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Your ref.
Our ref. 10400/MD /AR Professor D.J. Rogers,
Taximetric Laboratory,
Date yovember 26, 1969 University of Colorado,

BOULDER, Colorado
U.8.A.

Dear Mr. ROgers,

Many thanks for the manuscript on Numerical Taxonomy you sent
me. I translated it - which took me some trouble because you treat a
rather philosophical subject and I had to keep as closely as possible
to your wording.

I have only a few remarks toc make:

I. You introduce the term taximetrics, but (through being no latinist)
I asked myself if it should not have been taxometrics: measuring a
taxon, and not measuring a taxi. But, of course, I do not propose
to change it. It is just a remark.

2+ On page 6, line 2, you mention an imaginary "centroid". Is such a
centroid not represented by the type specimens used by many plant
taxonomists and should that term not be added?

3. In your literature list I found under the third Rogers: BioScience.
It is not in the world List, but is it Biol.Sci.Bull.Fla St. Mus. 142
Under the same number you mention H. Fleming, whereas the next
cites H.5. Fleming.

We prefere not to mention the editor of & book, but the place
it has been edited (or both). Could you as yet supply this information
for Lamarck, and for Sokal and Sneath?

I think that with these additional data your paper will give
no more difficulties. If you want a reading proof, please let me know.

Your tln/]ersly.

E. Meijer Drees.

Dlgltlzed by the Hunt Institute for Botanical Documentation

6a Duivendaal, P.O. Box 4, Wageningen (Netherlands)
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Your ref.

Professor D.J. Rogers,

Our ref.
A0351/MD/AR Taxonometric Laboratory

Date October 1, 1969

Univetsity of Colorado
BOULDER, Colorade
U.5.A.

Dear Mr ROgers,

In April of this year you made a contribution to the
Symposium on 'Biosystematies' in the meeting of the
"Biologische Raad" at Amsterdam. As you know, the lec-
tures delivered on that occasion will be published in

a small book. Pudoc, the institute I am working for, has
the task to make the manuscripts ready for the press, and
in your cese to take care of the translation into Dutch.

But up till now neither Professor Stafleu, nor Professor
Voous, who are the members of the editorial committee,
received a copy of your paper. As we are all very much
value your contribution, I should like to ask you if you
are able to send it om short notice.

We understand that you did not put on paper its de-
tails. But even then, a kind of summary of, say, five to
ten pages would be very welcome to complete the "report”.

Please let me know if we still can expect something, or
not. We are waiting for it, as all other papers are ready
for the press.

You:rs! gincerely,

- [f/ i:wD{‘: oo

Dr. E. Meijer Drees

Dlgltlzed by the Hunt Institute for Botanical Documentation

Duivendaal, P.O. Box 4, Wageningen (Netherlands




Taximetrics Lab,, Armory 101 Novamber 5, 1969

Dr, E., Meijer Drees
Centrea for Asricultural Publications and Documentation

éa Duivendaal,

Pad, Lox h;

Wageningen (lietherlands)
Lear Dr, Dress:

I am sending under separate cover an paper for the symposium on

Biosystematics in the mesting of the "Biolorische Raad". Sorry that

I have delayed so long, .
Sincerely yours,

David J, Rogers
Director.

Digitized by the Hunt Institute for Botanical Documentation



THE AIMS, SUCCESSES AND SHURTCOMINGS OF NUMERICAL TAXCNOMY
David J. Rogers
Director, Taximetrics Lasboratory
University of Colorado
Boulder, Colorado

Humerical taxonomy is a title proposed by Sokal in 1963, denoting an
interest in, and development of models for, taxomomic methodology. A school
of numerical taxonomy has grown to some proportions inthe United States and
the United Kingdom particularly, and to a lesser extent in other countries,
embracing an operational philosophy. It was early stated by this group
(Sokal and Sneath, 1963) that numerical taxonomy "deliberately set out to
revise taxonomlc theory and practise." That I do not espouse either the
philosophy nor the objective, should be quite clear from my own publications
(1960, 1963, 196L, 3986, 1967, 1969), and for this reason, I cannot speak to you
as a representative of numerical taxonomy, as will become more evident later,
In this paper I will try to indicate some of the objectives, developments, and
areas of great interest and concern to all taxonomists.

The major purposes or objectives, in the areas which numerical taxonomy
works, are to provide satisfactory mathematical models, and computer programs,
to aid the taxonomist in the very heavy load of classification, evolutionary
study, and in an area which taxonomist serve not only other bioclogists, but
the larger community of science, as the organizers of information. To arrive
at the objectives, several necessary steps are involved:

1., Formulation of taxonomic processes into logical, consistent, rules,

2. Restatement of the rules in mathematical terms.

3. Development of computer programs which follow from steps 1 and 2,

L. Evaluation of the programs on some problems in taxonomy,

The past ten years or so has been a time in which various parts of these
processes have been examined, and in the development, some advances and some

false starts have been made. But more important, the discipline of taxonomy
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has been made more explicit, and it is possible to teach our students more
in the spirit of science than as apprentices to the master,

Not many years ago, a taxonomist could be very fruitfull in the prac-
tise of his discipline without overtly expressed mathematical ability.

Since computing machines were originally thought to work exclusively on (or
with) numbers, we had to find some way to convert our works to numbers--ergo
"numerical " taxonomy. Also, since that branch of applied mathematics called
statistics had been applied successfully in genetic problems, in agricultural
testing, etc., the idea developed that taxonomy could apply conventional
statistical methods in the process of converting taxonomy to numbers to be
manipulated by a computing machine, It is particularly in the area of applied
mathematics for taxonomy that a number of false starts were made, and the

most glaring of the shortcomings mentioned in the title.

Step 3 in the list above also mas a problem for the developers of
numerical taxonomy. The design and operation of computing machines was not
understood by taxonomists at the beginning. If the taxonomist had any cause
to manipulate numbers with a machine, it was with some sort of adding machine
(or perhaps, if very sophisticated, a motor-driven desk calculator) where the
taxonomist had in his own mind the steps necessary to add, subsract, divide
or multiply., With the computing machine, it is necessary to write down in
very exhaustive detail, step-by-step, each simple direction for number mani-
pulation, in advance of turning on the machine. Today, the process of
establishing the step-by-step processes--"programming"--is largely carried out
by professicnal programmers, knowledgeable of the particular camputer they
are using, and of the sophisticated higher "language" packages provided by
the computing machine manufacturers, Seldom are the programmers also know-

ledgeable of the substantive science which the programs are supposed to
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support, and here again is one of the areas where there have been false starts

or failures in numerical taxonomy: the naive assumption that the programmer
"knows" about taxonomy, and can thereby write sophisticated procedures

whereby the thinking process of the taxonomist is correctly carried out by
the computing machine,

What are some of the objectives of mumerical taxonomy? we can think
of most of them, but certainly not all, and I will give you those that 1
personally espouse. A list seems to order priorities in descending order
of importance, but this is not necessarily true.

Some of the objectives are:

1. To make an orderly synthesis of the facts about plants or animals,

2, To show the similarities and differences of organisms by placing
them into hierarchical categories.

3. To provide a process for identification of unknown specimens,

L. To make available to other people the knowledgeon morphological,
genetic, physiologie, and evolutionary information about the plants
and animals,

This 1ist of objectives certainly does not differentiate numerical
taxonomiste from those already pactising the discipline now, or in the past,
nor should it. Only the methods of meeting these objectives are changing,
and it is for this reason that I have coined the term "taximetrics,"
(Roers, 1963) and find this term more meaningful than "numerical" taxonomy,
because many methods are needed to support taxonomic research.

Major Developments in Taximetrics

The most important developments in taximetrics have been in the areas
listed as objectives 1. and 2. above. These two constitute the collective
processes known as classification. If we are to design programs for the
computer which reflect the thinking processes of taxonomists as they make
classifications, we must obviously employ some orderly, step-wise "flow

chart" of the p rocess. The following simplified chart does not intend to
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be a computer-programmer's flow chart, but merely the major parts of the tax-
onomic classification p rocedure,
Flow Chart of Classification Frocedures.

1. Select specimens representative of the problem in classification (Museum
samples, population samples, etc,)

2. Derive classificatory information (characters) suitable to make the
classification (morphologic, anatomic, ethologic, etc.)

3, Test the value of the charscters for taxonomic purpose.

L. Develop some measure of similarities (differences) between individuals
of the study.

S. Use similarity measure to place specimens into hierarchical clusters.
6. Designate taxon levels of the clusters,

Of the six steps in this listing, by far the most mumerical taxonomic
effort has been made on steps L and 5. In step L, many statistical models
have been made to consider various "distances," either in Euclidean or non-
Euclidean space, That most aﬂ::tﬂ.oal models have been unsuccessful for taxonomic
work is well demonstrated by continued efforts to refine them., Eades (1965),
for example, showed that the Pearson-lee regression coefficient could easily
put two organisms together as similar which, in fact, were not at all similar,
Of the numer of possible statistical methods of comparing two objects with
one another, the very simple method of counting the number of properties
possessed in common by the two objects divided by the number of properties
that have been used in the compsrison has turned out to be the most successful,

The asctivities in step 5 generally are called "clustering," For the
taxonomist, this activity is referred to as taxon designation (or "speciation"
in some cases). As in step L above, several different types of clustering
procedures have been designed. TNegbiecuive-insisrrrrioussciustering
prSRdevelrhave-boeiadeBEEIME, ~The objective in the various clustering
procedures may, or may not, be the objectives espoused by the biological
taxonomist, and it is the obligation of the taxonomist to know the objectives
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and methods employed in the clustering procedure. As an example, Rubin
(1967) devised a clustering procedure, with well-defined objectives, which

sought, and found, the most "efficient" divisions between the objects in a
study, but without regard for the biological relatedness betwcen the individuals
within the divisions., The biological taxonomist is not at sll satisfied

with such a clustering procedure because the tiologically disparate objects
which may be placed together in the Hubin method are the ones which hold

great interest to him, and are the most difficult to classify.

Other clustering techniques provide a print-cut which indicate the
clusters by using dendrograms, where only the ultimate ends of the branches
indicate the relationship of the specimens (taxa), or "operational taxonomic
units," While little criticism has been formally directed towards such repre-
sentation of clusters, it is obvious that much information about the objects
in the study is lost in the dendrogram, and it is almost impossible to follow
the development of the clusters from the dendrograms,

In 1957, Snmeath proposed a method now referred to as the single-linkage
clustering method, Wirth, Estabrook and Rogers, in 1965, took up from this
idea, developed the necessary mathematics and procedures for the single-
linksge concept into a comprehensive clustering program which has been tested
on many actual problems in various taxonomic groups with great success,

See, for example, the classification of a section of the genus Cassia (Irwin
and Rogers, 1967). 1t was particularly gratifying when Jardin, et al. (196?5
gave mathematical demonstration that uhe single linkage clustering procedure
proved to be the only satisfactory one with respect to the objectives of
biological taxonomy, In the single-linkage process, each apecimniu
“"connected” to the specimen most related to it (using the over-all similarity

measure), and clusters are built up by discovering all other elements (specimens)
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which share some common values, In contrast, the "average~linkage" procedure
takes some arbitrary, imaginary "centroid", and measures the distance of each
real specimen to it, and the defined clusters must be formed by seliing an
@ priori limit to the distance from the tcentroid” beyond which a specimen
cannot be included in the cluster., Clustering procedures with the centroid
feature assume that all clusters have similar "shapes," an assumption intolerable
for biological reality.

After the initial efforts with steps L and 5 of the classification
process had been studied for some time, numerical taxonomists began to
focus more attention on problems arising in earlier parts of the overall
classification procedure, i.e. steps 2 and 3 of the flow-chart. The early
workers in mumerical taxonomy claimed that the use of "unweighted" characters
were sigmificant in the numerical methods, and these ideas were generally
attributed, though incorrectly, to an early French taxonomist, Adanson.
Actuslly, Ll.lllll"ak, some years earlier had urged such a step in the introduction
to his work on the Flora of France. Unfortunately, no distinction was made
between the statistical concept of weighting and that of Liclogical concepts
of weighting, and this lack of distinction led Lo much fruitless argument.
Clearly, the biologist must select those characters which are significant to
reflect the genetic mechanisms which determine the relations between specimens,
or betwsen taxa, before putting the data into some computing machine, If
some other process is used, then the chances of producing a good classification
are poor, with or without the computing machine. weighting, from the taxon-
omistss point of view, iz the selection of meaningful biological information,
or the rejection of useless data which cannot reflect the real relationship
between the orgsnisms. No significant computer methods have been devised to
exclude the . well-trained biologist in the cdassification process.

nor will this happen,
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These statements are not intended to intimate that nothing can be done
to improve the taxonomic methed by which information for classification
purposes can be derived. Indeed, by a more objective understanding of the
role of characters in classification, we can improve the taxcnomist's results,
A character, in terms of objectives of the taxonomist, is a level classifi-
cation of a group of organiams, If another character gives the same or similar
level classification, then the two characters are correlated, and in the
biological sensa, are "weighted." The definition given does clarify the ideas
about what a character must be, but it does not indicate how many genes cause
the character to exist, However, this definition clearly causes the taxonomist
to exercise his knowledge of genetic mechanisms, such that the character does
reflect the genetic mechanism as well as can be done in the absence of complete
knowledge of the genmetic constitution of the organisms, This character defini-
tion places a burden on the taxonomist to prevent the incorporation of infor-
mation greatly influenced by environmental siress, Fortunately, the emphasis
on methods, more fo: fully impressed upon those who use computing machines,
brings such definitions to light, which in turn, improved the scientific
value of taxonomic work.

Returning to the objectives listed on page 3, emphasis in taximetiics
is now turning to those areas listed as objectives 3 and 4. Once the informa-
tion used to classify a group of organisms has been properly structured, and
the characters used to classify the organisms well correlated with the different
taxa, it is possible to construect an identifying process. Several attempts have
been made recently to construct heygrams for computer-aided keys similar to the
dichotomous keys of the regular taxonomic procedure. Such attempts, where
the computer responds to each item of information by suggesting the next
necessary piece of information to contimue in the process of identification

of an unknown, is inefficient of computer use and represents a lack of know-
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ledge of computer potential. The process of computer identification of or-
ganisma [ollows very closely the work done by information retrievsl experts
for finding precise literature references, and not to look into work done

in this area is clearly to deny that some other disciplines can have useful
procedures for taxonomy. In information retrieval, the unknown is described
by the properties it possesses, applying a wocabulary of characters contained
in the memory of the computer, Using this vocabulary, the descriptive words
(or properties) which are pertinsnt, and known features of the unknown are run
through the computing program, and the known species possessing the same fea-
turss as the unknown are automatically returned. Thus, rather than requiring
the computer to make humsn-like, step-wise choices, the automated identification
routine employs all information simultaneocusly, and directly discovers Lhe
unknown.

In identification routines, the same skill and biological knowledge
necessary to describe the characters for classification is required to give
good results in identification. The same tests (or criteria) are applied to
key characters as are applied to characters for classification., If the
states of a character do not clearly divided the specimens into non-overlapping
sets, identification camnot be made, In a well-designed computer identification
routine, one of the strictures of the dichotomous keys is overcome: characters
do not have to be stated as one of two alternatives, a necessity which fre-
quently requires elimination of many useful characters from standard keys.

The biological information contained in the character may be stated in as
many ways as the organisms demonstrate variations in the charactér. The
searching and memory capacity of the computer can keep track of the variables
with much more speed and certainty than can an individual taxonomist.

In objective four, which is to make available Lo others the knowledge

of morphological, genetic, physiologic, and evolutionary information about
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plants and animals, the taxonomist has spent much effort already, and the
normal techniques used to write up the results of his studies, either in
floristic (faumistic) or monographic style represent ome of the most precise
ways of information retrieval ever devised. Most taxonomiets do not fully
appreciate the power of their techniques of correlating such a vast amount
of information about the natural world., In taximetrics, new aids to these
well-established techniques are being develcped, in many areas of the world.
In hervaria and museuns, much effort is now being devoted to information re-
trieval systems for the vast wealth of knowledge existing in our cabinets,
shelves, bottles, and on herbarium sheets. *“uch information now locked up
in inaccessible places in the collections can be made more rapidly available
using well-designed computer-aided information retrleval systems., The system
designed and programmed in the Taximetrics Laboratory was precisely struc-
tured to aid the taxonomist in his work. The system, called TAXIR, makes it
possible to include in the computer memory, as much information as we desire
about each and every specimen in the collections, With such a system in
operation, the main objectives of the taxonomist listed earlier come closer
to reality. If taxonomists recall their main role in the blological disci-
plines, and consider as one of their highest callings, the ideas of objective
number four, then it becomes absolutely imperative that we employ computing
machines to aid in the immense task of correlating biological information
for ready access, no matter whether derived by molecular oiologists, by ecolo-
gists, or any of the other blological disciplines,

In conclusion, we can state that taximetrics is much more concerned with
aiding the taxonomist in his regular tasks and objectives than it is with
the development of = new science., This emphasis is now more clearly being
employed by the numerical taxonomists, much to their credit, and some of the

earlier drastic comments, such as those by Ehrlich (].96‘,) who said that we
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should soon be able to completely de away with our specimens, and close up

all the natural history museums, can be discounted as a radical rrinq\mt %
representing the main thrust of taximetrics. e can also begin to fulfill
the functions and objectives of taxonomists, bring them to a central role as
the correlators of biology, more fully than they already are.
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