better precision, particularly
when multiple physical steps are composed, in order to minimise the propagation
of errors.

Additionally, a highly engineered substrate may well include multiple kinds
of components and connections between components, each with their underlying
physical theories known to a greater or lesser extent. Composition of such
theories introduces yet more problems, and can further reduce confidence in
the resulting system. More research is needed in order to fully characterise the
computation happening within and between multiple composed substrates.

References

[1] Horsman, C., Stepney, S., Wagner, R.C., Kendon, V.: When does a physical
system compute? arXiv:1309.7979 [cs.ET] (2013)
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Spiking Neural P Systems with Astrocytes

Working in Exhaustive Way

Yuan Kong †§ Kai Zhang ‡§ Xinzhu Shi ‡

Abstract

This work shows that SNPA systems with exhaustive use of rules as
number generating devices are universal. Furthermore, the delay becomes
unnecessary when the astrocytes are considered in general SN P systems.

1 Introduction

Spiking neural P systems with astrocytes (SNPA systems, for short) are a class
of distributed parallel computing devices inspired from the way neurons com-
municate by means of spikes, where also astrocytes are considered, having an
excitatory or an inhibitory influence on synapses. In this work, we investigate
the computing power of SNPA systems with exhaustive use of rules, and show
the systems are universal. Furthermore, the delay becomes unnecessary when
the astrocytes are considered in general SN P systems. The result suggests the
astrocytes are valuable for achieving a desired computing power for reversible
SNPA systems.

2 Spiking Neural P Systems with Astrocytes

In this section, we review SNPA systems introduced in [3] (in the present work,
the feature of delays is not used and omitted). The details of formal language
theory and membrane computing, please consult to [2] and [1, 4].

Conclusions

In this work, we discuss the computing power of SNPA systems with exhaustive
use of rules (without delay), where the exhaustive way use of rules means that
when a rule is enabled, it is used as many times as possible in the respective

†Key Laboratory of Image Processing and Intelligent Control, School of Automation,
Huazhong University of Science and Technology, Wuhan 430074, Hubei, China.

‡School of Computer Science, Wuhan University of Science and Technology, Wuhan 430081,
Hubei, China

§Email: kongyuan1122@126.com (Y Kong); zhangkai@wust.edu.cn (K Zhang)
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neuron. It is shown that SNPA systems with exhaustive use of rules are equal
to Turing machines in computing sets of numbers. The obtained result suggests
that the astrocytes play an essential role in achieving a desired computing power
for SNPA systems with exhaustive use of rules.

References

[1] G. Păun. Membrane Computing - An Introduction. Springer-Verlag, Berlin
Heidelberg, 2002

[2] G. Rozenberg, A. Salomaa(Eds.). Handbook of Formal Languages, vol. 3,
Springer-Verlag, Berlin, 1997

[3] L. Pan, J. Wang, H.J. Hoogeboom. Spiking Neural P Systems with Astro-
cytes. Neural Computing, vol. 24, issues 3, 2012, pages 805–825.

[4] The P system Web Page, http://ppage.psystems.eu
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Self-Assembly through Artificial Morphogenesis

Bruce J. MacLennan ∗

Current approaches to nanoscale self-assembly are limited to homogeneous
or highly regular structures. On the other hand, future applications of self-

Figure 1: Assembly by clock
& wavefront process.

assembly (such as sophisticated autonomous
robots) will require the ability to assemble
physical systems that are structured from the
nanoscale up to the macroscale. The best exam-
ple we have of such a self-assembly process is mor-
phogenesis in the developing embryo. Therefore,
we are investigating the application of the math-
ematical principles of embryological morphogene-
sis to the self-assembly of complex, hierarchically
structured physical systems (MacLennan 2012).

The approach is to take known or hypothe-
sized processes of biological morphogenesis, to ex-
tract their mathematical structures, and to apply them to the synthesis of arti-
ficial systems. Since the goal is to develop morphogenetic algorithms that apply
to very large numbers of agents (hundreds of thousands to hundreds of millions),
we use partial differential equations (PDEs) as our primary expressive medium.
In order to accommodate the visco-elastic properties of large numbers of con-
nected microscopic agents, we use the theoretical framework of continuum me-
chanics in a Lagrangian reference frame. One goal is to develop agent coordina-
tion techniques that mimic or replace the fundamental morphogenetic processes
described by Salazar-Ciudad et al. (2003).

Figure 2: Spinal assembly.

As an example of the methodology, we have
abstracted documented morphogenetic processes
from their biological developmental context, and
applied them to the simulated synthesis of a com-
plex structure: a segmented “spine” with an op-
posed pairs of segmented “legs” (Figs. 1–3). To
accomplish this we have applied the “clock and
wavefront” process of Cooke and Zeeman (1976) to generate both the spine and
leg segments. By controlling the parameters of the process we can independently
control the number and length of the segments. The placement of the legs is
controlled by morphogen gradients from the anterior and posterior boundaries

∗Department of Electrical Engineering & Computer Science, University of Tennessee,
Knoxville, TN 37996, USA. Email: maclennan@utk.edu.
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of the spinal segments.
We have also modeled the routing of bundles of fibers through a three-

dimensional medium. Such a process could be used for establishing the con-
nections between different parts of an artificial nervous system. Swarms of

Figure 3: Assembly of Legs.

agents generate the fibers as they move along a
gradient toward their destination while avoiding
already established connection bundles (Fig. 4).
Local interactions with morphogen gradients and
nearby agents allow a coherent bundle to be cre-
ated while preserving flexibility to find a collision-
free path through the medium.

To facilitate the description of morphogenetic processes, whether imple-
mented by biological or artificial agents, we have developed a sort of pro-
gramming language suited to the description of masses of agents of differing
kinds characterized by their properties and active behavior, defined by stochas-
tic PDEs. For example, the following represents the production and diffusion
of a morphogen a by certain agents with a local population density S:

substance morphogen:
scalars:

Da ‖ diffusion rate
κa ‖ production rate
τa ‖ decay time constant
ϑA ‖ threshold

scalar field a ‖ concentration
behavior:

-Da = [A > ϑA]κaS(1− a) +Da∇2a− a/τa

Figure 4: Neural Routing.

The formal properties of the notation per-
mit the equations to be implemented in a va-
riety of physical media, both living and non-
living, that is, by masses of genetically engi-
neered microorganisms as well as by microrobot
swarms. In particular, by transformation from
a Eulerian to a Lagrangian reference frame, spa-
tial descriptions of massive robot swarms can
be translated into agent-oriented behavioral rules
for individual mircorobots, or implemented in
the genetic regulatory circuits of microorgan-
isms.
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A Formal Model Based on the 2JLP Model of

Gene Assembly in Ciliates∗

Md Sowgat Ibne Mahmud † Ian McQuillan ‡

1 Biological 2JLP model

Ciliates are a group of single-celled eukaryotes with two distinct types of nuclei,
the macronucleus and the micronucleus. The micronucleus contains so-called
“scrambled genes”, where additional non-coding segments (IESs) interrupt the
unscrambled genes, and the remaining segments (MDSs) are often permuted.

Several computational models exist which describe certain parts of the gene
assembly process (construction mechanism of the macronucleus from the mi-
cronucleus) in ciliates. In this research, a new formal model called the Compu-
tational 2JLP model is introduced based on the recent biological 2JLP model
proposed by Jönsson et al. [1] and it has 3 major steps. The first step involves
the construction of small RNAs (scnRNAs) from the old micronucleus. The
second step finds scnRNAs similar to IES specific sequences. The last step
describes the construction process of the new macronucleus by deleting IESs
from the new micronucleus, rearranging MDSs and correcting the developing
macronucleus based on the old macronucleus.

2 Computational 2JLP model

2.1 ScnRNAs and finding putative IESs

In the formal model, the size of scnRNAs is 28 bp and the set of scnRNAs (which
we define as γ28(ϕ)) is generated by taking each consecutive 28 nucleotides from
the old micronucleus.

Then, the scnRNAs travel to the parental macronucleus and if a scnRNA is
similar to a portion of a chromosome in the parental macronucleus, it gets fil-
tered out while the remaining scnRNAs continue to the next stage of the model.
The notion of similarity for this filtering is not exactly known. For the com-
putational model, a binary relation (Ξ) is used to discuss similarity abstractly.
Then, if an element of γ28(ϕ) is similar (using the relation Ξ) to a subword of
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some π ∈ Q (where Q, π consecutively represent the old macronucleus and a
single string of the old macronucleus), then that element is not in the set β28(Q)
(set of putative IESs). However, if some element w of γ28(ϕ) is not similar to
any subword of any π ∈ Q, then w ∈ β28(Q).

2.2 Construction of the new macronucleus

The construction process of the new macronucleus from the new micronucleus
is modelled in two parts. The first part involves the IES elimination by the
putative IES specific sequences and the second part involves the modelling of
the rearrangement and the correction (the IES removal or the MDS insertion)
of the developing macronucleus based on the template.

To define the first part of this step, intuitively, each putative IES specific
sequence from the set β28(Q) is checked against the new micronucleus (ϕ0),
and those sections that are similar are marked by using new barred letters.
Then, repeats are identified (which could be either pointers or cryptic pointers)
within a certain range (provided by a parameter called neighbourhood) at the
beginning of a barred section and at the end of the barred section. If such
repeats exist, then one of the copies of the repeat along with the intermediate
string between those repeats are removed. This excision operation is iterated
throughout the marked new micronucleus (ϕ0) and the developing macronucleus
(ϕ1) is generated.

For defining the second part, both intramolecular and intermolecular oper-
ations are applied arbitrarily and iteratively to do the rearrangement over a
developing macronucleus (ϕ1), and generates ϕ2. Then, to do the final proof
correction stage, a pairwise alignment algorithm is used to align ϕ2 with each
string of the old macronucleus. For every gap along ϕ2, the sequence informa-
tion from the string of Q is used instead. And for every gap along the string of
Q, the corresponding segment of ϕ2 is deleted. Thus, this simulates the final re-
moval and insertion of small segments of the developing macronucleus according
to the template.

3 Future directions

Future work involves creating a simulation based on the model. By testing the
simulation with real micronuclear/macronuclear gene pairs, the feasibility of the
model can be verified, or maybe helpful for refining the 2JLP model.
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Directed Percolation in DNA Tile Self-Assemblies

Tyler Moore ∗ Russell Deaton † Max Garzon ‡

Specific and exact targets of DNA-guided self-assembly are difficult to achieve.
Alternatively, statistical bulk properties of materials might be easier to obtain.
The authors present two tile assembly systems (TAS) in the abstract tile assem-
bly model (ATAM) with tile concentration programming that can be directed
to construct materials at temperature τ = 1 or 2 with some target density of
nanoparticles or reactive substances, or even various cluster sizes and shapes via
the statistical physical property of directed percolation (DP). Potentially acces-
sible bulk properties include electrical conduction (where percolating clusters
act like nanowires), thermal, mechanical, or optical properties (dense clusters
absorb incident radiation better than sparse ones), or even properties of biolog-
ical materials.

Directed percolation [1] is the simplest nonequilibrium process that exhibits
a critical phase transition. The Domany-Kinzel cellular automaton (DKCA)[1]
is a simple model of DP whose production rules obey the conditions

P [1|0, 0] = 0

P [1|0, 1] = P [1|1, 0] = p1

P [1|1, 1] = p2 (1)

where 0/1 indicates an inactive/active site and P [0|·, ·] = 1 − P [1|·, ·]. The
computation universality of DNA tiling makes it possible for a TAS in the
ATAM to simulate other physical systems. Although many TAS are designed
to construct specific, exact patterns, in many important applications targets can
be attained with fewer constraints. The following TAS describe two methods for
one physical process (DNA tile assembly) to reproduce the behavior of another
(DP) in order to construct materials with predictable bulk properties.
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Figure 1: (Left) To self-assemble the entire space-time history of the DKCA at
temperature τ = 2, each DKCA rule (Eq. 1) is mapped into a single tile (Left
Middle) whose input edges mark the configuration of input sites (white → 0,
black→ 1), and whose center records the site information which is the output of
the rule. Each tile also has a concentration that encodes the stochastic parame-
ters p1 and p2. In a typical configuration (Left Bottom), double lines represent
strength 2 glues and single border lines represent strength 1 glues. (Right) To
approximate directed site percolation at τ = 1, four tiles are necessary with
concentrations as marked, where b1 = b2 = (1− (p1 + p2))/2 and b1 >> p1 + p2.

Figure 2: A percolating cluster is defined as a set of active/black sites joining
the seed to an output row, in principle arbitrarily far from the seed. The clusters
shown here were generated by the tile sets where (top left) p1 = .5 and p2 = 1,
(top right) p1 = 1 and p2 = .5, (bottom left) p1 = .5 and p2 = 0, and (bottom
right) p1 = .75 and p2 = .5.
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Approximating Probabilistic Pattern Formation

by Deterministic Elementary Cellular Automata

in Tile Self-assembly

Tyler Moore ∗ Max Garzon † Russell Deaton ‡

In the past, DNA self-assembly systems have been used to guide the construc-
tion of precise nanostructures using deterministic cellular automaton models, as
seen in the abstract tile assembly model (ATAM). Little work has been done
concerning the production of nanostructures with high probability and/or with
properties guaranteed only statistically. A prime example of such a property
is directed percolation (DP), as exhibited by the Domany-Kinzel probabilistic
cellular automaton (DKCA). Previously, DKCA models have been shown to be
capable of producing approximate nanostructures via concentration program-
ming in certain tile assembly systems [1]. In this work, we present a method to
translate an Elementary Cellular Automaton (ECA) to a tile assembly system
(TAS) whose assemblies capture patterns exhibiting percolation properties ap-
proximately equivalent to those exhibited by analogous TAS from the DKCA
model. Through simulations of both the ECA and the DKCA via tile assembly
in the ATAM, we demonstrate how ECA approximately preserve, without the
use of tile concentration programming, the property of percolation in the DKCA.

The approximation is measured by three different metrics. The first is the
existence of percolation witnesses, as they occur in the DKCA model, summa-
rized in the percolation phase diagram in figure 1, left. The second is the critical
transition value that determines percolation in terms of a measure of the density
of the patterns being generated called the 1D fractal dimension (1D FD). The
1D FD of snapshots of space-time evolution from a seed s0 is defined as the
largest possible lower bound ρ0 as t → ∞ of the densities of all possible arrays
with cells NEWS (North, East, West, South, relative to the tile)-connected to
s0. Likewise, the third is the 2D fractal dimension (2D FD) that counts the
ratio of active cells in the entire pattern generated from the initial seed.
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Figure 1: (Left) A phase space diagram [2] of the DKCA describes the behavior
of the DKCA as transition probabilities p1 and p2 of an active site go from 0 to
1. (Right) A phase space describing the percolation behavior of 64 ECA (with
the probability of a percolating run being at least τ1 = .9 or τ2 = .9499) with p1
and p2 computed empirically from all runs. An empty circle # denotes an ECA
that does not percolate above either threshold τ1 and τ2; a half filled circle G#
shows an ECA that percolates above τ1 but not τ2; and a filled circle  shows
an ECA that percolates above both thresholds.

Figure 2: Critical transition values of 1D (.719)/2D (.718) FD in deterministic
ECA patterns closely match the corresponding values in the DKCA patterns
(.76/.77), although the transition is not as sharp for ECA as it is for DKCA.
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Dynamic Connection-Path Network Computing

by Artificial Pheromone Effects for Euglena Cells

Kazunari Ozasa ∗,† Jeesoo Lee ‡ Simon Song ‡

Mizuo Maeda †

Living microbial cells can be used as computing medium as we have demon-
strated in Euglena-based neurocomputing [1, 2], where the behavior change of
Euglena cells reacting to imposed stimuli of light illumination was utilized in an
optical feedback system [3]. In these references, we examined 4-city traveling
salesman problem, by employing 16 neurons corresponding to illumination to
16 specific pre-determined areas in a micro-aquarium for Euglena cells [4, 5].

In contrast, the feedback system can be also useful to produce trace-induced
light-illumination, i.e., the swimming traces of Euglena cells are illuminated
(or shadowed) selectively. Not as in the case of Euglena-based neurocomput-
ing [1, 2], the area of the illumination/shadowing is not pre-determined, and
coincides exactly with the swimming traces (line shape) of Euglena cells. This
leads to artificial pheromone-like effects on the movements of the cells; when
the cell traces are shadowed as trails, the cells tend to follow the shadowed
trails through photophobic reaction. Unlike the natural pheromones of ants,
the illumination/shadowing parameters such as proportional intensity, integral
intensity, diffusion scale, or decay time constant can be tuned arbitrary in the
scheme.

We demonstrate that the connection-path network among five stations in
swimming area is dynamically changed by the artificial pheromone effects pro-
duced by the feedback scheme. With the pheromone effects with integration and
evaporation parameters, the swimming traces of Euglena cells formed a belt-like
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‡Hanyang University, 17 Haendang-dong, Seongdong-gu, Seoul, 133-791, Korea.

26



structure connecting five stations, with dynamic changes as the experiment pro-
ceeded. The results indicate that the some sort of ant colony optimization of
the networks will be realized by the artificial pheromone effect for Euglena cells.

Moreover, this scheme can be expanded to fixed trails case, in which the
connecting paths between the fixed stations are pre-determined, and the il-
lumination to a path depends on the density of the cells swimming on the
path. Although the cells have no explicit intension to connect certain stations,
the exploratory behaviors of Euglena cells will form dynamic connections be-
tween stations, leading to the optimization of station-connection-pattern from
the viewpoint of flexibility and robustness.
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Chemical Transistors as a Basis for Chemical

Computing

Andreas Voigt∗ Weichang Feng Merle Allerdißen
Luis Pedrero Andreas Richter

The transistor (= transfer resistor) invented in 1947 by Bardeen, Brattain
and Shockley revolutionized electronics profoundly and is the basis for all mod-
ern computing and communication devices. The field effect transistor is a trans-
fer resistor in the sense that the gate voltage affects the cross-section - and hence
the resistance - of the channel that connects source and drain.

We propose a chemical transistor, where the fluidic resistance is controlled by
the concentration of a chemical. The basis of this functionality are smart hydro-
gels in a chamber that swell or deswell depending on environmental parameters
([1]). The concentration of the chemical (2-Propanol in this case) determines
the swelling degree of the hydrogels and hence the cross section (and thus the
resistance) of the channel open for fluid flow. The temperature T can be used
to set the operation point. The most important feature is, that the chemical
transistor is controlled autonomously by the internal state of the fluid and does
not need any external control as in the case of pneumatic valves.

The comparison between an n-enhancement MOSFET and a chemical tran-
sistor shows a remarkable correspondence between the quantities involved (Table
1). With a black box model for Q(c, T,∆p) the behavior of the chemical transis-
tor can be described accurately by six parameters with an error in the percent

Table 1: Comparison of MOSFET and Chemical Transistor. V denotes voltage,
I current, G gate, D drain, S source, B base, c chemical concentration, ∆p
pressure difference between inlet and outlet of the transistor, Q flow rate and T
temperature.

MOSFET Chemical Transistor
control VG c
driving force VDS ∆p
output ID Q
operation point VB T
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Figure 3: Transfer characteristic of
the chemical transistor.

range (Figure 1). Just as as for an electronic transistor the operation of the
chemical transistor can be described by its output characteristic (Figure 2) and
its transfer characteristic (Figure 3). The steep transfer curve suggests, that
the device can be both used in an analog and a digital operation modus.

The long-term goal is to develop large-scale integrated microfluidic circuits
with chemical transistors as controlling elements, where amplifiers, comparators,
logic gates and storages are used to achieve complex chemical analysis and
synthesis ([2]).
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Detection of Temperature Changes in Living

Cells by Thermal-Sensitive DNA

Wen Wang ∗ Lingda Xu Xiaojin He Yongli Mi †

Abstract

Cell, as a basic unit of life, is where the majority of life activities
happen. Measurement of cellular temperature is highly important in
medical developments and biological studies. Temperature is a funda-
mental parameter that governs a wide variety of biological reactions and
processes, such as cell division, gene expression, enzymatic reaction and
metabolism. Also, intracellular temperature is an important indicator
for some diseases, since some pathological cells (e.g. cancer cells) have
higher temperature than normal cells due to their faster proliferating and
metabolic rates. Therefore, development of techniques for detection of
cellular temperature at single cell level is of most significance.

In this study, we designed a novel DNA-based nano-thermometer sys-
tem utilizing triple fluorescent labeled oligonucleotides. Combining FRET
effect and temperature-responsive DNA, this thermometer can give dif-
ferent fluorescent signals at different temperatures. (Figure 1) When the
temperature reaches the first melting point (∼ 31◦C), the DNA thermome-
ter will undergo a conformational change that will bring dye Alexa Fluor
488 to dye Alexa Fluor 546 (Figure 1D), resulting in yellow fluorescence
(Figure 1B) instead of the original green one (Figure 1A). When the tem-
perature increases to the second melting point (∼ 41◦C), the dye Alexa
Fluor 488 will move to dye Alexa Fluor 647 due to the strands displace-
ment of the DNA thermometer (Figure 1E), leading to a red fluorescent
signal(Figure 1C). The in vitro temperature responsiveness was tested in
PBS buffer by luminescence spectrometer. Results showed that this DNA
thermometer could respond to temperature changes rapidly within the
range of 25◦C to 50◦C and give desired fluorescent signals. To test the
cellular performance, the thermometer was transfected into live Hela cells
by Lipofectamine2000 at 25◦C. In vivo temperature responsiveness was
measured by confocal microscope at 25◦C, 33◦C and 43◦C with the 488
nm excitation. As shown in Figure 2, confocal results indicated that the
thermometer system could monitor the temperature increases in living
cells. Due to the precise programmability and obvious biocompatibility of
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DNA, this nano-thermometer can provide a nontoxic, noninvasive, accu-
rate and nanoscaled temperature measurement with high spatial resolu-
tion at single cell level. It will be a useful tool for intracellular temperature
monitor and thermal mapping.

Figure 1: System design and working principle of the DNA-based nano-
thermometer utilizing triple fluorescent (Alexa Fluor 488, 546 and 647) labeled
oligonucleotides.

Figure 2: Confocal microscope images of DNA-based nano-thermometer trans-
fected into Hela cell at 25◦C (A), 33◦C (B), 43◦C (C). The nano-thermometer
was incubated with Hela cells at different temperature for 30 min and the exci-
tation wavelength is 488nm.
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