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Inference

Certain syStcmatic 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
speuk as though every scientist's fleld
and methods of study are as good as
cvery other scientist’'s, and perhaps a
little better. This keeps us all cordial
when it comes to recommending each
other for government grants.

But 1 think anyone who looks at
the matter closely will agree that some
ficlds 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-
hility of the subject, or the quality or
education of the men drawn into it.
or the size of research contracts—are
important but inadequate. | 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 s 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 mcthod. its use and history and
rationale, and to see whether other
groups and individuals might learn 10
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 collcge
student and arc 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-
hle outcomes. each of which will. as

| nearly as possible. exclude one or more

 of the hypotheses:
' 7 3) Carrying out the cxperiment o
" as to get a clean result;

1) Recycling the procedure, making
subhypotheses or sequential hypotheses
to refinc the possibilities that remain:
and so on.

It is like climbing a trce. At the
first fork, we choose—or. in this case,

“nature” or the experimental outcome
chooses—t0 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-

. culatior. And there is a “conditional

inductive tree” or “logical tree” of this
kind written out in detail in many
first-ycar chemistry books, in the table
of steps for qualitative analysis of an
unknown sampie. 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
rcagent. B': and so on.

On any new problem. of course,
inductive inference is not as simple
and certain as deduction, because ijt
involves reaching out into the un.
known. Steps | 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
geuting 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 scquence of
steps. Any conclusion that is not an
exclusion is insecure and must be re-
checked. Any delay in recycling to the
next sct 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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HOODGUHOU Y 0w A everyaday Desiness,
Equipment. calculations. lectures be-
come cnds in themsclves. How many
‘of us write down our allernatives and
crucial cxperiments every day. focus-
g 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 hecome
“method-oricnted™ rather than “prob-

lem-oriented.” We say” we prefer to

- “feel our way™ toward generalizations.

We fyil to teach our students how to
sharpen up their inductive inferences.
And we do not realize the added
- that the regular and explicit
ol alternative hypotheses and sharp
exclusions could give us at cvery step
of our rescarch.

The difference between the average
scientist’s informal methods and the
mcthods of the strong-inference uscrs
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 Blology

The new molecular biology is a
ficld where 1 think this systematic
mecthod of inference has hecome wide-
spread and effective. It is a complex
ficld: yet a succession of crucial exe.
periments over the pust decade has
given us a surprisingly detailed under-
standing of hereditary mechanisms and
the control of enzyme formation and
protein synthesis.

- The logicul structure shows in cvery
caperiment. 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 Jo they separatc? Matthew
Mesclson and Franklin Stahl used an
ingenious isotope-density-labeling tech-
nique which showed that they sepa-
rute (5). Does the DNA helix always
huve two sirands. or can it have
three. as atomic models suggest? Alex-.
ander Rich showed it can have either.

depending on the lonic concentration
(A)y. Thewe ure the kinds of experi-

mcnis Johin Daiion would have Liked.
where the ¢combining entitics are not
atoms  but  long macromolccular
strands,

Or take a JitTerent sort of question:
Is the “genctic map”—showing the sta-
tistical relationship of diffcrent genctic
characteristics in rccombination exper-
iments—a onc-dimensional map like
the DNA molecule (that is. a lincar
map). as T. H. Morgan proposcd in
1911, or does it have two-dimensional
loops or branches? Seymour Benzer
showed that his hundreds of fine micro-
genetic cxperiments on bacteria would
fit only the mathematical matrix for
the onc-dimensional case (7).

But of course. sclected 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 covecred 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.” Undcrneath will be a se-
rics of suggested experiments or con-
trols that can reduce the number of
possibilitics. 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 cx-
ample. in analyzing theories of anti-
body formation, Joshua Lederberg
(8) gives a list of ninc propositions
“subject to denial.” discussing which
ones would be “most vulnerable to
experimental test.”

The papers of the French leaders
Frangois Jacob and Jacques Monod
are also celchrated 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 dnvalid If . . . O .. . (D)
.. .or (iil). . ., . We shall describe ¢cx-
periments which eliminate these al-
ternatives.™ The average physicist or

chumnt ©r scwabist i any  held  ac-
customed to less closcly reasoned arti-
cles and less sharply stated inferences
will find it a salutary experience 1o
dip into that journal almost at random.

Resistance to
Analytical Methodology

This analytical approach to hiology
has sometimes become almost 4 cru.
sade. because it arouses so much re.
sistance in many scientists who have
grown up in a more relaxed and diffusc
tradition. At the 1958 Conference on
Biophysics, at Boulder, there was g
dramatic confrontation betwecn the
two points of view. Leo Szilard _said:
“The problems of how cnzymes arc
induced. of how proteins are synthe-
sized. of how antibodies are formed.
are closer to solution than is generally
helieved. If you do stupid experiments.
and finish one a year. it can take SC
years. But if you stop doing cxperi
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 (o distinguish these.”

One of the young men added: *I
is essentially the old question: How
small and_elegant an experiment car
you perform?” £r Lo Tk

These comments upset a number o
those present. An elcctron microscopis
said. “Gentlemen. this is off the track
This is philosophy of science.”

Szilard retorted. “I was not quarrel
ing with third-rate scientists: | wa
quarrcling with first-rate scientists.”

A physical chemist hurriedly asked
“Are we going to take the officia
photograph before lunch or afic
lunch?”

But this did not deflect the disputc
A distinguished cell biologist rosc an
said. “"No two cells give the sam
properties. Biology is the science o
heterogencous systems.” And he adde
privately. “You know therc are sc
entisis; and therc are people in scienc
who are just working with these over
simplified model sysiems—DNA chain
and in vitro systems—who are nc
doing scicnce at all. We need thei
auxiliary work: they build apparatu:
they make minor studics, but they ar
not scientists.”

To which Cy Levinthal replic:
“Well. there are two kinds of hiolc
gists. those who are looking 10 ¢
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il there s 0a¢ thing that cun be under-
stood. and those who keep saying it
s very complicated and that noihing
can be understood. . U YSU must
study the simplest system you think
has the properties you are interested
in." i e
" As they were leaving the meeting.
onc man could be heard muttering,
“What does Szilard expect me t0 do—
shoot myself?”

Any criticism or challenge (o con-
sider changing our methods strikes of
course at all our ego-defenses. But
in this casc the analytical method of-
fers the possibility of such great in-
creases in efloctivencss that it is un-
fortunate that it cannot be regarded
more often as a challenge to learning
rather than as a challenge to combat.
Many of the recent triumphs in mo-
lecular biology have in fuct been
achieved on just such “oversimplified
model systems.” very much along the
analytical lines laid down in the 1958
discussion. They have not fallen to the
kind of men who justify themscives
by saying. “No two cells are alike.”
regardless of how true that mayv ulti-
mately be. The triumphs are in fact
triumphs of a new way of thinking.

High-Energy Physics

This analytical thinking is rare, but
it is by no mcans restricted to the
new biology. High-encrgy physics is
another fleld where the logic of ex-
clusions is obvious. even in the ncws.
paper accounts. For cxample. in the
famous discovery of C. N. Yang and
T. D. Lce. the question that was
asked was: Do the fundamental parti-
cles conserve mirror-symmetry or “par-
iy” in certain reactions. or do they
not? The crucial experiments were
suggestcd: within a few months they
were done. and conservation of parity
was found to be excluded. Richard
Garwin. Leon Lecderman. and Marcel
Weinrich did onc of the crucial ex-
periments. It was thought of one
evening at suppertime: by midnight
they had rearranged the apparatus for
it: and by 4 a.m. they had picked up
the predicted pulses showing the non-
conservation of parity (/0). The phe-
nomena had just heen waiting. so to
soeak. for the explicit formulation of
the alternative hypotheses.

The theorists in this field take pride

in trying to predict new properties or
~1

new puarlicles explicitly enough so that
if they are not found the theories will
fall. As the biologist W. A. H. Rush-
ton has said (/7). “A theory which
cannot be mortally endangered cannot
be alive.” Murray Gell-Mann and
Yuval Ne‘eman recently used the parti-
cle grouping which they call “The
Eightfold Way™" to predict a missing
particle, the Omega-Minus, which was
then looked for and found (/2). But
one alternative branch of the theory
would predict a particle with one-third
the usual electronic charge, and it was
not found in the experiments, so this
branch must be rejected.

The logical tree is so much a
part of high-energy physics that some
stages of it are commonly built, in
fact, into the electronic coincidence
circuits that detect the particles and
trigger the bubble-chamber photo-
graphs. Each kind of particle should
give a different kind of pattern in the
clectronic counters. and the circuits can
be set to exclude or include whatever
types of events are desired. If the dis-
tinguishing criteria are sequential. they
may even run through a complete logi-
cal tree in a microsecond or so. This
electronic preliminary analysis. like hu-
man preliminary analysis of alterna-
tive outcomes. speeds up progress by
sharpening the criteria. It eliminates
hundreds of thousands of the irrele-
vant pictures that formerly had to be
scanned. and when it is carried to its
limit. a few output pulses. hours apart,
may be enough to signal the existence
of the antiproton or the fall of a
theory.

I think the emphasis on strong in-
fercnce in the two fields | have men-
tioned has been partly the result of
personal leadership. such as that of
the classical geneticists in molecular
biology. or of Szilard with his “Mid-
west Chowder and Bacteria Society™”
at Chicago in 1948-50. or of Max
Delbriick with his summer courses in
phage genctics at Cold Spring Harbor.
But it is also partly due to the nature
of the ficlds themsclves. Biology. with
its vast informational detail and com-
plexity. is a ‘high-information™_ field.
where years ansl. decades can easily
be wasted on the usual type of “lqw-
information™ observations or experi-
ments if one does not think carefully
in advance ahout what the most im-
portant and conclusive experiments

‘would be. And in high-energy physics,

hoth the “information flux™ of particles
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from the new accclerators and the
million-dollar costs of operation have
forced a similar analytical approach.
It pays to have a top-notch group
debate every experiment ahead of
time: and the habit spreads throughout
the field.

Induction and Multiple Hypotheses

Historically, I think. there have been
two main contributions to the de-
velopment of a satisfactory strong-
inference method. The first is that of
Francis Bacon (/3). He wanted a
“surer method” of “finding out nature"
than either the logic-chopping or all-
inclusive theories of the time or the
laudable but crude attempts to make
inductions “by simple enumeration.”
He did not merely urge experiments.
as some suppose: he showed the fruit-
fulness of interconnecting theory and
experiment so that the one checked
the other. Of the many inductive pro-
cedures he suggested. the most im-
portant. | think. was the condi-
tional inductive tree, which pro-
cecded from alternative hypotheses
(possible “causes.” as he calls them),
through crucial experiments (“In-
stances of the Fingerpost™), to exclu-
sion of some alternatives and adoption
of what is left (“establishing axion:-
His Instances of the Fingerpost are
explicitly at the forks in the logical
trce. the term heing bhorrowed “from
the fingerposts which are set up where
roads part. to indicate the several di-
rcctions.”

Many of his crucial experiments pro-
poscd in Book Il of The New Organon
are still fascinating. For example. in
order to decide whether the weight of
a hody is due to its “inherent nature.”
as some had said. or is due to the
attraction of the earth. which would
decrease with distance. he proposes
comparing the rate of a pendulum
clock and a spring clock and then
lifting them from the earth to the lop
of a tall stecple. He concludes that if
the pendulum clock on the steeple
“gocs more slowly than it did on ac.
count of the diminished virtue of its
weights . . . we may take the attrac-
tion of the mass of the ecarth as the
causc of weight.”

Here was a method that could sepa-
rate off the empty theories!

Bacon said the inductive method
could be learncd hv anvbody. just like
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