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Too soon

John Bothwell [4] examines skeptically the recent claims made about systems
biology in terms such as “a revolution” and “paradigm shift”. Indeed in
a recent book [17] ; the noted physiologist Denis Noble even goes off the
edge, calling for fundamental shifts in our philosophical and even linguistic
processes to incorporate oriental . Bothwell on the other hand, argues that
Systems Biology “should neither be called a paradigm shift nor a revolution”,
and cautions against jumping onto the bandwagon. Bothwell’s main point
is that the the idea that function is an emergent property of a system has
long been part of the standard tenets of reductionism, and as such, systems
biology is just a step in the same programme, albeit an important one. I
agree with Bothwell that it may be too soon to describe systems biology as a
“revolution” or a “paradigm shift”, but I fear he, in turn, has been too hasty
to dismiss at least the potential for both.

Two views of Science

Two historians, Peter Galison and Thomas Kuhn, have explored in depth
the process of scientific discovery in the modern age. Galison’s great work,
Image and Logic, was published in 1997. Kuhn’s The Structure of Scientific



Revolutions appeared thirty-five years earlier. Bothwell discusses Kuhn’s
concept of “paradigm shift” at some length in the introduction, and examines
systems biology in that light. He does not discuss Galison at all. Dyson [9]
compares the two views of science, Galisonian and Kuhnian:

Their views of the history of science are totally different. Their
two books have almost nothing in common. Galison’s book con-
tains hundreds of pictures of scientific apparatus; Kuhn’s book
contains only words. For Galison the process of scientific dis-
covery is driven by new tools, for Kuhn by new concepts. Both
pictures are true and neither is complete. The progress of science
requires both new concepts and new tools.

Elsewhere he has said

[the Kuhnian model] applies to Physics in the 1920s ... it doesn’t
really describe biology. Galisonian science which is driven by
tools is at least as important. Biology is like that.

I want to argue that systems biology has the potential to form a “rev-
olution” or “paradigm shift” in both views, but the the Galisonian view
especially. In particular, I believe concepts and tools from Computing Sci-
ence can help crucially in realizing this potential. Of course, the “-omics”
technologies have seen computers contributing vitally all along — they are
indispensable in dealing with large data. Yet, I believe this contribution is
but the tip of the iceberg, playing more a “service” function. Computing
Science concepts and tools have the potential to make a much deeper and
far reaching impact on systems biology.

Coping with Complexity

It is well recognized that the single biggest challenge facing Systems Biology
is the tremendous complexity of biological systems. Through “-onomics”
technologies, much information is now available about constituent parts of
living systems but nobody knows much about how to put them together.
In an entertaining and a seemingly facetious article entitle “Can a biologist
repair the radio?”.Yuri Lazebnik [16] makes a very important point. He ar-
gues compellingly that the notations, concepts and tools that biologists use



to study systems today are too primitive and crude to cope with the com-
plexity of biological systems. Biologists could gainfully look at how engineers
cope with complex systems, he argues.

Engineering has been concerned since the beginning with techniques to
cope with complexity, and recently many efforts have originated around the
world to bring engineering approaches to bear on biology. MIT for instance
now has a Department of Biological Engineering. Drew Endy (from this
Department) [12] identifies two of the challenges limiting the engineering of
biology as “(1) an inability to avoid or manage biological complexity, (2)
the tedious and unreliable construction and characterization of ... biological
systems.” He then proposes that the three key ideas for engineering biology
are (1) standardization, (2) decoupling and (3) abstraction.

Wonder of wonders! These are precisely the three principles taught in
even the first undergraduate programming courses in Computer Science. One
may even say that they characterize the (true) paradigm shift in the program-
ming idiom from the early days of Fortran-style “imperative” programming
to the more modern functional and object-oriented idioms. It turns out not
to be an accident - in the acknowledgments, Endy thanks (among others) G.
Sussman, author of the very influential computer science text [1] for “teach-
ing me about the theory and practice of engineering, especially as it relates
to biology”. Good modern introductory texts today are [14] in the functional
paradigm and [3] in the object-oriented one.

Today Software Engineering is a major area within Computer Science
devoted to principles of engineering complex software systems. A notation
that is now becoming standard in both academia and industry for the speci-
fication of systems is the Unified Modelling Language (UML) [21]. Recently,
such notations are becoming better known in the biological community, for
instance the introduction of the Systems Biology markup Language (SBML).
See also [19, 22] for how UML could be used to model biological systems and
[6] for other CS languages used to describe biological systems.

Another major concern in designing complex software systems is to ensure
their dependability and robustness to errors. Formal Methods is often the
generic name given to the set of concepts and techniques designed to do this.
The basic idea is for the requirement specifications of a system to be given
in a formal language, often a derivative of some appropriate mathematical
logic. Then one constructs a program that automatically checks if the given
system (say in Java code) satisfies the specification. If so, this is an iron
clad guarantee in the form of a mathematical proof that the system works



dependably. There are basically two approaches to this process of verification:
model checking and theorem proving. In model checking, one conducts an
exhaustive exploration of the state space of the system. Of course doing
to directly would be utterly infeasible for even very small systems because
of the explosion in the size of the state space. Sophisticated mathematical
techniques are employed to reduce the size of the state space to be explored,
and often one does it one module at a time. In the second approach, an
automatic theorem prover is invoked to provide a formal proof of the assertion
that the system satisfies the specification. In practice, this is usually only
partially automated and is driven by the user’s understanding of the system
to validate. Both methods have been used with moderate success in industry
scale problems. For a recent commentary on the state of the art, see [2, 11].

The more and closer one looks at biological systems, the more one is
struck by the parallels in organizational principles between them and com-
puting systems, especially modern software systems — abstraction, modular-
ity, reuse of components and algorithmic information-driven behaviour. In
biological systems, these are reflected at many different levels - say the basic
architecture of the body skeleton [6][Ch. 4] to the reuse of components in the
master genetic toolkit [6, 15]. It stands to reason that modelling approaches,
notations and concepts for biological systems should parallel those for com-
puter systems. This basic insight was expressed way back in 1976 by Richard
Dawkins in the same year as the book that made him famous, The Selfish
Gene:

If a computer is doing something clever and life-like, say playing
chess, and we ask how it is doing it, we do not want to hear about
transistors, we accept them ... we need software explanations of
behaviour ... just as the lowest level of explanation is not always
the most appropriate for the computer, no more is it for an ani-
mal. Animals and computers are both so complex that something
on the level of software explanation must be appropriate for both
of them. [§]

Bridging Two Cultures

To quote Freeman Dyson again,

Most of the recent scientific revolutions have been tool-driven, like
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the double-helix revolution in biology and the big-bang revolution
in astronomy

I hope to have argued that there is potential for a tool (and concept)-driven
revolution in systems biology. But there are formidable challenges to over-
come for this to happen. A half century ago, C.P. Snow [20] bemoaned the
gap between “The Two Cultures”. Today we [13] bemoan a similar gap be-
tween the biological sciences on the one hand, and engineering sciences on
the other. I feel the gap is particularly egregious with respect to computing
science. Of course, it is true that biologists now find the computer indis-
pensable as a data-cruncher, a database, graphical visualizer etc. But they
still see computing science as a “push-button” service provider, and remain
almost totally ignorant of its deeper concepts and tools. On the other hand,
computing scientists are shaped by their traditional distaste for descriptive
biology and balk at its messy complexity. They should instead view biology
as providing the best challenge for their wares, remembering the sculptor
Théophile Gautier who said: “L’ouvre sort plus belle, d’une forme au tra-
vail rebelled vers”, roughly translated as “The work is more beautiful from
a material that resists the process”.
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