
To the student

Learn from science that you must doubt the experts.

— Richard Feynman

This is a book about physical models of living systems. As you work through it, you’ll gain
some skills needed to create such models for yourself. You’ll also become better able to assess
scientific claims without having to trust the experts.

The living systems we’ll study range in scale from single macromolecules all the way up
to complete organisms. At every level of organization, the degree of inherent complexity may
at first seem overwhelming, if you are more accustomed to studying physics. For example,
the dance of molecules needed for even a single cell to make a decision makes Isaac Newton’s
equation for the Moon’s orbit look like child’s play. And yet, the Moon’s motion, too, is
complex when we look in detail—there are tidal interactions, mode locking, precession,
and so on. To study any complex system, we must first make it manageable by adopting a
physical model, a set of idealizations that focus our attention on the most important features.

Physical models also generally exploit analogies to other systems, which may already be
better understood than the one under study. It’s amazing how a handful of basic concepts
can be used to understand myriad problems at all levels, in both life science and physical
science.

Physical modeling seeks to account for experimental data quantitatively. The point is not
just to summarize the data succinctly, but also to shed light on underlying mechanisms by
testing the different predictions made by various competing models. The reason for insisting
on quantitative prediction is that often we can think up a cartoon, either as an actual sketch
or in words, that sounds reasonable but fails quantitatively. If, on the contrary, a model’s
numerical predictions are found to be confirmed in detail, then this is unlikely to be a fluke.
Sometimes the predictions have a definite character, stating what should happen every time;
such models can be tested in a single experimental trial. More commonly, however, the
output of a model is probabilistic in character. This book will develop some of the key ideas
of probability, to enable us to make precise statements about the predictions of models and
how well they are obeyed by real data.

Perhaps most crucially in practice, a good model not only guides our interpretation of
the data we’ve got, but also suggests what new data to go out and get next. For example, it
may suggest what quantitative, physical intervention to apply when taking those data, in
order to probe the model for weaknesses. If weaknesses are found, a physical model may
suggest how to improve it by accounting for more aspects of the system, or treating them
more realistically. A model that survives enough attempts at falsification eventually earns
the label “promising.” It may even one day be “accepted.”

This book will show you some examples of the modeling process at work. In some cases,
physical modeling of quantitative data has allowed scientists to deduce mechanisms whose
key molecular actors were at the time unsuspected. These case studies are worth studying,
so that you’ll be ready to operate in this mode when it’s time to make your own discoveries.

Skills
Science is not just a pile of facts for you to memorize. Certainly you need to know many
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facts, and this book will supply some as background to the case studies. But you also need
skills. Skills cannot be gained just by reading through this (or any) book. Instead you’ll
need to work through at least some of the exercises, both those at the ends of chapters and
others sprinkled throughout the text.
Specifically, this book emphasizes
• Model construction skills: It’s important to find an appropriate level of description and then

write formulas that make sense at that level. (Is randomness likely to be an essential feature
of this system? Does the proposed model check out at the level of dimensional analysis?)
When reading others’ work, too, it’s important to be able to grasp what assumptions their
model embodies, what approximations are being made, and so on.

• Interconnection skills: Physical models can bridge topics that are not normally discussed
together, by uncovering a hidden similarity. Many big advances in science came about
when someone found an analogy of this sort.

• Critical skills: Sometimes a beloved physical model turns out to be. . . wrong. Aristotle
taught that the main function of the brain was to cool the blood. To evaluate more modern
hypotheses, you generally need to understand how raw data can give us information, and
then understanding.

• Computer skills: Especially when studying biological systems, it’s usually necessary to run
many trials, each of which will give slightly different results. The experimental data very
quickly outstrip our abilities to handle them by using the analytical tools taught in math
classes. Not very long ago, a book like this one would have to content itself with telling you
things that faraway people had done; you couldn’t do the actual analysis yourself, because
it was too difficult to make computers do anything. Today you can do industrial-strength
analysis on any personal computer.

• Communication skills: The biggest discovery is of little use until it makes it all the
way into another person’s brain. For this to happen reliably, you need to sharpen some
communication skills. So when writing up your answers to the problems in this book,
imagine that you are preparing a report for peer review by a skeptical reader. Can you
take another few minutes to make it easier to figure out what you did and why? Can you
label graph axes better, add comments to your code for readability, or justify a step? Can
you anticipate objections?

You’ll need skills like these for reading primary research literature, for interpreting your
own data when you do experiments, and even for evaluating the many statistical and
pseudostatistical claims you read in the newspapers.

One more skill deserves separate mention. Some of the book’s problems may sound
suspiciously vague, for example, “Comment on. . . .” They are intentionally written to make
you ask, “What is interesting and worthy of comment here?” There are multiple “right”
answers, because there may be more than one interesting thing to say. In your own scientific
research, nobody will tell you the questions. So it’s good to get the habit of asking yourself
such things.

Acquiring these skills can be empowering. For instance, some of the most interesting
graphs in this book do not actually appear anywhere. You will create them yourself, starting
from data on the companion Web site.

What computers can do for you
A model begins in your mind as a proposed mechanism to account for some observations.
You may represent those ideas by sketching a diagram on paper. Such diagrams can help
you to think clearly about your model, explain it to others, and begin making testable
experimental predictions.

Despite the usefulness of such traditional representations, generally you must also carry
out some calculational steps before you get predictions that are detailed enough to test the
model. Sometimes these steps are easy enough to do with pencil, paper, and a calculator.
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More often, however, at some point you will need an extremely fast and accurate assistant.
Your computer can play this role.

You may need a computer because your model makes a statistical prediction, and a large
amount of experimental data is needed to test it. Or perhaps there are a large number of
entities participating in your mechanism, leading to long calculations. Sometimes testing the
model involves simulating the system, including any random elements it contains; sometimes
the simulation must be run many times, each time with different values of some unknown
parameters, in order to find the values that best describe the observed behavior. Computers
can do all these things very rapidly.

To compute responsibly, you also need some insight into what’s going on under the
hood. Sometimes the key is to write your own simple analysis code from scratch. Many of
the exercises in this book ask you to practice this skill.

Finally, you will need to understand your results, and communicate them to others.
Data visualization is the craft of representing quantitative information in ways that are
meaningful, and honest. From the simplest xy graph to the fanciest interactive 3D image,
computers have transformed data visualization, making it faster and easier than ever before.

This book does not include any chapters explicitly about computer programming or
data visualization. The Student’s Guide contains a brief introduction; your instructor can
help you find other resources appropriate for the platform you’ll be using.

What computers can’t do for you
Computers are not skilled at formulating imaginative models in the first place. They do
not have intuitions, based on analogies to past experience, that help them to identify the
important players and their interactions. They don’t know what sorts of predictions can be
readily measured in the lab. They cannot help you choose which mode of visualization will
communicate your results best.

Above all, a computer doesn’t know whether it’s appropriate to use a computer for any
phase of a calculation, or whether on the contrary you would be better off with pencil and
paper. Nor can it tell you that certain styles of visualization are misleading or cluttered with
irrelevant information. Those high-level insights are your job.

Structure and features

• Every chapter contains “Your Turn” questions. Generally these are short and easy (though
not always). Beyond these explicit questions, however, most of the formulas are conse-
quences of something said previously, which you should derive yourself. Doing so will
greatly improve your understanding of the material—and your fluency when it’s time to
write an exam.

• Most chapters end with a “Track 2” section. These are generally for advanced students;
some of them assume more background knowledge than the main, “Track 1,” material.
(Others just go into greater detail.) Similarly, there are Track 2 footnotes and homework
problems, marked with the glyph T2 .

• Appendix A summarizes mathematical notation and key symbols that are used consistently
throughout the book. Appendix B discusses some useful tools for solving problems.
Appendix C gathers a few constants of Nature for reference.

• Many equations and key ideas are set off and numbered for reference. The notations
“Equation x.y” and “Idea x.y” both refer to the same numbered series.

• When a distant figure gets cited, you may or may not need to flip back to see it. To help
you decide, many figure references are accompanied by an iconified version of the cited
figure in the margin.

Other books
The goal of this book is to help you to teach yourself some of the skills and frameworks
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you will need in order to become a scientist, in the context of physical models of living
systems. A companion book introduces a different slice through the subject (Nelson, 2014),
including mechanics and fluid mechanics, entropy and entropic forces, bioelectricity and
neural impulses, and mechanochemical energy transduction.

Many other books instead attempt a more complete coverage of the field of biophysics,
and would make excellent complements to this one. A few recent examples include
General: Ahlborn, 2004; Franklin et al., 2010; Nordlund, 2011.
Cell biology/biochemistry background: Alberts et al., 2014; Berg et al., 2012; Karp, 2013;
Lodish et al., 2012.
Medicine/physiology: Amador Kane, 2009; Dillon, 2012; Herman, 2007; Hobbie & Roth,
2015; McCall, 2010.
Networks: Alon, 2006; Cosentino & Bates, 2012; Vecchio & Murray, 2014; Voit, 2013.
Mathematical background: Otto & Day, 2007; Shankar, 1995.
Probability in biology and physics: Denny & Gaines, 2000; Linden et al., 2014.
Cell and molecular biophysics: Boal, 2012; Phillips et al., 2012; Schiessel, 2013.
Biophysical chemistry: Atkins & de Paula, 2011; Dill & Bromberg, 2010.
Experimental methods: Leake, 2013; Nadeau, 2012.
Computer methods: Computation: DeVries & Hasbun, 2011; Newman, 2013. Other computer
skills: Haddock & Dunn, 2011.

Finally, no book can be as up-to-date as the resources available online. Generic
sources such as Wikipedia contain many helpful articles, but you may also want to consult
http://bionumbers.hms.harvard.edu/ for specific numerical values, so often needed when
constructing physical models of living systems.
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