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FORUM FOR SCIENTIFIC METHOD IN BIOLOGY
25th February, 2009
Oxford e-Research Centre
University of Oxford
Participants:
Annamaria Carusi, Blanca Rodriguez, James Wakefield, Kevin Burrage, Brian
Goodwin, Evelyn Fox Keller, Philip Maini, Lynn Margulis, Denis Noble, Derek
Terrar, Anne Trefethen, Eric Werner
Background
The Forum for Scientific Method in Biology was convened by Annamaria Carusi,
Blanca Rodriguez and James Wakefield. The three conveners represented three
different approaches and interests in biological sciences: philosophical and social
studies of biology; computational biology and cell biology. There had already been
several discussions between us regarding the different views on biology taken by
proponents of computational and mathematical approaches to biology as opposed to
more qualitative approaches. In February 2009, both Evelyn Fox Keller and Lynn
Margulis were visiting Oxford, Kevin Burrage was in Oxford for an annual stint with
the Computational Biology Research Group, and James had been in discussion with
Brian Goodwin at Schumacher College. Denis Noble and Eric Werner (conveners of
the ongoing Conceptual Foundations of System Biology seminar), Philip Maini and
Derek Terrar, are based in Oxford. Taking advantage of the co-presence of this group
of people – all in their different ways concerned with the interface between
mathematical, computational and qualitative approaches – the Forum to discuss what
constitutes scientific method in biology was arranged.
Participants were asked to reflect on a set of questions relating to method [Appendix
1]. The discussion was started off by a semi-rehearsed dialogue between James
Wakefield and Blanca which was intended to set out the main points of divergence
between the two approaches, by both taking a more extreme view than they actually
hold. This sparked off discussion among the participants with no need of further
encouragement. The discussion was audiotaped and transcribed. In transcribing and
editing, we tried to stay as close as possible to the spoken, conversational style of the
discussion. Participants edited their own contributions – except for Brian Goodwin.
Sadly, Brian, who had not been well even at the time of the Forum, was involved in
an accident from which he did not recover in mid-July 2009. Although he was unable
to participate in editing we have tried to be as accurate as possible in the transcription
of his contributions to the discussion. Brian’s email to us the day after the Forum
appears at the end of the transcription.
This document is an edited transcript of the discussion that took place on February
25th, 2009. Although edited for ease of reading, the essentially conversational style of
the discussion has been retained.
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TRANSCRIPTION
[Draft transcription by Grace de la Flor; Revised transcription by Annamaria Carusi]
Annamaria: Introduction and background
Welcome everyone, and thank you for being here.
My work, studying computational technologies for conducting research of all types,
affords me the opportunity to be inquisitive about other people’s research, to pry into
what they do, and why they do it. The details of what people do are fascinating;
rendered even more fascinating to me as I try to make philosophical sense of this too:
how is what people do connected to the accounts that philosophers give of scientific
knowledge as a special domain of knowledge? How is it connected to scientists’ own
knowledge claims, and their own intuitions and statements about when they are
entitled to call the conclusions they draw ‘knowledge’? The most fascinating of all the
forms of research that I encountered was by far the broad domain of ‘biology’. Even
as I say the word, I know that there is no specific thing that I am picking out by using
it; that when mathematical biology, theoretical biology, systems biology,
computational biology and biological physics are brought into the picture, there is
contestation even over whether the term means the same thing when hitched up to
these other terms. But no matter: there will be time enough to discuss and debate this.
Through a study of the social and institutional aspects of large-scale e-science
projects, such as the now recently completed Integrative Biology project, I had
stumbled onto an area of study which brought everything together: the social and
institutional, but also methods, practices, and epistemic challenges of every kind.
Since then I have taken every opportunity possible to probe further (but what do you
do, why do you do it that way, what do you think of what your colleague in
mathematical biology (or wherever) is doing, what do you mean by explanation, what
do you mean by reduction and so on). And despite the barrage of questions, I have
even managed to find those – such as Blanca and James -- who have been willing to
go further than answering me patiently, but actually to enter into conversation with
me, and with each other, and now to draw into the conversation others whom we
happen to have been talking to, reading, or who, by serendipity, just happened to be in
Oxford. With all of you here today we have thought: oh wouldn’t it be good to have
them all in a room together, to talk about what’s happening in biology (in the very
broad sense). And here you all are, for which I thank you all very much.
Conversation is good for its own sake: but another spur for us to hold this forum is
our appreciation of the fact that this is a very particular moment in the history of
biology (in the broad sense), as computational methods – in their different guises, be
it through supercomputing, imaging, data processing, modelling, simulating, etc. etc.
– are increasingly making inroads into the methods and practices of biological
research. Computational resources do not leave the terrain as they find it: whatever
else they do, they change the landscape. And I think that this is what we are seeing
now, with all the different computational methods and techniques; the way they are
interarticulated and interconnected with everything, ranging from the maths to
microscopy. We know that the shifts and changes we are seeing now – directly
experienced by researchers, all to often, on the level of institutional challenges as
some job or funding streams are opened up and others restricted or closed down – are
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historically important; that future historians of science are going to want to
reconstruct what we are living through now. So we have seized this opportunity, of
having you all here in Oxford, to perhaps leave a trace of our current debates and
discussions, that will be of interest to future historians of biologists as they try to
make sense of the paths that will have led to the biology of 30, 50 or 100 years time.
As Kenneth May, historian of computer science has suggested in his essay on
historiography for computer scientists, ‘It isn't enough in any science to do things; it's
necessary to communicate what has been done’. What choices were made, who was
involved, how things arose.
We have focused this discussion on ‘method’. Of all the terms we could have chosen
it seemed to be the most innocent, the least laden with theories and other dogmas.
We’ll see about that.
First we’ll go around the table and introduce ourselves, and after that, we’ll start on
the semi-rehearsed dialogue, followed by open discussion.
Blanca Rodriguez:
I work in the computational biology group
Evelyn Fox Keller:
I'm a historian and philosopher of science at MIT, visiting Oxford for a couple of
months.
Brian Goodwin:
My background is mathematics and biology, biology first, mathematics second. I’ve
been for 13 years at Schumacher college involved in a Masters in Holistic Science to
try to put the parts back together again. Before that I was at Sussex, and before that at
Open University.
Derek Terrar:
I am an experimental scientist working in pharmacology
Eric Werner:
I do work on the Conceptual Foundations of Systems Biology and my simulation
work is more early embryo development
Philip Maini:
I’m a Mathematician working on Mathematical Biology here at Oxford.
Kevin Burrage:
I have two positions, one at Oxford and one back in Australia. I ’m a computational
mathematician by training and I got seduced by molecular biology in a pub …
Anne Trefethen:
I’m Director of OeRC. I ’m also a computational mathamatician, but I ’m deeply
interested in large-scale simulations
Denis Noble:
I work in Physiology here, and I work on the heart experimentally and
computationally, some people think I do systems biology.
Lynn Margulis:
And some people think he’s a musician, having written the Music of Life […] I ’m
the greatly privileged Eastman professor here but that ends in September. I do natural
history, I 'm an evolutionist, I refuse to be a biologist these days. Biology was a term
invented to distance people from natural history for experimental reasons. Biologists
always did experiments.
James Wakefield:
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I'm a cell biologist, biochemist by trade. I un a graduate course the Life Sciences
Doctoral Training Centre, which takes students from the physical sciences and trains
them to work in the life sciences.
Annamaria Carusi: my background is in literary studies and philosophy and my
research focuses on studying technologies for scientific research.
Annamaria: We’ve been working in this domain, the 3 of us at the intersection of
many different disciplines. Some of us embody interdisciplinary research in
ourselves. And we know something about the misunderstandings and the challenges
for collaboration and of course the great successes as well. We wanted to make it
possible for people to come together and have a real discussion and dialogue rather
than talking past each other. So we have semi-rehearsed a dialogue between James
and Blanca. After that the ‘methodology’ if you can call it that, is kind of like a focus
group in that we’re going to throw some questions out and see how it goes from there.
We sent out a topic list to everybody and we’ll more or less be guided by that topic
list and anything else that you want to raise. I must say that the 3 of us are sort of
representatives of three very different perspectives on biology, none of us is a purist,
we’re all in very interdisciplinary areas. But James sort of represents the qualitative,
and Blanca sort of represents the quantitative, and I sort of represent the sociophilosophical view. We constructed the dialogue that you’re going to hear in order to
try to bring out the differences between Qualitative & Quantitative more clearly. But
that does mean that it had to be a little bit stylised, a little bit caricatured, because
nobody really occupies a pure position. It’s very difficult to occupy a pure position, I
think. With that I’ll hand over to James & Blanca:
James: we thought we’d have a series of interactive statements with each other,
leading into questions, two or three on each side, hopefully this will crytallize these
two different, not necessarily opposing views. So, I 'm a cell biologist, I use genetics I
use microscopy, I use biochemistry in order to try and understand life processes. What
does this protein do, what does this group of proteins do, what does this network of
proteins do over many different time scales, over 1 second, 1 minute, an hour, a
developmental process occurring for days on end. Predominately, I use qualitative
descriptive methodology and one thing that came up in our discussions was what's the
tool that I use? If I could take one thing with me on a desert island and still be able to
do research, what would that be? And I guess for me, it's a microscope. The affinity
of a cell biologist to his microscope shouldn't be underestimated. Although, I
understand the physics of how a microscope works, it's not the physics that interests
me. It's using the microscope as an extension of my eyes in order to perceive the
innermost workings of a cell. In order to do that, I guess it becomes quite ritualistic.
So, I take samples, cells, tissues, and I prepare them in a certain way. And then I'll go
to my little microscope room, little dark room, pull the curtain, sit down on my seat,
and then I 'll go through a series of well-trod steps; I'll take the cover off the
microscope, I'll put this little light on and that little light on, the x, y stage. And then
when I 'm comfortable, when I 'm feeling 'in the zone', I'll put the sample on there and
I'll take a very cursory glance around what's on that microscope slide. And
instinctively I know whether it's a good sample or a bad sample, whether the fixations
worked properly, whether the stains worked properly, whether there are any
differences between control and treated sample and that. I think I can tell the quality
of that sample, more or less immediately, maybe intuitively. So these are the sorts of
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things I look at (Image 1). I use terms like: beauty, grace, harmony, that kind of thing,
to describe that process, in one sense. I also measure …
Lynn: What process? The process of mitosis?
James: ok, well. so what you're seeing there, in order just to orient you, is … that's a
cell, undergoing a dynamic process called mitosis or cell division. In blue is DNA, in
green are microtubules, in red are a protein that label the ends of microtubules. It's a
very dynamic process and I guess, in addition to using these slightly whimsical terms
to one extent I also measure. I use analytical tools to measure the size of the thing you
see in the top right-hand corner, which is the mitotic spindle. And I look to see
whether the density of those microtubules changes between a control and a treated or
a mutated cell. So that I can get some kind of idea about what's going right and
perhaps what's going wrong.
Evelyn: What do you mean when you say it's a dynamic process?
James: Ah! So this is the other aspect. I use both fixed imaging and live imaging of
some of these proteins. We can label proteins and we can look at them live. Now the
process of mitosis which I don’t want to go into in too much detail but ... DNA which
is already replicated condenses and then those chromosones line up in the centre of
the cell and then the sister chromatids, so these duplicated pairs, are pulled away from
one another, such that you'll end up with two chromosone complements at opposite
sides of the cell, which will then undergo a physical cleavage, such that you end up
with two daughter cells from the one parent cell. And that's a series of stills, and over
the 15 years or so that I've been doing this, you see so many samples, you see so
many of these things going on as just little fixed time points, that in my brain can
reconstruct, if you like, the dynamic process that is occurring in between these
different time steps. Or I can use live imaging analysis in order to follow that, if you
like, in real time to a certain extent. The images that you see there are not what I see
down the microscope. They're 2-dimensional images coming from a CCD camera that
takes a picture of the light that is emitted from using these fluorescent proteins. But
when I look down the microscope, I see a 3-dimensional image. I'm looking in a
binocular sense, through both of my eyes, my brain is then reconstructing that 3dimensional image. So I can never show what I see down the microscope. That can
only be done by somebody else sitting in that room with me who's then looking down
the microscope themselves. And they have a slightly different interpretation of that.
So I can use these sorts of images to validate what I do. But, that's not exactly the
process that I go through myself.
Brian: So you're animating this process through your imagination?
James: Yes. So that's were I want to finish off. I think Blanca is going to describe
what she does.
Blanca: I'm called a computational biologist, but, I feel more like a cardiac-electrophysiologist. So a person who studies the electro-mechanical activity of the heart and
I'm an engineer by training. But I really study the heart and I could also be called a
heart-rhythm-disorganiser because I study the mechanisms by which the heart loses
it's synchrony and gets into arrhythmias that kill people. So, I use computational
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modelling but always in very close interaction with experiments and clinical data.
Because for me a model is a tool that allows me to dissect mechanisms and test
hypotheses, not an end product in itself. So, very often we use images and
visualisation techniques with our models. In the slides you have a representation of
the type of images we use and how we construct these models [Image 3] From left to
right you can see MRI images taken in, this is a rabbit heart, that we segment and then
we construct meshes where we can solve some equations in that particular domain to
obtain the electrical activity of the heart here.
Blanca: So I was just describing our work on cardiac simulations. So, you can see
that we use a variety of techniques, just to compute this electro-mechanical activity of
the heart, and the range of expertise needed to compute these electrical-mechanical
simulations, in this case electrical simulations, is very wide. So, we work really in
very large teams where each individual would have a particular expertise in one of
these topics. The complexity of the models doesn't allow us anymore to work
individually on this problem, we need this interaction with people that we trust in the
particular disciplines that come together. So, it can get socially complicated as well.
So, it's not a single researcher with a microscope, it's a large group of people coming
from different backgrounds; engineers, physiologists, mathematicians, computer
scientists. If we go to the next slide [Image 4]… the top images come from a model,
in the lower part of the slide you can see the output of some simulations in
comparison with experiments. And the actual comparison between simulations and
experiments is another field of investigation that I find very fascinating and that is
required, and for that, I need knowledge on how the experiments have been acquired.
So, I 'm a person that studies the heart using computational modelling, but I need very
close interaction with experimentalists and a very deep understanding of the
experimental conditions or experimental techniques that were used to obtain those
experiments. Although we use quantitative methods and modelling is a quantitative
method, very often, the validation of results by comparison with experiments is
qualitative. So, we believe we are seeing something that we trust, but, we need more
research in the actual validation of the models based on experimental data. So, my
question to you would be why wouldn't you use a combination of both modelling and
experiments in your research? Why only experimental methods?
James: Ok, so I would say I do use modelling, I just don't use mathematical
modelling. My experiments cross boundaries: biochemistry, cell biology, whatever I
consider to be the most appropriate method that's going to tell me something about the
process that I ’m interested in. By combining the experiments that we do with similar
experiments that other people do and other experiments on the same biological field
that are published, ok, I can build together a model, it just doesn't necessarily have
mathematics in it. Could you get my other slides?
Kevin : What sorts of questions are you answering? You’re looking at mitosis but
what other questions are you trying to answer?
James: So, how for example, how does the cell build the mitotic spindle, how does it
take these proteins, these sub-units of these microtubules and how does it build them
together in this dynamic way so that you get a structure that is two-sided, that is
bipolar and that can attach to the chromosomes, can line them up and can then can
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segregate them. I 'm not saying that mathematical modelling isn't one way to find
something out about that process. But, this is my kind of modelling (Image 4).
Evelyn: What would count as an answer?
James: As an answer to my model? A model like this to me is predictive …
Lynn: Can we blow it up?
James: No, it's there as a representation really. If I combine my experiments and
experiments of other people in the published literature, and put all of those things
together, then I can look at the way in which proteins have been shown to interact
with experimental methods and I can predict that there might be some proteins that
I'm aware of that may have a different role or a known different role in the cell and
say actually, from what I know about this process, it would make sense to say this
other protein were also to have a role in that. By building it up, by using my own
faculties, I think I could, and have been able to though I 'm not saying it works all the
time, make educated guesses?
Evelyn: So, can I try to answer my own question for you? So, if you could identify
the sequence of events and the actors, this protein interacts with that protein, list of all
the … and how they interact and when they interact and did a kind of time-lapsed
series, you would then have an answer?
James: No, I would say I don't know whether I would have all the components or not
()
Evelyn: But, if you did have all the components, I mean, that would be your aim,
having a list of components and of what interacts with what?
James: That's certainly one aim, yes ..
Evelyn: So ok, I just want to point out to you that to a physicist that would not at all
count as an answer to a question of how mitosis takes place. And you said earlier
you're not interested in the physics of the microscopy, I 'd suggest you're also not
interested in the physics of mitosis.
James: sure, no that's fine. So then I would say, the question I would pose back to
Blanca is to say 'what can a mathematical model bring that this model can't if this is
truly predictive'?
Evelyn: you can't just say predictive, you have to specify predictive 'of what'.
Blanca: So, what I would say is … the use of the model I would make of the
mathematical model would be to integrate the data you have available and to pose a
hypothesis based on the experimental data that you produce that you can test with that
model. What you can do with a mathematical model is to control the conditions,
something that you cannot really do experimentally, there are too many conditions to
control. So, with a model you can control the conditions, you can stop time, you can
have a high resolution in the parameters you output about spatial and temporal. So

12

you can control conditions and you can study the output in as much detail as you
want, usually to produce new knowledge but also to produce new hypotheses that will
be tested experimentally. That's how I would do it. I use mathematical modelling and
experimental modelling but I don't see why biologists, experimental biologists, have
this hostility against mathematical models.
(laughter)
James: Ok, so these are polarised positions, not really this way. So I would say, I
don't have any problem in saying that primarily it's an emotional response. I would
see computational and mathematical tools as that. As tools. In the same way that
biochemistry is a tool, or a microscope is a tool. It's a way of approaching a question
in science. But, microscopists, I guess, first and foremost may see themselves as
microscopists or cell biologists but then, as biologists, it's part of their community and
… the perception of many biologists is that, actually computational biologists are
coming from the outside in approach. They’re saying, biology is great, it's got us this
far, but now we need to use quantitative measurement, we need to use these other
techniques in order to push those boundaries and to get us to the next stage. So,
instinctively, biologists say well, actually, what is actually so fundamentally wrong
with the way in which we do science and the way that we've been doing it? So it
almost becomes a siege mentality where biologists are … I would liken them to
ancient Britons they each have their different tribes but nonetheless when somebody
invades they all get together in order to try and keep their identity. And maybe
computational biologists and mathematicians are the Romans….
[laughter]
… and so biologists come back and say, what have the Romans ever done for us, we
don't require them. And it may very well be the case that in the future that we can say,
the aqueduct, viniculture, a sense of social justice, all of those things, whatever works
[laughter]
Kevin : Yet the Romans were absorbed ultimately into Celtic and Anglo Saxon
cultures, so those things did have […]
James: Absolutely, but not without struggle and could it have been easier and could it
have been progressed much more quickly?
Kevin: … but maybe it’s going to happen …
Derek: I would say my sympathies and prejudices are with you as an experimentalist,
but on the other hand I would say that maths could help both in the observation and in
the interpretation. If I understood you, you said there was 3-deminsional information
there?
James: Yes
Derek : So, I guess you could do this in a confocal microscope and do the
observations in different levels, reconstruct a 3-dimensional model and do this in
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time as well, so that you could follow your processes much more precisely and you
could make more detailed observations and then perhaps, the model would help you
in terms of what's, a physical model, could then help you interpret what's going on.
Although, you could get a long way without the maths.
James: I do use a confocal frequently, though it’s still not a true representation. I was
just going to quickly finish off. So maybe, I would say perhaps what separates these
cultural differences, or one thing that might do that, is maybe a sense of attachment
and a sense of belonging maybe even to the experiment itself. So, the process I first
started talking about was a very personal one… the attachment that I have to that
sample, to having done all those different stages and then viewing it, if you like, the
relationship I had with that sample I think may be very different to the kind of
relationship that a computational or mathematical biologist might have with the
biology. I don't know. So, do you think that you'd lose that sense?
Blanca: I think the instrument is just different. I think the feeling is probably the
same. When I run a simulation and I obtain the results and I see something new, I get
very excited as well. It is the tool that is different and the interaction with others, so
my work is not possible without the work of others, that contribute to the model. But
the way I trust the model would be similar to the way you trust the microscope. So I
don't see a big difference …
Denis: They have different kinds of relationship to the question of what is happening,
and what is the explanation of what is happening and so I don't think it's in the same
category.
Blanca: No, I mean my feeling as a researcher
Denis: You're describing the sociological reaction to the question. But, there's a
deeper philosophical question here which is what counts as explanation and
something seems to me to be funny about what's happened historically. Historically,
biologists, the early biologists, were not at all concerned about the use of
mathematics, they regarded it as absolutely necessary. Let me just give two examples,
right from the roots of modern biology. William Harvey's book (On the motion of the
heart and blood) would not have achieved the discovery of the circulation without a
strict calculation of the total amount of blood that was put out by the heart in each
beat. The section in which he records this is absolutely superb incidentally, he
describes exactly the quantity of blood put out in each beat and proceeds to
demonstrate that even all the food consumed in a day could not possibly come to be
the total amount of blood that comes out even in one half an hour. And there's already
one use of mathematics as straight calculation. And then he does the obvious next
thing which is to ask for the validation of that mathematical model, which is, the
prediction that, if you open an artery a body will empty of blood in half an hour,
which is strictly correct, so he had the validation too. Claude Bernard, great originator
certainly of physiological work with his book in 1865, he actually says in it
'mathematics is the aim of all science', and I think he thought in terms of his
homeostatic mechanisms as being a way of thinking mathematically, although he
couldn't actually do the mathematics at that time. So, in a sense, I'm almost throwing
out to the historians here the challenge: 'what happened' - because something very
strange happened. The founders of our subject, Harvey and Bernard certainly liked
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mathematics, used it, and regarded it as absolutely essential to their methods of
explanation. Where did we go wrong? Historically.
Evelyn: Well, I would like to try to sharpen the question. Because when I ask what
would count as an answer, I do think that there are many issues. There are different
ways of using mathematics in any field. And there are different aims between the
mathematical (or physical) sciences and the biological sciences. There are ways of
using mathematics to further the biological aims and there are ways to use it to further
physicist’s aims for biological systems. So, I think the question as you pose it Denis
is too broad. There were always kinds of uses for mathematics in certain contexts but,
when they go wrong (as they did in the mid 20th century) is when a particular vision
of what it meant to use mathematics in biology -- namely, the development of a
mathematical biology that looks like mathematical physics – dominates. But I made a
really bold suggestion in my book and I want to put it to you just to see what you
think. I suggested that, historically, the microscope has served the life sciences much
as the calculus has served the physical sciences. They're both tools, but they're tools to
further different aims. Particularly regarding what would count as an explanation.
You [James] would know how mitosis occurs if you could see everything that
happens all the way, if you could have a fine-grain film of all the events, you would
have an explanation when you saw it happening. Whereas in the physical sciences
you have an explanation not when you see it, seeing it with eyes is only providing
evidence for another kind of mental seeing, where you can conceptualise it, in the
crudest terms, when you can write down the differential equations and solve them.
And that's a very different aim for what counts as an explanation and the different
aims require very different tools. So would you accept that?
James: Absolutely
Lynn: What's the book?
Evelyn: Making sense of life1
Brian: While accepting what Evelyn just said, I 'd like to suggest or ask both of you,
with respect to what I see as a sort of fundamental similarity in what you’re seeking
as an explanation. Because James, when Evelyn pressed you on ‘you want to know all
the different components and how they fit together’, you got an explanation. That's a
kind of causal reductionism and in mathematical modelling we use the same kind of
causal reductionism and a few other components. That seems to me, that's something
you have in common, that in a sense transcends the difference. But there was another
question …
Evelyn: I don't agree, I mean … there's a major field of research on modelling
mitosis that is all equations, it is all models and they're doing a different kind of
causal reduction.
Brian: This is the point. I do think that there’s a fundamental philosophical
assumption in science about explanation and it's common to what you have described.
1

Evelyn Fox Keller (2002) Making Sense of Life: Explaining biological development with models,
metaphors and machines. Cambridge, Mass. & London: Harvard University Press.
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Now, it takes different forms because one is mathematics, and that's a different form
of reason and logic from observation, but they’re motivated by the same sort of goal.
So I think there's something that they have in common and philosophically it’s quite
important. And I want to say that's something that I want to look at as a limitation,
because every philosophical assumption may become a limitation at some point in
some investigation. I just want to flag that.
Annamaria: No need to introduce the panel discussion. Keep the conversation going
in this way.
In my work with the biologists and the computational biologists, I was really struck
by this difference that biologists seem to have an attachment to the event, to the
seeing that it happens now. Almost to the particular instance, the almost,
unrepeatablity of particular instances which is very interesting for scientific method
because scientific method radically depends on repeatability. Whereas, the
mathematical model, and one of the aspects of it, was its repeatability. And the
generality of the explanations that were being sought. So this idea that, as Evelyn has
pointed out, this idea that, I have an explanation when I see it now and where this
idea that explanation only occurs, in contrast, within a framework of general
statements which are given to repeatability. Although, Blanca has just told me that
this is not the case using stochastic analysis. So you do not get repeatability even in
the mathematics.
Blanca: Yes, it's not really the case anymore. So we move from deterministic models
that can, that are very controlled, and where we can seek an interpretation of the data.
So I would put together the components that you were looking for in your microscope
and try to use that information and to understand something related to mechanisms.
Kevin : the stochastic model, and the deterministic model if your [initial] conditions
are the same, the dynamic should be the same. In the stochastic model your [initial]
conditions can be the same, you'll get [different] trajectories or paths
Derek: Can there not be explanations of what James is seeing at different levels? You
might say, what happens during cell division? And so you describe very precisely the
particular geometrical movements of the fibrils and how the two halves come apart
and you have a complete description of that. And so in one sense, you've understood
what happens. But, then there's a deeper level and say, ‘Right, what actually, what
enzyme process initiates that? why does it adopt this particular 3-dimensional form
and so on’ and that's a different sort of explanation. They’re not mutually exclusive,
they’re just looking at=
James: =no, no, in the same way that I would say the techniques or the
methodologies aren't mutually exclusive either. I mean, coming out from my pigeon
hole stance, Evelyn, you gave the example of mathematical modelling of mitosis,
there is a large number of groups working on that, especially, the way these
microtubules dynamically nucleate. That's absolutely valid and that will tell us lots of
very interesting things. But, is it any less valid to have a qualitative approach?
Evelyn: It's a question; what you want, what do you count as an answer, what
provides explanatory satisfaction?
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Eric: Isn't there also the issue, of the level of mathematical modelling, the different
kinds of mathematical modelling? We’re looking at differential equations but you can
also model it in other kinds of methods. So that that would be more in line with what
your doing. One of the questions that didn't really come up is that of the
counterfactual nature of scientific laws, let's say. You actually look at what might
have been in a sense, in a way you do because you look at many experiments and you
see slight differences, I don't know if you do mutations [James: Yes, yes] So again,
you have a kind of counterfactual approach that then gives you different possible
trajectories of this space/time event. In that sense, you're building up a qualitative
model which may actually be better than the mathematical model because in one
sense it's more complex than a differential equation because a differential equation's
usually very restricted otherwise it's computationally infeasible. So, in some sense
you may have a better model than the mathematical model. And I think the key thing
is; as we approach complexity, is to somehow get a qualitative model that fits with
potential projections downwards on to a more detailed differential equations model,
but, we should also have, hopefully, some qualitative models that emulate the
organism nicely at a certain level of ontology. It may not be that Mother Nature
cooperates but, at least that would be a goal.
James: Absolutely. I would say that the type of model that I use and that I think about
is one that is made up of, if you like, it's an archetypal cell. I use several different cell
types. I use mutations to look at what stays the same and what differs. At the end of
the day, the thing that I'm describing is not what happens in a cell, it's what, to the
best of my knowledge, is occurring in cells in general. I guess that's not necessarily
too different to models that you ….
Eric: In some sense the human being is a much more powerful modeller than any
kind of computer is. And so in that sense, you would actually have a better
perspective on what's happening. Of course, that's why modellers come to you,
because ultimately, the kinds of constraints that you see and the multi-dimensionality
of what you're looking at is very difficult to describe in a computer. And so in that
sense, you go further. I'm purposefully playing the devils advocate here ...
Blanca: Yes, what I was going to say is the model doesn't come from the computer.
The model comes from our brain, and it's a way of thinking. So, that comes back to
the question, what is a model?
Kevin : Can I say one thing about this model (Image 2). I think this is perfectly fine
as a model. Where things get complicated ([to Evelyn] I just finished reading your
book about two hours ago) you make a big thing about feedback and quite rightly so.
This model, as I look at it, doesn't have any feedback. And feedback is sometimes
counterintuitive. So that's really where you need to do mathematical modelling and
simulation, because feedback can be very difficult to understand. In fact I was
speaking to Judy Armitage only yesterday and she was modelling pathways […] and
they developed a model. A mathematician, Marcus Tindal, pointed out that when you
do the simulation there had to be this feedback between one module to another
module. And when she went to the experiment it turned out right ….
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Evelyn: So, we have three kinds of models on the table here, and I 'm going to
disagree with Eric here. This is one kind of model [image 2], which is a very familiar
in molecular biology and sometimes there are feedback arrows, and another kind of
model is differential equations, and a third kind of model is a simulation. And I think
they're very different and they do serve different purposes. This is the kind of model
that you, a human being, are capable of understanding without any particular
technology; without a computer, without a calculus. Seat of the pants and intuition.
And I don't think our human intuition is so great, that it's capable of making really
good predictions for complex systems. So one use of mathematical modelling and
simulations is, in biology, is to check out the intuitions that are built into, on which
these models are based. If you do have all these different components, do they in fact
produce what you are assuming they produce? But I do think that the tools that we
have available, originally the differential equation, but other mathematical tools as
well, stretch our intuition, expand our intuition and the computer has introduced a
whole other set of possible ways of expanding our intuition. I just want to throw that
out.
Brian: James, qualities, this whole thing about qualitative and quantitative. You used
the terms ‘beauty’, ‘harmony’, ‘grace’. Why not add ‘wholeness’ and ‘health’ and
‘coherence’. Because you can see when microtubule organisation is coherent and
when it's disorganised, and when it's disorganised it’s a clue to something; some of
the components are ‘funny’. Now, that can be quite subtle and I would say that
human intuition is bloody good at this kind of detection. And then the question is how
do you show this? How do you produce the evidence? And there are methods for
getting it but I don't want to go into that now. But there is a science of qualities that
can be cultivated and demonstrated to work but there's this notion that there's this
intersubjective component to qualitative analysis, which you know very well. So, I 'm
just wondering how much you use that quality of holistic perception in your work to
guide your selection of images, or understanding of what's going on.
James: I guess to a certain extent, the thing I was going to take from that which may
or may not answer your question… in terms of validation, you said, when I look and I
see something subtle going on, what do I … how do I turn… what is different to it
being normal? And then how do you go to prove that or how do you provide evidence
for that. It's very difficult to provide evidence for subtle changes in things and one
other aspect of what we're talking about is the way in which, in certain fields of
biology you’re forced to provide a pseudo-quantitative justification of what it is that
you see. So, if I'm looking at that process and I have a mutation, and it causes
something to go wrong, and it's quite a subtle thing going wrong, then if I were to just
report that: ‘there is this subtle thing going wrong’ the reviewers would say: ‘well
provide the evidence, you showed this picture but how representative is this picture of
the population of cells, or the population of organisms?’ And so, the way in which I
approach that is to then go back to those cells and to start to measure things, and to
categorise things. But the categories that I make are dependent upon my own
perception of things. So if I think; well the chromosomes aren't lining up properly,
well do they all not line up or are they partially unaligned, so I could say: ‘ok, well,
there's an aligned area, there's a slightly misaligned and there's very misaligned; and
then I'll do some counting and I'll produce a bar graph that goes with that. And then it
goes back to the reviewers and they say: ‘yes, you've shown that’. But, to me that's
not quantification, is it? is that a quantitative approach? seems to me to be qualitative
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from the perspective that I 'm deciding what those categories are, and I 'm deciding
what counts as justification.
Blanca: something similar comes up when we use mathematical models and we try to
validate them, and I think one of the key questions in mathematical modelling is that
of validation, what counts as validation for the model? Very often, when I speak to
experimentalists, I don't know what your experience is, Denis, but in my case, they
say: ‘well you can do anything with the models, you can do anything to the
mathematical models and get the answer you want’ [Denis: well I say I disagree;
Blanca: well I do too [laughter]] But often they don't trust the models, and it’s often
true, and I think validation is extremely difficult and we don't do it properly. Maybe
we shouldn't be recording [laughter].
Denis: In that case, let’s take a recent example of a subtle change that would have
been difficult to see without modelling. Because I was going to pick up on what you
remarked on, and I think you can give a very good example of that kind of validation
in the cardiac area. A few years ago I was at a meeting, one of the international
conferences on sodium-calcium exchange, which is one of the protein mechanisms for
which we know the genes and much of the rest of the molecular biology. The story
concerns an absolutely phenomenal piece of work reported by Ken Philipson working
in Los Angeles and what he managed to do was a targeted knock-out of that particular
gene in the heart. To everyone's surprise, because this carrier carries about 90% of
calcium out of the heart during each beat, absolutely nothing happens in the knockout mouse. What he showed was that (and this is the punch-line of the story)
measuring the whole 25,000 genes in the mouse, apparently nothing changes.
However, they had very fortunately an electro-physiologist in the team who measured
the action potential. He showed that a very subtle change occurs in the shape of the
action potential. A modeller then showed using one of the heart models that that
required a particular gene to be up-regulated. They had missed it because, of course,
they'd used too coarse a measurement of the gene changes. And indeed, if you then do
a much more targeted study of the gene expression levels you find that one is indeed
up-regulated, and you find others also change. A subtle change, but it seems to me
that in that case, it's incontrovertible that they needed the model.
Blanca: But, what counts as validation? Why would you trust the model?
Denis: It isn't a matter of trusting the model in this case, Blanca, was it? First of all,
the experiment was that there was a subtle change in the action potential. What the
model did was highlight the probable cause: ‘ah, it may be this gene that was upregulated’. Now, of course you could say that going then to look for whether in fact
that was the case is a sort of trust of the model. But, they weren't fully trusting the
model because they had the ability to go to measure whether that gene was upregulated or not. Now I don’t know what you’d call that, I would call that a use of a
model where you don’t actually have to trust the model in the sense that you say that
it's absolutely correct.
Blanca: So you generate a hypothesis really …
Denis: You generate a hypothesis from the model that something else must have
changed, we think we know where to go to try and find it, yes that's right.
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Lynn: The answer is essentially redundancy in systems
Denis: Yes, in this case it was redundancy in system, other things kicked in. And of
course, from there they were able then to work out what the redundant mechanism is.
But not redundant actually because the mechanism kicks in automatically. I 'm not
quite sure I like the word redundant, but I know what you mean.
Derek: two brief points concerning that, one is a minor quibble and the other is
something more central. The first is; we used the terms several times 'validation', and
I get suspicious of that in that it seems to be to imply a sort of emotional attachment
to the model that you want to show is right, whereas what we should be doing is
testing in an objective way. In a sense, that's a minor quibble, because I 'm sure you're
a serious scientist, seriously testing this. The second point though is that (and I'm sure
you would agree, Denis) there are still other things that are not in the model (although
I have huge respect for the models which have moved greatly in the period of time
that you've been doing them and are hugely predictive and useful at the current time).
Denis: Absolutely, which is why I was reacting against the idea that you actually
‘trusted’ the model
Derek: yes, sure …
Annamaria: If you did trust the model, what would you trust it for?
Denis: I think what one's got trust in is the logic that is represented in the modelling,
as saying something like the following: ‘with what we understand at the moment, and
with what we've incorporated into the equations of what we understand at the
moment; this is the hypothesis that is worth testing’ and I wouldn't go further than
that.
Annamaria: Is there agreement? Does everyone agree with that view of what a model
is, a hypothesis generator?
Evelyn: For biology.
[laughter]
Derek: In a sense, you could think of the model as a rather complex, precise
statement of your hypothesis, a kind of collection of hypotheses and that could lead
to predictions and more experiments. I'm sure we agree that these things have been
enormously fruitful and the best use is when the model makes more predictions, we
then do experiments which show that they are either consistent or not. If they're not
consistent, then the model is revised and …
Denis: Well I think, I 'd be even more outrageous, Derek and say, that its when the
models have been catastrophically wrong that we've made the biggest advances
Evelyn: right, right …
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Derek: As in all experiments. When something happens that you didn't expect, my
experience is that's when you make the biggest advances
Denis: Precisely
Evelyn: I think he's absolutely right. But I think that use of mathematical models is
peculiar to biology. It's not how mathematical models work in physics. You're using
the models to test your intuition. When the model shows up a discrepancy, modelling
what you think happens and shows something slightly different from what you in fact
observed, that's what's most fruitful.
Philip: That's also precisely where there's the problem involved in collaborating with
biologists because the model is no good if it gives you an intuitive result because
you've already got that intuitive result. If it gives you a counter-intuitive result, why
should you believe the model? And because it's counter-intuitive it seems nonsensical. So, you really need to have somebody to buy-in to do the experiment like
both Denis and Kevin have mentioned. Those examples are very few and far between,
simply because the use of a mathematical model is to make a counter-intuitive
prediction. And that's precisely what the biologists will not trust because they won't
understand it.
James: So do you actually find that you can't get collaborators because they're
reluctant, for whatever reason?
Philip: The collaborators I’ve had that have been successful are when people
approached me, like Judy Armitage and also various collaborators in the US. It's
never worked when I've gone to talk to a biologist and said: ‘I've produced this theory
will you test it?’. So I don’t do that anymore.
[laughter]
Annamaria: Are there specific groups, a specific type of biologist, that will not, or is
it random? Are their particular people devoted to a particular type of biological
method or practice, or a particular way of doing biology with whom it is more
difficult to collaborate?
Philip: Well, in my experience it is random, because Judy, I’m sure she wouldn’t
mind me saying so, knows no mathematics. And my collaboration with her has been
very, very fruitful. Another very fruitful collaboration I've had is with someone who's
a cancer radiologist who actually does operations on people, but he trained as a
physicist, so he has a very mathematical background. So, those are the two opposite
ends of the spectrum in this context.
Eric: I actually have a similar experience in talking to developmental biologists , at
least initially, not now, but at that time it wasn't very popular to do any kind of
modelling. And he just said flat out: ‘No, I 'm not interested’. (laughs) And another
one was a cancer specialist, and I wanted to do some work with him, and he said;
‘well, you know, these sorts of experiments take major time, months’. Plus it would
take him out of his normal area. and so again, ‘no’. The ones where you get closest is
where you establish a dialogue, where you get some kind of common vocabulary
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maybe, or even a group let's say that invited me when they were doing certain kinds
of research that was close. But they were basically doing bio-informatics.
Lynn: What was the word you used, counterfactual?
Eric: No, not just now I didn’t.
Lynn: No I know you didn’t, but before you did, and I had no idea what you meant.
Eric: Counterfactual is when you have a hypothesis about something or say you've
got a theory, right, or you have some event. Something happens, right? And you want
to know what would happen if I changed this, it never happens in reality, so it’s
counter to fact. So, for example here, you might say; what happens if I fiddle with
this and he can do it counterfactually because he's seen many different pathways. It's
like, a model, and a way you can view it is extensionally, in other words, look at all
the possible paths in the phase space that the model allows and basically he's built up
a sub-set of that phase space, and let him kind of simulate without a computation.
Whereas, the other kind of model that they're working on is a highly sophisticated
model that actually is in a phase space where you can vary the parameters, it's a huge
space and there counterfactually you can modify the parameters and get different
counterfactual results. Not what actually happens, but what might happen, etc. So,
he's got a counterfactual model but it's only a partial model because its based on very
limited experiments. Still, it's valuable of course, because their model or our model
actually has to fit his phase space, those phase spaces have to overlap, because if he
sees a trajectory, and we’re not able to produce it, that means our model's wrong. So
in that sense, his experiments really do impact on what a model should do. Is that
clear?
Lynn: No, it's not clear at all. I think that he's dealing with a phenomenon there, I'm
very sympathetic to his [James’s] description of his life …
James: [laughing] it’s not me!
Lynn: that was my first question as a point of information. Are you guys acting?
James: Yes, yes
Lynn: … you were not expressing what you really think?
James: yes, yes (laughs). It was a …
Annamaria: .. semi-rehearsed, semi-acted dialogue
James: But in terms of positions, I think we would have broadly the positions we've
described
Lynn: Well, are you representing the cell biologists but you don't really believe what
you were saying?
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James: no, no. I believe the vast majority of what I said. But I have collaborations
with engineers, I have collaborations with bioinformaticians, for the reasons that I ...
Lynn: what do you learn from them? What are you getting out of those
collaborations?
James: From the bioinformatics perspective it's a case of, looking at networks, taking
biochemical data, looking at protein interaction networks and then taking data sets of
various species with similar physical properties
Lynn: All mammalian, were they not?
James: No. With two similar bio-chemical properties, bringing those together and
then taking those back into the model organism that I work on, which is drosophila, to
look, to justify, well, not to justify, to look to see whether these uncharacterised
proteins really do have a role in the process that we think that they do. That I would
have never got without the use of computational mathematical tools. I 'm not all the
way to one side. The thing that concerns me is the cultural nature of this and this
mentality of the biologists … I mean I 'm very interested to know from the
mathematicians and mathematical side …. Because it sounds, Philip, as if you've
come up against biologists who don't want to have anything to do with you
[laughter]
Annamaria: Might it be because you're asking very different questions? Is it possibly
because biologists, have in mind the question ‘what has this got to do with what I’m
doing?’
Philip: yes, I think Eric made a good point that for these things to work, and the
collaborations that I have had that have worked, it's taken almost ten years of just
talking with each other, keeping in touch with each other, before eventually we've got
to the stage where we were both at the same level of scientific interest. Because in
many cases, when I've approached people, exactly like you've said Eric, they've said:
‘well, for us to do that would require us to do all these experiments, it would take us a
year to do all these experiments. We already know what experiments we want to do,
we want to do those experiments’ and why shouldn't they? It's absolutely right that
they should do that.
Evelyn: I think there are 3 models of interaction here; and one is that's the classic,
that's the history of mathematical biology, you used to have these clever models, they
would go up to the biologists and say: ‘I have this great idea, will you test it?’
(laughs). [Eric/Philip: ‘No!’]. Evelyn: And I think everybody agrees that doesn't
work. And the other model is that biologists find themselves sort of drowning in data,
like this surge of systems biology, it was not an invasion but it was an invitation.
They put out calls, the NSF, the NIH and in this country as well. They actually
solicited the help and there are people coming to you for help. But, the third model is
the one I think that is the most promising and most interesting, which is gaining
increasing ground in the US is where you train people bilingually, and the same
people do the modelling and the experiments, like Denis.
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Denis: That's the purpose of the doctoral training centre here
Evelyn: Denis is a good example
James: So, that's exactly what we do upstairs. But I would say that actually one
caveat of that is we don't take them as far as we could. We take 20 physical science
graduates, mathematics, computational engineers, physicists and we give them two
terms worth of taught courses and of that five weeks is biology, two weeks of
biological experimental techniques. The rest of the time is giving them more
computational, and more engineering and more physics background.
Evelyn: One course?
James: Yes
Evelyn: That’s really quick (laughs)
James: Yes. We do that over two terms and then they have these two short projects
and then they choose their DPhil. And the number or proportion of students who
come in from physical sciences backgrounds and actually work at the coal-face in
terms of the biology is actually not very many. And it seems to me that they're much
more likely to go into research groups such as yours, Philip, and still have the
communication channels that you have with your collaborators but, are they actually
getting any closer to working directly or crossing over, to be able to do both of those
things. I don't know [if they are]
Philip: So that's actually where the structural problems arise with this university, at
least in our department, because their doctorate is going to be judged on mathematics
and any experimentation that they do or all the reading that they do to develop the
model is invisible. That's actually not graded by the examiners. So you almost get into
a situation where you're having to think, well, for the benefit of getting this student
through, they have to do the mathematical side of things. Now I think that will change
as people become more educated and realise that the model building, the doing of
experiments, that's all part of it. But the problem is that the person is leaving with a
badge that says: ‘I got a doctorate in mathematics’ and therefore, there's an
expectation that they know a lot of mathematics. So, how can they know a lot of
mathematics and a lot of biology in the same time that is devoted, or set aside, for
someone to do a straight-forward mathematics doctorate, it's a problem with the
system.
Blanca: Because on top of that they would get one examiner that would look into the
mathematics and the other probably would look into the biology. And they both
would like them to do as well as the other students in both disciplines. We have the
same problem.
Brian: Denis gave a very clear description of his understanding of the limitations of
models. I take this to be because you're basically embedded in biology and in
physiology and therefore you recognise the limitations
Denis: that's where I came from
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Brian: yes, and the models will always have limitations, there is no way they can do
the job of substituting for the real thing. And I 'm just wondering if there's consensus
here about that. I presume there is?
Eric: It depends on what you're trying to explain, and what level.
Evelyn: models for what?
Eric: let's say of an aeroplane, it flies a certain way, ok good enough. You don't have
to know all the details. Maybe Mother Nature has certain properties like Denis has
discovered, there are certain things that you can model very well, they work very well
in that context. So, yes. But you're saying everything, is that going back to this thing
of modelling the whole human?….
Brian: Well, I 'm just probing this area of substituting a model for reality and saying
this will do the job, and I presume nobody takes that?
Blanca: Not here, but I would say that my colleagues, my theoretical colleagues in
this department would. And that's a fight. A model for what? What is the purpose of
this model? What is the scientific question you need to ask. That would be my fight, I
have a battle yes. And mathematicians very often or computer scientists would say:
‘we want to put as much information as we can in the models, we want to reproduce
reality’. And that's a line of thought, we don't have any representative here, I think,
but it does exist.
Evelyn: And I 'm always curious, Why? (laughter]. The justification of simulation is
that it's cheaper to fiddle than to do experiments=.
Lynn: =You don't have to go anywhere, you don't have to look at anything =
Evelyn: =Bacteria are so cheap and so easy to manipulate, it's probably easier to do
the experiment with real bacteria than with the simulated bacteria
Denis: I would go even further, Evelyn and this in a sense, answers Brian, I would
say given the number of genes and proteins that there are in biological systems, the
number of interactions there can be between them is unbelievably large. That means
that we will never have such a model.
Lynn: Not soon
Evelyn: But, I want to know why they would want it!
Denis: Exactly, I'm trying to convince those who might still nevertheless be attracted
by this goal that it doesn't even exist, it can't exist, it is impossible to achieve. I mean,
the number of interactions between 25,000 genes could be 10 to the power 70,000.
Kevin : But then your question is how do you do the model reduction. Why does this
model reduction not work and why does this work?
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Evelyn: Work for what? You always have to say for what.
Lynn: James E. Lovelock2 told me last week when he came here to Balliol for lunch,
that he's been working with these climate modeller people and that when the models
haven't fit the data, they change the data. (laughter). I think that is the real danger.
Especially in biology where the arithmetic differs, from ordinary mathematics. One +
one is not two, for example! One + one is one!3
Evelyn: Well, that's the aim of synthetic biology is to design organisms, make real
organisms, that are more efficient, that conform to the models.
Eric: We used to do that in high school in chemistry
Lynn: What? make people?
Eric: Make the data fit the model (laughter)
Lynn: The lab books are never accurate, you never get the experiment
Eric: I think there's a different question. On the one hand we think of reality as
modeling something in all its detail. But the whole point about modelling is it
certainly captures aspects of reality at some level of ontology and information is the
way I would put it. So, I would also not say: ‘never say never’ because even if we do
have a full model, let's say, but we also include in that different ontological levels, we
may not even ever be able to understand the ultimate model, still, if Mother Nature is
at least modular enough, then we could at least understand this sub-section of this
horrendous bunch of differential equations that basically, makes the cell divide. ( ).
Denis: On modularity, I think I agree
Eric: So in that sense, we could perhaps model in quite detail without understanding
what we're modelling but, understanding it sufficiently for certain functional, or
explanatory, or predictive, or controlled purposes.
Kevin : So the French stopped nuclear testing at Mururoa 20 years ago not because
New Zealand put a lot of pressure on them, but because they were convinced that
their software and their model was so robust that they could do it all in silico. I doubt
they have proof their software is free of bugs but I mean that's the decision they
made.
Evelyn: Well, for nuclear testing it made sense …
Kevin: You want to get it right, you don’t want to make mistakes…
Denis: There's a certain size of number of interactions that, for which that might be
the case. And we can probably say that it's in the range of dozens not in the range of
thousands. Whether we can put it more precisely than that, I doubt, because how
2
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Father of the GAIA hypothesis that posits a physiologically modulated planet Earth.
One egg, for example, plus one sperm equals one (fertile) egg, not two anything.
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modular things are, as Kevin points out, is something that is an empirical question and
you have to find that out.
Annamaria: To what extent is thinking in terms of modularity something that we
project on to ‘Mother Nature’ rather than something that is there? Thinking along the
lines of modularity, which seems to make modelling more tractable, is that also a
model, how metaphorical, even, is that?
Denis: I think you’re absolutely right Annamaria. The process of modularising is
itself a hypothesis which you make about the system.
Lynn: It's a fallacy
Denis: Which is partly why I said it’s an empirical question, whether it's correct or
not, am I wrong?
Lynn: No. I’m sorry to interrupt you, finish please.
Denis: No, that’s it, I’ve stopped. [laughter] Over to you.
Lynn: The whole assumption of modularity, at least in the kind of biology that James
[Wakefield] was expressing here, is a gorgeous example of a Whiteheadian fallacy of
misplaced concreteness. Scientists do it all the time. Note disciplines in departments
where the people who best would interact are in different sub-groups or different
ranks that precludes their interaction. This is modularity. We have dichotomisation
that I think is a mental property of people. We have to know the organism with whom
we deal. Is it edible, can you mate with it, is it going to threaten you? You have to
know that and that's part of the reason we name and classify the organisms. Its
absolutely intuitive or otherwise we're going to be poisoned, or we're not going to
have enough to eat and so on. So we dichotomise instantly, and that is modularity.
One has a complex scientific problem that involves, what did you say Denis [Noble],
ten to the seventy thousand interactions? Even in mitosis where they're not all
relevant, 40 maybe 50 genes, proteins, their products and interactions, would be
absolutely necessary for the mitotic spindle to form, the chromosomes to move and
the spindle to disassemble.
James: Oh, at least a thousand.
Lynn: Do you think there are a thousand spindle proteins? In an isolated mitotic
spindle itself, taken, for example, from an egg of a surf clam (Spisula) I think more
than 350 proteins have been identified. In the undulipodium (the generic name for the
class of intracellular organelles that includes the cilium, all related to the mitotic
spindle) 600 at least have been tracked electrophoretically on gels and up to a
thousand proteins estimated to be present. Say that each of them is composed of a
couple of hundred amino acids with chemical modification or alternative states of
folding. We are dealing now with a problem where I would trust your [James W’s]
observations on living cells vastly more than anybody's model for mitosis. And there
are many models in the literature.
Eric: Lynn, doesn't that contradict your own methodology?
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Lynn: My methodology's totally historical. I haven't heard anyone say anything about
history in this entire discussion.
Eric: You basically have a modular theory of the development of organisms. They're
basically, you have a unit
Lynn: What's the unit?
Eric: The unit is a cell, there's another cell that engulfs it. In other words, you have a
nice module there, this sub-cell now, of this larger cell. Your own theory actually is a
highly modular in that sense, right?
Lynn: : Your example is wonderful, because what it's saying is you've got to pick
your modules very carefully. They have to be the correct, accurate ones. One must
describe the thing one thinks one is describing. I would contend, and in this room it's
easy to contend, that neo-Darwinism has it wrong. It is intrinsically impossible to
describe anything about the history of life from a classical neo-Darwinistic point of
view. What one chooses as modules are totally crucial, they are the without which
you can't proceed. You can't proceed without the correct modules, and in biology
there are almost always […].
Eric: Basically the theory is in fact a modular theory. Which is good I think, which
indicates there may be processes in development and etc. that do involve highly
modular components, and the evolution of those components may indeed reflect that
modularity. So I’m not disagreeing with you, I’m just saying on the one hand you’re
saying something about modularity, perhaps=
Evelyn: =It's only wrong when you have false modules …
Lynn: But almost everything is false when you have a system that is this complex, say
any cell, would be that complex. It's just extremely difficult. Denis is looking at a
heart, at phenomena not on the cell level. His work is on the proper functional level of
the heart as a pump. I think it's amazing. But, I just think that people go into biology
from a mathematical point of view and they don't know what the units are with which
they deal. They have no idea. And the biggest problem is the story problem. It's the
story problem in mathematics, the story itself has to have some basis in fact. And all
the mathematical biologists who I know, that's very few, people like Max Delbrück4
who began as a physicist …
Evelyn: But he never was mathematical ( )
Lynn: No that's right, Rashevsky5 was wasn't he? You know this much better than I
do. People who started, like Evelyn did, why? as a physicist, why? because physics is
the hardest thing to do, and one wants to have deep insight about what they are doing,
such people like Max Delbruck and Evelyn ended up learning biology, they became
biologists. They acted as biologists, they didn't drop their physics background. And
4
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Physicist, Nobel Laureate, 1906-1981.
Mathematical Biologist, University of Chicago, 1899–1972
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the one's who said ‘I've got some good equations, I think I 'm going to apply them to
something’ fail miserably. In geology it's very simple, there are three classes of
scientists. The geochemists, who "have a million dollars worth of equipment [because
they come from the oil industry] and they’re dying for a scientific problem to put their
money to use". Then we have the geophysicists who would "rather calculate than be
correct". And thirdly we have geologists that "have boots, will travel". There is the
tension, the tribal tension, as described by James Wakefield here, I guess, which is all
about how good is your model. How close is your model, your module, to reality? It is
all about, maybe, to picking the right module, if this is the right word. The modelreality relationship must be very close.
Blanca: Is it about modules or is it about the feedback you were talking about before
between the modules?
Evelyn: Both
Blanca: My training was as an engineer, so I studied lots of physics and then I then
moved into physiology and I found it extremely complicated. So I thought physics
was straight-forward [laughter], you had your equations, you understand the
phenomena, you go into biology and it's incredibly messy. You don't know how to
handle that messiness.
Lynn: It’s called the nature of life
Blanca: So I was wondering whether the differences in the use of modelling between
physics and biology come from these feedback mechanisms that make the biology so
complicated
Evelyn: There are 2 issues: one is modularity as a heuristic, as an analytic heuristic.
We compartmentalise all the time, we do it as physicists, we do it as biologists, we do
it as people. Yes, because we can't deal with the whole blooming, buzzing confusion
at once right. We make categories, those categories, those compartments, those
modules may have some rough correspondence to the real world, but it doesn't need
to be structural, that is to say, the compartments shift when you are looking at
different kinds of functions or different kinds of phenomena, or different kinds of
processes. So, some modules seem to be, well, … the example of symbiosis is a good
example, where we have originally two quite discrete entities but over evolutionary
time, they're no longer so discrete, they lose their ontological modularity, but
nevertheless for certain purposes that might be still, for other purposes we might
divide the cell up in different ways. I think reification is the danger rather than
modularisation
Denis: this is part of the reason why I insist on using the word ‘process’ to describe
what we're trying to analyse rather than things. (agreement)
Brian: Can I just ask everybody a general question, which is about method? I mean,
some people have mentioned the extreme complexity of biology, in fact we're
overwhelmed by the phenomena, the facts, the data. What's your method of coping
with this complexity, introducing new categories, because in a sense, it seems to me
we need new categories in biology, categories of organisation, and explanation. And
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so, what do you do about that? What's your method of handling that complexity? Do
you reduce it, if you want to reduce it, or how do handle the thing?
Blanca/Kevin: Ignore it [general laughter] …
Kevin: I’m being slightly facetious.
Brian: …. Is the first method. Yes indeed, good strategy …
Eric: The one method I like is, I guess it comes from logic; what are the minimal
conditions for such-and-such that you can still get that phenomenon. In effect a good
model in effect has simplicity and if you can find those minimal conditions that still
exhibit that phenomenon but not just as an event but counterfactually then you're on
to something. It confirms that minimal hypothesis. I can see Evelyn is … That's my
method. ( )
[laughter]
Evelyn: There are many paths to a phenomenon in biological systems and the
existence of multiple pathways is a mechanism for robustness, which is a deep
biological property that you would miss by looking for the simplest way to produce
the phenomenon.
Eric: Not necessarily. Because then you add something: what are the minimal
conditions to get also that. So you're building up in that sense. In a sense it's bottomup but it's also qualitative so it's top-down. Or middle-out is =
Kevin : = a complete problem?
Eric: We're not doing it on a computer, initially, but it's hypothesis formation, it’s
scientific methodology, it’s a methodology and not a computer simulation initially
[…]
Kevin: it’s a help …
Brian: But if that's going to qualify for a biological model, don't you then have to
shake up the parameters, test it, go through this process of resilience testing and just
see what happens in organisms when you test them? And then see what happens to
your model? And if there's a discrepancy, say: ‘we didn’t get it quite right’. So there
is some utility for predictive purposes in what you're saying. But I 'm not sure that it
takes you closer to the heart of the biological process, which is this, at the moment it
seems overwhelming capacity, but that needs to be simplified in some way, if we're
going to be able to do anything with it. And so the question is what is a legitimate or
useful simplification? You mentioned introducing stochastic components and that
opens up a set of possibilities so, it's not just one solution, you've got a whole load of
possibilities. What selects the solution that you actually get, because you always get
one solution. What does it?
Kevin : That’s a very good answer because first of all, as Blanca said, in her work,
you get a signal, and it's noisy and you do the experiment again and you'll get a
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different signal, and quite often what people do is they just collect, they take them,
they calculate them. So, then you do your simulations; you do one hundred
simulations, calculate the means, compare the means. Is that good enough? is that
validation of what's going on, well I don't think it is, Blanca says the same thing. But
as soon as you get into the realm of comparing different experimental results from
different simulations it becomes incredibly difficult as to, when you know you have a
good fit or not.
Evelyn: I think that there isn't a simple answer to your question Brian, and there are
many strategies that have been developed in different disciplines for dealing with
different kinds of levels of complexity. And one vastly over-used strategy, from a
biological point of view, is statistical mechanics, which physics developed as a
particular strategy for dealing with certain kinds of complexity, and that a lot of
physicists have rushed to apply to biological systems. But I think that the fundamental
premise of statistical mechanics is actually contrary to the basic principles of
organisation in biological systems. But, it might be useful for some purposes, in
particular I'm referring to the role of randomness in biology, which I think is not very
large. But, I think one has to be looking for lots of different kinds of strategies for
dealing with complexity.
Eric: One way of getting to that is exactly what they're doing with more probabilistic
methods. In effect that is a way of introducing uncertainty about something you don't
know. So, you have this space of possibilities, and some model that is accurate to a
certain degree. So, that allows them to model to a certain degree. In that sense, the
methods of statistical mechanics, I would say I disagree, actually in that sense, they
actually work quite well.
Kevin : I would agree with that.
Evelyn: In which case they work well?
Eric: Well, if you're doing partial, if you want to have an inexact view of something
where you can't get a more exact view. That's the best way to go about it isn't? Or one
way to go about it.
Evelyn: Well, no.
Eric: What have you got against statistical methods?
Evelyn: Because they completely erase the particularity and heterogeneity and
hierarchy of biological organisation. It homogenizes it.
Kevin: yes, but you can take those into account
Brian: But the organism always expresses itself in a particular form.
Evelyn: Yes
Kevin : Identical cells under same experimental conditions can have very different
responses and you have to be able to explain that.
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Blanca: You have randomness in the opening and closing of ion channels that might
have an impact in the microscopic behaviour of the heart.
Kevin : It's a difference between different types of noise. Sometimes people from an
engineering background think of noise as some external event, but in an organism it's
often called intrinsic noise, it's just the uncertainty of when the reactions occur. I
mean these different [processes?] are very different. You have to [ask?] why do
identical cells, identical experimental conditions, have very different responses?
Blanca: But even so, temporally, why would a cell exhibit a different response in one
beat than the following one? So, in two different beats. So, the heart, a cardiac cell
would exhibit a different response in one beat than in another. The cell is the same.
The cardiac cell is excited and the response it would have would be different in one
beat than in the following one, and the organism is the same. There is some sort of
randomness, stochastic behaviour.
Lynn: Randomness in this case, most of these cases in biology is another word that
equals ignorance.
Blanca: Stochastic, a stochastic process
Lynn: The thing is there's nothing as Theodocius Dobzhansky6 (Columbia University
geneticist, 1900-1975) said and was completely right about this. "Nothing in biology
makes any sense except in the light of evolution". And evolution is history. The corn
seed that you plant this year, even though it was produced by crossing its hybrid
parents to make new seeds in the same way, is not the same seed as you will plant
next year because of the historical aspect. You take life out of its environment to your
peril. I’ll never forget, I worked with a physicist, Andrew Watson7, who, with me and
others in the NASA PBME summer program collected microbial mats from salt flats
in the greater San Francisco Bay area. We had a big tank in the lab. And he brought
the mat sample into the tank late in the afternoon. It became even later. We had to
break for dinner, you know. So he couldn't come back until the next day. He
exclaimed with great surprise the next morning "Oh my god, we didn't do anything
but today it is so different". Of course he didn’t realize that the sample comprised
perhaps 5000 different kinds of microorganisms simultaneously. And who knows how
many individuals of each kind! NONE of them waited for us to eat dinner, sleep and
come back the next day. All of these organisms flux gases, they move around the
"bioelements" all the time: phosphorus, oxygen, nitrogen, carbon. They are
continuously active at rates that are characteristic not only of their genetics but their
community of interaction. And the mathematical models, the so-called "quantitative
methodologies" are just completely incorrect. Precise but not accurate, they become
numerology that plagues students and clogs journals. This sort of bugaboo
academicism becomes absurdity.
Denis: The historicity is all correct, I agree, but I think that what Blanca is referring
to is even additional to that because what you're saying is that if you take just the one
6
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organism, the embryo, it develops a heart, from exactly the same genome as a bone
cell. The different cell types have different properties. Of course that's not a great
surprise, the cells in the liver will have even more different properties, they also come
from the same genome. In addition to the historicity, which I totally agree with
obviously, there is also the stochasticity that lies within the developmental process,
not all cells even in the same tissue are expressing genes in the same way.
Evelyn: But the interesting thing from a developmental point of view is all these
differences get washed out in the construction of a heart.
Denis: It's very interesting to ask how that happens
Kevin : That's the wonder of life
Evelyn: That is the wonder of life. There's a lot we could talk about, ways of
answering that question. But the role, for biological organisation, the importance of
stochasticity, of noise may not be that interesting, I mean, it's interesting mainly in the
sense of how the organism gets rid of it, overrides it or makes use of it.
James: I think one of the highest levels of that which might be classed as one of the
simplest or also one of the most complex in a way, is the use of genetics on an
organism. So, if you have an organism, (I work with fruit flies), you mutate one gene
and the result of the crosses of the off-spring is that, visibly, to all intents and
purposes, that has no effect on the organism. And I think that can actually tell you a
lot about the way in which that gene and that protein contributes to the process, rather
than actually looking at the differences. So, traditionally, we've mutated genes and
we've said: ‘ok, so what goes wrong?’ but, actually what goes right is just as
important.
Kevin : I don’t want to go down the stochastic route too much, but just one small
point is that cells and organisms can exploit the noise to their betterment. So it's not
just about eliminating noise, that's very important
Evelyn: It is important
Brian: Variability is very important. Where it comes from, I don't know. But, it's
there.
Eric: What Evelyn seems to be getting at though is that; at a very low level you've
got Brownian motion, you have a lot of stochasticity, but at the same time
development is remarkably consistent it doesn't seem to reflect that stochasticity. In
some sense, that's what she's getting at, it's somehow filtered out later, so it doesn't
really effect the developmental process all that much, for hair placement who knows
but, the point is, how is it got rid of, is it just feedback mechanisms, is it something
else. So we're talking about different levels of organisation. At a higher level of
organisation we don't have stochasticity, or at least, not significant. At a much lower
level we've got rampant stochasticity. So if you're modelling bacteria, modelling
certain molecular processes, there, the stochasticity model is very appropriate. But, if
you're going to a higher level somehow you got to filter that out somehow.
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Evelyn: Or understand the ways in which the management of stochasticity, itself, is a,
provides a kind of mechanism or motive for robustness at another level.
Brian: This gets to the heart of the question that I was asking about. Okay, when you
describe stochastic elements, they get resolved, this was Evelyn's point, they actually
get resolved. What is it that resolves them? It's context. Now, what does that mean?
And so what you have is a process in which you have multiple possibilities and during
development these embryonic cells have lots and lots of possibilities, they get
narrowed, but nevertheless they're still possibilities. And those get resolved
appropriate to context, and it's that process of dynamic resolution that I think is really
the heart of the developmental process.
Kevin : when you couple cells, in tissue or whatever, the noise …
Blanca: …disappears
Kevin : almost disappears. So it's the context, you use that word ( )
Blanca: And that's probably why it's important to look at things in an integrated way.
So if, experimentally very often, again going back to our debate on methods, very
often people look at isolated cells. When you see a large amount of variability
between cells and they explain that in different ways, when you couple things
together in the tissue that variability disappears and models what the mechanisms are,
mathematical models, can reproduce those effects and integrating those findings…
Evelyn: And how the noise gets transformed into pattern. Temporal and spatial
patterns.
Blanca: And how the noise can reappear under pathological conditions, for example.
Brian: So this is really the direction of my question way back. I detected a certain
underlying philosophical assumption between James and Blanca, with respect to local
determinacy. And local determinacy would lead you to expect that, all the cells in the
heart have got the same genes in them, producing the same molecules. They should
do identical things. Now they don't do identical things, but they do similar things,
enough to produce coherence. It's the coherence that's important, that holistic quality
Blanca: That's part of what we extract in the mathematical models sometimes.
Brian: Yes, sometimes you get it. And so I am just wondering if it's time to start
moving into an area of models in which we're allowing for this variablity, multiple
possibilities or ambiguity with respect to what is going to happen and that these cells
in the developing organism are maintaining that set of possibilities but it gets resolved
through this context, whatever that means. Now, that's a little bit like, and it's coming
back to physics, it's a little bit like what happens when you have superposition of
possibilities, you've got all the possibilities in a quantum mechanics system are held
simultaneously and then they're resolved by context. And the context is actually the
set-up that we, in physics, that we actually impose on that. Now in biology you’ve got
an internal context which resolves itself through entering into a certain context and
then you get boop! a sort of collapse. I don't even want to use the language of
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physics, it's totally misleading, it's got nothing to do, in this context, except
metaphorically, with what's happening in biology. And so I 'd be very interested to see
models of that kind, which, I think very closely connect with language, because that's
what we're doing now. We're actually playing with ambiguity, we're trying to resolve
ambiguity between us by looking for meaning. Now I think this is a very interesting
… you know Waddington had this … you know the that last thing that Waddington
ever wrote for the theoretical biology meetings in Bellagio years ago. He said; I think
a general model for biology is actually language and I think there's something in that
because, in some sense, metaphorically, there are conversations going on. These
conversations get resolved within the developing organism. Now that's a particular
type of dynamic and it involves holding open possibilities until it's appropriate to
choose one collectively. It's like bacteria deciding to spore, to sporulate, under certain
conditions. And then they have this consensus methodology that they use.
Lynn: Are you thinking of quorum sensor?
Brian: A quorum sensor, exactly. Yes, they all agree, they say: ‘hey, these conditions
require really rather extreme states of survival’, so they go into sporulation, they all
agree to do that, and there’s this kind of collective.
Eric: I think the one problem, I can see how it would work for certain purposes, but I
can't see how it would work for the development. Because in development you have a
very precise temporal sequence that occurs where the context wouldn't be sufficient to
indicate what would happen next. Those sorts of arguments that you're giving I think
work for certain things, but I don't think they would work to establish a particular
developmental sequence. In the physics case which you mentioned, which you said
you didn’t want to mention, but you did, in the quantum mechanics case you have an
external environment that restricts the possibilities, the collapse of the wave function.
But, still it's not analogous in the developmental situation, at some point in time 'T',
what's going to happen at, let's call it 'T+delta' , or if it’s discrete or whatever … it's
not sufficient to determine whether you're going to get a finger or a nose. So in other
words, that structural information would not be just in the context and so that's where
a limitation would be of contextual information.
Evelyn: Why would it be a limitation? Of course it's in the context
Eric: It depends on what you want to include in the context, and I’d argue you would
have to include the entire genome
Brian: But why not include the genetic program in this process of context-sensitivity?
Eric: okay, if you’re doing that then you’ve lost. In the sense, it's no longer context
then you already have a very precise controlled information in the genome that in part
determines the context.
Brian: That would be your view. I would not interpret it that way
Eric: And if you're not interpret it that way you're going to get into major difficulty
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Annamaria: Unfortunately we need to start drawing to a close. But I wonder if I could
throw out this question. Are there any biological processes that anyone in the room
believes are incapable of being modelled? That are absolutely intractable to
mathematical modelling.
Lynn: In principle, you mean if you knew everything ..
Evelyn: That's the question that Denis has. Well, ah. I would rephrase the question,
turn it around. I ask the question not about modelling but understanding. I would ask
is there any reason one would expect the human mind to be able to understand
development, for example. Or to understand itself. Why should one expect that? The
human mind is a product, as Lynn reminds us, of evolution. It did not evolve to
understand itself.
Lynn: It's understandable …. we just assume that everything's understandable …
Evelyn: And we’re wrong
Lynn: We’re wrong and we don’t know
Evelyn: evolution tells us that that's wrong.
Lynn: no it doesn't
Evelyn: yes it does
[laughter]
Annamaria: Okay, we’re going to continue this conversation later. I do have one
other question that I would like to ask everyone in the room: what is the ideal
education of someone who is going to be a biologist in let's say, 20 years. Biologist in
a really broad way, I don’t want to prescribe what kind of biology. What has to be
incorporated in this education? Because it seems that sometimes we have these
inclinations (and I’m really talking vaguely here because I want to leave it open)
towards perhaps more quantitative or more qualitative approaches, which are
emphasised beyond possibly what is useful. What would make a really good biologist,
what kinds of skills and sensibilities do they have to have.
Evelyn: All of the above
Anne T: Isn't it a team game. Just as Blanca was saying. So you're going to have a
number of people with different skills, that are trained in those skills. But the issue is
to make sure they can speak the same language to be able to cross the divide.
Blanca: And find the same goal
Anne T: Yes, but I think it's a team game
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Annamaria: How do we bring that about that people can speak the same language and
have a convergence of goals because that seems to be one of the issues, is that there
isn't necessarily that commonality of=
Evelyn: =maybe we could strive for respect for multiple goals
Brian: To pick up Evelyn's point, it seems to me that to get a good biologist or
scientist, or human being, they have to be respectful of creative process and try to
understand it. And that means, actually being quite humble because creative processes
are things that are constantly generating novelty and innovation. And therefore,
they're unpredictable, they're uncontrollable and that's what evolution developed. So
we're embedded in that and since we're embedded in it there's no way we can actually
grasp it, because that's our projection into God. We're God now, we can see the whole
thing. There's something about embedding an humility […]
Lynn: You know when every student's "wet" lab station in our Biology Department
has been removed and replaced by computers, they now have no experience with life
at all, not even plants. Computers replace life. Anatomy is taught by beautiful 3dimensional animation. Do you want those people, who learned gynecology and
obstetrics by study of 3D animation to deliver your babies? There is a certain wetness
that has to do with biology and chemistry both that has been suppressed. I think we
have to ask who is selling the computers or we will never have an answer to why so
much science is driven by the marketplace. The success, measured in pounds, dollars
or euros, of making, buying, selling and investing in the computer industry has been
stupendous of course. Do you really believe that computer models generate
knowledge about everything? Do computers answer all the questions about life? So
many people apparently work on the DNA of Craig Venter's own chromosomes in
anticipation of making more life like him in the laboratory.8
James: To pick up on that point in terms of students, and what it is that motivates
them or changes their view of why they're doing what they're doing. One of the
courses that we run upstairs, we don't get them out into the environment …
Lynn: You teach humility?
James: We could do more … It's very difficult when you're in an institution that says
you’re the crème de la crème. One of the courses that we have takes them, it's
medical imaging analysis, it takes them into the hospital. And the effect it has on the
majority of our students, to actually interact with patients, not with the machines, not
with the software, that actually does it, but to interact with those patients and actually
realise what it is that they can contribute to, and see that human side of things, the
element of nature which you say is missing from a lot of the teaching. That has a
really profound effect on a lot of them and I think that's one way of maybe getting
back to that and instilling that sort of humility.

8

I'm especially desolate that the good man, member of this study group, Dr. Brian Goodwin surprised
us all by dying and therefore did not survive long enough to edit his lively and deep contribution to our
transcript.
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Blanca: In training people you need to train them in the two directions. So there are
people more inclined to physical sciences and mathematics and people more inclined
to biology. Is it easier to bring people from biology to mathematics or from
mathematics to biology? I'm always in doubt about it and the training needs to be,
needs to go in the two directions.
Brian: You need a different foundation for education, you can’t just split them. And
then, you've got people who are potential for whatever draws them and they'll be
superb at it.
Annamaria: These are both avenues of conversation that go well beyond this room,
but would be very worthwhile to follow-up, this aspect of basic education from the
outset, and the other being the bigger story of the institution, the funding structure and
so on, and the technologies that are available to us and how they shape what it is we
think is valuable to do.
Evelyn: There are many models in the US where the undergraduate biology
curriculum has been really radically reconfigured. Princeton is an example.
Annamaria: I want to end by thanking you all for your participation.
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Brian Goodwin’s email:
Dear Annamaria, James and Blanca,
Many thanks for organising this event and undertaking to edit the discussion.
It will be interesting to see how this works out as a search for themes, which I
felt were preliminary and we just got started on it. I think we needed more
input from practicing biologists who are looking at whole organisms as well as
those looking at their parts, and questioning how to understand them as
coherent forms. Modeling is but one way of doing this, clearly. My overall
sense is that biology is in crisis as a result of losing the clarity (oversimplification) of the gene concept and that we haven't discovered yet new
ways of organising the complexity we are confronted with. This is what
particularly interests me and yes, we would need more time to explore it.
Warm regards,
Brian.
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Appendix 1: Slides used. Images and Words

Image 1
Image taken from Stephen L. Rogers, Gregory C. Rogers, David J. Sharp and Ronald
D. Vale, ‘Drosophila EB1 is important for proper assembly, dynamics, and
positioning of the mitotic spindle’. The Journal of Cell Biology, Volume 158, Number
5, September 2, 2002 873-884.
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Image 2
Image provided by James Wakefield
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Image 3
Slide provided by Blanca Rodriguez
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Image 4
Slide provided by Blanca Rodriguez
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Appendix 2: Pre-Forum Topics and Questions
Topic and question list for the Forum on Scientific Method in Biology
This topic, theme and question list is intended as a spur for thought, a guideline for
our conversation at the forum. It is neither exhaustive nor exclusive, and many of the
items on the list are different ways of probing the same thing.
Topics
Objects or fields of study
Methods used
Validation and justification
Purposes and goals
Individuals, groups and teams
Interdisciplinarity
Themes
Top-down and bottom up approaches.
Deductive and inductive approaches
Quantitative and qualitative approaches
Technologies for science
Questions
Is there an inclusive term to cover all the forms of biology that are spoken about at
this forum?
What is a model?
What is observation?
What is a theory?
What is the role of any of the following terms in your practice: reasoning, logic,
intuition, interpretation, imagination?
What counts as explanation in your field?
What constitutes success in your way of doing biology?
What are the main areas of misunderstanding between quantitative and qualitative
approaches?
What makes collaboration difficult?
Is progress in biology determined by technology?
What are the main directions that biology is taking today? What will future histories
of biology say about this moment in biology?
What can we learn by attending to the language and practices of biologists?
What is the point of external views of science, such as those coming from social
science, history or philosophy?
What ought the education of a life sciences research consist in?
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