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A naive view of scientific models

A simplistic view of the way scientists work with models might be that
they observe the physical world, measure it, see what it’s like, and
then make a model that is an accurate representation of the world.

REAL WORLD MODEL
Model fits /

Doesn’t fit

In this view, the real world is transparent, we have immediate access
to it, and we can see exactly what it’s like. This is a view of science as
analogous to mapmaking.

Unfortunately, scientists usually don’t have direct access to the things
they want to study; they may very far away, or very old, or very small.

Scientists have to interpret the world by producing facts about it,
which then take on the form of data.
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Images, maps and models

Images are a type of two-dimensional scale model. A map is more
abstract than an image, but less abstract than a theoretical model.

The map contains a bunch of information that isn’t there in the real
world, but is about the real world. It is a representation of the real
word, but it is obviously not the same thing as what it represents.

It contains a similarity of spatial structure with part of the real
world.

It contains symbols whose meaning is socially constructed, and it
is embedded in practices of social convention.

It contains only certain selected features of the real world.

It also contains some mistakes, or misleading signs.

Is there such a thing as a perfect map?
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Analog models

Scienists often use analogies to try to understand the physical world.
For example, Descartes argued that an animal’s body was like a
machine, Rutherford argued that the atom was like the solar system.

Analog models are usually useful in the early stages of research, when
scientists are trying to understand new phenomena. At later stages,
when they are set to evaluate the model, an analog model is less useful.

Analog model

An analog model is something that a scientist uses as a metaphor or
analogy for an object. It is used to help people think about a new
object using other objects that they are already familiar with.

Nevertheless, when scientists talk about models, they are usually not
referring to analog models.
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Scale models

Sometimes scientists work with physical models of the subject that
they are studying. These are a type of scale model in the ordinary sense
of the word, just as we talk about a model airplane or a dollhouse.

Scale models are used in science and engineering as a way to present
ideas or theories and as a research tool. It is much easier, or cheaper,
to carry out tests on scale models. Also, the structure of some objects
can best be understood with scale models, because they are so big, or
so small. (solartoscale.com, scaleofuniverse.com)

Scale model

A scale model is a physical representation of the three-dimensional
structure of an object.

Again, when scientists use the term model, they generally do not mean
scale models.
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Theoretical models and hypotheses

A theoretical model does not exist anywhere other than in our minds,
or as the abstract subject of verbal or mathematical description, or in a
computer as the initial conditions and subsequent states of a program,
etc.

Sometimes it’s possible to build a scale model of a theoretical
model, but not always.

The vast majority of the theoretical models that scientists work with
remain as speculative hypotheses. Many of them can be discarded on
the basis of things that are already known from observations or
experiments.

In order for a model to be treated as the representation of a fact, it has
to be checked against the real world. But we cannot do this directly.
Instead, we have to generate predictions from the model, and data from
the real world, and compare these against each other.
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An example: The molecular structure of DNA

In the early 1950s, there was a race between a number of scientists to
determine the molecular structure of deoxyribonucleic acid (DNA). At
the time, not everyone realized that this was an important race. There
had been a few experiments that seemed to indicate that DNA was the
carrier of genetic information, but not everyone was convinced –
proteins were regarded as another possibility.

This story involves a number of different people with widely different
backgrounds, training and ability. Some of them were young students
and postdocs, others were established stars, at the top of their field.

In a surprising twist, the structure was actually determined and
published by the most unlikely pair, although it required the work of
everyone involved.
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The state of knowledge in 1951

In 1951, a DNA molecule was thought to consist
of one or more chains of nucleotides, called a
polynucleotyde.

The nucleotides were known to be linked by a
sugar and phosphate backbone. Hanging off of
the backbone was a series of bases. In many
ways, the structure was assumed to be similar to
the structure of proteins, which was also largely
unknown at this time.

The chemical structure of the bases was also
known. The bases were known to be two
pyrimidines, cytosine (C) and thymine (T), and
two purines, adenine (A) and guanine (G). (But
the configuration of T and G came in two forms.)
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Knowledge of the nucleic bases in 1951

Purines Pyrimidines
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Watson arrives at the Cavendish, 1951

James Watson (1928–) finished his PhD in 1950,
working under Salvidor Luria on phage genetics.

He spent some time at Copenhagen, studying
biochemistry, and some time in Naples, reading
genetics papers. He heard a talk by Maurice
Wilkins (1916–2004), King’s College, London, on
using x-rays to study the structure of DNA.

He decided to go the Cavendish, Cambridge,
where they were studying big molecules with
x-rays. He asked Luria to help him get a
postdoctoral fellowship there. At the Cavendish,
he met Francis Crick (1916–2004), who was an
older PhD student, working on applying physics
to organic molecules.
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Wilkins’ x-ray image of DNA

When Watson heard Wilkins’ talk
in 1950, he was especially struck by
an image that Wilkins showed,
which had been produced by x-rays
that had been passed through a
DNA molecule interacting with a
photographic plate.

This image impressed on Watson
the need to learn x-ray
crystallography in order to try to
determine the structure of the
molecule. This was a technique
that Watson had previously known
little about.
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Pauling cracks the α-helix

Linus Pauling (1901–1994), a professor at CalTech, was
one of the top structural chemists in the world. He
wrote the 1939 book The Nature of the Chemical Bond.

His work helped lay the groundwork for figuring out
the structure of large molecules, such as proteins.

In 1948, while he was laid up with a cold, he drew a
polypeptide chain of roughly correct dimensions on a
strip of paper and folded it into a helix maintaining
the correct chemical bonds.

In 1951, he published a paper (with Robert Corey)
giving the complete chemical structure of the
α-helix, a key component of protein structure, using
x-ray evidence and exhibited with a physical model.

CalTech model, 1951
What is a Scientific Model? 13 / 28



DNA at the Cavendish

With the publication of Pauling’s paper, Watson and Crick realized both
(1) that the Pauling’s model-building approach might work for DNA and
(2) that its structure might be helical. That is, they used the α-helix as
an analog model.

The head of their laboratory, Sir Laurence Bragg, an x-ray
crystallographer, realized that the work on DNA might lead to
something important and gave Watson and Crick permission to work
on the topic, as long as the people at King’s College, London, didn’t
mind.

Wilkins and his group at King’s College had been working on x-raying
DNA for some time, but Wilkins was getting fed up with the problem,
due to interpersonal difficulties that he was having with one of his
coworkers.
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Franklin and the King’s group

In January 1951, Rosalind Franklin
(1920–1958) began working on making
x-ray images of DNA at King’s College.
Franklin was one of the world’s experts on
x-ray imaging, but she soon ran into
difficulties with Wilkins, with whom she
did not get along.

Franklin had been led to believe she would
have DNA all to herself and she disagreed
with Wilkins about technical issues.

Soon there were two, competing, groups
working on x-ray crystallography at King’s
College. Franklin’s group had exclusive
access to the better samples of DNA.
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The 3-chain model

Crick made his first major contribution with a mathematical theory of
how x-rays are diffracted by helically shaped molecules.

Watson went down to London to listen to a talk by Franklin about her
work. Watson didn’t take notes at talks, so based on what he could
remember, Crick worked out that there would be between two and
four chains in the model.

They decided to go with three chains, and put the bases hanging out
on the outside – like a protein. Using wire, and specially made metal
plates they constructed a scale model in under a month.

They invited the King’s group up to Cambridge to see the model, but
Franklin took one look at it and pointed out that there were not
enough places for water to bind with it. Watson had misremembered
what she has said about how much water was involved! It was a
theoretical model that could be discarded on the basis of known facts.
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Taking a break

It was such an embarrassment that Bragg forbid Watson and Crick to
do any more work on DNA. Watson started working on x-raying the
tobacco mosaic virus; Crick went back to work on his PhD.

But other people were still working on DNA:

Work that was going on at Cold Spring Harbor, NY, pointed even
more securely to the importance of DNA in genetics.

Erwin Chargaff published some results about the relative
quantities of the base pairs.

Pauling published a structure of DNA.

As soon as Watson and Crick read Pauling’s paper, they realized that
the proposed structure was wrong, but they also knew that Pauling
would figure out his own mistake soon and would then turn all his
energy towards the structure of DNA.

This was enough for Bragg to let them get back to work on DNA.
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Chargaff’s rule

Erwin Chargaff (1905–2002) was a brilliant
Jewish-Austrian biochemist who had
emigrated to the US as a result of Nazi
policies.

He had come to the conclusion early on
that DNA was the genetic material and
began to study it using traditional
biochemical techniques, such as breaking
it down into its constituent parts.

He showed that, in all samples of DNA,
%A = %T and %G = %C. He explained this
to Watson and Crick in 1952, but they
seemed not to understand the significance
of these findings.
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The 2-chain model

Watson went down to London to enlist the help of Wilkins and
Franklin. Franklin, unimpressed with Watson’s abilities, turned him
down. Wilkins did not feel he could get involved with DNA, but he did
show Watson one of Frankin’s new photographs, without her
permission. This alerted Watson to the existence of an unpublished
research report – which he then obtained by round-about means.

Franklin’s group had taken clear photos of B-form DNA, which contains
more water than A-form DNA. The photos showed a clear x-shaped
pattern, which Crick’s theory predicted must result from a helix.

Watson returned to Cambridge and began model-building. He decided
to try a 2-chain model, on the vague analogy that many things in
nature come in pairs. They now decided to try a model in which the
bases faced inward – as opposed to proteins, in which the amino acids
hang off the α-helix. He choose to link like-with-like bases (ignoring
Chargaff’s results). These were all guesses.
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Wilkins’ 1950 x-ray image,

A-form DNA

Franklin’s 1952 x-ray image,

B-form DNA
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Cardboard nucleic acids

Watson built a model with like-to-like paring of the bases in the inside
of two helixes. The bases aren’t all the same size, so this produced
bulges in the backbone.

He showed his idea to Jerry Donohue (1920–1985) an American
theoretical chemist, who was visiting the Cavendish and sharing an
office with Watson and Crick. Donohue immediately pointed out that
the diagram that Watson had found for guanine (G) and thymine (T) in
the reference books was, from a quantum-mechanical perspective,
highly unlikely. He suggested using the keto, as opposed to enol, forms.

Since there were no metal models of these forms available, Waston
made his own models with stiff cardboard. By playing around with
these scale models of the correct forms of the nucleic acids, he could
see that the adenine and thymine (A-T) and guanine and cytosine (G-C)
paired together in the same shape. This explained Chargaff’s results.
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Enol and keto nucleic acids

Enol forms Keto forms
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A scale model

When the machine shop delivered the
correct bases, Watson and Crick began
to assemble a scale model. They used a
plumb line and a measuring stick to
make sure the backbone was in the
shape required by Crick’s theory.

They used Pauling’s The Nature of the
Chemical Bond to confirm that all of
the bonds represented in the model
were theoretically correct.

Again, they invited up the King’s group,
who agreed that the model fit the
data. They published a one-page paper
explaining the model.
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A theoretical model
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Working with models

We see a number of aspects of scientific model-building:

A lot of model-building is guesswork.

Lots of different types of models are involved: analog models
(stairs, the α-helix, symmetry in biology, etc.), scale models (paper,
cardboard, metal, plastic, etc.), theoretical models (the quantum
mechanics of chemical structure, mathematical theory of x-ray
diffraction), etc.

Gathering data is a difficult process that involves expert
knowledge (x-ray photographs, Chargaff’s rules, etc.).
Determining the prediction of the model also involves expert
knowledge (the quantum mechanics of chemical structure,
mathematical theory of x-ray diffraction, etc).

Often one needs to know the details of the experimental set-up to
know what the model will predict (different x-ray photographs,
etc.).
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Components of a scientific episode

DATA PREDICTION

Observation /
Experimentation

Reasoning /
Calculation with
experimental

setup

REAL WORLD
Model fits /
Doesn’t fit

MODEL

Agree / Disagree
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Overview

We have looked at a number of different types of models that are
used by scientists.

We have looked at the determination of the molecular structure of
DNA as an example of fitting the predictions of models with data
gathered about the real world.

We have shown how model-building, data collection, prediction
and data-fitting can work together as a way of trying to overcome
the difficulty presented by the fact that we do not have direct
access to the real world.
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