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All sorts of interesting historical issues take on new aspects in this context,
Suppose one group of people fabricates a novel device that produces effects
which they can at once assimilate to their tree, Suppose further that these
effects cannot easily be assimilated to another group's tree, indeed that the
success of the first group’s assimilation produces an apparent violation of the
integrity of the other’s tree.’? What is to be done, supposing that the second
group admits that the first has generated an effect and not an artefact? The
answer is clear: the second group must attempt to build a new set of kinds
whose relations among one another can accommodate those aspects of the
novel effect that they accept, and that can be grafted without disruption onto
the existing tree. This will inevitably produce a tremendous amount of verbiage
concerning just what had been found, and possibly also new experimental
work on the second group’s part to manipulate the effect into a more tractable

form.

2. A Case In Point: The Wave Theory of Light

i. Two taxonomies

Since my goal here is not to examine new historical material but rather to
look at developments that have been examined elsewhere!® from a different
perspective, T will not extensively discuss the two optical schemes we shall be
examining except to provide their taxonomic structures. For present purposes
it is best to concentrate on structure rather than on meaning. 1 will accordingly
use names for categories without further specifying what they signify, From
this point of view we may say that the optical lexicon between 1809 and cirea
1830 divided beams of light into three classes with respect to a property called
‘polarization’; the polarized, the partly polarized, and the unpolarized, These
classes were distinguished from one another on instrumental grounds.
Contemporary devices (primarily the polarimeter,” but also the doubly
refracting crystal and the tourmaline — call these things beam-splitiers)
determined polarization by dividing the light into two parts. Polarized light
could be thrown entirely into one of the two parts; partly polarized light

1 distinguish here between assimilation and grafting for reasons that wil be made clear through
example below. The distinction corresponds to the difference between being able to understand
something new in existing terms (assimilation), which leaves the taxonomy unaffected, and having
to add new terms to the taxonomy (grafting).

*For that see Buchwald, The Rise of the Wave Theory of Light (Chicago: The University of
Chicago Press, 1989),

“Invented by Etienne Louis Malus, the polarimeter split the beam into reflected and refracted
parts in amounts that depended upon polarization of the incoming light.
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always generated both parts, but with unequal intensities; unpolarized light
generated both parts with equal intensity, These grounds exhausted the
categories; anything else had no bearing on the beam’s state of polarization. 1
will call this S-light (for ‘selectionist’, following my vocabulary in Buchwald,
Wave Theory). The alternative or W (for ‘wave’) lexicon, which took firm
shape circa 1822, is much different from this in its specifications for polar-
ization, If, W agrees with S, light can be thrown into only one of the two parts
in the beam-splitter, then it is certainly ‘polarized’. However, from W’s point
of view, if the S-taxonomy is not changed then light that is determined by a
beam-splitter (as usual) to be S-partly polarized must include a new kind of
W-light, the elliptically polarized, as well as W-light that is partially unpolar-
ized but not elliptical, Consequently the previous category of partly polarized
S-light includes both polarized and unpolarized W-light. The S-unpolarized
must likewise include another new W-kind, the W-circularly polarized, as well
as the W-completely unpolarized.

In order to distinguish instrumentally between the W-taxonomy's kinds —
between circularly polarized and completely unpolarized, or between- ellipti-
cally and partially unpolarized — something more than a beam-splitter raust
be used: light must first pass through a device that, W says, alters its ‘phase’,
which, again according to W, a beam-splitter need not (but may) do.
According to S, a non-beam-splitting operation might conceivably change the
light’s state of S-polarization, but there was no reason in the S-scheme for
asserting, e.g., that such an operation might produce a kind of polarized light
that can behave in a beam-splitter like unpolarized light, Whereas, according to
W, (circularly) polarized light, which is produced by a double internal reflec-
tion within a glass rhomb, does indeed behave in a beam-splitter precisely like
(completely) unpolarized light, and (elliptically) polarized behaves like partly
polarized.

The S and W taxonomies for polarization, not surprisingly, have thoroughly
different structures; they cannot be mapped or grafted onto one another,
because as it stands single categories in $ must overlap two unnested categorics
in W. The best way to grasp the differences between the taxonomies is to
consider more carefully how, in each taxonomy, contemporary devices operate
at the nodes to separate categories. Begin with the case of S-light before cirea
1830. Here the beam-splitter sits alone at the nodes; it suffices to distinguish
between S-kinds. Any device that is capable of picking out the subsets that,
according to 8, compose a light beam could serve the same function, and, in
the S-scheme, would necessarily be thought of as a kind of beam-splitter. As I

*See note 19 for a brief remark on the S-beam subsets.
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mentioned, there already were three such devices in the 1810s: one absorbed a
part of the beam (the tourmaline); the other retained all parts but separated
them from one another {the doubly refracting crystal); the third (like the
second) also separated the parts, but (like the first) it produced only one of
them for examination (the polarimeter). Here, we may say, the beam-splitter
not only distinguishes between 8's lowest-level categories, or infima species, it
also distinguishes between every S-kind (since the lowest-categories of S
exhaust its kinds), Accordingly the taxonomy of S-light can be completely
mapped with a beam-splitter,

Consider now the markedly different W-scheme circa 1822, Here the beam-
splitter cannot alone be used to distinguish between W’s lowest-categories. It
can however distinguish between those of W-unpolarized, and between those
of W-polarized. In order to constitute W’s kinds, we must introduce a device
that is capable of detecting phase-differences — in Fresnel’s day, this was the
purpose of the “Fresnel rhomb”." Let's see how it works, in conjunction with
the beam-splitter, to map the W-terrain. Suppose we have some light, and we
wish to know whether it is W-polarized or W-unpolarized. We can do so by
sending it through a Fresnel-thomb and then through a beam-splitter.
W-polarized light can in this way be made to yield only one beam in the
splitter; W-unpolarized light cannot be made to do this, Here, then, the rhomb
constitutes the difference between W-kinds that, in S, are not different kinds at
all. Once W-polarized has been distinguished from W-unpolarized, we can then
use the beam-splitier by itself to distinguish between sub-kinds.'” The Fresnel
device distinguishes between the two highest-order kinds, and the beam-splitter
distinguishes between the lowest levels within each of these two kinds.

We can put this in a different way. In W the purpose of the Fresnel-thomb is
to manifest phase differences (call such a device D¥) whether or not amplitude
differences also occur; the purpose of the beam-splitter is to manifest ampli-
tude and/or phase differences {call such a device D*F), We can label the W-tree
to reflect this, as in Fig. 1. Here the differences between kinds are defined first
in terms of phases (D) and second in terms of amplitudes and/or phases

“Strictly speaking, the Fresnel-rhomb involves two total internal reflections, each of which
produces a 45° phase difference between the components of the oscillation in and normal to the
plane of incidence. Any device that produces a 90° phase difference can distinguish the polarized
from the unpolarized in much the same way — such, e.g. as a quarter-wave plate, For simplicity I
will for the present refer to allt these devices as “Fresnel-thombs” since in W they have the same
cffects. Of course, it is precisely the similarity among these kinds of devices that the S-scheme
cannot caplure.

"The procedure requires that one use diffierent light for the two purposes: first the
Fresunel-thomb is used to examine whether light coming from some source is or is nol polarized,
and then the beam-splitter is applied direcily to the virgin light to effect further category

subdivisions.
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(DAF),"® In S there are no such things as W-phases or W-amplitudes, and so
there cannot be devices that manifest them.'” This obviously means that an
S-adherent must construe what a W-adherent thinks of as phase-manifesters in
a very different manner, supposing that he acknowledges the effects which W
attributes to phase. One way to do so and yet still to maintain S’s integrity
would be to insist that what W thinks of as kinds that terminate distinct
branches in fact have the same ancestors — that, e.g., the W-elliptically
polarized and the W-partially unpolarized are in fact both S-partly polarized,
precisely because the beam-splitter cannot distinguish between them. This
possibility entails that W-phase devices have to be construed by S as instru-
ments that manifest kinds which are already contained in an immediate

®Note that the beam-splitter (D7), in W, distinguishes solely on the basis of amplitudes only for
W-unpolarized light. In W-polarized light, the beam-splitter first distinguishes a phase effect
{namely zero {rom non-zero phase differences); then, at the lowest level, it picks out light that has a
certain amplitude ratic and phase difference from light that does not (i.e, circular from elliptic
light}, The beam-splitter can further telt whether elliptic light has a 90° phase difference or not: if
the stronger of the two split beams is polarized in the plane of incidence then the phase difference is
90°, and the amplitudes must be unequal, If not, then a phase-device is necessary to distinguish
phase from amplitude effects in determining the magnitude of the elliplicity and its orientation,
For a discussion of how this was done in Germany at mid-century see Buchwald, From Maxwell to
Microphysics (Chicago: The University of Chicago Press, 1985 and 1989), appendix 8.

®f have intentionally avoided discussing either W or S beyond their taxonomic struectures, but it
is worthwhile pointing out at least this much, According to 5, beam-splitters always manifest
discrete paris of a beam and, therefore, not amplitudes {which are in no sense parts of anything),
In appropriate ciccumstances these paris may perhaps have an S-phase as an additional property,
but if so then the S-phase must nof affect the possiblity of beam-subdivision that underlies S, but
that has no meaning in W (according to which light cannot be divided into discrete parts).
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Fig. 2. W-kinds as artificial categories.

ancestor, here the category S-partly pofarized, The pupose of this procedure
would be to transform a competing scheme’s higher-order natural kinds into
artificial categories. The S-adherent’s insistence that partly polarized light
properly overlaps W-polarized light (through ‘elliptically polarized®) as well as
W-unpolarized (through ‘partially unpolarized’) would do just that. Since these
latter two categories, in their W-taxonomical environment, include things that
are not subsumed in §’s partly polarized, then, for 8, the W-polarized and the
W-unpolarized cannot be scientific categories. According to this way of
thinking, the scientific kinds of W that are not infima species can only be
incorporated artefactually into S. W’s lowest kinds might however be brought
into S as such, thereby transforming some at least of the latter’s original
lowest-categories (in particular, the partly polarized and the unpolarized) into
second-order sets. In jargon-free prose, this means that the first thing to do
when faced with someone else’s new and strange categories is to see if you can
make them special cases of categories that you already have.

Figure 2 draws the taxonomic tree for that sort of attempt. Here the higher-
order W-polarized and the W-unpolarized have been transformed into entirely
artificial categories because each of them overlaps scientific kinds of §, and W’s
lowest kinds have been carried over into new ones for 8. You — the
S-adherent — have, as it were, made W into a worker on your behaif: the
W-experimenter has discovered new kinds of S-light for you, kinds that fit
neatly into. categories that you already possess. This would be a nice, entirely
unthreatening (one might even say normal) solution to S's problem if S can
unproblematically differentiate between elliptic and non-elliptic partly polar-
ized, and between circular and non-circular unpolarized. W can distinguish
between such things on the basis of phase relations, for which- the
Fresnel-thomb provides an instrumental embodiment, The S-adherent must
accordingly somehow incorporate devices of that sort, but the scheme of Fig.
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2, we shall see in a moment, does not offer a congenial way to do so. This is of
course the crux of the matter, because it amounts to the question of how a
group under pressure from a creative competitor adapts to the latter’s instru-
mental claims. If S’s taxonomical structure is to be preserved without major
category changes, then the instrument’s behaviour must be mapped to proper
new S-kinds, preferably (as in Fig. 2) to lowest kinds within existing ones.

i, A third taxonomy and its instruments

The scheme represented here is, in this respect, quite unsatisfactory,
Although it nicely leaves the previous high-order S-kinds at the top of the tree,
it does not allow for any connection between elliptic and circular, whereas
devices existed that did bracket them together, suggesting that they had an
immediate parent. These devices easily fit the W-scheme (at the non-linear
node), but there is no similar node here.? It is consequently hardly surprising
to find that, historically, this scheme was not developed, despite the indubi-
table fact that it is the simplest modification that can be made to the original
S-taxonomy. David Brewster was evidently very well aware of the problem,
because he solved it by creating another, high-order S-kind which was tied
directly to the kind of operations that place circular and elliptic under a single
heading. In this way he hoped at least to isolate the pathology, to seal off the
original parts of the taxonomy from its polluting effect.

Basing his discussion on the properties of light reflected from metals, which
he had himself discovered,” Brewster produced B-light (Figure 3). B-light

*The connection, which was (ironically) discovered by David Brewster, is that both elliptical
and circular light can be transformed back into linear light by reflection from, respectively, a metal
or from within a glass thomb. This connection is easily represented in the W-scheme's brackeling
of elliptic with circular under the category of non-linear polarized light. Since the connection was
brought to ceriain laboratory life only by Brewster in the early 1830s it did remain possible untit
that time to ignore the category of clliptical light. Brewster was however not the only one to
produce it in the early *30s. George Biddell Airy, an early wave-adherent, fabricated it at aboul the
same {ime but in an uiterly different way, i.e. by refraction off the oplic axis in quartz (G. B, Airy,
‘On the Nature of the Light in the Two Rays Produced by the Double Refraction of Quarlz’,
Cambridge Philosophical Society Transactions, 4 (1831), 79-123, 199-208), which was precisely the
sort of thing that Brewster's S-phase was not designed to accommodate given ils near-identifica-
tion with reflection processes (sce below for more detail on this point).

'What Brewster discovered was that light reflected from metals is not partly polarized (which
had been known since Malus) but that further metallic reflection can transform it back into
polarized light. Fresnel's circularly polarized light has the same property, though it is generated by
double total internal reflections, and is moreover not subject to degrees because it is completely
symmeltric, Brewster further discovered that his elliptical light is subject to degrees in that its
asymmetry reaches a maximum at a certain angle of incidence; at incidences below and above that
angle the asymmelry is not as large, but subsequent reflection at less-than-oplimum angles
eventually generales the maximum asymmetry. This permitted Brewster to erect categories for
elliptical polarization that tended to destabilize the S-taxoromy. In his vocabulary (see immedi-
ately below), then, partial-curions light is what you get when reflecting light from metals below the
incidence at which the asymmetry of the reflection is as pronounced as it can ever be, at which
point the light is either circular-complete curicus or elliptic-complete curious. There is, we will see,
a potential category problem here.
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Fig, 3. B-light: new S-kinds for new instruments.

differs from S-light in having two, rather than three, first-order kinds. One of
these two contains the entire previous S-light taxonomy; the other is a new
kind, which Brewster called *curious’.?* A process similar to, but not identical
with, W’s method of distinguishing between polarized and unpolarized also
distinguishes Brewster’s ‘curious’ from his ‘non-curious’ tight.” However —
and this is the signal virtue (from an S-perspective) of the B-scheme — that is
the only point at which such a device must be used in a category test. The
beam-splitter may be used to distinguish between all the remaining lowest-level
kinds (since it is always a question of the degree of the asymmetry).? It seems,
therefore, that the old S-categories remain inviolate, and that the old device
could now be used to distinguish between the lowest-categories of curious light
very much as it distinguishes between those of non-curious light.

2In his text (A Treatise on Optics (Philadelphia: Lea & Blanchard, 1850; first American edition
1833)), Brewster referred to phenomena involving circular polarization as “this curious subject”
(p. 189); he ended his account of elliptical polarization with the words, “for a more fuli account of
this curious branch of the subject of polarization ..." (referring the reader to his original artictes on
the subject). As an example of how Brewster gradually broughi out his categories, consider his
remarks on light reflected from steel at 75°;

H is not polarized light, because it does not vanish during the revolution of the analyzing plate

{i.e. the beam-splitter], It is neither partially polarized light nor common {i.e. unpolarized] light;

because, when we reflect if a second time [from stecl] at 75° [i.e. when we use what W thinks of as

a phasc-manifester], it is restored to light polarized in one plane. {ibid., p. 193]

In this and other chapters Brewster carefully constructs a new, instrumentally-based S-scheme to
incorporate his ‘curious’ light in a way that tries steadfastly to avoid W-categories.

“The difference, for Brewster was that curious light always gives both parts in the beam-splitter
but, unlike parily or unpolarized light, it can be transformed into polarized light by means of
specizal reflections. All phase-manifesters operate by reflection.

HHe had no choice in this matter, because the S-taxonomy rested on the possibility of dissecting
beams of light into detectable subsets of rays. In such a scheme the beam-splitter had to remain
primary, for it directly manifested these subsets, The S-scheme in fact must treat the situations
analyzed by the W-scheme using phase procedures (including not only polarization but alse
diffraction processes) as exceptional cases that required special treatment. So, for example,
although many S-adherents admitted phase as a new property of rays for analyzing diffraction,
they did not treat the property as primary (it the way that the individual existence of a ray of light
was considered to be primary). Their S-phase was a problematic affection of fight rays that can be
manifested only under special conditions (Biot, e.g. allowed its use for diffraction but rejected it for
chromatic polarization. See Buchwald, op. ¢it., Note i3, for details).
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Brewster had bracketed together two kinds of curious light under the
heading of ‘complete’ even though they can be distinguished from one another
by means of the very device (the beam-splitter) that distinguishes each of them
from partial-curious fight, as, indeed, W is able to distinguish between efliptic
and circular by means of the same device that also distinguishes each of them
from linear — again, the beam-splitter.?* Accordingly this extra grouping
cannot take its meaning from beam-splitiers, but needs some other device.
Brewster introduced the category because his two complete kinds of light share
a characteristic: each can be transformed back into simple polarized light by
reflection at the same angle that formed it (circular by internal reflections
within glass, complete-elliptic by reflection from a metal). Curious-partial
light, on the other hand, requires considerably more than one metallic reflec-
tion to transform it into linear light. Brewster insisted that these (and especially
the separation of partial from complete curious light) were very significant
differences, and he was well aware that the W-scheme handles them using the
concept of ‘phase’, though he was certainly not clear about the meaning of the
term. In particular, although the W-scheme of course does not have curious
light, it does allow that elliptically-polarized light requires several calculable
metallic reflections to restore it to linear light if the reflections occur at angles
other than a certain one characteristic of the metal. Indeed, what compelted
Brewster to generate his curious light in the first place was the existence, in W,
of something — namely, phase — that could be used to calculate how to
transform elliptic into linear light, and he deliberately strove to extract some
sort of meaning from the concept that could be adapted to the S-scheme,

Brewster accordingly went to a great deal of effort to adapt — not adopt —
the W-word ‘phase’, and some of Fresnel’s mathematics, to produce something
that could do the same work. He argued in effect that his curious-complete
light is characterized by a 90° S-phase between “the two inequal portions of
oppositely polarized light, by the interference of which the efliptic polarization
is produced”.?® The curious-partial light is associated with a different, but non-

®The differences being: partial curious light shows some asymmetry in the device; elliptic-
curious light has the maximum possible asymmetry; circular-curious shows no asymmetry at all.

*Though these two “inequal portions” are indubitably not Fresnel’s wave-components in and
perpendicular to the plane of reflection. See the Appendix to this article for details of Brewster’s
S-phase. The concept has no seat in ray-properties for Brewster, whereas W-phase does have a seat
in wave properties. Brewster constructed it as a novelty for which he provided a mathematics that
linked it direcily to something with instrumental significance. It is in fact not all clear that Brewster
regarded phase as an intrinsically-meaningful property. In the W-scheme, phase has intrinsic
meaning because it cannot be reduced to anything else: it simply is a quantity that appears in the
expression for the wave-form. It seems likely (though by no means certain) that Brewster looked
upon phase as a measure of the degree to which a light beam has progressed along the way (o its
transformation from one kind of state into another kind (see immediately below in the main text
for a brief remark about this state). Brewster might, e.g. say that a beam has such-and-such a
phase because it has gone so far along the path to transformation. He would then go on to specify
the process that had carried it that far. For Brewster, in other words, the phase must be placed one
step away from the process, because it is merely a measure of something that the process does. This
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zero S-phase. For Brewster this put it into a distinct category altogether from
‘complete’ light. Whereas on the W-scheme Brewster’s curious-partial light
could at most be a form of elliptic light, according to Brewster elliptic light is a
completed form of partial light, which rather reverses the possible order of
precedence. Brewster’s S-phase accordingly serves a very different function
from W-phase. The latter determines types of polarization and characterizes
the state of light. Every polarized beam has a W-phase, and no poiarized beam
is, in any sense, more or less in some state than any other; they merely have
different phases, Brewster’s S-phase is very different, because in his under-
standing curious light can be either complete or on the way to completion;
these are distinct states in the same sense that partially-polarized W-light is in a
different state from completely-unpolarized W-light. His S-phase specifies
which state the light is in, and, if it is incomplete, how many operations of a
certain, highly specific kind, must be done to it to make it complete. Brewster,
one might say, did not so much consider his S-phase to be a measure of some
property that curious light must possess, as it was a signpost pointing the way
to the acquisition of a property (namely, ‘completeness’) that light either does
or does not have. Curious light is light that is on the way, as it were, to
‘completeness’; until it is there it is not complete, but neither is it non-curious.

The intimate, indeed nearly perfect, identity between Brewster's novel
category and the specific operations that fabricate and detect it makes it very
difficlt to assign any independent meaning to Brewster’s S-phase. This
indubitably reflects the outcome of his effort to insert something into the
S-scheme — a simulacrum of W-phase -~ whose significance cannot be
divorced from its origin in the W-scheme without embodying it in specific
instrumentalities. Because W-phase is a characteristic of light that reflection is
only one way of manifesting, it can be separated from the particular devices of
the day. This cannot be done with Brewster’s S-phase because there is no way
to apply it outside of the apparatus whose behaviour it was designed to
specify.”

The potential problem here is accordingly that the existence of Brewster's
‘curious’ category depends exclusively on a specific set of operations {metallic

is not so for a W-adherent, who would say that the components of a wave-form have a certain
phase difference simply because the light underwent a process that imposed it. For the W-adherent,
unlike Brewster, the phase difference connects immediately fo the process that produced it — it
does not in any meaningful sense measure progress from one state {o a different one.

Brewster’s S-phase must not be thoughi of as some sort of purely empirical representation,
whatever such a thing might be, because it could be used for calculating the behaviour of a
reffection device: it was created precisely in order to compute from a given angle how many more
refiections must be used to make elliptic light linear or complete. I is accordingly just as theoretical
an entity as W-phase, for it might in fact have failed to do what Brewster wanted it to do, Indeed,
a good deal of Brewster’s paper is taken up with showing that it works well in the laboratory. But
it is a theory for a particular kind of device, not just for a pacticular kind of light. Here the kind of
device and the kind of light merge together.
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or glass-internal reflections), which are merely one way of manifesting
W-phase in the W-scheme.” The result is a potential category-violation that
manifests itself as a sort of differential pull on curious-complete-clliptic light.
The beam-splitter in fact places partial between elliptic and circular, whereas
the special reflection process distinguishes elliptic and circular under a single
category from partial. This is intensely perplexing because complete and partial
are equal siblings, daughters to curicus. Incestuous relationships become
possible here, Contrast this with the linear—elliptic—<ircular of W-polarized.
Here beam-splitters place linear before eiliptic and circular, while special
reflections group the latter two together, Consequently here the beam-splitter
enforces a distinction that is also preserved by another device. This is not true
in Brewster’s taxonomy, where the beam-splitter’s distinctions tend to violate
the distinctions enforced by special reflections, Brewsler’s taxonomy is accord-
ingly quite unstable, The only way out would be to abandon the category of
‘completeness’, or, rather, to abandon curious-partial light, because then the
beam-splitter alone could distinguish between the remaining two kinds —
between circular and eiliptic. But in that case Brewster would also have had to
abandon the possibility of doing something that the W-scheme could most
certainly do, namely of caleulating how to tranform curious into polarized

light.

iii. Category boundaries, the ad hoc and articulated structures

Brewster’s unstable, metamorphosed taxonomy is an instance of something
that, I think, is quite general. When one scheme attempts to adapt terminology
and associated methods that evolved in conjunction with another’s kinds, then
it runs the risk of violating boundaries between its own kinds. That sort of
violation seems frequently to be associated with difficulties both in adapting to
the behaviour of novel instruments and in forging fresh ones. It can, however,
be a source of creative tension, leading ultimately to the birth of a new
taxonomy unplagued by category cross-overs (as, I believe, occurred in the
case of Heinrich Hertz).” The kinds of trouble that have been characterized

®Brewster ceased further public development of this scheme after the early 1830s, when he
realized that the discipline had passed altogether out of his hands. Had he persisted with it,
however, he would have run info critical adaptive difficulties in the 1850s, even in the area he had
designed it for, when a full-fledged W-mathematics, strongly tied to phase-manifesters, for metallic
reflection was developed by Jamin in France and by Eisenlohr in Germany. This mathematics, and
the associated instrumentalities, did not fit Brewster’s 1830 taxonomy for ‘curious’ light,

PAnd which will be discussed in my next book, now titled The Creation of Sclentific Effects;
Heinrich Hertz and the Discovery of Electric Waves, forthcoming in 1992,
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(particularly by contemporaries, but also by historians and philosophers) as
unfruitful, ad hoc, overly complex and so on may (perhaps regufarly) reflect
the actual or potential trespassing of category boundaries.

Although Brewster’s case may not be altogether typical, it does share two
characteristics with a number of other situations in the history of science in
which the adherents of one scheme attempt to adapt categories from another
scheme, First of all, adapted categories thal, in their parent scheme, could live
independently of particular devices can no longer do so in the adapting
scheme. Second, and as a result, the adaptive taxonomy may have difficulty
properly sorting the categories when other devices are also brought to bear.
Here, again, Brewster’s beam-splitter produces associations that do not cohere
with the ones that are produced by his completeness detectors. In consequence
the adaptive taxonomy becomes unstable, in this sense: its difficulty in
producing coherence will almost certainly be sharpened by another W-phase
detector, supposing that such a thing can be fabricated, In Brewster's case it
could be, because refraction devices can also manifest phase relations that
make the partial-complete distinction, if not untenable, then useless except for
a single process. The overt effect is that the W-scheme may be able to produce
and to deploy novel W-phase manifesters that are unproblematic for it but that
are problematic for the S-phase, which means that Brewster would have to
invent yet another form of light to accommodate them. Even if problematic
associations are not sharpened by such devices, nevertheless Brewster’s S-phase
cannot produce them at all because it is tied to the original completeness
detector.

Scientific kinds and their associated taxonomic structure often remain
unarticulated, as I have elsewhere discussed (though not in the language of
kinds).”® The earlier argument makes two main points. First, that scientists do
not for the most part overtly formulate the taxonomic system that they are
developing; second, that their kinds remain quite fuid during the science’s
formative, creative period. This docs not mean that kinds ever overlap. They
do not. Tt doecs, however, mean that they are not rigidly defined, that the
restrictions that are placed on an object as a member of a given kind cannot be
rigidly specified. The early history of the wave theory of light and its diffusion
can be informatively read as, first, Fresnel’s struggle to establish a new
taxonomy for light, and, second, the widespread displacement of the old by the
new taxonomic structure, The latter process was replete with initial attempts to
interpret W-kinds in terms of S-kinds, with ensuing confusion and instability

*Buchwald, ‘Design for Experimenting’, for a volume containing essays in honour of T. S.
Kuhn read at the Massachusetts Institute of Technofogy in May 1990, forthcoming from MIT
Press, ed. P. Horwich,

SHIPS 23:11-E
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Point mass systems

equilibriuvurmm lattices

Fig. 4. Articidated structures.

as a result of the category violations that unavoidably resulted. Where, now,
do overt, articilated structures fit inio such a taxonomical system?

The primary purpose of the articulated scheme during the nineteenth
century was to demystify’ the unarticulated structure by embedding it as a
property within something whose categories were taken to be unproblematic.
Consider again the scheme for W-light. During the 1830s and carly 1840s a
considerableé number of scientists attempted to ground the wave theory on the
physics of a lattice consisting of mass-points that are held in equilibrium by
repulsive forces. What they wanted to do, then, was to inciude an object in a
taxonomy that would have the W-scheme as a property, somewhat as in Fig. 4.
It is particularly important, in order for this to work convincingly as a tool for
persuasion, that the something be apparently transparent for every relevant
community of investigators. For then arguments can be based on it that have
the overt purpose of convincing people to accept. the behaviour of the
something as a mode! for the taxonomic structure at issue, but which also have
a powerful subversive effect in leading people to think in terms of the novel

taxonomy.”

HI use the word ‘demystify’ hesitantly and with great reluctance, because it has today many
bothersome connolations (such e.g. as the demysfification of a fext through a clarifying bath in
deconstructionist rhetoric). I use it here to mean this: that the relations embodied by the taxonomy
are as it were made concrete by finding another structure upon which the taxonomy can be
superimposed. This distinct structure should have the virtue, at least initially, of overtness, which
entails that it must be formed ouf of elemenis that have long been worked. This might change over
time, if the superimposition succeeds, as research goes forward, and novel relationships or kinds
are produced within the distinct structure.

¥There is a second, and often later, purpose of the articulated scheme, which is to generate kinds
by finding new model behaviours and transferring them over. This was not commion in the
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3. The Generality of Kinds

The preceding discussion of Brewster’s attempt to expropriate elements of
the wave theory of light to his own design constitutes a concrete example of the
workings of (injcommensurability. Brewster adhered to a kind-structure for
light that could neither be grafied to, nor accept as a graft, the alternative wave
structure (in respect at least to polarization). He was accordingly forced —
insofar as he accepted wave categories at all — to quarantine their polluting
effects by extracting what he could from them in order to create novel high-
order categories for his own scheme, The wave categories became, at best,
merely useful artefacts that could not stand on their own as optical categories.
As a result many assertions made by Brewster that use wave vocabulary make
no sense at all in wave terms (see the Appendix for details), This, it seems to
me, certainly constitutes incommensurability.

The example given here ties (in)commensurability very strongly to the
sorting of objects or effects into this or that category, and this in turn depends
quite explicitly on the critical role of experimental apparatus, Absent the
apparatus and there would be no sorting, and the apparatus proper often
constitutes an embodiment of the relevant kind-structure. On this account one
may very reasonably ask whether (in)commensurability, and the doctrine of
kinds discussed here, are highly limited in historical application, to, say,
science after the late seventeenth century, or perhaps even to science post-1800.
What, for example, do kinds have to say about the sort of astronomy practised
by Kepler, in which the apparatus can scarcely be thought of as embodying
kinds in the way that, e.g. Fresnel’s rhomb did in wave optics?

This is not an easy question to answer, and I am not certain that the doctrine
of kinds can in fact embrace all forms of scientific behaviour. It may be just
that it is particularly well-adapted to apparatus-based science, and that it was

nincteenth century, though it certainly did occur, Taxonomies must be superimposed on one
another when it is done, and the procedure is fraught with pitfalls and with the potential for either
system to induce destabilizing taxonomic change in the other. Optical strucfures may, e.g. induce
changes in the taxonomy of lattices; conversely, a given lattice structure may birth properties that
have no counterpart in the originatl optical taxonomy. In this last case a rew kind would have to be
incorporated into optics, supposing that the property can be brought into being in the laboratory.
For examples see Buchwald, *Optics and the Theory of the Punctiform Ether', Archive for History
af Exact Sciences 21 (1980), 245-278.

The widespread penetration of microphysics throughoui the subject considerably aliers the
distinction between the unarticulated and the articulated, because there now exist many sub-
disciplines whose exemplary problems and techniques do not exist apart from micre-models. So,
for example, it would not be meaningfui to distinguish between a taxonomy for the electrodyna-
mics of semiconductors and a taxonomy for quantum models of such things since the two are
inextricably bound together. Whereas one can, and must, distinguish between the behaviour of an
opticaily-rotating liquid and an appropriate nineteenth-century ether model. Unarticulated strue-
ture certainly still exists, but it is bound to the taxonomy that governs quantum micro-models and

not to a prior framework.
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brought into being along with experimental science. If the doctrine of kinds
must be linked to laboratory equipment, then their history belongs also to it. I
think, however, that a somewhat broader notion of apparatus than I have used
to this point may extend the utility of the doctrine beyond these boundaries.

‘Apparatus’ naturally suggests — and is so defined by the Oxford English
Dictionary — material devices, machines, entities that make things happen to
objects or that react to happenings. A signal characteristic of such devices is
one’s ability to change them in essential ways, and, in so doing, to make
different things happen or to elicit different reactions to the same cvent,
Keplerean astronomy used no such devices, because the telescope cannot work
the (celestial) object that is being investigated, nor can it do more than one
thing with the object’s (optical) effects.”® Kepler, in working with the observa-
tions of Mars bequeathed to him by Tycho, might nevertheless be said to have
worked with apparatus of a kind, though not apparatus that did anything to
celestial objects or with their light. His “apparatus” consisted of the ruies and
the mathematical methods that he was prepared to deploy in accommodating
Tycho’s observations. That apparatus — mathematical devices developed in
antiquity — resisted application to some of the effects (the positions of light
smudges on the celestial sphere) that Kepler brought it to bear on so long as
those effects were also assimilated to Copernican motions. Changing the latter
opened a new path, but it also generated a great deal of unresolved tension in
the apparatus (ancient mathematics). One might be inclined to say that this is
just theory-work rather than laboratory-work, and that writing in this context
of “apparatus™ is otiose, but it seems to me that these two kinds of labour
share at least one basic characteristic which links them to the doctrine of kinds:
that of working on something to see what can be made to happen — either
through paper “apparatus” or through material devices. Some scientific
activity, such as astronomy or astrophysics, works only in the former way;
laboratory science usually works in both ways (but see note 35). Learning
standard problems is a kind of training in paper demonstration that is
analogous to learning standard demonstration experiments; solving new paper
problems bears a similar relation to performing new experiments.

It may accordingly be possible, and useful, to consider a set of rules,
procedures and beliefs to constitute a kind of “apparatus®™. In conformity with
usage that is becoming increasingly common, one might want to call this sort

Hncreasing the power of a telescope may reveal things not seen before, but it does not do
anything qualitatively different: the kind of effect that is being examined (light used to produce an
image) remains the same, Using that fight in a spectroscope is indeed doing something essentially
different, as is using a radio-telescope, because the effects involved are entirely novel (absorption
and emission spectra or long-wave emanations). Then the several effects can even be played off
against one another in a sort of romp of devices,
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of apparatus a theoretical “technology”, whereas laboratory devices constitute
a material “technology”® From the standpoint of kinds, both forms of
apparatus can act as sorters. A slice of crystal in a polarimeter does things to
light that assign it to a particular category. One may know almost nothing at
all about the crystal’s likely behaviour beforehand. Worked properly, the
polarimeter produces novel information about the crystal, Theoretical devices
can do sométhing similar, Succeeding observations of the loci of a strange
heavenly object can be subjected to astronomical theory, and it may as a result
become possible to assign it to known categories, e.g. to comets. There is an
evident difference between the two cases. The polarimeter acts on the object
and sorts it. Astronomical theory acts on something other than the object,
something that is itself produced by an instrument that engages an effect of the
object. Whereas optical theory does not have to intervene in the polarimeter’s
sorting (once the device has been properly built and worked), astronomical
theory itself does the sorting work.”

Many historical situations exhibit both types of “technologies”. A slice of
some transparent stuff may produce coloured rings in a polarimeter, thereby
assigning it to the class of ring-producing things. But the rings may not look
like ones previously seen, at which point “theoretical technology” comes to
bear, yielding in this case a novel class of objects in respect to their optical
behaviour, namely the class of biaxial crystals. This might even occur without
the intervention of much “theoretical technology” through the construction of
novel material devices that produce new sortings without violating old connec-
tions. If these material and paper attempts at sorting fail, then radical new
technologies may be produced, or perhaps the effect may be relegated to the

H3ee S. Shapin and 8. Schaffer, Leviathan and the Air-Pumip (Princeton: Princeton University
Press, 1985) for this unusual way of deploying the word “technology”. 1 thank Andrew Warwick
for discussion about “technologies”.

¥0ne can envision a device that would automatically sort smudges of eclestial light into the
appropriate objects. Such a thing, il seems to me, would be rather like a polarimeter despite
the obvious difference that crystal slices sit in the polarimeterr whereas, e.g. comets travel through
the heavens. Ian Hacking (*Extragalactic Reality: The Case of Gravitational Lensing, Philosophy
of Science 56 (1989), 555-581) arpues that the absence of the object from the laboratory, with one's
concomitant inability to manipulate it, constitutes a fundamental distinction (though Hacking's
argument aims at grounds for scientific realism, with which I am not concerned).

No doubt the ability to do something to something and see what happens as a result may rapidly
produce confidence in what the thing is (i.e. can sort it); being able only to examine what it does as
a result of humanly-uncontrollable influence is not so felicitous a sitvation for the investigator,
This is obvious: il you must find an appropriate natural object-stimulator rather than make one
yourself then you cannot try to force the type of responses that are interesting when you want
them. You must look around for an appropriate natural stimulus. But such stimuli often do exist,
and if there are enough of them then you may still feel confidence in saying that the object is such-
and-such a thing. Control of the object les at the heart of laboratory science, but it is not perhaps
essential for sorting-activity, For the latter, the issue is rather what the object is than whether it is

an object at all.
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sidelines as something inconsequential, The point is that sorting “technol-
ogies” do not have to be physical devices, and this may make it possible
fruitfully to use the docirine of kinds for pre-laboratory science.

4, Objectivity and Lahoratory Science

The critical role of devices in configuring the taxonomic tree for laboratory
science means that taxonomies may be distinguished from one another in two
very important ways: first as to their comparative freedom from device-
induced category violations, and second, as to their robustness in respect to
novel devices, This is, furthermore, not solely an abstract, philosophical point
because scientists do just this all the time. They are continually using different
kinds of existing apparatus to be certain they have properly understood
something, and they generally try to produce new apparatus to get at a process
in different ways. A taxonomy that is weak in the first respect and that is not
robust in the second will almost certainly not gain adherents over {ime because
it does not work well with, or is not fruitful in producing (or both), scientific
devices. To the extent that a premium is placed on building a world with
apparatus, and on generating new apparatus from that world, such a tax-
onomy is objectively weak in comparison with one that fits well with existing
devices and gencrates new ones, '

Nothing in this description requires invoking an absolute, eternal world of
entities that apparatus-based science uncovers over time. It does require that,
as a matter of fact, devices can be made to work and that new devices can be
fabricated as scientific practice grafts, buds and restructures taxonomic trees.
There is a great deal of objectivity here, much more I think than many
contemporary subjectivists would permit. From the standpoint of devices,
Brewster’s S-phase was for example markedly inferior to W-phase. It had
trouble conciliating existing devices, and it provided no way at all for fabri-
cating new ones. On the other hand, it was certainly not objectively incorrect,

*There is an obvious caveat that the stuff which feeds into a theoretical sorting mechanism must
be produced by something else, often a device, whereas material technologies may both produce
and sort. This distinction is important, but it scems to me that the issue revolves rather about
historical substance than philosophical absolutes, because successful theoretical technologies often
become embedded in physical devices,

A refated difficulty concerns the kind of device that produces the stufl that a *‘theoretical
techniology” may work on. There are intricate devices that may take years of training to work;
other devices may require an hour fo become skilted with. Some devices may be extremely
complicated in construction and yet simple in operation; others may be the reverse. It is for
example much easier to push a butfon on a radio-rangefinder than to make a careful triangulation,
even though the former device is much more iniricate than the latter, If what you're interested in is
the range, then it may not make much difference how you find it. You might even pace it out. But
if something funny happens when the range is subjected to your “theoretical technalogy™ then you
may starl 1o wonder about the device that gave it to you.
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if by incorrect one means unable to account for, or even to compute with,
existing processes. _

This point is worth e¢laborating. Brewster was not living in a strange fantasy
world when he buiit his S-phase. He designed it to accommodate something
that he had himself brought to life in the laboratory; this had to be done in a
way that did not violate his deepest understanding of optical processes, but
that did make contact with the powerful mathematical constructs of some-
thing, namely wave optics, that he neither liked nor fully mastered. The
S-phase does just that, and it does so superbly. For years after he had begun to
write such sentences as “the theory of undulations has made great progress in
modern times, and derives such powerful support from an extensive class of
phenomena, that it has been received by many of our most distinguished
philosophers™,*” Brewster continued with great conviction to polish a tax-
onomy that is thoroughly at odds with the taxonomy of “the theory of
undulations”. He had fashioned an S-structure that was objectively weaker
than the W-structure in respect to devices, but at the time the only pertinent
novel process (Airy’s off-axis refraction in quartz) was neutral in respect to i,
because Brewster’s S-phase can say only that the process produces curious-
complete-clliptical light, There is nothing wrong, nothing unacceptable here,
But it does not in any way suggest how to produce new apparatus. This is not a
matter of opinion; it cannot be altered by any amount of rhetorical persuasion,
and Brewster never attempted the task.

On the other hand nothing forced Brewster to give up the S-phase because
he had so carefully insulated curious light from old forms. The clever construc-
tion made it entirely reasonable to continue with the old taxonomy, altered
only by an appropriate graft. I think moreover that something like this process
occurs frequently, perhaps regularly, in the history of science: taxonomic
systems that are objectively unequal in respect to devices nevertheless continue
for some time in contemporaneous existence, As late as 1859 one selectionist,
Richard Potter, continued to develop the S-scheme in precisely this way,
grafting properties carried gver from the W-scheme where possible and con-
tinuing to attack the latter’s empirical adequacy. Potter’s attacks reflected his
misunderstanding of the W-scheme, for he never learned how to use it, and no
one took him seriously after the 1830s.*® He resorted to remarks like the

following:

.. it was not likely that the author of the present treatise would find companions in
investigating critical points where the undulatory theory fails, and he has had the
field nearly clear to himself for thirty years ... The author is far from considering that
he has done more than commence the mathematical discussion of the corpuscular

YBrewster, op. cil., note 22, p, {18,
*¥Buchwald, op. cit., note 13, pp. 300-301.
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theory of light; but trusts that Physical Optics, recalled from one of its wanderings
fi.e. from the wave theory], may by-and-by take a straight course of progress, and
that his long perseverance against dogmatic error will not be considered as lost

labour by future investigators.”

Here we certainly have persuasive rhetoric in full lower. Potter held on, well
after Brewster and Biot had left the field. His steadfastness had become more
than odd by the 1850s, given the expansion by then of the W-scheme’s
dominion of apparatus, but until then it had not been irrational.

it is worthwhile rereading William Whewell’s words concerning the super-
jority of the wave theory in the present confext. “There is”, he wrote in 1837 of
the wave theory's alternative, “here no unexpected success, no happy coinci-
dence, no convergence of principles from remote quarters; the philosopher
builds the machine, but its parts do not fit; they hold together only while he
presses them: this is not the character of truth”.* Whewell’s machine consisted
of parts constituted by principles; the alternative to the wave scheme could not
fit these parts together. As examples he cited the necessity to invent different
sorts of forces acting on optical particles in order to explain different processes
— or we might say in order to account for different sorts of apparatus, The
problem he pinpointed could accordingly also be seen as a taxonomic weak-
ness on the part of the S-scheme, particularly if we for a moment take
Whewell's machine metaphor rather literally. Then what Whewell complained
about (translated into our terminology") was that the S-scheme can only
construct a taxonomic tree free of inconsistency by grafting on an independent
subsection for every novel kind of device.

He contrasted this growth-by-grafting (in our terminology) with the
W-scheme's ability to produce novel apparatus from its existing taxonomy: It
fthe wave theory] makes not a single new physical hypothesis; but out of its
original stock of principles it educes the counterpart of all that observation
shows. It accounts for, explains, simplifies, the most entangled cases; corrects
known laws and Ffacts; predicts and discloses unknown ones; becomes the guide
of its former teacher, observation ...”* That is, the W-taxonomy can birth novel
devices. About all of this Whewell was certainly correct. And yet neither
Brewster nor Potter, nor several others, caved in for many years. They did not
do so because for guite some time at least they could continue successfully to

¥R. Potter, Physicaf Optics, Part II: The Corpuscular Theory of Light: Discussed Mathematically
{Cambridge: Deighton Bell, 1859), pp. v-vi. ~

W, Whewell, History of the Inductive Sciences from the Earliest to the Present Time 3 vols,
London: John W. Parker, 1837), vol. 2, pp. 464-465.

4“1t is of course rather ironic to ‘translate’ a historical statement in this way when we are in part
arguing precisely that translation befween $cientific statements often cannot be done. There is
however a signal difference. The doctrine of kinds asserts something about the behaviour of
scientists and so should be useable (o characterize their statements, which means that what they
wrote must often be transiatable info sentences involving kinds.

Whewell, op cit,, note 40, p. 466. Emphasis added.
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graft, which as far as they were concerned meant that they were continuing to
behave with eminent reason and logic. And they were, only their behaviour did
not produce novelty, did not “become the guide of observation”,

Some taxonomic schemes can work to sort things consistently with existing
devices and can produce new ones; other schemes may have difficulty with the
first and find the second nearly impossible. This is objectivity, though certainly
not the kind that speaks to knowledge of an abstract, noumenal world.® It
entails a number of things, among others that taxonomies to which new
processes are merely grafted on are not likely to be actively pursued over time
because they will not birth devices, which are simultancously the binding glue
and the sorting mechanism of the taxonomic tree. Without devices the tree
simply falls apart because its categories are vacuous; but with devices the stable
tree can sort things into distinct kinds. Devices have accordingly two appar-
ently conflicting faces, and this is perhaps why they occasion a great deal of
trouble for many philosophers of science. Do devices tell you what things are
or what they are not? From our perspective here it is clear that they do both
simuitaneously, because to be a scientific kind of something is to be sorted by a
device at some node in a taxonomic tree.

“Moreover it does not provide normative criteria than can generally be used in relrospect to
assert that this rather than that scheme should {or should not) have been pursued; it depends upon
the context. If the major contemporary desiderata revolved about the behaviour of cettain kinds of
apparatus, and about the production of new kinds, then it may indeed be possible to say that, in
this single respect, taxonomy x is weak and taxonomy y s strong. It is possible to do so in the case
of carly ninetcenth-century optics. But there are usually many other factors at work as well, and it
would be deeply misleading to ighore them.

Two other sorts of faciors are worth mentioning because of their pertinence for our example,
First, scheme x may be able to produce all soris of clever new processes, bui it may have trouble
dealing at ail with some older ones that scheme y could at east account for qualitatively, Indeed,
just this will almost always be a major element in the critiques produced by y-adherents. Can the
W-scheme deal with dispersion in any way at all? What about selective absorption? Light's
chemical effects? These can be major and disturbing criticisms that may stimulate novel (but
perhaps not instrumentally-successful) research among x-adherents. Second, scheme x may be
utterly at variance with other deep.seated beliefs held by y-adherents, such as that the universe
should not be fitled with stufl. These beliefs can be just as important to scientific work as success
with devices because they often underpin the reasoning, covert as wetl as overt, that produces a
novel taxonomy. Divorcing the {axonomy from its belief-structure may very well rob it of
something essential to its subsequent vitality. So, in our example, the W-scheme without the ether
would have gone precisely nowhere, even though the ether provided very little by way of
quantitative structure. But one would hardly want to assert that belief in the ether was somehow
superior to belief in optical particies.

Belief-structures and arguments over whether this or that process must be taken into account
cannol be evaluated normatively, and yet they are always irremediably present in the development
of science, which makes it otiose to set up comparative evaluations of schemes during periods of
intense controversy — that is, during the only times when it is philosophically interesting to do so.
Over time this can change, though it is usually difficult to mark a single point at which one can say
that y-adherents have ceased being rational, primarily because the devices that x-adherents claim
for their own have by then formed an entire universe. When a remaining y-adherent spends alt of
his time adapting to x-devices and generating nothing new then most community members will
conclude that the time for dissent has irreversibly passed. Which was why Brewster, who knew
this, ceased public production of S-accounts by the end of the 1830s, thereby rescuing what he
could of his career and reputation, whereas Potter, who never understood this, became a crank.
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5. Discovery and the Autonomy of Traditions

I will not canvass the objections that might be raised to scientific kinds, at
least as we have examined them, but one deserves immediate consideration.®
If, it might be said, the essential character of scientific practice resides in the
tree, then how can discoveries of new kinds be made without, as it were,
moving outside science? The taxonomy cannot, by its very nature, produce
new kinds, because it is a relation among existing kinds, On the other hand it
can certainly produce new devices, even new effects, The answer to our
question lies here, in the difference between the operating principles of a device
and the things that the device works on,

Let us take an example. Among the apparatus that were critical in Augustin
Jean Fresnel's construction of the W-taxonomy were doubly-refracting
crystals, For the optically well-known kinds of crystals he constructed a novel
mathematical surface (which had only W-significance} that linked together
light's polarization and refraction within the crystals, and that could be used to
obtain relations that were accepted by the wider optical community (and that
accordingly could be understood in several ways). But he went further, and
conjectured that an optically less well-known kind of crystal would have a
more general surface than the novel one that he had built for ordinary crystais.
He himself never built a device that took advantage of this premise, but the
‘Irishman Humphrey Lloyd (at William Rowan Hamilton’s suggestion) did,
thereby producing an entirely new eflect, namely conical refraction. Here we
have a situation in which Fresnel as it were created a new optical class of
crystals that was subsequently embodied in a nicely-working piece of equip-
ment. This sort of event, which happens very often in the history of science,
seems [o stand outside the taxonomic structure because the novel crystal kind
was not present beforehand; it seems simply to have been grafted on as an
otherwise-arbiirary conjecture.

The problem here consists in confusing what the taxonomy's categories are
about. They are not about crystals, or metals, or glass. They are about light —
polarized light, unpolarized light and their subkinds. And here, in this optical
taxonomy, Fresnel did not graft on anything at afl new. Rather, he used the

“Another question that I have encountered is not so much an objection as puzzlement over what
the taxonomic tree is built of. Where in it, someone asked me, are, say, Maxweil’s equations? The
answer is I think reasonably simple: to the extent that Maxwell’s equations are considered to
specify the essential properties of fields, then to that exient they sit essentially in the devices that
sort fields into this or that category, Is there a rapidly-growing but smail magnetic field here? Bring
to bear a device than can respond to electromotive forces and you will find out, say Maxwell’s
equations, No response? Perhaps it is a small bul rapidly-growing electric ficld, Bring in a device
that is sensitive to induced magnetomotive forces, say Maxwell's equations. The quantitative
structure of a subject generally becomes part of the devices with which it sorts things as the subject
stabilizes. New mathematics might destabilize relations between categories, or perhaps even the
categories themselves, by calling into question the behaviour of previously-closed devices.
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taxonomy as it stood to envision a new class of optical stufl in respect to
polarization and refraction — stuff that dealt with light according to his novel
surface. New devices might be, and eventually were, constructed using this
stuff, but not because new optical kinds had been conjectured. On the
contrary, the optical kinds remained utterly and essentially inviolate,

This inviolable wave taxonomy was not explicitly articulated during the
years when it yielded its most stunning novelties, among which conical
refraction apparatus was the most striking. During these years, and precisely
because the scheme was not thoroughly articulated, these novelties knit it
persuasively together. They were however not predictions drawn from some-
thing known on other instrumental grounds to work., That is, the novelties
were not drawn from a pre-existing theory, though they were certainly fit to a
pre-existing taxonomy, Airy for example conjectured that quartz might
produce elliptical light off the optic axis; Fresnel very loosely conjectured his
novel surface (the optical indicatrix) for waves in biaxial crystals. They didn’t
derive anything, but their conjectures were grounded in the wave scheme’s
taxonomic relations. '

For a contemporary contrast consider what Augustin-Louis Cauchy, and
following him a number of English mathematicians, tried to do, particularly
with optical dispersion. They took the W-taxonomy and tried to embed it in a
mass-point matrix, to make the latter’s relations subsume the former’s. Having
done so they then turned around and tried to obtain — not new optical kinds,
but new kinds of optical processes, or ways to handle processes that had not
been quantified. They did not in other words directly conjecture new
apparatus, as Airy and Fresnel before him had, on the basis of a creative
manipulation of existing W-kinds. They sought in part to deduce new
substances — to deduce, say, a substance that would propagate only elliptical
light in certain directions — from the behaviour of their point-mass matrices.*
They had a programme for theory construction, and this entailed device-
generation. Here we may speak of a different, theoretical taxonomy that must
fit the unarticulated one. Such a thing may directly drive experiment in an
overt way, as a direct testing of consequences, in a fashion that the unarticu-
lated structure rarely if ever does.

Which is why there can be, and usually is, experimental activity that has
nothing much to do with overt theory. Indeed, it seems to me that the manifest
existence of this sort of thing — perhaps even its substantial dominance of
scientific practice since 1800 at the latest — has driven a great deal of recent
historiographical insistence on the independence of experimental tradition.

480, to continue with this example, if you had a substance that polarized light in a certain way
then you might work back from this to the underlying structure of the point matrix, and then from
that structure deduce aew forms of propagation — i.e. new optical processes — that had not as yet
been observed. This actually took place with elliptical polarization,
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Take, as a rather old example, Anderson’s discovery of the positron.® That
discovery had nothing at all to do with contemporary overt theory, namely
with quantum mechanics. It had, however, a lot fo do with Anderson’s
understanding of the way his cloud chambers and photographs sorted the
kinds of things that he had built them to deai with. When Anderson discovered
something that curved in a strange way he sifted through the kinds of things
it might be and concluded that he had come up with something that simply had
to be grafted onto the existing taxonomy: he had discovered a new kind of
thing.

Take this a bit further, The taxonomy that Anderson deployed in the
laboratory related such kinds as charge, mass, electric and magnetic fields, as
well as the elements that constituted his device, the cloud chamber. Much of
this was unarticulated, including a great deal of craft knowledge that went into
building and operating the cloud chamber; some of it was not. More to the
point, the scheme that Anderson was working with contained kinds of particles
only secondarily, That is, as far as he was concerned kinds of particles were not
essential ¢lements in his laboratory taxonomy, in the sense that his device,
electromagnetic fields, charge, mass, etc. were not essentially affected by the
kinds of particles that he was detecting. The particle taxonomy was not, for
Anderson, an important working scheme. When, consequently, he found a
track that he could not assimilate to the behaviour of particles that he knew
about, then he just concluded that he had found a new particle with properties
that came entirely from his working taxonomy: he had found an object with
the mass of the electron and an equal but opposite charge. The essentiaf point
to grasp about this is that nowhere did Anderson have to envision a new kind
of property for his working taxonomy; he simply used what he already had,
pursuing a substantially autonomous tradition of investigation.

Brewster’s discovery of elliptic polarization differs markedly from
Anderson’s of the positron because Brewster had to insert a new kind directly
into the taxonomy that worked his apparatus.”” To understand what I mean by
this, compare the discovery of elliptic polarization with Brewster’s own
previous discovery of biaxial crystals, which involved coloured-rings. This last
had rapidly become unproblematic for Brewster, because he was able to
understand it without altering any of the properties of light as he understood
them; instead he had just found a new kind of optically-active substance,
Elliptic polarization did not provide him with the same out, because here he

“See N. R. Hanson, The Concept of the Positron (Cambridge: Cambridge University Press,
1963), and P. Galison, How Experiments End (Chicago: The Universily of Chicago Press, 1987),
pp. 90-93,

“Note that I an not distinguishing between Anderson’s positron and Brewster’s optical metais
on, say, such grounds as direct observability. As far as we are concerned here, both are kinds of
stuff that have to be appropriately sorted, This question is what taxonomies they have to be sorted

in.
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was faced with something thoroughly novel about light, namely its apparent
ability to have a property that, as it stands, transgresses the prevailing category.
boundaries. As a result he produced a new, high-order kind for light itself, and
not just a new kind of substance (metals) in relation to light.*

If we consider optical reflection devices to constitute a sort of generic
apparatus, then Brewster had discovered that the device’s principles of opera-
tion had to be understood in thoroughly new ways, because he had found a
kind of stuff {metals) that behaves strangely in respect to the very principles
that work the device, Anderson on the other hand didn’t have to change
anything in his understanding of cloud chambers, fields and so on; he had just
found a new kind of stuff, to wit a new particle, which behaved strangely only
in the sense that it didn’t behave like the particles that he knew about. As far as
Anderson’s device was concerned they posed no problems whatsoever. Of
course he might have found something that he couidn’t understand in this way,
say a particle that orbits magnetic field lines in ellipses, which would have
violated electromagnetic principles. Then he wouid have been in a position
similar to Brewster’s, with the difference that he would not also have had the
guidance of anything like Fresnel's W-phase to help him along in modifying
his faboratory taxonomy as well as his particle taxonomy.*”

6. Appendix: How Brewster Expropriated Phase®

Very little was known about metallic reflection until the 1830s save that it
scemed partially to depolarize light.’' Brewster had examined metallic polar-
ization early in February 1815 and had written to Biot of his discovery of ““the

#Etienne Louis Malus, the founder of selectionism, actuaily treated metals in the way that was
later closed to Brewster by his own experiments, namely as optically-special substances which
simply depolarize light, only not completely. Brewster's discovery that the light reflected by metals
can be transformed between complete and partial polarization and back again foreclosed that
otherwise compelling interpretation; more had to be involved thanr a form of depolarization.

“Note that under these circumstances lots of things are suddenly up for grabs since changes in
the laboratory {axonomy have the potential to destabilize previously-secure results. To avoid that
possibility requires something like Brewster's gambit, namely creating a very high-order kind that,
by virtue of its height in the scheme, has no effect on equal-level categories and their subkinds. In
general, one might say that a new kind always has the potential for destabilizing at least the kinds
that contain it.

*This is a slightly expanded version of Appendix 22 in my Wave Theory, op. cit., note 13,

'Fresnel himself remarked only that metals fail to polarize light well (A. Fresnel, ‘De la
lumiére’; extract from the supplement to the French translation of Thomas Thomsen's Chemtistry,
in Qenvres complétes, ed. H. de Senarmont, E. Verdet, and L. Fresnel (3 vols, Paris: Imprimerie
Impériale, 186670} vol. 2, p. 98). Although he never used the phase “elliptical polarization”, he
did demonstrate mathematically that the light emerging from thin crystals consists in general of
oscillations that follow an elliptical path {A. Fresnel, ‘Second Mémoire sur la double réfraction’,
Mémoires de I'Academie des Sciences T (1827); in Qeuyres, vol. 2, p. 503), but he did not examine
such light experimentally (e.g. by refleclion) to see whether its behaviour did conform to his
expectations in this respect. That is to say he never atiempted to do anything with elliptical light.
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curious property possessed by silver and gold of dividing a polarized ray into
complementary colours by successive reflections™. Brewster then obtained a set
of excellent metal plates, and experiments with them seemed to him to indicate
that “a single reflexion from a metallic surface produces the same {chromatic)
effect upon polarized light as a certain thickness of a crystallized body”.* He
did not, however, pursue the topic further at that time, and he later abandoned
the analogy between metallic reflection and crystailine refraction.

For reasons that will shortly be clear, Brewster was stimulated to renew his
inquiries 15 years later by Fresnel’s discovery of circular polarization, which he
almost certainly studied primarily in Herschel's 1827 “Light”.”® He began his
own account with the following two properties that characterize light, initiatly
polarized at 45° to the plane of incidence, after it is reflected from a metal (at
this angle of polarization the reflection scems to be the most strongly affected
by the peculiar properties of the metai):

I. Light reflected once at this angle is not polarized because it always produces two
images on analysis, albeit with different intensities that vary with the azimuth of

the analyzer,
2, But it is 2lso not common (or even partially polarized) light, because a second

reflection at the same angle restores if to the state of “light polarized in one
plane.”

“Having thus ascertained”, he continued,

that light polarized +45°, and reflected at the maximum poiarizing angle of metals,
is neither common light nor polarized light, nor light constituted like that which
- passes through thin crystallized plates, I conceived the idea of its resembling
circularly polarized light — that remarkable species of light which comports itself as
if it resolved with a circular motion during its transmission through particufar

media >

Brewster evidently understood circular polarization as a common rotation
about the beam as axis of the asymmetries of the rays that compose the beam.
Fresnel had discovered that this “remarkable” property can be produced by
twice totally reflecting light that is initially polarized in an azimuth of +45°
within a glass rthomb. A second pair of reflections at the same angle, Fresnel
had also discovered, restores plane polarization, but at an azimuth of —45° —
whatever the angle between the first and the second sets of reflection planes
may be. Suppose, Brewster argued, that a single metallic reflection at the
proper angle (chosen to produce the maximum effect) corresponds to a pair of

“Brewster, ‘On the Laws of Polarization of Light by Refraction’, Philosophical Transactions 120
{1839), 287-288,
“'Herschel, ‘Light’, Encyclopaedia Metropolitana (26 vols, London: Baldwin & Cradock,

1829-45), vol, 4 (2nd division, vol. 2), pp. 341-586,
#Brewster, ‘On the Phenomena and Laws of Elliplic Polarization, as Exhibited in the Actions of

Metal on Light', Philosophical Transactfons 120 (1830), p. 292,
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total reflections within Fresnel’s rhomb, with the beam in both cases having a
primitive polarization of +45°. Then a second metallic reflection at the same
angle should restore plane polarization, as it does in the rhomb — and indeed
the plane polarization is restored in this fashion, ‘

However, there is a difference from the circumstances in which the rhomb
produces circular polarization, in that the angle of incidence on the metal that
is necessary to restore the plane polarization varies with both the incident and
the restored azimuths. Or put another way, there are pairs of original and
restored azimuths of polarization, as well as a corresponding angle of restoring
_incidence, such that the two azimuths are functionally related in some way.> In
the circular polarization produced by Fresnei’s rhomb, the angle of incidence
and the azimuths of polarization are fixed. How then can this apparently new
kind of polarization be characterized? That posed a delicate problem that
Brewster resolved in the following way:

In circular polarization, as we have seen, the ray has the same properties in al its
sides; and the angles of reflexion at which it is restored to polarized light in different
azimuths are all equal, like the radii of a circle described round the ray. Hence,
without any theoretical reference, the term circular polarization is from this and
other facts experimentally appropriate. In like manner, without referring to the
theoretical existence. of elliptic vibrations produced by the interference of two
rectilineal vibrations of unequal amplitudes, we may give to the new phenomena the
name of elliptic polarization, because the angles of reflexion at which this kind of
light is restored to polarized light may be represented by the variable radius of an

ellipse.

From having read Herschel’s “Light” Brewster knew that Fresnel had
discussed the possibility of efliptical oscillations, so he took care fo distinguish
his own conceplion of “elliptic” polarization from Fresnel’s as entirely un-
hypothetical, as depending solely on the experimental fact that the azimuths
and incidences for restoring plane polarization vary in metallic reflection but
not in circular potarization. The polarization is then said to be “circular” or
“elliptical” in the following sense. Describe a curve in polar coordinates whose
radius varies as the restored azimuth and whose angular coordinate varies as
the incident azimuth. If the curve is an ecllipse, then the polarization is
“elliptical”. If, as may happen with some metals, the ¢llipse is nearly a circle
then the polarization is *“circular”.

*Brewster did not first put the difference this way. He initially remarked that, for a fixed
incidence of +45° and a fixed first reflection at 75°, the angle of incidence necessary in the second
metaliic reflection to restore the plane of polarization varies with the angle between the planes of
first and second incidence. He next remarked that the restored azimuth itself also wvaries.
Consequently, for a fixed angle of first incidence and a varying incident azimuth there are
corresponding pairs of second incidences and azimuths to restore the plane of polarization.
Brewster built his ellipse on the functional relations between the azimuths.

“Brewster, op. cit,, note 54, p. 293.
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There was more, Brewster felt he could quantify the effect, He first built 2
table (using silver) of the azimuths of restored polarization for various angles
of incident polarization, He wished to be able to predict these azimuths, and he
gave the following formula for doing so:

tan ¢ =tan ¢, tan x

where ¢ is the restored azimuth, x is the incident azimuth, and ¢, is the
restored azimuth when x is 45°, The formula worked to within 20" in ¢ for the
I1 entries in Brewsler's table. He applied it al some length to series of
inflections using silver and steel plates.

Thus far Brewster had not appropriated much from the W-scheme. But now
he did so. Fresnel, and Herschel in his discussion (which was based directly on
Fresnel’s), had used the word “phase” in describing the resultant of two
orthogonal oscillations. That alone would certainly not have made an im-
pression on Brewster. What did apparently impress him was that Fresnel had
also provided a formula for computing the “phase” on total reflection, and
Herschel 3 had remarked that the formula works very well because one can use
different incidences, and corresponding numbers of reflections, to calculate
from it when the “phase” becomes 90° and hence when the polarization
becomes circular,

Brewster felt he could do something similar for metallic reflection, Take a
steel plate, fix the incident azimuth of polarization at 45°, and set the planes of
reflection all paralie! to one another, Instead of fixing the first incidence at the
one appropriate to producing the maximum effect — which requires only a
single reflection to produce polarization — let it vary, but let all subsequent
~ incidences be the same as the first one, Then several reflections will be
necessary to produce the effect, which, as Brewster understood it, is only
“partial” until a sufficient number of reflections have occurred. The restored
azimuth will vary with the angle of incidence,

Brewster conceived that if the total number of reflections required to go
from rectilinear polarization back to itself again is #, then the elliptical
polarization becomes complete at 1/2n reflections. When this “completely”
elliptic light is analyzed with a crystal, one can turn the crystal to produce
within it a maximum ordinary beam, and so a minimum extraordinary beam.
The angle to which the analyzer’s principal section must be turned to do this,
Brewster argued, is governed by the usual Fresnel law for the rotation of the

plane of polarization, namely by:

tan(¢,..) = tan{e,,.) cos(i — r)/cos(i+r)

0p. cit., note 53, p. 553.
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where ¢, is the incident azimuth -— here fixed at 45° — and ¢ 4 is the
orientation of the analyzer to produce a maximum ordinary ray. Of course,
since metals are opaque the angle r of refraction cannot be observed. Here,
however, we have ¢, set at 45°, so that tan(¢,q) is unity, and we can then
easily use several observations of ¢4 for given i to determine the corre-
sponding r, and from that we can calculate an “index” as sin(@)/sin(r).”®
Here, as he had previously done in discussing “common™ and “partially”
polarized light, Brewster had expropriated a formula from the W-scheme in a
way that strips it completely of its original significance. But he did not stop
with this, He next introduced “phase™ into his account in the following words:

This {the rotation formula, with ¢, representing Brewster’s ¢ below] is a very
important relation, and enables us to determine the phase P of the two inequal
portions of oppositely polarized light, by the interference of which the elliptic
pelarization is produced. It may be expressed by

P=2R
But R=45"-¢
Hence P=90"-2¢

This definition of “phase” was demanded by Brewster’s wish to be able to
use the word operationally in the way that, Herschel had indicated, one could
use Fresnel’s “phase”. A single reflection at a given angle of incidence with a
given index of refraction produces, according to Fresnel’s formula for total
internal reflection, a certain “phase”. For circular polarization the total
“phase” change must in the end be 90°. In Brewster’s understanding, I
remarked above, “clliptic” polarization is produced either by one reflection at
the incidence for maximuim effect for a given metal or by several reflections at
other angles, At these latter angles the polarization is only “partially” elliptic
until the full effect is achieved, When it is finally achieved in full, Brewster
decided, the “phase’ must be the same as it is for circular polarization, namely
90°, and here the major axis of the ellipse will lie in the plane of incidence
according to Brewster’s formula for P.

Make a table listing in one column the number of reflections that are
empirically necessary to produce these numbers. These latter numbers are, for
the data Brewster gives, just what his formula for the “phase” produced by a
single reflection predicts they should be. That is, first Brewster computed ¢ for
an { far from the angle necessary for ‘complete’ ellipticity, using the value he
obtained for the index n. From this P can be found — the ‘phase’ generated by

“Brewsier seems lo have calculated the “index"” (which he gave as 3.732 for steel) by applying
the formula to light once reflected at 75° with an incident azimuth of 45°. Under these conditions
the W-phase difference is 90°, and the ellipticity is a maximum. Here ¢, therefore vanishes, ¢, is
irrelevant, and r is simply i-7/2, Brewsfer did not in fact use the formula directly except under
these degencrate conditions. Here it works, and he simply assumed that it would also work
elsewhere, j.¢. at incidences that produced only ‘partial’ elliptic polarization. It doesn’t,

SHIPS 23:1-F
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a single reflection. Brewster’s procedure here cannot in any way be mapped to
metallic reflection on W-principles, But, like Fresnel with circular polarization,
he too could calculate for a given incidence a “phase” from which the number
of reflections that are necessary to produce “elliptical’” polarization can be
found by dividing the “phase” into 90°*

Brewster actually referred to “the two inequal portions of oppositely polar-
ized light, by the interference of which the elliptic polarization is produced™.
He thought that two “inequal” and “oppositely polarized™ beams have a
phase, and that this must be 90° for complete elliptic polarization to be
observed as a result of their “interference”, In the wave theory, if they do have
a 90° phase difference they must be “inequal’ to show the asymmetry Brewster
observed. But if they are unequal, then they certainly need not — and generally
will not — have a 90° phase difference. It may be anything except 0° or 180°.
Or rather, it may be such if the “inequal” beams Brewster refers to are, as
Fresnel had them, in and normal to the plane of incidence.® If he did agree
with Fresnel on this point, then he obviously had no clear conception of what

he meant by the word *‘phase”.
Brewster was hardly incompetent, and Herschel had rather clearly explained

how phases work in calculating the resuitants of interfering beams.® In

“The procedure is a bif more complicated than it might appear. In Brewster’s table we have only
integers for the total number of reflections necessary to move from plane polarization back to
plane polatization. However the number of “reflections” he used to calculate the phase is not
always integral; il occasionally has a fractional parl of 4. If, for example, the total number off
reflections is 5, then Brewster calculated the number necessary to generate complete elliptic
polarization as 2}. He interpreted this as signifying that “the ray must have acquired its elliptic
polarization in the middle of the second and third reflexion; that is, when it had reached its greatest
depth within the metallic surface. It then begins to resurme ils state of polarization in a single plane,
and recovers it at the end of 3, 5, and 7 reflexions”” (Brewster, op. ¢it., note 54). This explains why,
in these cases, the S-phase as calculated from his formula differs stightly from what one obtains by
dividing 90° by the half of the lotal number of reflections.

“Becaunse the angle to which the analyzer must be turned in order to minimize within it the
extraordinary beam produced by elliptically polartzed hght is not generally in or normal fo the
plane of reflection, which at once means that the W-phase difference cannot be 90°. Herschel's
formulac make this very clear (op. cit., note 53, p.. 460), Herschel was writing about the
composition of orthogonal oscillations, but the principle holds just as well if we simply consider
the compounding beams to be orthogonally polarized, project both onto a given direction of an
analyzer’s principal section by Malus's formulas, and then compute the resultant by interference of
these two,

“'The significant section of Herschel's *Light’ in this regard is 621, entitled ‘Case of Interference
of Rectilinear Vibrations’. Here Herschel considered a pair of orthogonal oscillations in the same
piane and deduced that the coordinates {x, y) in that plane satisfy, eliminaiing the time:

x\? \? XYL
(E) +(E) —2 cos{p q)a—b—sm(p q°

where a, b are the amplitudes and p, g are the phase constanis.
Brewster was quite capable of realizing that the axes of this ellipse will be parailel to the

coordinate axes only if the phase difference p—g is 90°. It is not at all necessary to construe the
ellipse as the path traced out by an oscillation {o conclude that it governs the intensity in an
analyzer; all we need is that the polarizations of the two beams that are combined by the analyzer
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discussing the composition of common and, especially, partially polarized
light, Brewster had constructed both kinds out of two beams, In common light
the beams are orthogonally polarized, but in partially polarized light the
polarizations form an acute angle with one another. If we carry this over to
elliptical polarization, then Brewster begins, in Afs terms, to make sense.
Suppose, for example, that when a metal reflects a polarized beam of light at
the angle for a complete eiliptical cffect it creates a second beam in the
following way. The original beam is affected much as it would be by a non-
metallic reflection; that is, it is merely rotated. To it one can apply, as Brewster
did, the usual formula for calculating the reflected azimuth. The second, newly
created beam is much smaller than (“inequal” to) it and has an orthogonal
polarization.

Suppose first that the (Brewster or S) phase difference between the beams is
not 90°. Then the minimum intensity visible in the ordinary beam of an
analyzer that receives the two beams would not, on Herschel’s formula, occur
when the analyzer’s principal section lies along the direction of the more
intense beam — the one that is rotated according to the usual law — if the
ellipticity is complete. If, on the other hand, the S-phase is 90° then the
maximum intensity will occur in that direction. Very nearly the first law
Brewster gave for elliptically polarized light was this very one, that the
analyzer’s principal section lies along the rotated direction. If the two beams
are polarized in this way, and if this law is correct, then the phase difference
must be 90° on Herschel's formula, which Brewster certainly knew. Brewster
can require that the phase be 90° precisely because he uses a selectionist
division of the original beam that makes the assumption actually necessary.
And note that in these circumstances Brewster’s “‘inequal portions of
oppositely polarized light” do behave like W-components that are in and
perpendicular to the plane of incidence, because at maximum ellipticity the
W-phase difference must indeed be 90°. When, however, the ellipticity is not
complete, i.e. during the sequence of reflections that lead up to completion,
then the W and S specifications differ profoundly from one another, and
something like the following must take place on Brewster's understanding. The
first reflection does two things. It rotates most of the light according to the
W-rotation law, and it separates some light from this rotated portion, creating
from it a subset with a different polarization. Succeeding reflections continue
1o generate new subsets and to increase the angle between the previous subsets
and the one on which the W-rotation law proper works (and which retains at
least half the original number of rays in the beam no matter how many
reflections take place), until at some incidence all of the subsets are orthogonal

are orthogonal, that they are brought to the same plane by the analyzer, and that Fresnel's
interference formulae then govern the resultant intensity,



74 Studies in History and Philosophy of Science

to the rotated light, which latter is now polarized in the plane of incidence. At
each step in the process the W-rotation law applies only to the light that had,
in the preceding reflection, also been rotated according to that law. Successive
reflections, as it were, rotate at least half the total light towards the plane of
incidence and press the remaining light towards the orthogonal plane (i.e.
towards the interface). Afl of this is far from ciear in Brewster’s account, but
that is almost certainly because Brewster took it very nearly for granted. Like
his analysis of common and partially polarized light, it attempts to subvert the
vocabulary of the wave theory by appropriating it to selectionist ends, and it
does so rather well.
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