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Strong

Inference

Certain systematic methods of scientific thinking
may produce much more rapid progress than others.

Scientists these days tend to keep
up a polite fiction that all science is
equal. Except for the work of the mis-
guided opponent whose arguments we
happen to be refuting at the time, we
speak as though every scientist’s field
and methods of study are as good as
every other scientist’s, and perhaps a
little better. This keeps us all cordial
when it comes to recommending each
other for government grants.

But I think anyone who looks at
the matter closely will agree that some
fields of science are moving forward
very much faster than others, perhaps
by an order of magnitude, if numbers
could be put on such estimates. The
discoveries leap from the headlines—
and they are real advances in complex
and difficult subjects, like molecular
biology and high-energy physics. As
Alvin ‘Weinberg says (), “Hardly a
month goes by without a stunning suc-
cess in molecular biology being re-
ported in the Proceedings of the Na-
tional Academy of Sciences.”

Why should there be such rapid ad-
vances in some fields and not in others?
I think the usual explanations that we
tend to think of—such as the tracta-
bility of the subject, or the quality or
education of the men drawn into it,
or the size of research contracts—are
important but inadequate. I have be-
gun to believe that the primary factor
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in scientific advance is an intellectual
one. These rapidly moving fields are
fields where a particular method of
doing scientific research is systemati-
cally used and taught, an accumulative
method of inductive inference that is
so effective that I think it should be
given the name of “strong inference.”
I believe it is important to examine
this method, its use and history and
rationale, and to see whether other
groups and individuals might learn to
adopt it profitably in their own scien-
tific and intellectual work.

In its separate elements, strong in-
ference is just the simple and old-
fashioned method of inductive infer-
ence that goes back to Francis Bacon.
The steps are familiar to every college
student and are practiced, off and on,
by every scientist. The difference comes
in their systematic application. Strong
inference consists of applying the fol-
lowing steps to every problem in sci-
ence, formally and explicitly and regu-
larly:

1) Devising alternative hypotheses;

2) Devising a crucial experiment (or
several of them), with alternative possi-
ble outcomes, each of which will, as
nearly as possible, exclude one or more
of the hypotheses;

3) Carrying out the experiment so
as to get a clean result;

1’) Recycling the procedure, making
subhypotheses or sequential hypotheses
to refine the possibilities that remain;
and so on.

It is like climbing a tree. At the
first fork, we choose—or, in this case,
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“nature” or the experimental outcome
chooses—to go to the right branch or
the left; at the next fork, to go left
or right; and so on. There are similar
branch points in a “conditional com-
puter program,” where the next move
depends on the result of the last cal-
culation. And there is a “conditional
inductive tree” or “logical tree” of this
kind written out in detail in many
first-year chemistry books, in the table
of steps for qualitative analysis of an
unknown sample, where the student
is led through a real problem of con-
secutive inference: Add reagent A; if
you get a red precipitate, it is sub-
group alpha and you filter and add
reagent B; if not, you add the other
reagent, B’; and so on.

On any new problem, of course,
inductive inference is not as simple
and certain as deduction, because it
involves reaching out into the un-
known. Steps 1 and 2 require in-
tellectual inventions, which must be
cleverly chosen so that hypothesis, ex-
periment, outcome, and exclusion will
be related in a rigorous syllogism; and
the question of how to generate such
inventions is one which has been ex-
tensively discussed elsewhere (2, 3).
What the formal schema reminds us
to do is to try to make these inven-
tions, to take the next step, to proceed
to the next fork, without dawdling or
getting tied up in irrelevancies.

It is clear why this makes for rapid
and powerful progress. For exploring
the unknown, there is no faster meth-
od; this is the minimum sequence of
steps. Any conclusion that is not an
exclusion is insecure and must be re-
checked. Any delay in recycling to the
next set of hypotheses is only a delay.
Strong inference, and the logical tree
it generates, are to inductive reasoning
what the syllogism is to deductive rea-
soning, in that it offers a regular meth-
od for reaching firm inductive con-
clusions one after the other as rapidly
as possible.

“But what is so novel about this?”
someone will say. This is the method
of science and always has been; why
give it a special name? The reason is
that many of us have almost forgotten
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it. Science is now an everyday business.
Equipment, calculations, lectures be-
come ends in themselves. How many
of us write down our alternatives and
crucial experiments every day, focus-
ing on the exclusion of a hypothesis?
We may write our scientific papers so
that it looks as if we had steps 1, 2,
and 3 in mind all along. But in be-
tween, we do busywork. We become
“method-oriented” rather than “prob-
lem-oriented.” We say we prefer to
“feel our way” toward generalizations.
We fail to teach our students how to
sharpen up their inductive inferences.
And we do not realize the added
power that the regular and explicit
use of alternative hypotheses and sharp
exclusions could give us at every step
of our research.

The difference between the average
scientist’s informal methods and the
methods of the strong-inference users
is somewhat like the difference be-
tween a gasoline engine that fires oc-
casionally and one that fires in steady
sequence. If our motorboat engines
were as erratic as our deliberate in-
tellectual efforts, most of us would not
get home for supper.

Molecular Biology

The new molecular biology is a
field where I think this systematic
method of inference has become wide-
spread and effective. It is a complex
field; yet a succession of crucial ex-
periments over the past decade has
given us a surprisingly detailed under-
standing of hereditary mechanisms and
the control of enzyme formation and
protein synthesis. ‘

The logical structure shows in every
experiment. In 1953 James Watson
and Francis Crick proposed that the
DNA molecule——the “hereditary sub-
stance” in a cell—is a long two-
stranded helical molecule (4). This sug-
gested a number of alternatives for
crucial test. Do the two strands of
the helix stay together when a cell
divides, or do they separate? Matthew
Meselson and Franklin Stahl used an
ingenious isotope-density-labeling tech-
nique which showed that they sepa-
rate (5). Does the DNA helix always
have two strands, or can it have
three, as atomic models suggest? Alex-
ander Rich showed it can have either,
depending on the ionic concentration
(6). These are the kinds of experi-
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ments John Dalton would have liked,
where the combining entities are not
atoms but long macromolecular
strands.

Or take a different sort of question:
Is the “genetic map”’—showing the sta-
tistical relationship of different genetic
characteristics in recombination exper-
iments—a one-dimensional map like
the DNA molecule (that is, a linear
map), as T. H. Morgan proposed in
1911, or does it have two-dimensional
loops or branches? Seymour Benzer
showed that his hundreds of fine micro-
genetic experiments on bacteria would
fit only the mathematical matrix for
the one-dimensional case (7).

But of course, selected crucial ex-
periments of this kind can be found
in every field. The real difference in
molecular biology is that formal in-
ductive inference is so systematically
practiced and taught. On any given
morning at the Laboratory of Molecu-
lar Biology in Cambridge, England,
the blackboards of Francis Crick or
Sidney Brenner will commonly be
found covered with logical trees. On
the top line will be the hot new result
just up from the laboratory or just in
by letter or rumor. On the next line
will be two or three alternative ex-
planations, or a little list of “What he
did wrong.” Underneath will be a se-
ries of suggested experiments or con-
trols that can reduce the number of
possibilities. And so on. The tree grows
during the day as one man or another
comes in and argues about why one
of the experiments wouldn’t work, or
how it should be changed.

The strong-inference attitude is evi-
dent just in the style and language in
which the papers are written. For ex-
ample, in analyzing theories of anti-
body formation, Joshua Lederberg
(8) gives a list of nine propositions
“subject to denial,” discussing which
ones would be “most vulnerable to
experimental test.”

The papers of the French leaders
Francois Jacob and Jacques Monod
are also celebrated for their high “logi-
cal density,” with paragraph after para-
graph of linked “inductive syllogisms.”
But the style is widespread. Start with
the first paper in the Journal of Mo-
lecular Biology for 1964 (9), and you
immediately find: “Our conclusions . . .
might be invalid if . . . () . . . (iD)

. or (iii). . . . We shall describe ex-
periments which eliminate these al-
ternatives.” The average physicist or

chemist or scientist in any field ac-
customed to less closely reasoned arti-
cles and less sharply stated inferences
will find it a salutary experience to
dip into that journal almost at random.

Resistance to

Analytical Methodology

This analytical approach to biology
has sometimes become almost a cru-
sade, because it arouses so much re-
sistance in many scientists who have
grown up in a more relaxed and diffuse
tradition. At the 1958 Conference on
Biophysics, at Boulder, there was a
dramatic confrontation between the
two points of view. Leo Szilard said:
“The problems of how enzymes are
induced, of how proteins are synthe-
sized, of how antibodies are formed,
are closer to solution than is generally
believed. If you do stupid experiments,
and finish one a year, it can take 50
years. But if you stop doing experi-
ments for a little while and think how
proteins can possibly be synthesized,
there are only about 5 different ways,
not 50! And it will take only a few
experiments to distinguish these.”

One of the young men added: “It
is essentially the old question: How
small and elegant an experiment can
you perform?”

These comments upset a number of
those present. An electron microscopist
said, “Gentlemen, this is off the track.
This is philosophy of science.”

Szilard retorted, “I was not quarrel-
ing with third-rate scientists: I was
quarreling with first-rate scientists.”

A physical chemist hurriedly asked,
“Are we going to take the official
photograph  before lunch or after
lunch?”

But this did not deflect the dispute.
A distinguished cell biologist rose and
said, “No two cells give the same
properties. Biology is the science of
heterogeneous systems.” And he added
privately, “You know there are sci-
entists; and there are people in science
who are just working with these over-
simplified model systems—DNA chains
and in vitro systems—who are not
doing science at all. We need their
auxiliary work: they build apparatus,
they make minor studies, but they are
not scientists.”

To which Cy Levinthal replied:
“Well, there are two kinds of biolo-
gists, those who are looking to see
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