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Abstract

Systems Biologyreconstructs biological
phenomena in order to develop explana-
tory models of living systems. These mod-
els are represented precisely in terms of
mathematical expressions. However, the
meaning of a model usually is not formally

lations between them. In this paper we will in-
troduce the meaning facets and then briefly sketch
how they can be used in order to systematically re-
construct the meaning of mathematical models of
the cell cycle (Section 3).

2 Meaning Facets of Explanatory Models

In biological systems complex dynamical be-

specified but only described in natural lan-
guage. Here, we discuss a framework for
specifying the meaning of bio-models. We
show that semantics appears on different
levels: the meaning of the model as a
whole, the meaning of the model’s compo-
nents, and the meaning of the model’s be-
haviour. Each level has an intrinsic and ex-
trinsic facet. We illustrate our framework
by sketching what must be considered for
a formal semantics of two simple numeri-
cal models of the cell cycle.

haviour usually arises from tangled interactions
between countless entities. In order to understand
the mechanisms that drive such a complicated sys-
tem biologists typically substitute the real system
by a simplified model which is supposed to imitate
just those aspects of the system that are needed for
simulation. The justification for this iexplana-
tion: If the results obtained under plausible bound-
ary conditions from a simulation model are con-
sistent with the observable behaviour of the mod-
elled system and if in addition the components of
the model possess a meaning wrt. the modelled
system then this explanation plays an important
role in the understanding of the real system. Fol-
Systems Biologyeconstructs biological phenom-  lowing the traditional performance vs. competence
ena in order to develop explanatory models of liv-distinction of (Chomsky, 1965), such a model is a
ing systems. These models are represented focompetence model.
mally in terms of mathematical expressions or al- We will call such a mathematical competence
gorithmic statements. But often the meaning of anodel of a biological phenomenorbe-model. A
model is not formally specified and only describedbio-model comprises a binary relation between an
in natural language. A formal semantics describexpression in some formalism, the model in a nar-
ing the meaning of bio-models would not only rower sense, and a biological phenomenon, i.e. the
be useful in application scenarios, such as modehtended meaning of the model. While the model
search and model integration, but also would supitself almost always is given in a formal way the
port biologists in understanding the mathematicaintended meaning typically is only described in-
formalism. formally in natural language. The same holds for
In order to account for such a formal semanticghe specification of the meaning of the components
of bio-models we have to investigate and characef the model and for a large part of the boundary
terise the meaning of the models in detail (Secconditions. Thus, systems biologists give seman-
tion 2). We show that semantics appears in differtics to the bio-models they deduce from their ex-
ent facets. A formalisation of the semantics hagperiments, but this semantics typically is amenable
to account for these facets and essential for the resnly for human biologists and not for computers.
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In which formalism is the model formulated

? What do the model stands for? Which biologi-

How are expressions in the formalism inter-cal phenomena does the model describe? What

preted or executed? How is the formalism ug

edre the described biological systems and pro-

to simulate the behaviour? cesses?

What is the formal structure of the modef?yy o are the biological meanings of the compo-
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Which characteristic types of dynamical be-Which biological phenomena correlate with
haviour can be observed? What are typical runsharacteristic types of dynamical behaviour?
of the simulation model and which parameteMhich experimental data are reproduced by
settings are used therefor? which run of the simulation model?
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behavioural

Table 1: Meaning Facets of a Bio-Model

There is a main distinction in the meaning of 3 A Case Study: Models of the Cell Cycle
a bio-model given in some mathematical formal-
isation: (1) The mathematical expression bear
meaning by itself without referring to any biolog-
ical reality it stands for. We can interpret and
analyse (maybe through numerical simulation) aviodel 1:
formal expression without knowing what it repre- d
sents. This is what we call thHetrinsic meaning

In the following we will illustrate our meaning
?acets with the help of a case study — two models
of the cell cycle from (Tyson, 1991):

[C2] /dt = ke[M] — ks[~P][C2] 4 k4[CP]
—k3[CP][Y] + ks[~P][C2] — k4[CP]
KalCPIIY] — [PMIF(M]) + ks [~ P [M]
[PM]F(M)) — ks~ P][M] — ks[M]
k1[aa] — k2[Y] — k3[CP][Y]

ke[M] — k7[YP]

call th d[CP] /dt
of a model. (2) A pure intrinsic model would be d[pM] /dt

|
]
a vain effort. What a model distinguishes from a d[M} Jdt
|
]

pure syntactical formal expression is its surrogate- qryj /as
ness: The model describes some piece of realityiiyp) /ot =
and thereby bears atrinsic meaning.

F(M) =
[CT] =

Ky + ka([M]/[CT))?

Orthogonal to this intrinsic/extrinsic dimension [C2] + [CP] + [pM] + [M]

of the meaning of a bio-model three pragmatic lev-Model 2:
els can be identified: The model for itself has an

) . - . du/dt = ka(v—u)(a+u®)—keu
intention, it has some giverstructure and when dv/dt = (ki[aa]/[CT]) — keu
it is used it shows dehaviour. These meaning
facets of a bio-model are summarised in Table 1. u o= M/CT]
v = ([Y]+[pM] + [M])/[CT]
[CT] = [C2]+ [CP]+ [pM] + [M]

The pragmatic levels can be seen as levels of .
concreteness: In the intrinsic case the intensional Fa ks
level defines the set of valid models in the given Both models describe the building and activa-
formalism. One of the valid models is chosen ontion of the maturation promoting factor (MPF), a
the structural level and it constrains the possibldetero dimer made of the two proteins cyclin and
patterns of behaviour. With concrete boundarycdc2. Model 1 does this by means of a set of or-
conditions one can select some of the possible bdlinary differential equations (ODEs) where each
haviours on the behavioural level. equation models the temporal evolution of the

concentrations of one of the involved substances

In the extrinsic case the intensional level fo-wrt. the concentrations of the other substances.
cuses on specific biological phenomena. In ordemvolved substances are: cdc@2), phosphory-
to explain these phenomena one has to choose tleged cdc2 CP), inactive MPF pM), active MPF
relevant biological objects and processes that cornM), cyclin (Y), phosphorylated cyclinY{P), to-
nect them. For this purpose potential mechanismtl cdc2 CT), adenosine triphosphate-P) and
must be identified that can explain the phenomamino acids 4a). Model 2 is a mathematical ab-
ena. On the behavioural level one looks whethestraction ofModel 1 under certain additional bio-
the supposed mechanisms can explain and prediltigical assumptions. Thk; are kinetic rate con-
the observed behaviours of the biological systemstants. For details see (Tyson, 1991).
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We choose these two models for the following Model comparison Given two models, do they
reasons: (1) They are models of a prominent andemantically overlap? Is one model a sub-model
well-known biological system. (2) They are small of the other? Or is one of them an abstraction
in the number of variables and equations. Nev-of the other? A method for model comparison in
ertheless they exhibit surprisingly many problemsgeneral is needed for many higher level tasks, like
in capturing and formalising their semantics. (3)e.g. model matching or model integration.

There are other small models of the same bio- Model integration: Given two models that
logical system that we plan to use for semanticssemantically overlap, what would an integrated
based comparison and integration in future invesmodel look like? Again, a formal semantics of the
tigations (e.g. Goldbeter, 1991). (4) The mod-model’s components is needed in order to auto-
els are contained in thBioModels Database (Le mate this task.

Novére et al., 2006), a database of bio-models that Model understanding: A mathematical model
provides some basic grounding for model coms a set of symbols. On the other hand it is also
ponents (cf. Section 5). (5) One of the modelsan abstract description of biological phenomena,
(Model 2) is an abstraction of the otheMpdel 1).  such as the ability of a cell to change its behaviour

Table 2 sketches the meaning facetdodel 1.  form metaphase arrest to growth-controlled di-
Some details are suppressed here because of spagsion cycle. By unifying the relation between
limitations. There is a similar table fdvlodel 2 model and its meaning, we expect models to be-
which is not shown here. The main difference income more accessible to biologists who frequently
the meaning of the two models is in the mappingare not modelling experts.
between the variables and the biological entities Model usage In order to simulate and predict
they stand for. IrModel 1 there is a simple map- the behaviour of a biological system the bio-model
ping between each variable and a sort of moleculelsas to be implemented in a computer code. This
in the cell. The situation foodel 2is more com-  causes further problems: Without a formal seman-
plicated: here a variable is an arithmetic exprestics a biologist has to modify the code in order to
sion over variables from the first model. change the model. If a formal semantics is given, it

Key questions that had to be answered in ordewould be possible to modify the model on a more
to arrive at the tables were: How should a modehbbstract semantic level without the need to refer to
be understood? Which facets are required to unthe implementation.
derstand the model? What are the sources of the Model mining: In order to semi-automatically
understanding? Which meaning facets are rathesxtract the meaning of a given model (maybe to-
implicit? What is the final ground the understand-gether with a paper explaining it) one needs means
ing rest upon? The answers are an account of th@ catch and verify this meaning: a formal seman-
meaning facets (cf. Table 1) from the perspectiveic description.
of a human biologist.

5 Related Work

4 Semantical Application Scenarios _
There are other projects related to our work:

An important next step towards a semantic deCMSBIib (Soliman and Fages, 2004) is a “li-
scription of bio-models is to develop a formalism brary of computational models of biological sys-
that allows to represent the meaning. The choicéems”, which has recently started and contains
of this formalism must be guided by the intendedcurrently six models. A slightly larger database
application. In the following scenarios a formal namedBioModels Database (BioModels in brief)
semantic description of bio-models would be de{Le Nowere et al., 2006) links a model and its
sirable: constituents to external resources like database en-
Semantics based searchFor example, both tries. The links are formalised by using RDF and
models discussed in this work should be retrievcan be augmented by qualifiers adapted from the
able by search queries of the following types:Dublin Core.
“Find models related to p34 protein kinase!”, An application of our meaning facets to
“Find models that describe the interaction betweemBioModels discloses certain shortcomings with
cdc2 and cyclin!”, or “Find models that exhibit this approach. Several of the semantical applica-
both steady state and cyclic behaviour!”. tions sketched above are only partially realisable



intrinsic

extrinsic

intentional

Mathematically, the model is a system of cou-

pled ODEs in one common independent va

ablet and a set of boundary conditions. It can

be simulated with numerical methods.

The model describes the interaction between
ri_(:dcz and cyclin when forming MPF. MPF con-
trols the major events of the cell cycle. Thus
the model also describes the control of the cell

cycle.

structural

There is a special variable The dependen
variables[C2], [CP], [pM], [M], [Y], [YP] in
the equations implicitly are functions of The
same holds for the variablgs-P], and [aa],
which are assumed to be constants. There
two special variable$CT] and F', which can
be seen as abbreviations of some arithmetic
pressions over the other variables and constg
The other atomic symbols (i = 1,...,9) and

For the mapping between entities of the mathe-
matical model and objects and processes in the
world the following must hold:
1. The special variablerepresents time.
ae The variable$S] stand for concentrations of
specific substancesin the cell.
ed. The constantg; and k) represent reaction
ntstates for specific reactions between the sub-
stances.

k) are genuine constants. The model comprises Some terms represent rates of change of con-

of six ODEs of the formlV /dt = FE, one for
each of the dependent variables, withbeing
the dependent variable arid a recursively de-
fined arithmetic term in the set of variables a
constants.

centration of substances through specific reac-
tions.
5. The equations represent the rates of change
nd of concentrations of the corresponding sub-
stances.

behavioural

An analysis of the dynamical properties (Tysq
1991) reveals three qualitative modes of dyna|
ical behaviour: (a) steady state with high valu

nOne can map the modes of dynamical be-
mhaviours of the model to biological phenomena:
e¢a) metaphase arrest, (b) rapid division cycles

of [M], (b) spontaneous oscillation and (c) ex-n early embryos, (c) growth-controlled division
citable switch. cycles in non embryonic cells (Tyson, 1991).

Table 2: Meaning facets dflodel 1

with BioModels. BioModels only allows to spec- for the derivation of a formal semantics and that
ify the extrinsic meaning at the intentional and thewill provide a sound basis for the construction of
structural level. Neither is there an account for thenigher level semantical applications.
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6 Conclusion

In this paper we introduced important meaning
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