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Outline

Efficient Chemical Computing using
Deterministic Reaction Systems with Prioritisation of Rules

Fo

1. Introduction:
Chemical reaction networks

2. P systems [lpgr:
Motivation, definition,
behaviour, properties

3. Programming the system:
Emulation of NFAs

4. Solution to the knapsack problem:

Idea, algorithm, simulation
5. Conclusions and further work
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Motivation

Programming Techniques for Chemical Reaction Systems
Chemical reaction systems

e Many autonomous units (particles, molecules, agents, ...)
Decentralisation
Nondeterminism

Stochasticity

Massive data parallelism

e Communication as computation

=— Models suitable for simulations of
computational behaviour?

Applications
¢ Synthetic biology
e Molecular computing )
e Organic computing i EIéSIGNEF
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Main Classes of Modelling Approaches

Specific Advantages and Preferred Applications
Analytic approaches

e Primarily adopted from chemical reaction kinetics

e Macroscopic view on species concentrations

e Differential equations from generation and consumption rates

e Deterministic monitoring of temporal or spatial system behaviour
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Main Classes of Modelling Approaches

Specific Advantages and Preferred Applications
Analytic approaches

e Primarily adopted from chemical reaction kinetics

e Macroscopic view on species concentrations

e Differential equations from generation and consumption rates

e Deterministic monitoring of temporal or spatial system behaviour
Stochastic approaches

e Aspects of uncertainty: incorporating randomness and probabilities
e Ranges of possible scenarios and their statistical distribution

e Facilitating direct comparison with wetlab experimental data

e Statistics: discovering correlations between network components
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Main Classes of Modelling Approaches

Specific Advantages and Preferred Applications
Analytic approaches

e Primarily adopted from chemical reaction kinetics

e Macroscopic view on species concentrations

e Differential equations from generation and consumption rates

e Deterministic monitoring of temporal or spatial system behaviour
Stochastic approaches

e Aspects of uncertainty: incorporating randomness and probabilities

e Ranges of possible scenarios and their statistical distribution

e Facilitating direct comparison with wetlab experimental data

e Statistics: discovering correlations between network components
Algebraic approaches

e Discrete principle of operation

e Embedding/evaluating structural information

e Modularisation, hierarchical graduation of provided system information

e Flexible instruments regarding level of abstraction £SoneT
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Modelling (Bio)Chemical Reaction Networks

Main Concepts within Modelling Approaches

P systems

rammars
systems
A calculus

ter_n:' cellular autom.
rewriting X machines

systems Qlqiate_based
machines /
automata

difference
equations

differential
equations

phenotypic
network
epresentatiol

Petri nets
procesls Boolean nets
calculi/ NUREINIS

time and/or space stochastic models  [ULEE

modelling
Bayesian simulation
networks verification
wetlab experimental data

stochastic
simulation
algorithms

master egn.
Markov chain
Gillespie
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Description of Chemical Reaction Systems: Decisions

P systems in general (G. P aun)
¢ Algebraic denotation of system components and behaviour
e Discrete principle of operation

e Regulated term rewriting based on multisets and
compartmental structures

Aspects considered for systems  Tpr
e Suitability for small amounts of A,

reacting particles (e.g. cell signalling) |p 8~ [2A#B0 C
. ' B A ﬁ
e Compliance with mass conservance

for undersatisfied reaction scenarios | 4 , |2

.. . . DB |2 g E 7
« Determinisation by consistent ﬁ

B A
prioritisation of rewriting rules

>

++

0O
O

¢ Obtaining simple computational units
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System Definition

Components

rIPR - (V7T7 [1]17 L07 R)
Voo s system alphabet
T CV o e terminal alphabet
[1]i @ L compartmental structure
LoCV x(NU{oo}) ..ovnne. multiset for initial configuration
R={r1,...,fk} oo, set of reaction rules
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System Definition

Components

rIPR - (V7T7 [1]17 L07 R)
Voo s system alphabet
T CV o e terminal alphabet
[1]i @ L compartmental structure
LoCV x(NU{oo}) ..ovnne. multiset for initial configuration
R={r1,...,fk} oo, set of reaction rules

Each reaction rule r; consists of two multisets
(reactants E;, products P;) such that

ri - ({(Al al); ceey (Ah7 ah)}7 {(Bla bl); cee 7(BV7 bV)})
We write in chemical denotation:
rh:aiA1+...+anhAh, —byB,+...+byBy

= Index i specifies priority of rj: ry > 1, > ... > rg. ESIGNET
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System Definition
Behaviour

Iteration scheme for configuration update
incrementing discrete time pointst € N

Lia = {(aaax) |VaeV
A ago = LN {(a,00)}|
A Baji=|Ein{(a,0)}|
A Yai= [Pi N {(a,00)}|

Conclusions
(o]e]

P {aa,i—l +Yaji — Bai ffVAaEV 1 aaj_12> fa;
Qgi =

Qai—1 else
ANie{l,... k}}

System output (distinction empty/nonempty configuration):

supp (W20 (Le N {(w,00) [w € T})) C T
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Programming [Npg using Finite Automata
Transforming NFAM = (Z, %, §, zp, F) with transition table
§ CZ x ¥ x Z, initial state zg € Z, final states F C Z, Z N X=0.

Corresponding system = [lpr

rlPR = (V7T7[1]17L05{r17"'7”6\})
V = ZUxXu{¢,C}, wlog.¢,C¢ZUX
T = {o}

Lo = {(207q) | q= |{(207X7ql) € 5}|} U
{w,ay) |weX A ay=|{(zo,w,q") €d}} U
{(C, 1)}, with tractability parameter 7 € NU {co}

lht.m : g+x+C—Ff+d+x V(q,x,f)ed:feF
fmitin. : Zo+X+C—q +2z0+X%X V(z0,X,q') €6
Mmit.p + Q+X+C-—q' +x ¥(a,x,9")€d:qeZ)\(FU{z})

C: clock particles (enable enumeration of configurations over time)
®: particles indicating configurations in final state ESIGNET
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Solution to the Knapsack Problem: Strategy

Dynamic programming approach  — finite automaton
Example instance: n =3,a; = 3,a =1,a3=2,b =3

n+l nodes

b+1 nodes
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Chemical Description and Simulation Results

Mper = ({Z0,241,22,23,24,N,Y,0,1,®,C} {®}, [1]1, Lo, {r1,. .-, r12})

LO = {(ZO>2)’(07 1)7(171)7((:77—)}

|'123+1+C—>Y+¢+1 |'5ZZO+1+C—>21+1+ZO r9:22+1+C—>Z3+1
|'224+0+C—>Y+¢+0 TGZZO+O+C—>22+O+ZO |’10222+0+C—>N+0

r3:Y+1+C—Y+®+1 r7:Z;+1+C—N+1 r1:Z23+0+C —N+0
|'4Y+0+C—>Y+¢+O rg:Zl+O+C—>Z4+0 |’12224+1+C—>N+1
1000 =

(2]

S 800 ®

=

S 600

S 400

2

2 200 N

2 ol \

0 0.05 0.1 0.15 0.2
time course

Dynamical simulation was carried out using Copasi.

Particles ¢ indicate problem solution "yes”.
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Conclusions

Efficient chemical computing

Artificial chemistries / chemical computing provide efficient
programming techniques

Continuative static methods for chemical reaction networks
available (e.g. fixed point analysis)

Simulation of dynamical behaviour mostly based on
deterministic model

Consistent prioritisation of rewriting rules as one possible
strategy for determinisation

Small computational units (modules) as hierarchically
evolvable components for complex systems
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Further Work

Modelling and simulation of

network evolution WO
o Artificial evolution: chemical deleﬁonoiaspecies
reaction networks capable 5
S of):|+

of performing computations

e Hierarchical composition: -
logic gates — flip-flops Q=g fe
— I’egIStel’S s automata deletion of a reaction

\

addition of a reaction

sl

\
I

e Comparison: hand-constructed
and evolved networks for

several computational tasks
_ mp SR
« First promising results Se=mgis

e www.esignet.net

www.minet.uni-jena.de/csb
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