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Abstract

The overall goal of the ESIGNET project is to study the corapahal properties of cell
signalling networks (CSN) by evolving them using methodsrfrevolutionary computation,
and to re-apply this understanding in developing new waysddel and predict real CSNs.

Finding an appropriate framework to specify the desired pational properties of
CSNs is essential for all subsequent parts of the ESIGNEJegqro This includes iden-
tification of objectives with regard to the target solutiohigh is represented as a formal
description of CSNSs. In this report, we summarise diffegiteria important for CSN repre-
sentation, simulation, evaluation, and optimisation. sSkheriteria as a whole form a frame-
work oriented to an effective and efficient analysis in siligVe distinguish between criteria
containing descriptive, structural, dynamical, and fiorel properties. Beyond these crite-
ria, we introduce different levels for formal represematof target functions able to specify
CSN behaviour from a computational point of view. In additio this, selected techniques
useful for CSN specification and evaluation are presented.
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1 Introduction

The ESIGNET workpackage (WP) 4 includes research actiiidiading to formal specifications
of CSNs and their evaluable properties. In fulfilment of thi&”4 is thought to focus on following
steps:

e Develop suitable ways to describe the computational ptgseof CSNSs.

¢ Define phenotypic representations of a CSN and its dynarbetaviour.

e Implement the phenotypic representation.

¢ Find a suitable measure for distance between the compuighpooperties of two CSNs.

e Explore fast methods to derive a fithess function given argagm of a CSN and the
specification of a target CSN.

e Development of user interface software for specificatio@8N properties
Objectives within WP4 are specified by five deliverables:

D4.1. Document describing the formats for the phenotypic repriasion of CSNs and their
dynamical behaviour.

D4.2. Document describing the framework to specify the desiredmdational properties of the
target solution.

D4.3. Software that performs simulation, reads specification ®N(roperties, and calculates
fitness for a given CSN and a target CSN.

D4.4. Publication in peer-reviewed journal and/or conference.

D4.5. Software to automate the input of the specification of ta@fgis.

Modelling phenomena from nature is a basic motivation forettgopment and refinement
of mathematics. Beside traditional natural, engineerarg] social sciences, modern systems
biology requires exhaustive application of mathematicaigiples. Success in genomics and
proteomics can discover interconnections between strictibiomolecules and function of bio-
logical systems formed by those biomolecules. CSNs candrea®ea special class of biological
systems consisting of interacting proteins and auxiliatyssances for the purpose of organizing
information processing inside living organisms. Identitywhat kind of information is encoded
by cell signals and finding the way how cell signals are gdedraransferred, modified, and
utilised should be reflected by mathematical models of CFsthermore, formal descriptions
define a certain level of abstraction. High abstractionlteaee suitable for recognition of gen-
eral conclusions, but they weaken the view into details sfesy components. Low abstraction
levels retrieve details about selected system componauttthey produce a huge amount of low
structured data. We intend to serve both by a variety of @iffeapproaches to model CSNs.

From a pragmatic point of view, four classes of CSN propsertign be distinguished. Con-
cerning their occurrence in the process of generation, ficgation, and evaluation, they form a
classification. It consists of descriptive, structuralpamical, and functional properties, in this
sequence with increasing complexity. They contain pédyt@lerlapping as well as contradicting
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criteria. Balancing and weighting between these criteaia bbe seen as one of the challenges
of the ESIGNET project. Since this report should correspandeliverable D4.2, we provide
an annotated list of criteria, point out their consequerreEsmake suggestions how to measure
them. The list gives a framework for subsequent workpackage

2 Descriptive Properties

Descriptive properties define basic requirements to thadtism used to denote CSNs. Easy to
check, descriptive properties facilitate the generatibpromising network candidates ab initio

and help to avoid nonsense networks in advance. Furtheysemanal decisions regarding pur-

pose and intention for ongoing studies are reflected in ges@ properties. For more detailed

information, see [1, 4, 9].

Representation: There exists a plethora of formalisms to represent CSNsrimgef formal
systems. That also implies their behaviour and capalsilitiEor an overview, see the
ESIGNET report regarding deliverable D4.1. The choice efrtiathematical instrument
used for modelling is essential for the kind of informatiordacognitions to achieve. In
principle, analytical, stochastical, algebraic, and gatg based approaches are available.

Finiteness: Each network description should be composed of finite el¢sritbiat are combined
within a finite system. Otherwise, the network is difficultgmcess in silico, algorithms
for evaluative analysis can fail or produce restricted ltssuFinite networks correspond
to nature. Cardinalities of system components and configurgstate) space allow to
measure (quantify) finiteness.

Completeness:All necessary elements of the system description shoulddmenpt, all required
external parameters should be initialised with values.r@laee no missing or unspecified
components. Completeness is a prerequisite for formafieation and validation. Its
presence or absence can be used as a weighted factor witNifitG&ss evaluation.

Correctness: All elements of the system description should meet the Uagieg assertions and
constraints. The values of external parameters are alléavedry within the predefined
range. For instance, this means in terms of network topolbgtall edges are assigned
to nodes. Correctness with regard to a formal specificateonbe proven by using rea-
soning strategies based on soundness and completenessnd@&rer absence of proveable
correctness can be used for CSN fitness evaluation.

Computational Tractability: The possibility to apply simulation or continuative anayseth-
ods is expressed by the term computational tractabilitys @épends on the used formalism
for system description in comparison to the methods foryamal Questions of decidabil-
ity and determinism play a key role here. Computationakaaiity is essential for formal
description of CSN behaviour, comparison to target fumstiand fitness evaluation.

Abstractness: The level of abstraction defines the view onto the system. ddwgsion about
what kind of information is considered and what kind of datagnored spans the range
for the achievable knowledge. Beyond microscopic and nsaoqeic approaches, quantity
and structural degree of result data are determined. CSlp&oeson and evaluation issues
require equal levels of abstraction.



Granularity: The choice of system elements and the intensity of theirgotenection specifies
a certain granularity of the system description. As an exampools of biomolecules
can be modeled as finite sets of objects or using concemgati&inite sets of objects
allow a molecular handling in a one-to-one manner, whileceaitrations refer to statistical
summaries. CSN comparison and evaluation issues requiiasgranularity to achieve
reasonable results.

Complexity: Cardinalities of system elements, the degree of nestirdrestrictions of permit-
ted compositions for system internal rules belong to coripléssues. System theory and
complexity theory distinguish complexity classes andrtltensequences to subsequent
studies. Complexity measures quantify properties of CSitaire.

3 Structural Properties

Structural properties are derived from a static systemrgegm with fixed components. A bit
more specific than descriptive properties in general, thieysaitable for a first stage of fitness
evaluation without any need of extensive dynamical studies more detailed information, see
[3, 10, 11].

Topology: With respect to networks, topology marks one of the basip@mies. Quantitative
items like size or weight are good candidates for optimisatargeting. Qualitative items
like occurrence of feedbacks, accessibility, circular ondisjoint structures classify the
network.

Physical and Chemical Plausibility: This property subsumes all considerable constraints com-
ing from natural laws. Examples are beside mass-consex\asc general thermodynamic
limitations like energy conservation, minimisation ofdrenergy or increase of entropy.

Robustness to Structural Perturbations: With respect to the biological template of CSNs, net-
work edges can model pathways or pathway subunits. Theigoesight be of interest,
whether or not removed/blocked pathways can be replacedhngysokeeping accessibil-
ity. Structural robustness qualifies a network to keep it€fion in case of modifications.
This requires a certain redundancy within the network togwl Critical path analysis, net-
work flow analysis, spanning tree analysis, and exhaustis#ng of CSNs with random
structural perturbations allows to measure this property.

Modularity: Engineering design principles often produce network togigls consisting of
modular subunits. Subunits are connected using well-difimerfaces. Modularity de-
fines a structural property that allows to create more coxpétwork systems by com-
position and arrangement of repetitive subunits. For ms#abuilding blocks, receptors
or cytosoles can act as subunits. A typical feature of subusitheir re-use. The de-
gree of modularity, percentage of re-used subunits, aeditly of data exchange between
subunits gives measurable results here.

Ability to Identify Objects / Substructures: In contrast to modularity, the analysis of unknown
networks intends to identify subunits (modules) insidemplex structure. Methods taken



from organisation theory can be helpful to detect modulesthiermore, the huge knowl-
edge pool provided by databases of bioinformatics enablgsast in comparison and ho-
mology search. Degrees of similarity between identifiedusitt and those integrated in
molecular biological databases help to obtain evaluablesomes for this property.

4 Dynamical Properties

Dynamical properties become visible after observationhef $ystem behaviour for a certain
amount of time. This can include infinite time spans. Timefrequency-based analysis often
consumes a large amount of computing resources for numeridagions. Therefore, dynamical
properties facilitate a much more detailed view into a systeen static ones. Forming the
second stage of fitness evaluation, methods to deliver dgaaproperties differ with respect to
their time-discrete or time-continuous nature. For motaitkd information, see [6, 7, 10, 12].

Parameterisation: The amount, definition, granularity, and domain of paramsetevolved in
the extrapolation of the system status forms the basic dimproperty. Parameters ex-
press the flexibility of a system to react on changes of ang.kidentification of suitable
evolutionary parameters can be seen as a substantial pae BEIGNET project.

Need of Resources:Processes inside CSNs require consumption of resourcesndinber of
dynamically acting system components determines the anafuesources. Thus, min-
imisation of the need of resources has high priority in teofrsystem optimisation. Since
resources are always limited, economic issues are eddentize survival in nature. Ques-
tions about shared use of components like crosstalk cosddbad tackled here.

Confluence: Coming from theoretical computer science, this propertyresses the ability of
a system to achieve same results from same input in diffevags. For computational
reasons, confluence is necessary to guarantee corredifoseterministic behaviour can
be systematised and optimised by understanding conflu€&uwyfluency is a prerequisite
for re-usage in terms of computational devices. Confluemajyais based on algebraic
approaches decides about presence or absence of thistpropeZ SN fitness evaluation.

Stability: Small changes of input data should keep the system behawiquinciple. The dy-
namical stability of system behaviour decides about itstrability and about its quality
to repeat processes. Radius and speed of convergence caumrenas kind of stability. In
contrast, numeric stability characterises a quality ofliegdpalgorithms.

Asymptotic Behaviour: Assumed system observation for an infinite amount of timesilies
the asymptotic behaviour. From this point of view, systemmponents can converge, di-
verge, oscillate or become undefined. Convergence leadssteady state, Oscillation
occurs within fixed point orbitals.

Monitoring: Simulating dynamical behaviour in slow/fast motion or fram unusual perspec-
tive can emphasise desired aspects of a system. Systenppedwiith monitoring fea-
tures can be analysed in manifold way and even by unconveitioethods. Starting from
computer animation and not limited to data mining stratggimeonitoring could be a clue
for getting promising inspirations. An example is the idicdtion of key spots in the
evolutionary development process. Furthermore, stediséind classification methods on



monitoring data can answer questions about applicabddgptability, and suitability of
CSN candidates.

5 Functional Properties

The most complex properties of CSNs as a target solutionerarftinctional issues. Beyond

structural, static, and dynamical analysis, a wide undedihg of the considered system is a
prerequisite. The interdisciplinary nature of the ESIGNE®ject becomes most obvious in
answering questions about functional properties of bickigsystems. Bioinformatics and es-
pecially proteomics aim to discover relations betweencstme, behaviour, and function. The
rapidly growing knowledge in this field is also an importantgntial for ESIGNET. The subse-

guent list of functional properties gives some raw ideasigffmd to be extended within the project.
For more detailed information, see [2, 5, 8].

Encoding of Signals: The theory of information and coding provides fundamendpkgts about
the nature of signals and their transduction. Can we integell signalling in this context?
A measurable representation of signal encoding is entropy.

Precision of Signal Transduction / Computation: Signal transduction via channels can un-
dergo external and internal influences. These influencesw@atianisms of signal refresh-
ing/amplification determine the precision of intracellusdggnal processing. Interpreting
signal processing as a kind of computation, the quality ¢poudata can be used to com-
pare and to evaluate the signalling as a whole.

Speed of Signal Transduction / Computation: Identification of bottlenecks in signalling net-
works is an example of how information about signalling spaed fluxes can be applied.
Furthermore, knowledge about this property can help toampkaction mechanisms in
living organisms.

Redundancy: Between contradicting requirements of a minimum netwazk sind a maximum
of reliability, redundancy can balance. Redundancy in sieisse relates to both signal
encoding and transduction. A way how to measure redundangists in the compression
rate achievable by different compression techniques.

Robustness to Perturbations: Efficient signalling processes can be disturbed in manifig.
The occurrence of perturbations includes all parts of aadigrocessing system. The more
robust a system is constructed the better it will stay alashaustive robustness tests using
randomly generated perturbation data provide a statistieasure here.

Computational Capability: Signal processing systems form models for computation.irThe
computational completeness (Turing completeness) isdyrashown. Any terminating
algorithm denoted as a universal model for computation egmamsformed into a chemical
reaction network. It remains open which (sub)classes ofedability signalling networks
reach with limited resources.

Ability of Self-Reparation, Self-Maintenance, and Self-@ganisation: Self-X properties
have been identified in several disciplines like organic potimg. Since CSNs belong
to living systems, the complete understanding of undemtayinechanisms and their
embedding in the whole system is a crucial aspect for degatim secret of life.
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Ability of Multi-Use: How long, how intensive, and how often a CSN can be used bafurp-
tosis is described by the multi-use property. Answeringjirestion, whether or not system
components drift, leads to conclusions about reliabilitg @racticability. Methods to de-
scribe drifting could be integrated into the fithess evatmt

6 Specification of CSN Target Functions

The variety of computational properties of CSNs discusged@ provides a framework for CSN
description, specification of target functions, and fitresgduation. This framework is introduced
in a quite general manner since it should serve for subs¢euere detailed studies within the
ongoing project. Setting an initial point for these kindsurtther investigations, we give some
basic ideas for specification of CSN target functions in sleistion.

Levels of Formal Representation and Computational Power

According to computational power and complexity, differavels of representation can be dis-
tinguished to specify CSN target functions. We introdugeesentation strategies from simple
to extensive approaches.

Input-Output-Tables

The simplest way to define a target function consists of apuittble. For a finite number of
discrete time points, the expected number of individualg. (ebjects, molecules) of a declared
output species is listed. In this case, the network inpuivisrgby its initial configuration in
terms of a constant. Several inputs and dedicated outpléstaan be combined for one CSN.
The input is handled in a static manner, it cannot be modifiex bme.

An extension lies in the declaration of a CSN input specieshivban be controlled externally.
This allows modifications during computational procesgdsiims of responding to signals. The
input species and the initial network configuration encdaevthole input of the system. Prede-
fined input-output-tables considering a finite number ofidite time points provide an opportu-
nity that is easy to use.

Introduction of don’t-care-symbols (placeholders) agtas a kind of meta symbols makes
input-output-tables a more flexible tool in utilisation.aB¢holders stand for arbitrary values.
They do not influence the fitness evaluation. The main adgargéplaceholders can be seen in
the ability to define time spans wherein the network tunetstexpected behaviour.

Explicitly Defined Arithmetic Functions

Describing target functions using input-output-tables caquire a lot of effort, especially in
case of trajectory refinement and parameterised functiBasticularly, shifting, expanding, or
smoothing of trajectories can be described effectivelpgiparameterised functions. Replacing
input-output-tables by explicitly defined arithmetic failons necessitates techniques for inter-
pretation of function terms. Those techniques are estaalisProviding a set of basic functions
and construction principles, a syntactical space for pgechifunctions is defined inductively.
Additionally, the usage of arithmetic functions facilgatcoping with oscillating behaviour.



Terminating Programs Denoted as Models for Computation

A more general approach utilises results of arbitrary camaimnal processes to describe target
functions of CSNs. To do so, any terminating computer progean be transferred into a target
CSN with specified behaviour. Since reaction networks amsvkno be computational complete
(universal, Turing-complete), they are able to performheammputation that can be run on a Tur-
ing machine. There are well-known transformations betwegwersal models of computation,
see figure 1. Each transformation is mapped constructivedytalgorithm. Among determinis-
tic models for computation, these algorithms own a polyradiiine complexity, while change
between deterministic and nondeterministic paradigmsesaxponential time complexity since
the tree representing all computational paths has to beeséiglised.

Chomsky Turing Class of Class of A-terms in
Grammar | W= \|gchine [ W \\H|| E- | e _recyursive [ e nontyped
type 0 (DTM, NTM) Programs functions A calculus
for i:=1ton step 1
x 1= x div 2;
yi=y+1
o Register et
Circuit Network Machine if x < epsilon then
GOTO Progr. return X
endi f;
return O
Terminating
. Computer Program

‘ Chemical
\ /J Reaction | <eg— Input, Target or Output for
[ —-  Artificial Evolution

. Network
Comparison to Biological CSNs

Figure 1: Transformations between some universal modatsmputation. All transformations
are formalised by algorithms. In consequence, any termigatomputation process, denoted
using an arbitrary model proven to be universal, can sertargst for CSNs.

Specifications by Category Theoretical Description

Category theoretical descriptions are based on combimatbverifiable properties. Classes of
objects with same combinations of properties form categorHomomorphisms and homology
mappings (functors) between them formalise degrees ofagityi Properties are denoted as log-
ical expressions (terms) that can be inferred from axioresltiég from the basic elements the
model is composed of. Category theoretical approachestbi#anost general way to specify tar-
get functions and CSNs directly by favoured properties.t@aiicting combinations of properties
lead to empty classes of fulfilling target functions or CSKschallenge of category theoretical
descriptions consists in coping with infinite numbers andeuntainties of instances belonging to
one class. Furthermore, proving soundness and complstegepsires a logical formalisation of
all properties used within descriptions.



Selected Techniques to Facilitate Specifications

Target functions represent the expected behaviour of a O®BN.behaviour concerns static
(asymptotic) as well as dynamical aspects. Coupled to atesabolecule numbers or concen-
trations of selected input and output species, it may berdgdgaous in some cases to facilitate
the specification of the expected behaviour. Two commonnigcies include transformations
and usage of predefined template elements.

Transformations

Transformations describe mappings between functionsfigrdnt domains. As an example the
Fast Fourier TransformatiofFFT) facilitates the specification of oscillating signahaviour by
mapping domains from discrete time points to frequency. imtensity of a signal dependent on
underlaying oscillation frequencies is obtained. Thera igariety of algorithms that calculate
FFT for a given list olN signal values, . .., xn-_1 at corresponding time points.0.,N—1. The
mapping into each valu¥, of the frequence domain results from

N-1 2mi
X = Z)xn-e‘W”" k=0,...N—1.
n=

FFT can be interpreted asfalding resp. filtering process. Other filterings useful for spec-
ification of signal processing gradients @escrete Wavelet TransformatigPWT) and Gabor
Filter. DWT is used for signal coding, where the properties of thagformation are exploited
to represent a discrete signal in a more redundant fornm) eea preconditioning for data com-
pression. The DWT of a signalis calculated by passing through a series of filters. Firgtky
samples are passed through a low pass filter with impuls@mnsspg resulting in a convolution.
Simultaneously, the signal is also decomposed using a tagh filter h. Since half of the fre-
guencies of signat have been removed, half of the samples can be discardeer éiitputs are
then downsampled by 2.

Youl() = 3 %eg2:n—K)

k=—o0

Yhigh(n) = ixk-h(zn—k)
=

Gabor filters are directly related to wavelets since they lvardesigned for a number of
dilations and rotations. Filters can be combined formingrées or a cascade.

Usage of Template Elements

Predefined parts (subunits) of a CSN can be handled as tesplBbey are excluded from any
kind of modifications during the evolutionary process. Thgamtage of this approach lies in
its ability to keep stable functional units. Additional cpanents of the CSN arising during
the evolutionary process have to adopt interfaces and grepeof templates. Using SBML
(Systems Biology Markup Language) as a computer languagehfenotypic representation of
CSNs, template blocks can be declared. The experimental @8Ner software provided by
the Friedrich Schiller University within ESIGNET workpaaes WP4 and WP5 comes with this
feature.



7 Aspects of CSN Fitness Measure and Evaluation

Distance between Target Function and CSN Output

We assume that there exists a numeric representation at tngction values (tj) and CSN
output function values (@) at discrete time points,...,tm. Letl = dom(f) = dom(g). The
distance d | x| — R is called a dissimilarity measure or distance functiovijfj,h € I:

(D1) di,j) > O Distances are nonnegative.

(D2) di,i)y = O Distance of an object to itself is 0.

(D3) di,j) = d(j,i) Distance functions are symmetric.
(D4) di,j) < d(i,h)+d(h,j) Distance betweem and j is not longer

than a detour ovdr.

Euclidian distance,/S ", (f(t) —g(ti))?, its square, thdlock distances ™, |f(ti) —g(ti)|, and

the Chebychewistance ma , |f(ti) — g(ti)| belong to metrics often used.

Similarity between CSNs

Letl ={a,...,an} be a set of objects. 4 x| — R is called a similarity measure or similarity
function if Vi, j,h € I:

(S1) 0< s(i,j) <1  Similarities are between 0 and 1.

(S2) gi,i) = 1 Similarity of an object to itself is 1.

(S3) gi,j) = s(j,i) Similarity functions are symmetric.
xy 231 ft)gt)

The Dice coefficient ¢x,y) = 3 = S0+, )
Xy St f(t)ot)

Tyt y = ST S ) s e belo.ng to metrics often used. |

Distance and similarity metrics are suitable to evaluat® @&get and output functions.
These techniques are also applicable to numeric reprémersaf CSNs. It can result from
genotypiaepresentations of the CSNs whose nucleotides are intedoas digits. All isomorphic
representations (permutations of nodes) have to be coedidad subsequentially, their overall
similarity is defined by the maximum similarity. Using a gémic representatioralignments
andscoringscan also express homologies between CSNs.

Other approaches reflect Hamming distances, clusterimgtrarading. Thédammingdis-
tance between two CSNs can be seen as equal to the minimunenofrhodification steps that
transform one CSN into the otheClusteringgenerates a tree of subgraphs from a CSN consid-
ering the number of edges between nodes. Nodes connectethbyimum of edges forming
cluster structures are unified (melted). The minimum nurobelustering steps until both CSNs
have the same clustered representation also measureargimirhreadingis a technique com-
ing from the comparison of protein structures. Since pros#iuctures are denoted as bonding
graphs, threading can also be adopted to CSNs.

Since CSNs as a special form of reaction networks are knowe tmmputational complete,
a direct comparison of two CSNs requires the solution of thealled equivalence problem
in computer science. The equivalence problems consistseié¢cision whether or not either
algorithmic descriptions produce the same output, consigall permitted inputs. This problem
is known to be undecidable because of its infinite need ofuress and the uncountable size of
the search space.

and theJaccard coefficient $x,y) =
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Weighting of Components for Fitness Evaluation

To obtain a fitness evaluation function, all relevant congrds resulting from CSN properties
and from the distance or similarity of its behaviour to theyé function are weighted by factors
and combined linearly. Further studies will explore speaifeightings for CSNs.

8 Conclusions

The report summarises a general framework of CSN propeauseful to specify target func-
tions and fitness evaluation. Adopting aspects of this gériemmework, selected techniques
for formal representation of target functions are intragtligrcluding some methods to facilitate
specification. Aspects of CSN fitness measure and evaluatuding distance and similarity
measures complete the report.

Each of the sketched properties, techniques, and methodsds on specific facets of interest
in modelling and analysis of CSNs. Underlying theories,hodblogies, and strategies are well
established in the scientific community. We abstain fromingj\a detailed introduction into the
background issues. Although some of the approaches mentioefore are known for several
decades, new applications and areas of usage arise coystéhey aim to give inspirations
and orientations for upcoming parts of the ESIGNET projé&ct further information, we refer
to primary literature mentioned as well as to publicatiomghe context of ESIGNET and its
members.
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