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PREFACE

This report presents an exercise in the application
of combinatory methods to linguistic analysis. There are
many areas of linguistics in which such methods could be
profitably applied. Historical linguistics, and in par-
ticular the comparative method, is an interesting place
to start for several reasons. First, it is an area in
Whiéhbwell-defined analytic procedures are of particular
importance. Not only are there no more speakers of the
languages concerned, but in most cases, there are no texts
either. Secondly, the comparative method is an easy case,
but one in which it is possible to demonstrate basic methods
which are useful in many situations. Thirdly, there is an
interesting parallel to be drawn between the comparison of
words which is made in the‘comparative method and the com-
parison of sentences made in the study of translation. The
object of both enterprises is to specify transformations of
one set of strings into another.

This work was begun as part of a seminar project under
Professor S. Lamb at the University of California, Berkeley.
A program was written for the IBM 7090 computer which suc-
cessfully applied the method to small samples of data.

This embodied some novel techniques for manipulating truth-
functional expressions developed by the author in collabora-

tion with Martin Hollis.
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SUMMARY

The "comparative method" is one of the principal tools
of historical linguistics, but it is not the well-defined
technique that the name suggests. This paper presents a
formalization in terms of elementary propositional logic of
one of the most crucial steps in the comparative method,
namely, that in which modern derivatives of prehistbric
phonemes are recognized. The basic assumption on which the
theory rests is that the words of a hypothetical prehistorie

language should be constructed in such a way as to minimize

the total number of phonemes in the language and of the _

..statements that need to be made to account for the forms of
the modern worés.A”

The theory is sufficiently specific to provide an
algorithm for a coméuter progfam. However, the amount of
computation rises sharply with any increase in the amount
of data to be considered, aﬁd with present techniques it
is prohibitive even for trivially small data sets. Never-
theless, the theory provides a basis on which more efficient

heuristic procedures might be built.
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THE LOGIC OF COGNATE RECOGNITION
IN HISTORICAL LINGUISTICS

1. TINTRODUCTION

Widespread parallelism between form and meaning, denota-
tion, or grammatical function among the vocabularies of dif-
ferent languages is usually explained on the hypothesis
of genetic relationship. The hypothesis is established if
the evolution of the languages from a common parent can be
traced through written records. But this is not the common
case- Most often, the hypothesis can at best be supported
be internal evidence. The purpose of the comparative method
is to marshal this evidence.

The comparative method seeks to fit similarities in
sets of forms (words or morphemes) into a single scheme
whose coherence will be the measure of kinship among the
languages. For each associated set of forms which are
judged to be related, an artificial form is constructed
which fills the role of their common ancestor within the
model. The letters in these reconstructed forms stand for
the phonemes of the extinct language. The aim is to make
the reconstructions in such a way that the history of each
form does not have to be written separately. Instead, a
history is written for each phoneme in the original lan-
guage, and from these the history of the forms can be

inferred. The history of a phoneme within the model consists
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of a set of rules specifying its development from one of
the phonemes of the original language. There must be a
complete set of rules determining for each phoneme in the
reconstructions what its descendant will be in any given
language and in any given environment.

The explanatory value of a set of reconstructions is
assessed on the basis of the linguistic plausibility of
the reconstructed forms and on the range of application
of the rules for deriving modern from supposed ancient
forms. It is the rules that must carry the major part of
the burden. The system as a whole can only be said to be
coherent if a small set of simple rules accounts for a
relatively large amount of data. The principal aim of
this essay is to make this notion of coherence precise.

The term '"'comparative method" suggests a recipe which,
conscientiously followed, will lead inexorably to the
required result. Tﬁis is misleading. The method is usually
taught by displaying, in a carefully chosen order, words
from various Indo-European languages, together with the
reconstructions that have been made from them. A suffi-
ciently‘sympafhetic student is readily convinced that the
reconstructions, in some sense, ''follow" from the extant
forms. If they do follow, then it would be right that the
logical moves should be set out in detail, at least for
some cases. In this essay, a theoretical framework is

presented within which a method of assessing potentially
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related sets of forms is completely specified. This should
hot be thought of as an alternative to the comparative
method, but as a formalization of a crucial part of it.

There is much to be gained, both in theory and prac-
tice, from formalizing what has hitherto been at best
implicit. It is the object of linguistics, no less than
of any other science, to exhibit facts as particular cases
of more general truths. The more general the truths, the
less directly their connection with the brute facts appeals
to the intuition. But when a clear line is drawn between
theory and practice, logic and data, formal theory and
empirical observations, the enterprise can proceed securely,
intuitional misgivings notwithstanding. Furthermore, when
the logical structure of a theory is spread out and divested
of its empirical trappings, its relationship to other
apparently unrelated theories may be seen.

The more remote the connection between the languages,
the more difficult it is to apply the comparative method.
Yet, it is precisely in these cases that the most interesting
results are expected. If a pair of languages is judged
unrelated, it may be because the pattern of similarities
on which a successful set of reconstructions might be based
has simply gone unnoticed. Furthermore, if different
reconstructions are offered, tﬁere is at present no stan-
dard of comparison. This is an unsatisfactory state of

affairs in a scientific undertaking, and it arises, at
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least in part, because the subject has no clear theoretical
frame of reference.

In his paper, '"The Principal Step in Comparative
Grammar,"l Hoenigswald undertakes to provide a rigorous
exposition of the comparative method. His argument is
briefly as follows. Data for the comparative method come

in the form of phoneme correspondences, e.g.,

Sanskrit: t t t 4d 4 dh p p p b b bh
Germanic: t d p d t 4 p b £ b p b

The problem is to group these into sets which are reflexes
(i.e., descendants) of the same Indo-European phoneme.
Where two phonemes in one language correspond to one phoneme
in the other, there is support for the view that they have
a common origin. Further support comes from examination
of the environments in which corresponding phonemes occur.
If a pair of sets never occurs in the same environment, the
possibility of regarding them as reflexes of a single phoneme
is open, and rules for making the correct derivations can
easily be constructed. Thus, the principal step in the
comparative method is essentially that of phonemicizing.

We contest the claim of rigor for Hoenigswald's treat-
ment, and, more important, we contest the centrality of
what is treated in the comparative method. If linguistic

plausibility is a criterion, then phonemicization is a

ILan

cuage 26, 357-65 (1950).
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reasonable, and possibly a necessary, technique. However,
it cannot be claimed that the process of phonemicizing
has the rigor which the comparative method lacks.

That Hoenigswald is not concerned with the principal
step in comparative grammar is betrayed in the following
quotation:

We also assume that the task of weeding out mate-

gi:i Zgigg ig E@E girectly inherited has somehow

plished.
As we have pointed out, the problem of deciding what is
inherited is distinguishable from that of actually making
reconstructions only in the special cases where results
can be confirmed from historical records. To pronounce
a set of forms related is precisely to provide plausible
reconstructions which fall within the scope of generally

applicable rules.

2. CORRESPONDENCES AND DECOMPOSITIONS

We shall confine the following discussion to cases
where only two modern languages are to be considered.
This eases the exposition and also the preliminary experi-
ments in implementing the theory. However, little general-
ity is lost, for to extend the method to any number of
languages requires only trivial modifications to the

definitions of correspondence and décomposition-

21pid.
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We begin by defining some terms. The most basic
entities with which we operate will be called symbols.
Usually these are thought of as representing phonemes.
However, much comparative work is done with texts of some
antiquity where the phonemic interpretation of letters
may be open to doubt. Since our theory makes no appeal
to the linguistic status of these entities, we prefer to
leave open the possibility of interpreting them differently
for different types of data.

We shall speak of strings of symbols, or simply stri

It is convenient to admit the possibility of strings with
only one member. Thus, we may say that a word is a string
even though the word may consist of only one symbol.

A correspondence is an ordered pair of strings. We

shall be interested in correspondences where the first
member is taken from one extant language and the second
from another. We shall represent correspondences by
writing the two strings separated by a stroke, e.g-,
'abed/xyz. '

If in the correspondence A/B, A and B are strings of
at least k symbols, they can each be divided into k sub-
strings in at least one way. New correspondences can then
be set up by associating the i-th substring of A with the
i-th substring of B. The new set of correspondences con-
stitutes a decomposition of the original correspondence.

In general, there are many ways of decomposing a correspondence
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into k shorter correspondences. Setting k equal to 2, we

have the following decompositions of 'abcd/xyz':

(i) al/x bed/yz
(ii) a/xy bed/z
(iii) ab/x cd/yz

(iv) ab/xy cd/z
(v ) abe/x d/yz
(vi) abe/xy d/z

With k equal to 3, the decompositions are

(vii) a/x b/y cd/z
(viid) a/x be/y d/z
(ix) ab/x c/y d/=z

Together with the originél correspondence, which, by con-
vention, we include as a decomposition, this exhausts all
the decompositions of this correspondence.

Two sorts of correspondence are of primary interest
in a model of the comparative method. The first is pro-
vided by the original set of vocabulary items. The second
consists of pairs of strings, both of which are descendants
of the same phoneme. Given definitions of correspondence
and decomposition possibly more general than those proposed
above, then wherever a correspondence of thé first typé |
‘represents a cognate set of forms, it will be possible to
decompose it in exactly one way into correspondences of

the second type.
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Consider now the correspondence 'that/dass', consisting
of a pair of vocabulary items from English and German.
It can be decomposed in twenty different ways, but only one
of these has a correspondence for each Indo-European

phoneme, namely:
th/d a/a t/ss.

The main problem still outstanding is to discover a satis-
factory criterion for distinguishing this from the nineteen

other decompositions.

3. REPRESENTATION BY TRUTH FUNCTIONS

We have said that the value of a set of reconstruc-
tions must be judged in large measure by the scope of the
rules required to derive the extant from the constructed
forms. In other words, we shall seek the solution in
which all the required derivations can be made with the
smallest set of rules. 1In the model we have proposed, a
rule is represented by a correspondence. We shall there-
fore seek the smallest collection of correspondences from
which at least one decomposition of each correspondence
in the original list can be constructed.

In order to see how the required sets of correspon-
dences and decompositions can be found, we shall reformu-
late the problem in terms of propositional calculus.

Let c(l), c(z) P c(3)---c(n) be the correspondences whiéh

represent the original vocabulary list. Let cfk), cgk),
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c§k)---- be the decompositions of c(k)- We now associate
with each decomposition c£k) a proposition p§k) which is
true if c§k) is the decomposition of c(k) that has a
correspondence for each phoneme in the ancestral form from
which c(k) is supposed to be derived. According to our
hypothesis, there is exactly one decomposition of each
initial correspondence whose associated proposition is true.
Therefore, if c(k) has m decompositions, we can assert

(k)

Py (k) V e pngk), (1)

vV Ps
A similar compound proposition is true for each initial

correspondence. We can therefore assert
1 1 1
(pf ) v p§ ). pl ))---(pfn) v ps®... p™)y. (2)

This expression can be read somewhat as follows: '"Either
the first or the second or the third or-..... or the last
decomposition of the first correspondence from the vocabulary

list represents a correct reconstruction and either the

first or the second or the third or..... or the last decom-
position of the second correspondence.:..." and so on until

"either the first or the second or the third or..... or the
last decomposition of the last correspondence from the
vocabulary list represents a correct reconstruction.'" This

is already a more complicated formulation than ordinary
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language is suited to handle. It is partly for this
reason, and partly to gain power in doing calculations,
that we have turned to the propositional calculus.

Since it will be necessary to write still more compli-
cated expressions, we can profit from a shorthand device

permitting us to rewrite (1) in the form
z p{), )
i

This represents the disjunct of all the p§k) obtained by
giving i values between 1 and the maximum value it can
take. It also suggests a more compact rendering in ordin-
ary language, namely: ''One at least of the decompositions
of the kth correspondence from the vocabulary list rep-
resents a correct reconstruction." A similar shorthand

device can be used for conjuncts; rewrite (2) in the form
i, k
nes p{). %)
ki

Here, k is caused to range over all possible values, and
for each of these values, i takes on all possible values.
A suitable English translation is the following: ''For
each initial correspondence, there is at least one decom-
position which represents its correct reconstruction.'
We must now consider in more detail the conditions

under which a proposition of the form p§k) will be true.
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The decomposition c£k) associated with this proposition is
made up of a number, say s, of correspondences. These we

write as follows:

......

k k k
ofir ol ol ey

3

With these we also associate propositions

o8 oY
A proposition pgfg is true whenever the associated corres-
pondence represents a phoneme in the language being recon-
structed. Now, the decomposition c§k) represents a correct
reconstruction if and only if all correspondences which
make it up represent phonemes in the ancestral language.
In other words, p§k) is true just in case all the proposi-

tions p§kg are true. We can therefore write
)

o o5 (). pE). ). p ()
or, more concisely,
(k) & 1 pg‘;. (5)
J

TIranslating into ordinary language, we have:"A given decom-

position represents a correct reconstruction if and only if



—1@#

each of its correspondences representé a phoneme of the
proto-language."

By virtue of (5), we can write i p£§§ in place of pﬁk)
in any proposition and obtain a new %r0position with the

same truth value. Accordingly, we can rewrite (4) as
m & (mpl). (6)
k j

In English: ''There is at least one decomposition of every
correspondence on the vocabulary list in which every corres-
pondence represents a phoneme of the language being recon-
structed."

We now have a proposition (6) expressed entirely in terms
of elementary propositions about the correspondences into which
the pairs of items on the vocabulary list can be decomposed.
This propesition is true if a set of reconstructions can
be made. Furthermore, if a set of reconstructions can be
made, then for each correspondence that represents a
reconstructed phoneme, exactly one elementary proposition
is true; the remainder are false. In other words, there is
a conjunct of elementary propositions representing recon-
structed phonemes which is true and which entails the
proposition (6). Our problem therefore reduces to that of
discovering the smallest set of propositions of the form

p§§g whose conjunction entails (6).
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It is a theorem of propositional logic that any truth-
functional expression can be reduced to disjunctive fomm,
that is, to a form in which all the conjuncts of elementary
propositions which contain no unnecessary members and which
entail the whole expression are spelled out. Given this
expression, we have only to select the shortest term to
obtain the solution of the problem. Fortunately, it is an
entirely straightforward matter, at least in principle, to
convert the expression to disjunctive form, and the necessary
steps may be found in any introductory textbook on formal

logic. Their discussion would be out of place in this essay.

4. THE THEORY AND THE PRACTICE

As the careful reader will have noticed, we have been
guilty of some sharp practice in one respect. We have
interpreted the correspondences which make up decompositions
now as potential proto-phonemes, now as rules of derivatian-
However, nothing is lost, for each rule is associated with
only one proto-phoneme and we have nowhere assumed that we
were finding phonemes of the proto-language, but only
correspondences which are the reflexes of these phonemes.
Starting from a pair of parallel vocabulary lists, we have
provided an algorithm for arriving at the point from which
Hoenigswald begins. The list of correspondences which he
takes as initial data may be regarded as a set of rules of
derivation. The problem he sets himself is to decide which

rules apply to the same phoneme, and what name that phoneme
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should have. As he suggests, this can be done by phonemic-
izing. The problem here is the same as the problem posed
for the comparative method as a whole: the terminology
suggests to the initiated, no less than to the laity, that
what is afoot is the application of an entirely specified
theory with well-defined criteria of success and failure.
This is not the case. Therefore, before the next stage in
the comparative method can be undertaken, a rigorous treat-
ment of phonemics is required. This is beyond the scope
of the present paper.

In criticizing Hoenigswald, we took the view that the
principal step in the comparative method could not assume
a solution to the problem of determining cognates. It is
incumbent upon us therefore to show how a pair of forms
can be pronounced non-cognate within the proposed theory.

A pair of forms is non-cognate if the rules needed to derive
it from a form in the proto-language are not applicable
elsewhere. Now, consider a pair which decomposes into at
least two correspondences,neither of which is of use in
deriving other forms. Clearly these two correspondences
cannot figure in the solution with the smallest number of
rules, for they may be replaced by the decomposition con-
sisting of a single correspondence to give a shorter solu-
tion. Therefore, a word is pronounced unrelated to its
fellow in the other language if the original correspondence
involving the two words appears undecomposed in the final

solution.
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It frequently occurs that an ancient phoneme is with-
out issue in some of the daughter languages. Other lan-
guages in the family show consistent correspondences which
bear witness to its existence. The theory, as it stands,
could not be expected to give a satisfactory account of
this situation. The theoretical solution to the problem
is fairly straightforward, although it results in a pos~-
sibly unacceptable increase in the amount of computation
required to implement the theory. Before the decompositions
are made, a "zero' phoneme is introduced at the beginning
and end of each word and between each pair of phonemes.
The shortest solution should then be one in which 'zero"
was set in correspondence with ''zero,' but alse with other
phonemes where an ancient symbol had no reflex in one of
the languages.

The situation in which an old symbol disappears in
a modern language is indistinguishable, from the point of
view of this theory, from that in which a symbol has been
introduced into a modern language. Wherever it can be
said that a modern language has no reflex of a phoneme of
the ancestral language, it can equally well be said that
there was no such phoneme and that what appear to be its
reflexes in other languages are the results of spontaneous
generation. Therefore, if a correspondence of the form
A/0 (or 0/A) appears in a solution obtained according to

our theory, and '0' is the 'zero' element, we have the
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choice of reconstructing a zero or a non-zero phoneme in

the ancient language.

A similar situation arises when forms in a language
with prefixes or suffixes are compared with forms from
which these have been lost (c.f. 0.N. 'kaldr,' Got.
'kalds' and 0.E. 'ceald'). This can, of course, be dealt
with by adding a 'zero' element to the beginning and end
of every form. However, there is much to be said for dis-
tinguishing these from the 'zero's introduced above. If
this is done, affixes will not only be accounted for, but
will appear in solutions as affixes.

In its present form, the theory takes no account of
metathesis. 1In the terms we have been using, metathesis
is said to have occurred wheﬁ the reconstruction can only
be obtained by permuting the symbols of one of the forms
in some specified way before making the decompositions.

In principle, therefore, metathesis might be coped with by
starting not from a simple list of pairs of forms, but from
a list in which the forms of one language were paired with
all.permutations of their equivalents in the other.

.. It is clear that, by suitably adjusting one or two

key definitions, the theoretical framework can be made as
general as we wish. The constant feature is the underlying
hypothesis that of all the possible'reeenstruati@n schemes
open, the correet one is that which has the least number of

rules of derivation.
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It can be reasonably objected that even the simple
definitions proposed above are unnecessarily general.
Realism requires that the strings which are identified
as descendants of phonemes be short—two or three symbols
at most. It would be sufficient, therefore, to consider
only those decompositions which are made up of short cor-
respondences. An exception would have to be made for the
decomposition which consists only of the original corres-
pondence, for only if this is included can sets be iden-
tified as non-cognate. The computer program that has
been written for the preliminary testing of this theory
in fact makes decompositions into correspondences of
strings of only two symbols or less. It would be improper,
however, to regard this as a change in the basic theoreti-
cal structure, for it is simply a concession to expedience.
From the theoretical point of view, there is no reason to
set one limit on the length of correspondences rather than

another; we therefore set none.

5. IMPLEMENTING THE THEORY

The following list of four words from English and
German is as small a set of data as the method can be

applied to and produce nontrivial results:

English German
on an
nut Nuf
that dap

bath Bad
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The reader who is unfamiliar with the propositional calculus
or its derivatives may be surprised to learn that it would
be altogether out of the question to apply the method even
to so small a corpus as this without machine aid. The
process of reducing a truth-functional expression to dis-
junctive form is conceptually trivial, but the amount of
computation involved rapidly becomes prohibitive as the
number of variables increases. The belligerently incredu-
lous are urged to try the example for themselves.

The poséibility of applying the method meehanicaily
is open, but barely so. The author estimates that it would
take some four or five hours of computer time to analyze a
list of a hundred pairs of forms. Where the connection be-
tween a pair of languages is remote, this may well be worth-
while, for the amount of human labor that is put into such
problems is often prodigious, and it is inefficiently sgread'
over a long period. Furthermore, as we have pointed out,
the failure of present methods to produce a satisfactory
result does not demonstrate that one can not in principle
be found.

There would certainly be much to be gained by adding
certain simple heuristies to the basic method. The word
heuristic is used in contradistinction to algorithm to
refer to a procedure which does not guarantee to produce
the required results, but produces results which have a

high probability of being correct. For example, the
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more decompositions thaﬁ a correspondence 6ccurs in, the
higher:the probability that a correspondence represents a
proto-phoneme. Therefore,it is a sound heuristic to use
a strategy which finds solutions involving high-frequency
correspondences early and which does not continue to find
all pogsible solutions. A statistical analysis would show
at what point it would be prudent to discontinue the process.
The strategy used in the computer program finds solu-
tions at approximately evenly spaced time intervals. Fur-
thermore, the time required to find a solution is not the
critical quantity, but rather the total number of solutions
that can be found in a given set of data. This strategy is
therefore ideally suited to refinement by heuristic tech-

niques.

,
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