
Freed and Lin also test an alternative
model in which post-Landers deformation 
is attributed to relaxation of the mantle8,
rather than the lower crust. They conclude
that the Coulomb stress at the Hector Mine
hypocentre increases significantly regardless
of the depth to the relaxing viscoelastic layer.
Such an exploration of model sensitivity is
crucial given the uncertainty about how the
viscosities of continental crust and upper
mantle vary with depth. Another feature of
their paper is its exposition of how sensitive
coseismic stresses near a fault may be to 
the distribution of coseismic slip. Coseismic
stresses provide the driving force for sub-
sequent postseismic deformation, so model
errors in the coseismic stress pattern will
continue to manifest themselves over time.
This phenomenon illustrates the import-
ance of evaluating how differences between
various elastic models have arisen, and of
choosing a favoured one, as Freed and Lin
have done.

Uncertainty over viscosities in the lower
crust and upper mantle leads to another 
controversy — that of how much of the

postseismic stress change in the crust is due
to delayed slip on fault surfaces (frictionally
controlled afterslip), time-dependent defor-
mation concentrated along shear zones 
(viscoelastic creep) or other processes. If 
the viscosities of the lower crust and upper
mantle are high, viscoelastic deformation
will occur so slowly that another process,
such as frictional afterslip, must be responsi-
ble for most postseismic deformation during
the months to years after an earthquake (Fig.
1). Also at issue are whether the viscoelastic
deformation rate is proportional to stress, 
or to stress to some power greater than 1 (as
indicated by many rock-deformation experi-
ments), and how low-viscosity material is
distributed in the crust. Earth scientists 
must resolve these questions because various
models predict different patterns of change
in postseismic stress, and thus in seismic risk,
even when the models yield similar patterns
of horizontal surface deformation near the
earthquake rupture. 

To distinguish between the different
models we will need more data on post-
seismic deformation, both in time and in
space. Monitoring programmes are under

way in many parts of the world, and pro-
posed initiatives such as Earth Scope (cur-
rently being considered by the US National
Science Foundation) promise to provide
more detailed measurements of three-
dimensional postseismic surface displace-
ments and strain. Along with information
from seismic studies, geological mapping
and laboratory experiments, modelling work
using these measurements will help to reveal
more about earthquake cycles, and allow for
near-real-time estimates of the build up and
release of stress on active faults. ■
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Figure 1 Models of postseismic deformation:
strength versus depth profiles for models
differing in assumed crust and mantle viscosities.
a, Low-viscosity lower crust1,6; b, low-viscosity
upper mantle8; c, high-viscosity lower crust and
upper mantle, with early postseismic
deformation accommodated by frictional slip on
a fault4 or creep in a relatively weak shear zone9.
‘Strength’ is either viscosity, or frictional
resistance to breaking or sliding (which may 
vary during the earthquake cycle). Viscoelastic
deformation may occur throughout the crust or
upper mantle (models a and b) or, if the crust and
mantle are too strong to deform significantly
after the earthquake, it may be localized along 
a shear zone with low viscosity (model c).
Alternatively, postseismic deformation along a
surface (model c) may be due not to viscoelastic
creep (which requires high temperatures) but to
frictionally controlled slip on a fault that does
not break coseismically (‘stable slip’). Where a
fault fails during an earthquake, it exhibits 
‘stick-slip’ frictional behaviour. The evolution 
of upper crustal stresses after an earthquake 
(and of seismic hazard associated with nearby
faults) depends on whether a, b, c or another
model applies.
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The sequencing of the human genome
has inspired many to anticipate a time
when the most complicated biological

phenomena will be understood in detail. But
sceptics worry that a simple list of genes and
proteins, no matter how complete, will be as
useless to biologists as a list of a computer’s
transistors would be to an understanding 
of the software used to browse the online 
version of this article. At a recent meeting*,
however, both sides found cause for opti-
mism in computational and mathematical
approaches to complement experiments in
unravelling complex biological processes.

Computation is so prominent in genomics
that the naive observer could be excused for
mistaking this field for a branch of robotics 
or computer science. But the computational
approaches discussed at the meeting were
firmly focused on post-genomic issues — the
dynamics and control of the networks of
genes and proteins at work in cells. Here,
increasingly sophisticated software packages,
such as those at the web links listed at the end

of this article, are proving vital. With them,
biologists are finally gaining access to tech-
nology that has hitherto been restricted to 
the design of complex engineering systems,
such as integrated circuits, aircraft, commu-
nication networks and chemical-processing
plants. Many experimentalists are using
mathematical modelling and computation 
to study biological systems that are just too
complex to be understood by intuition and
informal models. Meanwhile, those who 
are developing computational models fully
appreciate that their models must be inte-
grated with experimental data.

The control of the cell-division cycle is one
area where complex molecular mechanisms,
worked out by legions of molecular biologists,
have been codified into a single mathemat-
ical model (J. Tyson, Virginia Polytechnic
Inst.). Building such a model requires a long
process of data collection and verification,
but the efforts are well worth it. For example,
models like this can be used to test theories
about cellular processes by comparing the
effects of virtual and real mutated genes.

The most popular mathematical models,
in this and other studies, involve ordinary
and partial differential equations to rep-

Computational biology

Beyond the spherical cow
John Doyle

Computational and mathematical models are helping biologists to
understand the beating of a heart, the molecular dances underlying 
the cell-division cycle and cell movement, and much more.

*First International Symposium on Computational Cell Biology.

Cranwell Resort, Lenox, Massachusetts, USA. 4–6 March 2001.

www.nrcam.uchc.edu/conference
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resent chemical kinetics. But models that
systematically integrate several scales are also
important. For example, stochastic chemical
kinetics (D. Bray, Univ. Cambridge) can be
used to model individual molecular inter-
actions at various levels of detail. Such 
models capture fluctuations that tend to
clump together in models based simply 
on differential equations. Also, the chemical
dynamics of cells must be integrated with
mechanical aspects (D. Ingber, Harvard
Med. School), which — just as in complex
engineering systems — become increasingly
important at the network level. In another
parallel to engineering principles, a model
that integrates hypersensitivity and positive
feedback in a signalling pathway known as
the MAP kinase cascade predicts the occur-
rence of switch-like behaviour, where some
internal chemical state of the pathway
switches, as in a digital system (J. Ferrell,
Stanford Univ.). Such behaviour is uncov-
ered experimentally only when single cells
are analysed (which is not common).

Widespread interest in sophisticated
software is new. But the general approach of
integrated modelling has a long and success-
ful history. Computer modelling of individ-
ual ion channels and transporters in cardiac
cells, at the level of differential equations,
goes back 40 years. Since then, models of
heart function have incorporated further
details, such as pacemaker activity, the 
genetic defects underlying arrhythmic heart
beats, mechanical–electrical feedback, and
regional patterns of expression of ion trans-
porters, to the point where high-fidelity 
simulations of the whole heart are possible
(D. Noble, Oxford Univ.). Iterative inter-
actions between experiment and simulation,
and between molecular mechanisms and the
physiology of the whole organ, were essential
to this success.

Speaking from the experimentalist’s
point of view, T. Pollard (Salk Inst., San
Diego) described how computation fits into
a broad agenda for analysing cell-biological
data. He detailed a model for cell motility,
which involves actin filaments — a type of
cytoskeletal structure. The model was con-
structed from a huge amount of experimen-
tal knowledge, including quantitative data
on the identities, affinity constants and 
reaction rates of the interacting molecules.
Such data are collected only rarely, but will
become increasingly important.

Several other areas of biology have ben-
efited from the interaction of experiment and
modelling. For example, reaction–diffusion
models (standard models of spatially depen-
dent chemical kinetics) formed the basis for
the first detailed picture of the transport 
of molecules into and out of the nucleus (A.
Smith and I. Macara, Univ. Virginia). Like-
wise, the transport and sorting of proteins
between the endoplasmic reticulum and the
Golgi complex have been analysed by com-

bining modelling with studies involving 
fluorescent markers (J. Lippincott-Schwartz,
NIH, Bethesda). The transport of fluorescently
labelled RNA granules to cellular sites of 
protein synthesis can be broken down into
three characteristic patterns — vibrations,
oscillations and movement. A stochastic
model, integrating the rates at which motor
proteins bind to these granules and are acti-
vated, can account for all of these behaviours
(J. Carson, Univ. Connecticut Health Center).

Finally, the availability of electrophysio-
logical and fluorescence methods to obtain
quantitative data has made the dynamics of
calcium ions one of the most popular sub-
jects for modelling. A new model of calcium
‘sparks’ — the release of calcium ions from
an organelle known as the sarcoplasmic
reticulum — can account for the previously
mysterious ‘termination’ phase of a spark 
(J. Lederer, Univ. Maryland). This model
involves interactions within a cluster of 
calcium channels, and regulation of the
channels by calcium within the sarcoplasmic
reticulum. Sparks in skeletal muscle can be
studied in preparations from frog muscle,
and have been further analysed with a model
that incorporates the characteristics of the
microscope used to gather the data (D.
Uttenweiler, Univ. Heidelberg). An image-
based model of calcium waves in a neuron 
(L. Loew, Univ. Connecticut Health Center)
emphasized the role of cell geometry, which
can control the spatial and temporal patterns
of calcium ions.

A prominent theme was that biology
needs more theory, in addition to modelling
and computation, to make sense of complex
networks. Without underlying theories, soft-
ware would be of limited use in engineering
systems. Theory has a rather bad reputation
among biologists, in part because the ideas so
popular in physics — such as pattern forma-
tion, critical phase transitions and chaos —
have proved largely irrelevant to molecular
biology. So far, engineering theories of com-
munication, control and computing have
had little contact with biology, but perhaps
that should change. If biologists are much 
like physicists in stretching the limits of
experimental reductionism, they are also like
engineers in revelling in the enormity, variety 
and sheer complexity of the systems they
study. No interest in spherical cows here. ■

John Doyle is in the Department of Control and
Dynamical Systems, California Institute of
Technology, Pasadena, California 91125, USA.
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Web links

➧ http://www.cds.caltech.edu/erato

➧ http://websites.ntl.com/~igor.goryanin

➧ http://www.e-cell.org

➧ http://www.gepasi.org

➧ http://members.tripod.co.uk/sauro/biotech.htm

➧ http://www.zoo.cam.ac.uk/comp-cell/stochsim.html

➧ http://www.nrcam.uchc.edu
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Daedalus

The art of spinning
The gecko, that engaging lizard that
climbs walls and runs across ceilings, is
alleged to do so by means of the ‘setae’ on
its feet — tiny hairs which stick to its
anchorage by van der Waals forces.
Daedalus does not believe it. A crumbly
wall or powdery ceiling would easily
defeat such forces, which occur only
between surfaces in very intimate contact.

Similarly, engineering slip gauges,
which are ground to better than 0.01
millimetre, cling together when ‘wrung’
into a pile for measurement. Again,
Daedalus absolves van der Waals forces,
and atmospheric pressure, from this feat.
He reckons that the thin film of oil on the
gauges is responsible, hauling them
together by capillary forces. If the gauges
were carefully dried by means of
dichloromethane, for example, and then
heated to about 35 °C (the boiling point of
that solvent), they should fall apart.

In fact, Daedalus reckons that the only
application of van der Waals forces in
ordinary life is the ancient art of spinning.
The business of taking short fibres, and
twisting them together into a long, strong
thread, is most remarkable. The fat on
wool, and the oil on cotton, must play an
initial role, tying the strands together. Yet
after a while van der Waals forces must
play their part, for the fabric does not fall
apart again on washing.

So Daedalus proposes a new spinning
technology. An initial thread, maybe a wire
or carbon fibre, or even a traditional yarn,
will be raised to a high voltage while other
porous materials are released around it.
Expanded polystyrene, paper pieces,
cotton, wool and so on will be released
nearby and will stick firmly by coulombic
forces, which must also bring the surfaces
into intimate contact. The resulting ‘open
fibre’ should be as strong as anything van
der Waals forces could bring about.
Daedalus wonders whether oil will be
needed to reinforce the initial bond before
the fibre is converted to a fabric and
washed.

All sorts of materials can be floated
onto open fibre: fumed silica, fine metal
wires, even expanded vermiculite.
Daedalus has set his sights on a fibre as
strong as conventional ones, but with far
more ‘bulk’ and thermal resistance. It will
knit or loom-weave into an amazingly
warm cloth. DREADCO engineers have
free rein to add any bulky insulator to the
fibre, in the hope of improving these
properties. Daedalus himself hopes to gain
a bit of insight into how ordinary spinning
actually works. David Jones
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