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Preface

This volume of the Springer Lecture Notes in Computer Science series contains the
contributions presented at the International Symposium on Knowledge Exploration in
Life Science Informatics (KELSI 2004) held in Milan, Italy, 25-26 November 2004.
The two main objectives of the symposium were:

e To explore the symbiosis between information and knowledge technologies and var-
ious life science disciplines, such as biochemistry, biology, neuroscience, medical
research, social sciences, and so on.

e To investigate the synergy among different life science informatics areas, including
cheminformatics, bioinformatics, neuroinformatics, medical informatics, systems bi-
ology, socionics, and others.

Modern life sciences investigate phenomena and systems at the level of molecules,
cells, tissues, organisms, and populations. Typical areas of interest include natural evo-
lution, development, disease, behavior, cognition, and consciousness. This quest is gen-
erating an overwhelming and fast-growing amount of data, information, and knowledge,
reflecting living systems at different levels of organization. Future progress of the life
sciences will depend on effective and efficient management, sharing, and exploitation
of these resources by computational means.

Life science informatics is fast becoming a generic and overarching information
technology (IT) discipline for the life sciences. It includes areas such as cheminformat-
ics, bioinformatics, neuroinformatics, medical informatics, socionics, and others. While
the precise scientific questions and goals differ within the various life science disci-
plines, there is a considerable overlap in terms of the required key IT methodologies
and infrastructures. Critical technologies include databases, information bases (i.e.,
containing aggregated, consolidated, derived data), executable models (i.e., knowledge-
based and simulation systems), and emerging grid computing infrastructures and sys-
tems (facilitating seamless sharing and interoperation of widely dispersed computa-
tional resources and organizations). These base technologies are complemented by a
range of enabling methodologies and systems such as knowledge management and dis-
covery, data and text mining, machine learning, intelligent systems, artificial and com-
putational intelligence, human-computer interaction, computational creativity, knowl-
edge engineering, artificial life, systems science, and others.

This symposium was a first step towards investigating the synergy of these knowl-
edge and information technologies across a wide range of life science disciplines.

Milan, Italy, November 2004 Jesis A. Lépez
Emilio Benfenati
Werner Dubitzky
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A Pen-and-Paper Notation
for Teaching Biosciences

Johannes J. Mandel®2 and Niall M. Palfreyman!

! Dept. of Biotechnology and Bioinformatics,
Weihenstephan University of Applied Sciences, Freising, Germany
{niall.palfreyman, johannes.mandel}Q@fh-weihenstephan.de
2 School of Biomedical Sciences, University of Ulster, Coleraine, Northern Ireland

Abstract. The authors introduce a graphical notation for representing
general dynamical systems and demonstrate its use in three commonly
occurring systems in the biosciences. They also indicate how the notation
is used to facilitate the acquisition and transfer by students of skills in
constructing equations from a verbal description of a system.

1 Modelling in the Biosciences

In her book “Making Sense of Life”, Evelyn Fox Keller [1] recounts a confronta-
tion at the 1934 Cold Spring Harbour Symposium on Quantitative Biology be-
tween Nicolas Rashevsky and Charles Davenport concerning Rashevsky’s (2]
mathematical model of division in an idealised spherical cell. Davenport’s com-
ment on the model was:

“I think the biologist might find that whereas the explanation of the
division of the spherical cell is very satisfactory, yet it doesn’t help as

a general solution because a spherical cell isn’t the commonest form of
cell.”

which elicited the following retort from Rashevsky:

“It would mean a misunderstanding of the spirit and methods of math-
ematical sciences should we attempt to investigate more complex cases
without a preliminary study of the simple ones.”

What we observe in this altercation is a deep-set cultural division between bi-
ologists and mathematical scientists, and one which must be experienced at some
level by any student entering a degree programme in a discipline combining biol-
ogy with the mathematical or technical sciences. There is a mildly schizophrenic
atmosphere about such programmes arising from the diverse approaches of the
two groups of scientists: The biologist must learn early in his career that living
systems are inherently complex - too complex to hope to understand or explain
them in all their gory detail. The engineer on the other hand develops during
her training a confidence in her own ability to describe and possibly explain the
world in terms of relatively simple equations. Whereas the biologist learns to
accept a provisional lack of explanation, the engineer learns to need to explain.

J.A. Lépez et al. (Eds.): KELSI 2004, LNAI 3303, pp. 1-8, 2004.
© Springer-Verlag Berlin Heidelberg 2004



2 Johannes J. Mandel and Niall M. Palfreyman

The result of this division is that the student of the mathematical or technical
biosciences is pulled in two conflicting directions: she is required on the one hand
to develop a deep appreciation of the complexity of living systems, yet must
simultaneously become adept in the technical skill of modelling this complexity
mathematically at a level which admits tractable solution. The central skill that
this student must learn is therefore to abstract from a given biological system
the essential mathematical structure.

Our experience is that bioscience students often have difficulties in learning
this skill, and that these difficulties stem from a single question which is repeat-
edly voiced by our students: “I know how to solve the equations, but I have no
idea how to derive these equations from a physical description of the problem!”

In this article we offer three components of a solution to this problem:

1. We propose a pen-and-paper graphical notation (mutuality nets) for de-
scribing the dynamical structure of a system. Mutuality nets emphasise the
structural similarities between different systems, thus enabling the transfer
of knowledge between systems.

2. We define an unambiguous procedure for transcribing mutuality nets into
mathematical equations.

3. We illustrate the use of mutuality nets by using them to formulate three
design patterns for situations commonly arising in the biosciences. “Each
pattern describes a problem which occurs over and over again in our en-
vironment, and then describes the core of the solution to that problem, in
such a way that you can use this solution a million times over” (Christopher
Alexander, quoted in [3]).

In section 2 we use the Rain-barrel pattern to demonstrate how mutuality nets
portray the generic dynamical structure in a variety of structurally similar sys-
tems, and how this structure can be used to derive a mathematical model. In sec-
tion 3 we formulate the Investment pattern, which describes catalytic processes,
and in section 4 we use the Delayed balancing pattern to describe the dynamical
structure of oscillating systems. Finally, in section 5 we discuss briefly how mu-
tuality nets are woven into a currently running course in bioprocess engineering.

2 Rain-Barrel: Using Feedback to Seek Equilibrium

Mutuality nets arose out of teaching a first course in bioprocess engineering,
where almost every equation can be derived in one of two ways - as a balance
equation for the processes affecting some state variable (stock) s:

4 = (sum of input processes) - (sum of output processes) (1)

or as a rate equation for the stocks s; coordinated by a process p:

_%1 % &4 S @)
ai as a; Ait1
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A mutuality net links these two kinds of equation in a network of interacting
stocks and processes. It is a straightforward adaptation of stock and flow dia-
grams [4] and Petri nets [5], [6], [7] for use in the biosciences; it has been discussed
elsewhere [8], [9], and will be described in detail in a forthcoming paper.

To see how mutuality nets are used in teaching, let us use them to represent
the very simple system of a leaky rain barrel (fig. 1), into which water runs at
a constant rate, but whose contents leak out at a rate which is proportional to
the current volume of water in the barrel. This model displays a wide variety
of behavioural intricacies which fascinate students - see [10] for an extensive
pedagogical discussion of the rain-barrel.

s

filling( ) Watsrvomal Vi leaking = KV

Fig. 1. The rain-barrel model

The first thing to notice here about the rain-barrel model is its wide appli-
cability to biological systems. The following is just a short list of systems whose
dynamical structure matches that of the rain-barrel:

— Infusion and subsequent uptake of medication in the blood system.
— mRNA / protein synthesis and degradation.

— Substrate levels in a continuous-feed bioreactor.

— Heating of a body and heat loss to environment.

— Approach to terminal velocity in a falling body.

— Growth of a feeding organism with energy loss through respiration.

Once a student has understood the behaviour of the rain-barrel model, he
has little trouble in transferring this knowledge to any of the above situations.
In this way mutuality nets facilitate transfer by visually representing the essen-
tial dynamical structure common to all of them. In addition this representation
facilitates thinking, discussion and the exchange of views by lending itself to
simple pen-and-paper constructions.

To obtain the dynamical equation of the rain-barrel system, we transcribe
the above diagram into mathematical notation. This is done by treating each box
(e.g.: V in the above diagram) as a state variable, and each cloud (e.g. filling
and leaking) as a process which either augments or depletes the value of the
state variables to which it is connected by an arrow. The circle notation means
in the case of the rain-barrel that V is also an information source for the leaking
process, thus making V' available to appear in the equation leaking = kV'. In this
way we find the balance equation V = f —kV , which can easily be solved either
analytically or numerically by students to find the typical equilibrium-seeking
behaviour of the rain-barrel shown in fig. 2.

Experimenting with the rain-barrel pattern makes clear to students the im-
portance of feedback for system behaviour, since it is precisely the feedback
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Equilibrium volume

Water volume ( V)

.

g
time

Fig. 2. Equilibrium-seeking behaviour of the rain-barrel

nature of the interaction between V and leaking in the rain-barrel which leads
to its distinctive behaviour. By experimenting with the feedback constant k,
they discover for themselves how it affects the convergence rate of the basic
equilibrating behaviour.

3 Investment: Eliminating Idols

In our next example we shall see how the syntax rules of mutuality nets can aid
students in the derivation of the Michaelis-Menten (M-M) equation [11] for the
enzymatic splitting of a single substrate S.

Our first approximation to the M-M system is a simple adaptation of the
rain-barrel model in which we assume that the enzyme E is an idol of the
system in the sense that it is a state variable which affects the reaction, but
without itself being affected by the reaction. Such a system might be denoted as
in fig. 3. Here the constant value E conditions the process splitting according
to the function kES, where k is the rate constant for the reaction.

splitting= kK *E*S

Fig. 3. Syntactically incorrect model of the M-M system

In fig. 3 we distinguish between two kinds of influence: cause and condition.
A cause (thick, straight arrow) denotes an incremental flow of quantity between
a stock and a process; a condition (thin, curved connector) makes available the
value of its source (denoted by the small circle) to its target. We say that splitting
causes changes in the substrate level S, and that E conditions this splitting.
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Of course, the only problem with this model is that it is physically incorrect!
It treats the product kE as the rate constant in an exponential process splitting,
whereas in reality this is only a part of the complete enzymatic process - even
the behavioural curve arising from this model is incorrect.

At this point we offer students as a guide the mutuality rule which, al-
though not part of the syntax of mutuality nets, nevertheless constitutes a strong
recommendation, particularly when using mutuality nets to model biological sys-
tems: A condition should only connect one process to another process. The effect
of this rule is to discourage the formation of idols such as E in a dynamical
model; if we wish E to condition the splitting process, then we should usually
connect them with a cause, thereby at least admitting the possibility of a mutual
interaction between splitting and E (hence the name “mutuality rule”).

This is, of course, the case in reality, since E actually effects the splitting by
physically investing itself in the splitting process. Yet it is also the case that the
quantity of E in the system remains unaffected when the reaction is complete. In
order to combine these two requirements, we are compelled to introduce a new
state variable representing the transitory enzyme-substrate complex ES. This
leads us to the physically correct model shown in fig. 4.

litting =_kCat*ES
kFwd st k2 >

binding = kFwd*E*S - kBack "ES

Fig. 4. Syntactically correct model of the M-M system

On the basis of this corrected model it is simple to first transcribe the com-
plete dynamical equations for the M-M system:

2 — (kBack)(ES) - (Fud)(E)(S) (3)
%’f_ — (kBack + kCat)(ES) — (kFwd)(E)(S) @)
ii_s — (kFwd)(E)(S) — (kBack + kCat)(ES) (5)

and then if required deduce the M-M equation by imposing the condition ES =
const and defining the M-M constant K., = (kBack + kCat)/kFwd.

From our consideration of the M-M system we have made two discoveries.
First, the mutuality rule that no state variable can purely condition a process
helps us to formulate a physically realistic mathematical model of the system -
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something students often need help with. Second, the cyclical structure of the
M-M model in fig. 4 is again a pattern commonly found in the biosciences, which
we call “Investment”. This pattern represents any situation where something
is invested in the short term in order to return itself plus a payoff in the long
term. Examples of the Investment pattern are:

— Investment of energy by organisms in foraging activities in order to gain
energy from food. _

— In the cell, phosphorylation of ADP represents an investment which is re-
turned on hydrolysis of ATP, and which transports energy in the process.

4 Delayed Balancing: Creating Oscillations

In this section we shall introduce one final model which illustrates the relation-
ship between oscillatory behaviour and feedback delays [12]. Imagine modifying
the basic rain-barrel pattern by introducing a delay in the availability of infor-
mation regarding the current level of water in the barrel. In this case the leak
responds not to the current water level, but to some prior level, and the result is
that the behaviour becomes no longer a direct convergence to equilibrium, but
instead an oscillation about equilibrium as shown in fig. 5.

Water volume ( V)

N

i Cal
time

Fig. 5. Oscillations in the delayed-feedback rain-barrel

We can see how such a delay in the equilibrating feedback can lead to oscil-
latory behaviour, but how do feedback delays arise in the first place? A typical
way in which delays can occur is if a process depends not merely upon feedback
from its source, but is also modulated by feedback from its effects, as in the
Lotka-Volterra model [13] of fig. 6.

The important point in the Lotka-Volterra model is that rabbits are increased
by birthing and foxes are reduced by dying, but both of these effects are coun-
tered by the process of interacting between the two populations. So where does
the delay come in interacting is conditioned by two balancing effects R and F,
which react only sluggishly to changes caused by the interacting process. The
oscillations of the Lotka-Volterra predator-prey model are well-known, and result
directly from the delay thus introduced.



