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7 Do We See through a Microscope? The Great Chain of Being
Philosophers have written dramatically about telescopes. Galileo him-
self invited philosophizing when he claimed to see the moons of Jupiter,
assuming that the laws of vision in the celestial sphere are the same as those
on earth. Paul Feyerabend has used that very case to urge that great science
proceeds as much by propaganda as by reason: Galileo was a con man, not
an experimental reasoner. Pierre Duhem used the telescope to present his
famous thesis that no theory need ever be rejected, for phenomena that
don’t fit can always be accommodated by changing auxiliary hypotheses (if
the stars aren’t where theory predicts, blame the telescope, not the heav-
ens). By comparison the microscope has played a humble role, seldom
used to generate philosophical paradox. Perhaps this is because everyone
expected to find worlds within worlds here on earth. Shakespeare is merely
an articulate poet of the great chain of being when hé writes of Queen Mab
and her minute coach “drawn with a team of little atomies . . . her wag-
goner, a small grey coated gnat not half so big as a round little worm prick’d
from the lazy finger of a maid.”? One expected tinies beneath the scope of
human vision. When dioptric glasses were to hand, the laws of direct vi-
sion and refraction went unquestioned. That was a mistake. I suppose no
one understood how a microscope works before Ernst Abbe (1840—1905).
One immediate reaction, by a president of the Royal Microscopical So-
ciety, and quoted for years in many editions of the standard American text-
book on microscopy, was that we do not, after all, see through a micro-
scope. The theoretical limit of resolution

Ian Hacking

A couple of years ago I was discussing scientific realism with Dr. Jal Parakh,
a biologist from Western Washington University. We had talked about
many of the things that philosophers find important. He diffidently added
that, from his point of view, a main reason for believing in the existence of
entities postulated by theory is that we have evolved better and better ways
of actually seeing them. I began to protest against this naive instinct that
bypasses the philosophical issues, but I had to stop. Isn’t what he says
right?

Last fall, during a lecture in Stanford University’s “Microscopy for Bi-
ologists” course, the professor, Dr. Paul Green, casually remarked that
“X-ray diffraction microscopy is now the main interface between atomic
structure and the human mind.” Dr. Green is a nuts and bolts man, not
given to philosophizing. Philosophers of science who discuss realism and
anti-realism must needs know a little about the instruments that inspire
such eloquence. What follows is a first start, which limits itself to biology
and which hardly gets beyond the light microscope. Even that is a marvel
of marvels which, I suspect, not many philosophers well understand.
Microscopes do not work in the way that most untutored people suppose.
But why, it may be asked, should a philosopher care how they work? Be-
cause a correct understanding is necessary to elucidate problems of scien-
tific realism as well as answering the question posed by my title. Our
philosophical literature is full of intricate accounts of causal theories of
perception, yet they have curiously little to do with real life. We have fan-
tastical descriptions of aberrant causal chains which, Gettier-style, call in
question this or that conceptual analysis. But the modern microscopist has
far more amazing tricks than the most imaginative of armchair students of
perception. What we require in philosophy is better awareness of the
truths that are stranger than fictions. We ought to have some understand-
ing of those astounding physical systems “by whose augmenting power we
now see more / than all the world has ever done before. !

[A] Becomes explicable by the research of Abbe. It is demonstrated that micro-
scopic vision is sui generis. There is and there can be no.comparison be-
tween microscopic and macroscopic vision. The images of minute objects
are not delineated microscopically by means of the ordinary laws of refrac-
tion; they are not dioptical results, but depend entirely on the laws of
diffraction.?

I think that means that we do not see, in any ordinary sense of the word,
with a microscope.

Philosophers of the Microscope

Every twenty years or so a philosopher has said something about micro-
scopes. As the spirit of logical positivism came to America, one could read
Gustav Bergman telling us that as he used philosophical terminology,
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sense just defined! The eye is unable to perceive ultraviolet, x-ray, or elec-
tron radiation, or to detect shifts of phase beween light beams. . . .

This line of thinking reveals that the image must be a map of interactions
between the specimen and the imaging radiation.®

he sees he may, like James Thurber, draw his own reflected eyeball, or, like
Gustav Bergman, see only “a patch of color which creeps through the field
like a shadow over a wall.”” He will certainly not be able to tell a dust par-
ticle from a fruit fly’s salivary gland until he has started to dissect a fruit fly
under a microscope of modest magnification.

That is the first lesson: you learn to see through a microscope by doing,
not just by looking. There is a parallel to Berkeley’s New Theory of Vision,
according to which we have three dimensional vision only after learning
what it is like to move around in the world and intervene in it. Tactile sense
is correlated with our allegedly two dimensional retinal image, and this
learned cueing produces three dimensional perception. Likewise a scuba
diver learns to see in the new medium of the oceans only by swimming
around. Whether or not Berkeley was right about primary vision, new
ways of seeing, acquired after infancy, involve learning by doing, not just
passive looking. The conviction that a particular part of a cell is there as
imaged is, to say the least, reinforced when, using straightforward physical
means, you microinject a fluid into just that part of the cell. We see the tiny
glass needle—a tool that we have ourseives hand crafted under the micro-
scope—jerk through the cell wall. We see the lipid oozing out of the end of
the needle as we gently turn the micrometer screw on a large, thoroughly
macroscopic, plunger. Blast! Inept as I am, I have just burst the cell wall,
and must try again on another specimen. John Dewey’s jeers at the “spec-
tator theory of knowledge” are equally germane for the spectator theory of
microscopy.

This is not to say that practical microscopists are free from philosophi-
cal perplexity. I quote from the most thorough of available textbooks in-
tended for biologists:

The author goes on to say that all of the methods she has mentioned, and
more, “‘can produce ‘true’ images which are, in some sense, ‘like’ the
specimen.” She also remarks that in a technique like the radicautogram
“one obtains an ‘image’ of the specimen . . . obtained exclusively from the
point of view of the location of radioactive atoms. This type of ‘image’ is so
specialized as to be, generally, uninterpretable without the aid of an addi-
tional image, the photomicrograph, upon which it is superposed.”

This microscopist is happy to say that we see through a microscope only
when the physical interactions of specimen and light beam are “identical”
for image formation in the microscope and in the eye. Contrast my quota-
tion [A] from an earlier generation, which holds that since the ordinary
light microscope works by diffraction, it is not the same as ordinary vision
but is sut generis. Can microscopists [A] and [B] who disagree about the
simplest light microscope possibly be on the right philosophical track
about ‘“‘seeing”? The scare quotes around “image” and “true” suggest
more ambivalence in [B]. One should be especially wary of the word “im-
age’ in microscopy. Sometimes it denotes something at which you can
point, a shape cast on a screen, a micrograph, or whatever. But on other
occasions it denotes as it were the input to the eye itself. The conflation
results from geometrical optics, in which one diagrams the system with a
specimen in focus and an “image” in the other focal plane, where the “im-
age” indicates what you will see if you place your eye there. I do resist one
inference that might be drawn even from quotation [B]. It may seem that
any statement about what is seen with a microscope is theory-loaded:
loaded with the theory of optics or other radiation. I disagree. One needs
theory to make a microscope. You do not need theory to use one. Theory
may help to understand why objects perceived with an interference-
contrast microscope have asymmetric fringes around them, but you can
learn to disregard that effect quite empirically. Hardly any biologists know
enough optics to satisfy a physicist. Practice—and I mean in general do-
ing, not looking-—creates the ability to distinguish between visible ar-
tefacts of the preparation or the instrument, and the real structure that is
seen with the microscope. This practical ability breeds conviction. The
ability may require some understanding of biology, although one can find
first class technicians who don’t even know biology. At any rate physics is
simply irrelevant to the biologist’s sense of microscopic reality. His ob-

[B] The microscopist can observe a familiar object in a low power microscope
and see a slightly enlarged image which is “the same as” the object. In-
crease of magnification may reveal details in the object which are invisible to
the naked eye; it is natural to assume that they, also, are “the same as” the
object. (At this stage it is necessary to establish that detail is not a conse-
quence of damage to the specimen during preparation for microscopy.) But
what is actually implied by the statement that “the image is the same as the
object”?

Obviously the image is a purely optical effect. . . . The “sameness” of
object and image in fact implies that the physical interactions with the light
beam that render the object visible to the eye (or which would render it
visible, if large enough) are identical with those that lead to formation of an
image in the microscope. . . .

Suppose however, that the radiation used to form the image is a beam of
ultraviolet light, x-rays, or electrons, or that the microscope employs some
device which converts differences in phase to changes in intensity. The im-

age then cannot possibly be “the same” as the object, even in the limited 8. E. M. Slayter, Optical Methods in Biology New York: Wiley, 1970), 261—63.
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servations and manipulations seldom bear any load of physical theory
at all.

of the fact that you polish a lens by random rubbing. That, as can be
proven, gives you a spherical surface. A light ray travelling at a small angle
to the axis will not focus at the same point as a ray closer to the axis. For
angles ¢ for which sin ¢ differs at all from i we get no common focus of the
light rays, and so a point on the specimen can be seen only as a smear
through the microscope. This was well understood by Huygens, who also
knew how to correct it in principle, but practical combinations of concave
and convex lenses to avoid spherical aberration were a long time in the
making.

Chromatic aberrations are caused by differences in wave length between
light of different colors. Hence red and blue light emanating from the same
point on the specimen will come to focus at different points. A sharp red
image is superimposed on a blue smear or vice versa. Although rich people
liked to have a microscope about the house for entertainments, it is no
wonder that serious science had nothing to do with the instrument. We
often regard Bichat as the founder of histology, the study of living tissues.
In 1800 he would not allow a microscope in his lab.

Bad Microscopes

I have encountered the impression that Leeuwenhoek invented the mi-
croscope, and that since then people have gone on to make better and
better versions of the same kind of thing. I would like to correct that idea.

Leeuwenhoek, hardly the first microscopist, was a technician of genius.
His scopes had a single lens, and he made a lens for each specimen to be
examined. The object was mounted upon a pin at just the right distance.
We don’t quite know how he made such marvellously accurate drawings
of his specimens. The most representative collection of his lenses-plus-
specimen was given to the Royal Society in London, which lost the entire
set after a century or so in what are politely referred to as suspicious cir-
cumstances. But even by that time the glue for his specimens had lost its
strength and the objects had begun to fall off their pins. Almost certainly
Leeuwenhoek got his marvelous results thanks to a secret of illumination
rather than lens manufacture, and he seems never to have taught the public
his technique. Perhaps Leeuwenhoek invented dark field illumination,
rather than the microscope. That guess should serve as the first of a long
series of possible reminders that many of the chief advances in microscopy
have had nothing to do with optics. We have needed microtomes to slice
specimens thinner, aniline dyes for staining, pure light sources, and, at
more modest levels, the screw micrometer for adjusting focus, fixatives
and centrifuges.

Although the first microscopes did create a terrific popular stir by
showing worlds within worlds, it is important to note that after Hooke’s
compound microscope, the technology did not markedly improve. Nor
did much new knowledge follow after the excitement of the initial observa-
tions. The microscope became a toy for English ladies and gentlemen. The
toy would consist of a microscope and a box of mounted specimens from
the plant and animal kingdom. Note that a box of mounted slides might
well cost more than the purchase of the microscope itself. You did not just
put a drop of pond water on a slip of glass and look at it. All but the most
expert would require a ready mounted slide to see anything. Indeed con-
" sidering the optical aberrations it is amazing that anyone ever did see any-
thing through a compound microscope, although in fact, as always in ex-
perimental science, a really skillful technician can do wonders with awful
equipment.

There are about eight chief abberations in bare-bones light microscopy.
Two important ones are spherical and chromatic. The former is the result

When people observe in conditions of obscurity each sees in his own way and
according as he is affected. It is, therefore, observation of the vital properties
that must guide us rather than the blurred images provided by the best of
microscopes.’

No one tried very hard to make achromatic microscopes, because
Newton had written that they are physically impossible. They were made
possible by the advent of flint glass, with refractive indices different from
that of ordinary glass. A doublet of two lenses of different refractive in-
dices can be made to cancel out the aberration perfectly for a given pair of
red and blue wave lengths, and although the solution is imperfect over the
whole spectrum, it is pretty negligible and can be improved by a triplet of
lenses. The first person to get the right ideas was so secretive that he sent
the specifications for the lenses of different kinds of glass to two different
contractors. They both subcontracted with the same artisan, who then
formed a shrewd guess that the lenses were for the same device. In due
course, in 1758, the idea was pirated. A court case for the patent rights was
decided in favor of the pirate, John Doland. The High Court Judge ruled:

It was not the person who locked the invention in his scritoire that ought to
profit by a patent for such an invention, but he who brought it forth for the
benefit of the public.’

9. X. Bichat, Anatomie générale appliquéé d la physiologie et & la médecine (Paris: Brosson,
Gaber et cie, 1801), 51,
10. Quoted in Bradbury (note 1), 130.
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The public did not benefit all that much. Even up in to the 1860s there

were serious debates as to whether globules seen through a microscope
were artefacts of the instrument or genuine elements of living material;
(They were artefacts.) Microscopes did get better and aids to microscopy
improved at rather a greater rate. If we draw a graph of development we get
a first high around 1660, then a slowly ascending plateau until a great leap
around 1870; the next great period, which is still with us, commences
about 1945. An historian has plotted this graph with great precision, using
as a scale the limits of resolution of surviving instruments of different
epochs." Making a subjective assessment of great applications of the mi-
croscope, we would draw a similar graph, except that the 1870/1660 con-
trast would be greater. Few truly memorable facts were found out with a
microscope until after 1860. The surge of new microscopy is partly due to
Abbe, but the most immediate cause of advance was the availability of
aniline dyes for staining. Living matter is mostly transparent. The new
aniline dyes made it possible for us to see microbes and much else.

distinguish twin stars. It is a matter of diffraction. The most familiar ex-
ample of diffraction is the fact that shadows of objects with sharp bound-
aries are fuzzy. This is a consequence of the wave character of light. When
light travels between two narrow slits, some of the beam may go straight
through, but some of it will bend off at an angle to the main beam, and
some more will bend off at a larger angle: these are the first-order, second-
order, etc., diffracted rays.

Abbe took as his problem how to resolve (i.e., visibly distinguish) par-
allel lines on a diatom. These lines are very close together and of almost
uniform separation and width. He was soon able to take advantage of even
more regular artificial diffraction gratings. His analysis is an interesting
example of the way in which pure science is applied, for he worked out the
theory for the pure case of looking at a diffraction grating, and inferred
that this represents the infinite complexity of the physics of seeing a heter-
ogeneous object with a microscope.

When light hits a diffraction grating most of it is diffracted rather than
transmitted. It is emitted from the grating at the angle of first, second, or
third order diffractions, where the angles of the diffracted rays are in part a
function of the distances between the lines on the grating. Abbe realized
that in order to see the slits on the grating, one must pick up not only the
transmitted light, but also at least the first order diffracted ray. What you
see, in fact, is best represented as a Fourier synthesis of the transmitted
and the diffracted rays. Thus according to Abbe the image of the object is
produced by the interference of the light waves emitted by the principle
image, and the secondary images of the light source which are the result of
diffraction.

Practical applications abound. Evidently you will pick up more dif-
fracted rays by having a wider aperture for the objective lens, but then you
obtain vastly more spherical aberration as well, Instead you can change
the medium between the specimen and the lens. With something denser
than air, as in the oil immersion microscope, you capture more of the dif-
fracted rays within a given aperture and so increase the resolution of the
microscope.

Even though the first Abbe-Zeis microscopes were good, the theory
was resisted for a number of years, particularly in England and America,
who had enjoyed a century of dominating the market. Even by 1910 the
very best English microscopes, built on purely empirical experience, al-
though stealing a few ideas from Abbe, could resolve as well or better than
the Zeiss equipment. The expensive craftsmen with trial and error skills
were doomed. It was not, however, only commercial or national rivalry
which made some people hesitate to believe Abbe. In an American text-
book of 1916 I find it stated that an alternative (and more “common
sense”) theory of “ordinary” vision is now once again in the ascendant and

Abbe and Diffraction

How do we “normally” see? Mostly we see reflected light. But if we are
using a magnifying glass to look at a specimen illumined from behind,
then it is transmission, or absorption, that we are “seeing.” So we have the
following idea: to see something through a light microscope is to see
patches of dark and light corresponding to the proportions of light trans-
mitted or absorbed. We see changes in the amplitude of light rays. I think
that even Huygens knew there is something wrong with this conception,
but not until 1873 could one read in print how a microscope works."

Ernest Abbe provides the happiest example of a rags to riches story. Son
of a spinning-mill workman, he yet learned mathematics and was spon-
sored through the Gymnasium. He became a lecturer in mathematics,
physics, and astronomy. His optical work led him to associate. He was
taken on by the small firm of Carl Zeiss in Jena, and when Zeiss died he
became an owner; he retired to a life of philanthropy. Innumerable mathe-
matical and practical innovations by Abbe turned Carl Zeiss into the great-
est of optical firms. Here I consider only one.

Abbe was interested in resolution. Magnification is worthless if it “mag-
nifies” two distinct dots into one big blur, One needs to resolve the dots into
two distinct images. G. B. Airy, the English Astronomer Royal, had seen
the point already when considering the properties of a telescope needed to

11. S. Bradbury and G. L’E. Turner, eds., Historical Aspects of Microscopy (Cambridge:

Heffer 1967). . . .
12. E. Abbe, “Beitrage zur Theorie des Mikroscop und der mikroskopische Wahrnemung.
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will soon scuttle Abbe!** Resistance arose partly from surprise at what
Abbe asserted, with the apparent consequence that, as quotation [A] has
it, “‘there is and can be no comparison between microscopic and mac:
roscopic vision.”

If you hold (as my more modern quotation [B] still seems to hold), that
what we see is essentially a matter of a certain sort of physical processing in
the eye, then everything else must be more in the domain of optical illu-
sion or at best of mapping. On that account the systems of Leeuwenhoek
and of Hooke do allow you to see. After Abbe even the conventional light
microscope is essentially a Fourier synthesizer of first or even second order
diffractions. Hence you must modify your notion of seeing or hold that
you never see through a serious microscope. Before reaching a conclusion
on this question, we had best examine some more recent instruments.

A Plethora of Scopes

We move on to after World War II. Most of the ideas had been around
during the interwar years, but did not get beyond prototypes until later,
One invention is a good deal older, but it was not properly exploited for a
while.

The first practical problem for the cell biologist is that most living mate-
rial does not show up under an ordinary light microscope because it is
transparent. To see anything you have to stain the specimen. Aniline dyes
are the world’s number one poison, so what you will see is a very dead cell;
which is also quite likely to be a structurally damaged cell, exhibiting
structures that are an artefact of the preparation. However it turns out that
living material varies in its birefringent (polarizing) properties. So let us
incorporate into our scope a polarizer and an analyzer. The polarizer trans-
mits to the specimen only polarized light of certain properties. In the
simplest case, let the analyzer be placed at right angles to the polarizer, so
as to transmit only light of polarization opposite to that of the polarizer.
The result is total darkness. But suppose the specimen is itself birefringent;
it may then change the plane of polarization of the incident light, and so a

visible image may be formed by the analyzer. “Transparent” fibers of

13. S. H. Gage (note 3), 11th edition, 1916. The direct quotation from Carpenter and
Dallinger is dropped in the 12th edition of 1917, but the spirit is retained, including the “sui
generis.” Gage does admit that “Certain very striking experiments have been devised to show
the accuracy of Abbe’s hypothesis, but as pointed out by many, the ordinary use of the micro-
scope never involves the conditions realized in these experiments” (page 301). How Imre
Lakatos would have delighted in this degenerating programme of preserving the naive picture
of vision, complete with “monster-barring” of the striking experiments! This passage re-
mained unchanged in essentials even in the 17th edition of 1941.
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striated muscle may be observed in this way, without any staining, and re-
lying solely on certain properties of light that we do not normally “see.”
Abbe’s theory of diffraction, augmented by the polarizing microscope,
leads to something of a conceptual revolution. We do not have to see using
the “normal” physics of seeing in order to perceive structures in living
material. In fact we never do. Even in the standard case we synthesize
diffracted rays rather than seeing the specimen by way of “normal’’ visual
physics. Then the polarizing microscope reminds us that there is more to
light than refraction, absorption and diffraction. We could use any property
of light that interacts with a specimen in order to study the structure of the speci-
men. Indeed we could use any property of any kind of wave at all.

Even when we stick to light there is lots to do. Ultraviolet microscopy
doubles resolving power, although its chief interest lies in noting the spe-
cific ultraviolet absorptions that are typical of certain biologically impor-
tant substances. In fluorescence microscopy the incident illumination is
cancelled out, and one observes only light re-emitted at different wave
lengths by natural or induced phosphorescence or fluorescence. This is an
invaluable histological technique for certain kinds of living matter. More
interesting, however, than using unusual modes of light transmission or
emission are the games we can play with light itself: the Zelnicke phase-
contrast microscope and the Nomarski interference microscope.

A specimen that is transparent is uniform with respect to light absorp-
tion. It may still possess invisible differences in refractive index in various
parts of its structure. The phase contrast microscope converts these into
visible differences of intensity in the image of the specimen. In an ordinary
microscope the image is synthesized from the diffracted waves D and the
directly transmitted waves U. In the phase contrast microscope the U and
D waves are physically separated in an ingenious although physically sim-
ple way, and one or the other kind of wave is then subject to a standard
phase delay which has the effect of producing in focus phase contrast cor-
responding to the differences in refractive index in the specimen.

The interference contrast microscope is perhaps easier to understand.

“'The light source is simply split by a half silvered mirror, and half the light

goes through the specimen while half is kept as an unaffected reference
wave to be recombined for the output image. Changes in optical path due
to different refractive indices within the specimen thus produce inter-
ference effects with the reference beam.

The interference microscope is attended by illusory fringes but is par-
ticularly valuable because it provides a quantitative determination of re-
fractive indices within the specimen. Naturally once we have such devices
in hand, endless variations may be constructed, such as polarizing inter-
ference microscopes, multiple beam interference, phase modulated inter-
ference, and so forth.




144 IAN HACKING 145 DO WE SEE THROUGH A MICROSCOPE?
completely different physical processes produced identical visual config-
urations which were, however, artefacts of the physical processes rather
than real structures in the cell.

Note that no one actually produces this “argument from coincidence”

in real life. One simply looks at the two (or preferably more) sets of micro-
graphs from different physical systems, and sees that the dense bodies oc-
cur in exactly the same place in each pair of micrographs. That settles the
matter in a moment. My mentor, Dr. Richard Skaer, had in fact expected
to prove that dense bodies are artefacts. Five minutes after examining his
completed experimental micrographs he knew he was wrong.
Note also that no one need have any ideas what the dense bodies are. All
we know is that there are some structural features of the cell rendered
visible by several techniques. Microscopy itself will never tell all about
these bodies (if indeed there is anything important to tell). Biochemistry
must be called in. Also, instant spectroscopic analysis of the dense body
into constitutent elements is now available, by combining an electron
microscope and a spectroscopic analyzer. This works much like spectro-
scopic analyses of the stars.

Truth in Microscopy

The differential interference-contrast technique is distinguished by the follow-
ing characteristics: Both clearly visible outlines (edges) within the object and
continuous structures (striations) are imaged in their true profile.

So says a Carl Zeiss sales catalogue to hand. What makes the enthusiastic
sales person suppose that the images produced by these several optical sys-
tems are “true’”? Of course, the images are “true” only when one has
learned to put aside distortions. There are many grounds for the convic-
tion that a perceived bit of structure is real or true. One of the most natural
is the most important, I shall illustrate it with my own first experience in
the laboratory." Low powered electron microscopy reveals small dots in
red blood cells. These are called dense bodies: that means simply that they
are electron dense, and show up on a transmission electron microscope
without any preparations or staining whatsoever. On the basis of the move-
ments and densities of these bodies in various stages of cell development or
disease, it is guessed that they may have an important part to play in blood
biology. On the other hand they may simply be artefacts of the electron
microscope. One test is obvious: can one see these selfsame bodies using
quite different physical techniques? In this case the problem is fairly read-
ily solved. The low resolution electron microscope is about the same power
as a high resolution light microscope. The dense bodies do not show up
under every technique, but are revealed by fluorescent staining and subse:-
quent observation by the fluorescent microscope.

Slices of red blood cell are fixed upon a microscopic grid. This is liter-
ally a grid: when seen through a microscope one sees a grid each of whose
squares is labelled with a capital letter. Electron micrographs are made of
the slices mounted upon such grids. Specimens with particularly striking
configurations of dense bodies are then prepared for fluorescence micro-
scopy. Finally one compares the electron micrographs and the fluorescence
micrographs. One knows that the micrographs show the same bit of the
cell, because this bit is clearly in the square of the grid labelled P, say.
In the fluorescence micrographs there is exactly the same arrangement of
grid, general cell structure, and of the seven “bodies” seen in the electron
micrograph. It is inferred that the bodies are not an artefact of the electron
microscope.

Two physical processes—electron transmission and fluorescent re-
emission —are used to detect the bodies. These processes have virtuaily
nothing in common between them. They are essentially unrelated chunks
of physics. It would be a preposterous coincidence if, time and again, two

Coincidence and Explanation

Arguments from coincidence have been put to more general use in dis-
cussions of scientific realism. In particular J. J. C. Smart notes that good
theories are used to explain diverse phenomena. It would, he says, be a
cosmic coincidence if the theory were false and yet correctly predicted all
the phenomena:

One would have to suppose that there were unnumerable lucky accidents about
the behavior mentioned in the observational vocabulary, so that they behaved
miraculously as if they were brought about by the non-existent things ostensi-
bly talked about in the theoretical vocabulary.”

Van Fraassen challenges this and related arguments for realism that deploy
what Gilbert Harman calls “inference to the best explanation,” or what
Hans Reichenbach and Wesley Salmon call the “common cause” argu-
ment. So it may seem as if my talk of coincidence puts me in the midst of
an ongoing feud. Not so! My argument is much more localized, and com-
mits me to none of the positions of Smart or Salmon.

First of all, we are not concerned with an observational and theoretical
vocabulary. There may well be no theoretical vocabulary for the things
seen under the microscope—*‘‘dense body”’ means nothing else than some-
14. 1 owe a particular debt of gratitude to my friend R. J. Skaer of Peterhouse, Cam-

bridge, who allowed me to spend a good deal of time in his cell biology laboratory in the

Department of Haematological Medicine, Cambridge University. 15. J. J. C. Smart, Between Science and Philosophy (New York: Random House, 1968), 150.
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ufacture is reliable, because we can check the results with the microscope.
Moreover we can check the results with any kind of microscope, using any
of a dozen unrelated physical processes to produce an image. Can we enter-
tain the possibility that, all the same, this is some gigantic coincidence? Is
it false that the disc is, in fine, in the shape of a labelled grid? Is it a gigan-
tic conspiracy of 13 totally unrelated physical processes that the large scale
grid was shrunk into some non-grid which when viewed using 12 differ-
ent kinds of microscopes still looks like a grid? To be an anti-realist about
that grid you would have to invoke a malign Cartesian demon of the
microscope.

The argument of the grid probably requires a healthy recognition of the
disunity of science, at least at the phenomenological level. Light micro-
scopes, trivially, all use light, but interference, polarizing, phase contrast,
direct transmission, fluorescence, and so forth all exploit essentially unre-
lated phenomenological aspects of light. If the same structure can be dis-
cerned using many of these different aspects of light waves, we cannot seri-
ously suppose that the structure is an artefact of all the different physical
systems. Moreover I emphasize that all these physical systems are made by
people. We as it were purify some aspect of nature, isolating, say, the phase
interference character of light. We design an instrument knowing in prin-
ciple exactly how it will work, just because optics is so well understood a
science. We spend a number of years debugging several prototypes, and
finally have an off-the-shelf instrument, through which we discern a par-
ticular structure. Several other off-the-shelf instruments, built upon en-
tirely different principles, reveal the same structure. No one short of the
Cartesian sceptic can suppose that the structure is made by the instru-
ments rather than inherent in the specimen.

It was once not only possible but perfectly sensible to ban the micro-
scope from the histology lab on the plain grounds that it chiefly revealed
artefacts of the optical system rather than the structure of fibers, That is no
longer the case. It is always a problem in innovative microscopy to become
convinced that what you are seeing is really in the specimen rather than an
artefact of the preparation of the optics. But by 1981, as opposed to 1800,
we have a vast arsenal of ways of gaining such conviction. I emphasize only
the “visual” side. Even there I am simplistic. I say that if you can see the
same fundamental features of structure using several different physical sys-
tems, you have excellent reason for saying, ‘“‘that’s real” rather than, “that’s
an artefact.” It is not conclusive reason. But the situation is no different
from ordinary vision. If black patches on the tarmac road are seen, on a
hot day, from a number of different perspectives, but always in the same
location, one concludes that one is seeing puddles rather than the familiar
illusion. One may still be wrong. One is wrong, from time to time, in mi-
croscopy, too. Indeed the sheer similarity of the kinds of mistakes made in

thing dense, i.e., that shows up under the electron microscope without any
staining or other preparation. Secondly we are not concerned with expla-
nation. We see the same constellations of dots whether we use an electron
microscope or fluorescent staining, and it is no “explanation” of this to say
that some definite kind of thing (whose nature is as yet unknown) is re-
sponsible for the persistent arrangement of dots. Thirdly we have no the-
ory which predicts some wide range of phenomena. The fourth and per-
haps most important difference is this: we are concerned to distinguish
artefacts from real objects. In the metaphysical disputes about realism, the
contrast is between “real although unobservable entity’ and “not a real
entity, but rather a tool of thought.” With the microscope we know there
are dots on the micrograph. The question is, are they artefacts of the
physical system or are they structures present in the specimen itself? My
argument from coincidence says simply that it would be a preposterous co-
incidence if two totally different kinds of physical systems were to produce
exactly the same arrangements of dots on micrographs.

The Argument of the Grid

I now venture a philosopher’s aside on the topic of scientific realism.
Van Fraassen says we can see through a telescope because although we
need the telescope to see the moons of Jupiter when we are positioned on
earth, we could go out there and look at the moons with the naked eye:.
Perhaps that fantasy is close to fulfillment, but it is still science fiction. The
microscopist avoids fantasy. Instead of flying to Jupiter he shrinks the
visible world. Consider the grid that we used for re-identifying dense
bodies. The tiny grids are made of metal; they are barely visible to the
naked eye. They are made by drawing a very large grid with pen and ink.
Letters are neatly inscribed by a draftsman at the corner of each square on
the grid. Then the grid is reduced photographically. Using what are now
standard techniques, metal is deposited on the resulting micrograph.
Grids are sold in packets, or rather tubes, of 100, 250, and 1,000. The pro-
cedures for making such grids are entirely well understood, and as reliable
as any other high quality mass production system.

In short, rather than disporting ourselves to Jupiter in an imaginary
space ship, we are routinely shrinking a grid. Then we look at the tiny disc
through almost any kind of microscope and see exactly the same shapes
and letters as were drawn in the large by the first draftsman. It is impos-
sible seriously to entertain the thought that the minute disc, which I am
holding by a pair of tweezers, does not in fact have the structure of a la-
belled grid. I know that what I see through the microscope is veridical be-
cause we made the grid to be just that way. I know that the process of man-
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macroscopic and microscopic perception may increase the inclination to
say, simply, that one sees through a microscope.

I must repeat that just as in large scale vision, the actual “images” or
micrographs are only one small part of the confidence in reality. In a recent
Jecture the molecular biologist G. S. Stent recalled that in the late forties or
early fifties Life magazine had a full color cover of an electron micrograph,
labelled, excitedly, “the first photograph of the gene.” ' Given the theory,
or lack of theory, of the gene at that time, said Stent, the title did not make
any sense. Only a greater understanding of what a gene is can bring the
conviction of what the micrograph shows. We become convinced of the re-
ality of bands and interbands on chromosomes not just because we see
them, but because we formulate conceptions of what they do, what they
are for. But in this respect, too, microscopic and macroscopic visions are
not different: a Laplander in the Congo won’t see much in the bizarre new
environment until he starts to get some idea what is in the jungle.

Thus I do not advance the argument from coincidence as the sole basis
of our conviction that we see true through the microscope. It is one ele-
ment, a compelling visual element, that combines with more intellectual
modes of understanding, and with other kinds of experimental work. Bio-
logical microscopy without practical biochemistry is as blind as Kant’s in-
tuitions in the absence of concepts.

Technology has only recently caught up to this idea. Useful prototypes are
just now in operation.

The acoustic part of the microscope is relatively simple. Electric signals
are converted into sound signals and then, after interaction with the speci-
men, are reconverted into electricity. The subtlety of present instruments
lies in the electronics rather than the acoustics. The acoustic microscope is
a scanning device. It produces its images by converting the signals into a
spatial display on a television screen, a micrograph, or, when studying a
large number of cells, a videotape.

As always a new kind of scope is interesting because of the new aspects
of a specimen that it may reveal. Changes in refractive index are vastly
greater for sound than for light. Moreover sound is transmitted through
objects that are completely opaque. Thus one of the first applications of
the acoustic microscope is in metallurgy, and also in detecting defects in
silicon chips. For the biologist, the prospects are also striking. The acous-
tic microscope is sensitive to density, viscosity, and flexibility of living
matter. Moreover the very short bursts of sound used by the scanner do
not immediately damage the cell. Hence one may study the life of a cell in a
quite literal way: one will be able to observe changes in viscosity and flex-
ibility as the cell goes about its business.

The rapid development of acoustic microscopy leaves us uncertain where
it will lead. A couple of years ago the research reports carefully denied any
competition with electron microscopes; they were glad to give resolution
at about the level of light scopes. Now, using the properties of sound in
supercooled solids, one can emulate the resolution of electron scopes, al-
though that is not much help to the student of living tissue!

Do we see with an acoustic microscope?

The Acoustic Microscope

I here avoid the electron microscope. There is no more “the” electron
microscope than “the” light microscope: all sorts of different properties of
electron beams are used. A simple but comprehensive explanation requires
another essay. In case, however, we have in mind too slender a diet of ex-
amples based upon the properties of visible light, let us briefly consider
the most disparate kind of radiation imaginable: sound.”

Radar, invented for aerial warfare, and sonar, invented for war at sea,
remind us that longitudinal and transverse wave fronts can be put to the
same kinds of purpose. Ultrasound is “sound” of very high frequency.
Ultrasound examination of the foetus in wvitro has recently won well de=
served publicity. Over forty years ago Soviet scientists suggested a micro-
scope using sound of frequency 1000 times greater than audible noise.

Looking with a Microscope

Do we see through a microscope? Let us first do away with the anach-
ronistic word through. Looking through a lens was the first step in tech-
nology, then came peering through the tube of a compound microscope.
The micrograph is more to the point: we study photographs taken with a
microscope. Thanks to the enormous focal length of an electron micro-
scope it is natural to view the image on a large flat surface so everyone can
stand around and point to what’s interesting. Scanning microscopes neces-
sarily constitute the image on a screen or plate. Any image can be digitized
and retransmitted on a television display or whatever. Moreover digitiza-
tion is marvellous for censoring noise and even reconstituting lost infor-
mation. Do not, however, become awed by technology. In the study of

16. I think Stent must have been referring to LIFE, 17 March 1947, p. 83.
17. C.F. Quate, “The Acoustic Microscope,” Scientific American 241 (Oct. }979?,
62-69. R. N. Johnston, A. Atalar, J. Heiserman, V. Jipson, and C. F. Quate, “Acoustic Mi-
croscopy: Resolution of Subcellular Detail,” Proceedings of the National Academy of Sciences
US.A., 76 (1979): 3325-29.
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am only looking at a drawing of the cell. What is the difference? The im-
portant feature is that in (II) there is a direct interaction between a wave
source, an object, and a series of physical events that end up in an image of
the object. To use quotation [B] once again, in case (II) we have a map of
interactions between the specimen and the imaging radiation. If the map is
a good one, then (II) is seeing with a microscope.

This is doubtless a liberal extension of the notion of seeing. We see with
an acoustic microscope. We see with television, of course. We do not say
that we saw an attempted assassination with the television, but on the tele-
vision. That is mere idiom, inherited from “I heard it on the radio.” We
distinguish between seeing the television broadcast live or not. We have
endless distinctions to be made with various adverbs, adjectives, and even
prepositions. I know of no confusion that will result from talk of seeing
with a microscope.

crystal structure, one good way to get rid of noise is to cutup a {Ilicrograph
in a systematic way, paste it back together, and rephotograph it for inter-
ference contrast.

We do not in general see through a microscope; we see with one. But do
we see with a microscope? It would be silly to debate the ordinary use of
the word see, a word already put to innumerable uses of an entirely intel-
lectual sort. “Now I see the point,” and kindred employments in mathe-
matics. Or consider how the physicist writes of the hypothetical entities. I
quote from a lecture listing twelve fermions, or fundamental constituents
of matter, including electron neutrinos, deuterons, etc. We are told that
“of these fermions, only the t quark is yet unseen. The failure to observe
tt’ states in e*e” anihilation at PETRA remains a puzzle. . . .”** Seeing
and observing for this high energy physicist are a long way from the eye:
(Probably seeing acquired its peculiar association with ocular vision only at
the start of the nineteenth century, as is manifested in the twin doctrines
called positivism and phenomenology, the philosophies that say seeing is
with the eye, not the mind.)

Consider a device for low-flying jet planes, laden with nuclear weapons,
skimming a few dozen yards from the surface of the earth in order to evade
radar detection. The vertical and horizontal scale are both of interest to
the pilot; he needs both to see a few hundred feet down and miles and
miles away. So the visual information is digitized, processed, and cast on a
head-up display on the windscreen. The distances are condensed and the
altitude is expanded. Does the pilot see the terrain? I should say so. It
would be foolish to put in some unnatural word like perceive to indicate
that the seeing employs an instrument. Note that this case is not one in
which the pilot could have seen the terrain by getting off the plane and
taking a good look. There is no way of getting a look at that much land-
scape without an instrument.

Consider the electron diffraction microscope with which I produce im-
ages either in conventional space or in reciprocal space. Reciprocal space
is, roughly speaking, conventional space turned inside out; near is far and
far is near. Crystallographers often find it most natural to study their speci-
mens in reciprocal space. Do they see them in reciprocal space? They cer-
tainly say so, and thereby call in question the Kantian doctrine of the
uniqueness of perceptual space.

How far could one push the concept of secing? Suppose I take an elec-
tronic paint brush and paint on a television screen, an accurate picture (I)
of a cell that I have previously studied, say, by using a digitized and recon-
stituted image (II). Even if I am “looking at the cell” in case (II), in (I) I

Scientific Realism

When an image is a map of interactions between the specimen and the
image of radiation, and the map is a good one, then we are seeing with a
microscope. What is a good map? After discarding or disregarding aberra-
tions or artefacts, the map should represent some structure in the speci-
men in essentially the same two- or three-dimensional set of relationships
as are actually present in the specimen.

Does this bear on scientific realism? First let us be clear that it can bear
in only the modest way. I do not even argue here for the reality of objects
and structure that can be discerned only by the electron microscope (that
calls for another essay). I have spoken chiefly of light microscopy. Now
imagine a reader initially attracted by van Fraassen, and who thought that
objects seen only with light microscopes do not count as observable. That
reader could change his mind, and admit such objects into the class of ob-
servable entities. This would still leave intact all the main philosophical
positions of van Fraassen’s anti-realism.

But if we conclude that we see with the light microscopes, does it follow
that the objects we report seeing are real? No. For I have said only that we
should not be stuck in the nineteenth century rut of positivism-cum-
phenomenology, and that we should allow ourselves to talk of seeing with a
microscope. Such a recommendation implies a strong commitment to real-
ism about microscopy, but it begs the question at issue. This is clear from
my quotation from high-energy physics, with its cheerful talk of our hav-
ing seen electron neutrinos, deuterons, and so forth. The physicist is a
realist, too, and he shows this by using the word see, but his usage is no

« ized Elect at High Energies,” Stanford Lin- . .
18. C. Y. Prescott, “Prospects for Polarized Electrons g gies, argument that there are deuterons. Here perhaps is one source of the phi-

ear Accelerator, SLAC-PUB-2630, Oct. 1980: 5.
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losophers’ scepticism of Dr. Parakh’s suggestion that one can become a
convinced realist because of advances in microscopy.

Does microscopy then beg the question of realism? No. On closer in-
spection Parakh’s suggestion is right. We are convinced of the structures
that we observe using various kinds of microscopes. Our conviction arises
partly from' our success at systematically removing aberrations and ar-
tefacts. In 1800 there was no such success. Bichat banned the microscope
from his' dissecting rooms, for one did not, then, observe structures that
could be confirmed to exist in the specimens. But now we have by and
large got rid of aberrations; we have removed many artefacts, disregard
others, and are always on the lookout for undetected frauds. We are con-
vinced about the structures we seem to see because we can interfere with
them in quite physical ways, say by microinjecting. We are convinced be-
cause instruments using entirely different physical principles lead us to
observe pretty much the same structures in the same specimen. We are
convinced by our clear understanding of most of the physics used to build
the instruments that enable us to see, but this theoretical conviction plays
a relatively small part. We are more convinced by the admirable intersec-
tions with biochemistry, which confirm that the structures that we discern
with the microscope are individuated by distinct chemical properties, too.
We are convinced not by a high powered deductive theory about the cell—
there is none—but because of a large number of interlocking low level gen-
eralizations that enable us to control and create phenomena in the micro-
scope. In short, we learn to move around in the microscopic world. Berke-
ley’s New Theory of Vision may not be the whole truth about infantile
binocular three-dimensional vision, but is surely on the right lines when
we enter the new worlds within worlds that the microscope reveals to us:

To be an empiricist is to withhold belief in anything that goes be-
yond the actual, observable phenomena, and to recognize no objec-
tive modality in nature. To develop an empiricist account of science
is to depict it as involving a search for truth only about the em-
pirical world, about what is actual and observable. Since scientific
activity is an enormously rich and complex cultural phenomenon,
this account of science must be accompanied by auxiliary theories
about scientific explanation, conceptual commitment, modal lan-
guage, and much else. But it must involve throughout a resolute
rejection of the demand for an explanation of the regularities in the
observable course of nature, by means of truths concerning a real-
ity beyond what is actual and observable, as a demand which plays
no role in the scientific enterprise. (Van Fraassen 1980, 202-3)!

The surface of the title is, of course, the empirical, phenomenal world, the
alleged “surface appearance” of things. Depths refers to the real entities
and mechanisms “behind” the appearances, causally giving rise to appear-
ances and explaining them. Realists hold that the surface merely dazzles
and should not beguile anyone into mistaking it for reality. Empiricists,
contrariwise, hold that the depths are ghostly, having no independent ra-
tionale for their veneration beyond the surface through which they in-
directly appear.
I am a persuaded realist. In this essay I shall critically examine recent
arguments for empiricism, with a view to defending realism. The argu-
ments are presented in a recent book, quoted above; I believe it to be
the most important defense of empiricism for more than a decade. Van
Fraassen calls his version of empiricism constructive empiricism, hereafter
referred to as CE.

Prior to CE, in my view, realists had a comparatively easy time of it
against empiricists, whether one considered the matter directly at the level
of theory of science or at the less direct, but deeper level of underlying

1. All page references in what follows are to this source unless explicitly stated otherwise.
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