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- Taximetrics Laboratory

December 13, 1966

Dr. Paul Winston
Department of Biology
University of Colorado
Boulder, Colorado

Dear Dr. iinston:

Enclosed are two sketechy biogrephies for myself and Mr. George
F. Estabrook., These you may use as you like or any part thereof
for the seminar to be given January 13. I suggest as a title for
the seminar "Towards a Biological Information Retrieval System.”
If thie is not satisfactory, please do not hesitate to say so. We
muwummmmmm(x)mm
methodologies and (2) the needed software for computer development.
I will speak to the first part and introduce the topiec. Mr. Esta-
brook will handle the second portion.

Any other required information will be gladly supplied.

Sincerely yours,
David J. Rogers
Professor of Botany
DJR:ch
m.
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Biographical sketch for David J. Rogers

Hetive of Florida, BS, University of Florida (Botany) 194l.

Graduate work at Washington University, St. Louls, under Edgar Anderson

and Robert licodson (taxonomy—monographic studies of Suphorbiacess).

Ph.D. received 1951.

Taught botany and gensral biology at Allegheny College, Meadville, Pa.

from 1951~1957.

Curator of Economic Botany, and editor of ECONGMIC BOTANY, the New York

Botanical Carden, 1957-1965.

Professor of Botany, 05U, 1965—dats.

Intorest in the systematics of cultivated plants, in particular, of

Manihot esculents (cassava, manioe, yuca, and tapioea), family Buphorbi-

aceas. Intricaciss of the relationship amongst the cultivars, and the

reticulate nature of the relationship of these plants, led to interest

in new methodologies to untangle the relationshipe, and this led into

use of computers as aids in classification.
m-mmmm-hcu-ummummm

classification, and we broadensd our work to the development of an

intsrdisciplinary group, (which includes taxonomists, mathematician and

progremmer) now devoted to general application of taxonomic methodologies.
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Biographical sketch for Ceorge F. Estabrook

Native of New York, but really cosmopolitan. Received his training at F
Mmp,mummmmmmmuuam
major—cne in structural mathematics, one in plant physiology. Now continu-
ing his advanced work in the math department of the University of Colerado.

Came to work with the present group while it was still in New York, and
mmmmmwmumimmumwozu
variety of mathematical models for systematic blology.
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Computer Anal usl’
> sl

‘ Taxoncmyrl( —-—-: Appli:ationsl

A

4

Note: The procedure begins and ends in either one of the taxonomic areas or in one of the applications,

DETAILED FLOWCHARTS

I - Taxonomy I1 - Computer Analysis III ~ Applications
( entry from I or III )
Ia Crganization into I1Ia Breeding programs <
> "formal" classifica- ‘L’
tion - Hierarchical IIa Assemble organisms
Categories to be classified
I1Ib Analysie of drug
J{ producing plants e
Ib Establish nomenclature IIb Assemble data (morpho-
logic, genetic, physio-
logic, etc,~-character I1lc Evolutionary studies 6._9
recognition and estab-
IcL Identification routines lishment) Organize for
processing.
I11d Ecological studies e
€ntry fron \L
or exit to IIc Computer routine for
T or TIT determining related and IITe Information
unrelated elements retrieval
(measures of similarity
of included objects)
¢ Ete, |& -
I1d Computer routine for
clustering of similar Entry fron
objects I or exit
ol or I
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_")‘_] Interviews with Ii-
system designers

Interviews with
He
prospective IR ( gin)

1|selective scan of
IR literature

users
N
.5_]Ccmversion of XPOP
Mathematical design processor to target
(see expansionl) hardware
N
N
6] Design of BIRD
system
Year 1
ke g - ¥ e Year 2
N
_l’ Implementation
(programming) of

BIRD system

8 lAnnlysis of
" IR demands of _ 10JField tests of
taxonemy _?Jl“lachm? E';;;k“t > BIRD with outside
Q

IR-system designers

ﬁ Implementation @

11 IDesign of TAXIR |€— (programming of

system > TAXIR system
B LL|Field tests of TAKIR
BJMachine checkout with outside collabo-
of TAXIR rators

)

6lField test of TAXIR
(and BIRD) using
Manihot data

15 ] Preparation of
Manihot data for
field test
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Expansion 1

Synthesis of the results
discussion into

of interviews and
basic principles

our own

N

Quantification of
mathematical

principles into
structure

A

Modification of s
for machine c

olution structure
ompatibility

5

Formulation of

algorithms

Hypothetical testing of algorithms
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THE COLORADO COLLEGE

COLORADD SPRINGS, COLORADO AD903

Department of Zoology
6 May, 1968

Pr. David J. Ropgers
Department of Biology
University of Colorado
Boulder, Colorado

Dear Dave:

For a number of years the University of Colorade Museum
(in Boulder) has run a summer lscture series, this coming
summer being the 12th series. Talks generally focus (though
sometimes out of foous) on a particular theme, this summer's
theme being various aspects of the Biosphere. There will be
a lecture on antarctica, for exampls, on the far north, on
New Zealand, the Indiana Dunes and succession, man's impact
on the biosphere, the biosphere's oceans, and so0 on., I want
to have one popular lecture on the earth's green mantle
(you know, interesting tidbits on the vegetation, etc ete),
and I'm hoping I ean talk an old Hew York Bot Garnden man into
returning to the public arena to give such a talk. These
lectures are scheduled on Sunday evenings during the summer,
are ordinarily illustrated, and have a popular pitch, We
are juggling dates and speakers now, but potential open dates
include July 14, 21, 28, or August 4, If you have time and
are interestad, I'd be delighted to sign you up for this
summer's series on a date of vour choice., There is a small
honorarium for the lecturs (more details on that after we
get our budget firmed up) and considerable (questionable)
honor. Let me know how it strikes your fancy.

Best regards,

(ST

Richard G. Beidleman
Professor of Zoology

Agacd, %w% v/
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THE TEACHING OF TAXONOMY
AAS MEETINGS MaY 2, 1966

LaS CRUCES, NEW MEXICO

Investigations of computer as a taxonomic tool eventually responsible for
new look at all taxonomy.
A. Requires examination of theoretical structures of the field.
B. Requires that some basic structure or flow of process be established.
€. Leads to the idea that many processes are at work.
D. Gives the basis for a structured approach to teaching students in a
logical manner.
Flow chart—-not the only way to break up taxonomy, but useful.
4. Indicates a clear separation of the parts, and can be used as a curric-
ulum guide for majers in taxonomy.
1. Taxonomy in column I.
2. The methods of establishing the classification in II.
3. The applications of the classification in III.
B. Many courses—-called local flores——given corresponding to part Ic, but
may include Ia and Ib.
C. Seldom do taxonomy courses get into column II, where the processes of
forming a classification ocecur.
D. A problem in taxonomy may be found by working in columns I or ITI--give
examples.
The new course at CSU concentrates on column II.
A. The flow chart gives the student an orderly sequence to follow in
learning methodologies for classificatory work.
B. The greatest effort is made to enlighten area IIb. Professor Fleming

will speak about these problems—-characters, in the next presentation.
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The Teaching of Taxonomy — AAS Meetings, May 2, 1966 — Las Cruces, N.M. (Cont'd)

C. Though we use the word computer in Ilc and d, it is not necessary that
a computer be used. Some problems will not require the hardware.

D. The clustering methods mentioned in IId are still in development.
This is the point where decisions are made about the membership of
a specimen in a particular group.

E. It is explained that when this column has been completed, still more
work is needed in column I to complete a classification.
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Abstract for the Las Cruces Meeting, SW AAAS

Title: The Teaching of Taxonomy

David J. Rogers

Most of the teaching in taxcnomy focusses on presenta-
tion of attitudes, and customs, not on methodologies, Me~
thods for the aspiring texonomist must be discovered by the
inefficient process of imitation of older taxonomists, some
of whose methodologies leave much to be desired. A new
course at CSU focusses on the methods involved in the pro-
cess of classification. The discipline of systematics is
divided into compenent parts, namely: (1) discovery of a
"taxonomic problem"; (2) decisions as to methods of at-
tacking the problem; (3) developments of measures of si-
milarities and differences; (d4) methods of clustering the
objects; (5) ‘the development of diagnostic keys; (6) the
presentation of formal classifications; (7) and, methods
of presentation of results. The major emphasis in the course
is placed on areas 3, 4, and 5, for these areas leave most
to be desired in "orthodox™ taxonomic work., With the aid of
computers, and with the development of certain types of math-
ematics, much can be done to dispell the aura of mystery in

clagsification,
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Abstract for the Las Cruces Meeting, SW AAAS

Title: The Teaching of Taxonomy

David J. Rogers

Most of the teaching in taxonomy focusses on presenta-
tion of attitudes, and customs, not on methodologies, Me-
thods for the aspiring taxonomist must be discovered by the
inefficient process of imitation of older taxonomists, some
of whose methodologies leave much to be desired. A new
course at CSU focusses on the methods involved in the pro-
cess of classification. The discipline of systematics is
divided into component parts, namely: (1) discovery of a
"taxonomic problem”; (2) decisions as to methods of at-
tacking the problem; (3) developments of measures of si-
milarities and differences; (4) methods of clustering the
cbjects; (5) the development of diagnostic keys; (6) the
presentation of formal classifications; (7) and, methods
of presentation of results. The major emphasis in the course
is placed on aress 3, 4, and 5, for these areas leave most
to be desired in "orthodox" taxonomic work, With the aid of
computers, and with the development of certain types of math-
ematics, much can be done to dispell the aura of mystery in-

classification.
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THE TEACHING OF TAXONOMY
AAS MEETINGS MAY 2, 1966
LAS CRUCES, NEW MEXICO

1. Investigations of computer as a taxonomic tool ¢ventually responsible for
new look at all taxonomy.
A. Requires examination of theoretical structures of the field.
B. Requires that some basic structure or flow of process be established.
C. Lesads to the idea that many processes are at work.
D. Gives the basis for a structured approach to teaching students in a
logical manner. e.._LL’-.,LL;@
2. MM—MWWW';%MM,MMM.
A. Indicates a clear separation of the parts, and can be used as a curric-
wlum guide for majors in taxonomy.
1, Teaxonomy in eolumn I. |
2. The msthods of establishing the classification in II.
3. The applications of the classification in III.
B. Many courses--called local flores—-given corresponding to part Ie, but
may include Ia and Ib,
C. Seldom do taxonomy courses get into column II, where the processes of
forming a classification occur.
D. A problem in taxonomy may be found by working in colums I or III—give
examples.,
3. The new course at CSU concentrates on column II.

A, The flow chart gives the student an orderly sequence to follow in f
learning methodologies for classificatory work.

B, The greatest effort is made to enlighten area IIb. Professor Fleming
will spsak about these problems——characters, in the next presentation.

Digitized by the Hunt Institute for Botanical Documentation



The Teaching of Taxonomy - AAS Meetings, May 2, 1966 ~ Las Cruces, N.M. (Cont'd)

C. Though we use the word computer in Ilec and d, it is not necessary that
a computer be used. Some problems will not require the hardware.

D. The clustering msthods mentioned in Ild are still in development.
This is the point where decisions are made about the membership of
a specimen in a particular group.

E. It is explained that when this column has been complsted, still more
work is needed in colum I to complete a clasaification.
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GENERAL FLOWCHART OF TAXONOMIC PROCESSES

1 II III

| Tnxonomyi:’ - :# Computer Analysis 1 applicationsl

Note: The procedure begins and ends in edmMer one of the taxonomic areas or in one of the applications,

T~

DETAILED FLOWCHARTS

I - Taxonomy II - Computer Analyais III - Applications

( entry from I or III )

4, I1Ia Breeding programs

Ia Crganization into
S "formal" classifica- <>

tion -~ Hierarchical

Categories to be classified

Ila Assemble organisms

IIIb Anzlyeis of drug
\J‘ producing plants

Ib| Establish nomenclature e'\ 1Ib Assemble data (morpho-
logic, genetic, physio-

<
<
logic, etc,~--character I1lc Evolutionary studies ¢E_e>
=
<N

recognition and estab-
Icly| Identification routines lishment) Crganize for
processing,

IIId Ecological studies

e

11c Computer routine for
determining related and IIle Information
unrelated elements retrieval
(measures of similarity
of included objects)

Ll/ Etc, |& 2 >‘|

IId Computer routine for
clustering of sgimilar
ob jects

éntry fro
or exit to
I or II1

1
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Opening comments W /s 4 _r_é___'f___
1. Description of study of M. esculenta. Fam. Eupherb. genus M, 1-200 sp

2.
3.

2.

3.

5.

6.

—_—

Darwin's comments of use of cult. plants in study of evolution

Before use of M. esculenta as tool in evolutionary studies, recuired
up to date classification, Classification needed because of lack
of biological understanding of the group.

Before satisfactory classification of the variation in the cult.
plants, had to relate to the wild species of the genus.

Slides
the distribution of the species of Manihot

the morphological types of plants in the genus
1. trees--some rubber producers, "ceara" rubber, others not
2. Shrubs--"weedy" types, some are bee plants.
ﬁ. sub-shrubs
. some are "climbers"

Habitats of species--most are heliorhyles, in open conditlons, not
forest-dwellers.

Solls of many types, acid to base

rainfall--from low to high, semi-desert to river margins.

All in tropical lowlands, all frost sensitive.

Morphology of M. esculenta

All shrubs, from low, many-branched to tall, nearly unbranched.

Leaves, vegetative--deeply lobed, simple leaves, the lobe number
varying from cultivar to cultivar.

Leaves, inflorescence--most frecquently recuded in ne. of lobes,
with some leaves unlobed, simple.

Roots--enlarged, the edible portion. Have an outer peel (phelloderm)
an enlarged cortex containing the carbohydrates, and a central
vadcular strand.

HCN concentrations in the roots--from low to high, depending on
various factors, not correlated with any known morphological
characters--some non-polscnous vars., look poisonous, and vice versa.

Flowers--inflorescence--monoecious. the pistillate with 5 sep. terals,

the staminate with 5 tepals half-united, 10 staments.

Pistillate fls. open first, long before staminate flowers of
same plant. Therefore, outcrossing made possible and probable.
Source of variability.

Hybridization, between cultivars and with wild species. Results.

Use of M. esculenta., Food producers, from very primitive to !
very (or relatively) advanced agricultural methods. 1
Used in a few places as an ornamental--pigmentation similar to
poinsettia. |
Well enough thought of in some places to be sub ject of a stamp. !

Preparation--slides

Origins--problems--Brazil? Meso-America? Ouestion involves
people, thelr orgins and movements.
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October 15, 1965

|
Dr. Larry Leslie i
Apartment M-26 i
Jerdine Terrace
Manhatten, Kensss 66502

Deer Dr. Lealie,

We enjoyed having you stop in to see us during your stay here at

CSU, I may have misled you. Dr. Barkley is not himself s “numerical
taxonomist" but a good "clessicsl taxonomist”. I doubt that he is
up~-to-date on the developments in computer methodology. It is inter-
esting that you are sttempting to get the bacteriologists there
going. How would it be to ssk us to give s seminar there? We might
be sble to do it if an invitation is forthcoming. We may evenm like
to encourage you to collaborate with us on your various problems in
the erobacteriaceae,

Sincerely,

David J. Rogers
Professor of Botany

DJR/ec
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Larry Leslie
Apartment M-26
Jardine Terrace
" Manhattan, Kansas
: = 66502
Gentlemen; = September 25, 1965

I wanted to write to you and express my appreciation for
your hospitality (and the fascinating discussion on taxonomy)
during the recent Genmetics Society meetings.

Here at Kansas State University 1've been "encouraging" th
Bacteriology Seminar Coordinater to contact a botannical
taxonomist, Dr. Theodore Barkley (whom I believe you sugge
to me), about giving a seminar on numerical taxomomy. I
believe that if most of our bacteriologists could see the
many advantages and simplicity of tuis method for microbial
classification they would be encouraged to investigate ita
possibilities further, and what a revolution might ensue!

1 am looRing forward to secing copies of your work.




Notes for Mathematics Colbquium, Nov, 4, 1965 -- Dr. Rogers
’
I. [Introductory remarks only --
Divisions in field of biology
2 types -- "analytical" and "synthetic"
Ours is the latter type.
II1. Classification -- many operations, many types
1, Monographic
2. Floristic
Ours is the former
ITT.: In monbgraphic work, several objectives
1. To calssify, with all possible data available.
2. To apply the best possible nomenclature to the classified objects.
3. To give some rapid method of identification (keys).
Our operations mostly dealt with the lst of these -- best pos;ihlé
:lustefing methods,
IV. 1In clustering, a knowledge of rules for the biological aspect are

the most critical.
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NOTES FOR MATH COLOQUIIM - Nov. 4, 1965 - Geo. F. Estabrook

I 2n poing to discuss how some of the fundamental idess of
graph theory can be used to suggest tentative classifications
for biology.

I am sure that some of you are familiar with the basics of

graph theory, but because I will be concerned with a rather

narrow view of what is otherwise & rather broad field and
because our terminology may not be the same, I would like to
discuss briefly the aspect of graph theory that will be of
concern to us here.

Many of the statements that I make will not always be true,

but must be qualified by adding " This is the wsy I em going

to use this concept to address this particular biological

problem", Please assume this qualification for the rest

of the discussion.

GRAPH A set of points called vertices some pairs of whichk
are connected.

EDGE Every pair of distinct vertices gives rise to an edge.
The graphs that will be of interest to us in this
discussion will have each vertex connected to itself.
The edges of our graphs will have no direction.

In this way a graph can be ?hought of as a collection
-3V T of vertices together with some symetric

subset contsining the main diagonal -3 of the certesiasn
product of V with itself.

Thus, sny binary reflexive symetric not necessaridy trensitive

relation defined for a set of vertices determines a graph.
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ARC An arc is said to exist for two vertices V; Vo
if there exists a sequence A1A2A3 and so forth
up to A of distinct vertic#s in the graph with |
1

Vl connected to A;, A; connected to Ag, A, con- F
nected to A3 snd so forth up to A; connected to ‘

Vz.
GRAFH A graph is said to be connected if for any pair
of vertices in the graph there exists an arc. |
'
A subgraph for a graph is a subset of the vertices together 'i
with the edges determined by members of this subset. A A
subgraph can be thought of as a graph in its own right <

In this way it is meaningful to speak of connected subgraphs. \ y

A subgraph is said to be maximal connected if it is
strictly contained in no other connected subgraph. I

A maximal connected subgraph of 2 graph is fregquently I
called a component of a graph (in case anyone is more familiar
with that terminology). '_ |

Notice that if a graph is connected snd contains M
vertices, then it must contain alsc at least M-1 edges.
This is easily shown to be true by induction. A graph with |
one vertex has no edges. Assume that a graph is connected

and determines a minimum of edges. If one more vertex were

added at least one more edge must be determined in order

that the graph remain connected.

Of course, the maximum number of edges of non multiplicity
the A graph can €etermine is simply the number of ways to choose
distinct pairs from the set of vertices,

An articulation point for a connected graph is a vertex
of that graph with the property that the subgraph of the graph

consisting
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Every vertex except the articulation point is not con-
nected, Every definition and property of a graph that we

have so far discussed can be illustrated by drawing the &

picture of a praph for its heuristic value,

Vs
[

The vertices are the points -- the non edges are the drawn

connections. This graph is not connected because for Vl
and Vé there does not exist an zxf. arc.

s VZ v3 and V4 determine 2 subgraph of this graph

this subgraph is connected but is not maximal comnected for &

it is contained in V; V, VS V4 Vs which is maximal con-
nected subgraph. Vﬁ Ve UQ is an example of a connected

subgraph which exhibits a minimum number of edges. Vg

is an articulation point for this subgraph as the subgraph
vﬁvg is not connected., We said earlier that a graph could : 1
be thought of as a collection of points (vertices) together

with a symetric reflexive not necessarily transitive rela- 5

tion defined over them, Let that relation be denoted with g . !
the letter G, From our picture we see that V, G V5 but
not Ul G US an arc exists for vae because Vﬁ G VT and Vo

G Vq_
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By an extension for the relation G, I will mean any relation.G' with

ENORERRX  tre property that AGB implies AG'B. The smallest equivalence

relation extéosion for G will be the equivalence relation extension of

G of which every other equivalence relation extention of G is an ex-

tenkion. (Discuss lattice) The relation K where AKB if and only if the
vertices A and B determine an arc is the smallest eguivalence relation extension
for G. R contains G because two pcin%s which are connected certainly
determine an arc. Thus we nmed only show that R is transitive. ARB
implies there is a sequence of connections from A to B BRC implies that
there is a sequence of connections from B to C by combining these two
sequences there must be sequence from A to C. A class under the reia-
tion R will be a maximal connected subgraph of the graph for which

R is the arc relation. Thus the maximal connécted subgraphs for a

graph partition the vertice# of the graph. R is the smalle;t equi-

valence relation extension for G for assume that R' is strictly con-
tained in R-> R' an equivalence relation. Then different members of
some maximal connected subgraph of the graph id question must be in

different classes of R', hence R' cannot be an extension of G.

Let us turn our attention now specifically to the biological
problem: the estahlf:hment of classifications for collections of bio-
logical objEft!. .We h ve bean able ;o establish from biolegical con-
siderations three guiding principles. These principles are:

1. 'The definiéinn of classification. A series of partitions for a
collection of objects with the property that classes determined by
later partitions consist wholly of classes determined by earlier
partitions. This is known in biology es ihe hierarchical property
of classification for example genera consist wholly of species,

No species can be in two different genera,
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2. Two specimens which are judged to be similar (the notion similar
will be made more_precise presently) should not be separated
into distinct classes.

3. Good :lasa;s for a biological classification should exhibit some

morphological genetic or some other peasurable discontinuity

from one class to another,

The method I am about to explain sccepts these guiding principles

as necessary conditions. They are not absolutely necessary conditions
in the sense that biological classifications must embody them; but theyy
are necessary conditions in the sense that & msthemntic:i model for
classification must be based.on specific conditions set forth by the
biologist in whose aid this method has been devised and in that sense
we have accepted these as the bases for our classification.

In order to make precise the second principle, we define what we
call a similarity measure for the collection of objects to be classi-
fied (this collection will henceforth be called the study)

The similarity measure is a real valued function with 73“5919-1]
defined over all unordered pairs of objects in the study. S(a,b) has
the following properties:

1. 5(a,s) =1 p

2. S(a,b) » S(c,d) implies that the pair.of objects (&,b) is

more mutually similar than is the pair (c,d)
The details of the definition of this function are quite involved and
I will not go into them here. I will ask you to assume that such 2
function can be satisfactorily defined., The discussion of this function

might make an interesting topic for some future meeting.
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I will now define the relation G¢ where is some number between

0 and 1. G will be defined for the objects in the study as follows:
A G, B if and only if S(A,B)Z ¢

Suppose that it is possible for us to agree on a value of ¢ some number
between O and 1 with the property that any pair (a b) of objects in the
study are judged to be similar in the sense of Principle 2 whenever
S(a,bY=rc.

The relation G. is symetric snd reflexive but not necessarily
transitive, thus the study together with this relation constitutes a
a graph. We now ask ourselves what is the finest partition [_thnt is
to say classification containing the larges number of classeé] which
does not violate this inferpretation of principle 27 Clearly this is
going to be the partition established hy the smallest equivalence re-
lation extension for the relation G_ which was shown to be the arc
relation for the graph whose vertices are the study and ;hose connect-
ions are givenm by G.. Lets call this arc relation R_. The classes
under Rc are just the maximal comnected subgraphs of the graph determined
by our interpretation of Principle 2.

There is one guestion still remaining however, MNamely, How do we
choose this value C? There seems to be an arbitrarily large number
of choices between Q'and 1. This guestion can be solved by eliminating it.

If c¢' is greater than c Gc' will be an extension of G.. Thus R,
will be an extension of R.. Another way of interpreting principle 1
is to say that a classification is a series of equivalence relations
each an extension of the preceding relation in the series. It is mean-
ingful to ask for a finite collection of points. What is the longest
series of distinct equivalence relations with the extension property

just described? Whenever there are N members of the study then this
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sequence is at most N long.

Proof: Let L(i) be the number of classes in the Ith partition of the series.
G e L(i)=L(i+l) -1 and L(1) £ N thus

(i) + 4 = 19N - LX) = 1 -whera T is the terminal value foii-'8

thus' 1 + T = 1S N as asserted.

A
-

This means that although there seem to be a large number of ways to choee
a value for ¢ th;re are only at most N ways to partition the study and
these partitions satisfy Principle 1. "We will thus choose our set of c
values to interpret principle 2 as follows: ¢ is in this set of values

if for allic'c e K is not the same as Rc' This set will have at most

=
N members ;nd it is reasonable to ask a computing machine to discover all
. of at most N partitions. !
. It is interesting to note that because of the defined hiersrchip;i-:u
property for biological classification in this set of at most N parti-
tions for the study there can be at -aft 2N - 1 distinct classes k<
- Proof: Assume initially that there were N distinct simgle point classes. 3
When the ith partition is formed the number of new classes
in tgia partitions (i.e. classes not determined by the i-1
partition) is bounded by L(i-1) - L(i). Since L(i) varies
from 1 to N there can be at most N-1 new classes formed which

are not included in the disjoint partition,

Let us turn our attention to Principle 3 from the considerations
taken so far we know that our method chn discover at most 2N-1 distinct
classes, How can we measure the isolation for these closses? A class
will be called a C- cluster if it is a class under the eguivalence re-

lation extension R. but for no ¢'cc dis it a cless under Rc..
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The moat of a c-cluster is defined to be the number ¢ minus MIN
Es(a.hi] where a in £ the c-cluster and bm is not. The moat of g
c-cluster can be thought of as the amount of similarity by which the
closest cendidste for membership in the cluster fails to qualify. It

can also be thought of as an indication of how likely we are to confuse

some member of a cluster with some non-member. If the moat for a c-cluster

is high the cluster is isolated from other clusters and we are unlikelyy
to confuse its membership. Clusters with high moats are good cendi-
dates for named gioupa in biological classification. We can measure
ea;h of cur at most 2N-1 clusters for moat and decide which ones are
best suited in terms of principke 3.
It is also possible to determine a measure of connectedness for a
cluster, by taking a normalized. ratio of actual connections made within
a cluster to the total possible number., We find this measure not parti
cularly useful kecause the total possible number of connections incresses
as the square of the totsl number of objects in a maximal connected
subgraph whereas the actual number of connections seems to vary directly,
In order to best interpret the results of the computing machine
we have found it useful to actually draw the pictures of the resulting
graphs, On these graphs similarity relations are shown with actual cona
nections Hetween objects. Articulation points in these graphs have proven

especially interesting since by definition their absence would mean the

c-cluster of which they are members would have to be considered two distinct

cluster, In one study of orchids that was done in New York such an
articulation point was found to be a hybrid with one parent in each of

the two otherwise isolated articulation branches, As a function of the
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