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METHOD

In its broadest sense, taximetrics is a method, but more specifically,
a tool to assist the scientist, be he biologist, geologist or chemist, in
the reduction and analysis of large quantities of data. In name, taximetrics
is related to "taxonomy", the science of classification and naming of organ-
isms. In methodology, it is not only related to taxonomy, but to the entire
spectrum of scientific endeavor in the "synthesis" of information about the
biological and physical (i.e., living and non-living) world. The underlying
principles of taximetrics ars those of "classification", thus the obvious
relationship to taxonomy. However, classification is essentially only a
process of dividing and subdividing a group of objects according to observed
similarities and differences, and in taxonomy placing the subgroups in some
hierarchical order, This process, though not always recognized or called
classification, is basically the same method used by scientists in many
fields to analyze (i.e., synthesize) data on many differsnt forms of matter,
thus the broader relationship to science.

Taximetrics then, though a new word to most, is simply the embodiment of
a few tried and true methods of classification, heretofore undefined. Taxi-
metrics subsumes these in its methodology and adds two powerful tools to
reinforce them--mathematics and the computer. The computer was chosen be-
cause of its vast computational and data handling capability, and mathematics
provides the means to express numerically (i.e., quantify) intuitively
known, learned and verified methods (e.g., classification) in the form of a
mathematical model. Construction of the model required a careful and rigorous
definition of the actual methods of traditional taxonomy, and further a re-
duction of those necessary and sufficient ones common to all classification.

The methods and principles thus derived may then be expressed in mathematical
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symbols so that the various operations may be performed numerically. These
expressions are then transformed into an algorithm (i.e., a series of instruc-
tions to a computer) which when fed into a computer along with the "data
collected on & set of objects, makes it possible for the computer to perform
all the operations required to effect a "classification" of the objects, in

a minute fraction of the time it would take the scientist to perform the same
required operations by hand. Not only is the computer incomparably faster,
but it is completely objective and consistent in its performance,

At this point it is necessary to "classify" classifications somewhat,
according to purpose. It may be desirable to classify objects (e.g.,
organisms) for taxonomic purposes, or simply to discover relationships be-
tween objects or variable properties of a group of objects, among others.

In either case the basic methods of classification are the same, but in the
former meny other considerations must be made (e.g., the definition of “taxa",
and the selection of "appropriate" data) while in the latter the main concern
may only be the most accurate collection of specific data.

Since there is such a diversity of disciplines and purposes for classi-
fication, taximetrics takes on a unigue position and significance for science.
It becomes a most flexible tool because it provides an "objective! means to
peform the hard core of classificatory work without placing undue restriction
on the "subjective! considerations that must be made and that vary widely
from discipline to discipline, and purpose to purpose, These subjective con-
siderations are easily imposed in the "professional judgment" reguired in
selecting data and in interpreting the results of the computer output.

Now you may rightfully ask: just what are these "principles of classifi-
cation", and what is this "data" you refer to? The basic prineiples of class-

ification and thus of taximetrics are (1) a classification is a hierarchical
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(i.e., smaller classes being wholly contained in larger ones) sequence of
fpartitions" of a given collection of objects, each partition dividing the
eollection into "classes" er groups; (2) within any given partition of a
classification, two "similar" objects should not be placed into different
classes, and (3) two "different! objects should not be placed in the same
class., This is to say that the classes in any partition of the collection
should be "exclusive' of one another (or distinct) and alsc be "exhaustive',
(i.e,, sxhaust the collection).

So, you say fine, well and good--but how do you determine what objects
are "similsr!" and which are different? When anyone looks at two objects to
determine if they are similar or different and to what degree, he doesn't
just stare at their entireties in an unfocused way and hope the answer will
just come to him. Aware of it or not, he compares the two to determine what
"properties" they have in common (such as shepe, hardness, hairyness, append-
ages and etc.). These properties may be "intrinsic! (as above) having to do
with the object itself or "extrinsic', having to do with the surroundings (or
environment) of the object. Whichever, he compares the objects for each
property they have in common to determine to what degree each pessesses that
property and some measure of the difference betwsen the two degrees (e.g., if
they possess the same degree of the property they are identical for that
property). Then somewhere in the dark reaches of the gray matter all these
degrees of all the observed properties are summed up and the conclusion is
reached that these two objects are similar or they are different or—well,
they aren't similar and they aren't different! When these compaisons are made
for every possible pair of objects in a collection, then those pairs that seemed
most different are kept apart, with the rest falling somewhere in between. The

classification is then complete. If the man happens to be doing a taxonomic
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classification, then he consults his authorities, uses his best professionally
trained intuition, and deems certain groups of objects "taxa" and assigns to
them a name based on their position in the hierarchy.

Taximetrics replaces all the foregoing process of comparison and sum-
mation and grouping and division, with a mathematical model, which when given
the "data" in the proper format, quantifies the process and turms it over to
a computer (as an algorithm) to operate upon the data and output the desired
classification. The "data" referred to is simply the same "properties"
selected before, now called "characters", and their respective "degrees of
possession" now referred to as "states" of those characters, for all cbjects
in the collection (or study). These characters must be selected for the pur-
pose of the classification and according to your best professional judgment
as to what constitutes a good character for the study. States for each
character must likewise be chosen and number no less than 2 and preferably
no more than 6 or 8. As such, each character is a partition or classifica-
tion of the study for it should divide the entire study placing each object
into one and only one of its states.

Once the data is collected on a study, it is then punched on IBM cards
in a language the computer can interpret. This information is then fed into
the computer along with the program (or algorithm) containing the mathematicel
model, or the quantified methodology of classification. The computer takes
over from there, computes a "similarity" (defined in the model) value for
each possible, unique pair of objects in the study. This value ranges from
1.000 (identical objects) to 0.000(maximally dissimilar). Then based on these
computed similarity values it begins grouping objects into "clusters', begin-
ning with those objects with the highest similarity values. These clusters

are the "classes" of the partitions (defined by the model)., Each "partition"
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of the study is made up of clusters of objects (or single object clusters)

that are connected by a chain of pairs of objects having at least the similar-
ity value defined for that partition. A series of partitions is formed as
the similarity value is reduced to bring objects into the clusters sequen-
tially until all objects are grouped in one cluster (the study). The com-
puter simultaneously computes values of "connectedness" and "moat" for each
of the clusters as they form. The connectedness value is a measure of the
interconnectedness of the objects in the cluster (or the degree of inter-
relationship). The moat value is a measure of the distance (or difference in
similarity value) between the cluster and the next object to Join it (or the
degree of distinctness of the cluster).

Once the computer has completed its task and printed out the foregoing
values, the output is then transformed into a graphical form for easier
interpretation., This graphical representation (called subgraphing) enables
one to see and follow the "flow" of similarity within the study. Careful
study will reveal many relationships between the clusters, and when combined
with an analysis of characters for the study, enables one to determine just
what properties of the objects causes them to be so related.

From this point on, it is up to the scientist toc draw his own conclusions.
The method only illuminates the relationships of similarities and differences.
What these relationships mean is entirely up to the scientist——who knows his
discipline, his purpose and has selected the objects and properties of interest
to him,
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APPROACH

The first step in an approach to any problem should be to define the
problem, determine what is of particular interest about the problem, and to
check ones premises in regard to the discipline or disciplines involved.

The problem herein referred to was a group of plants collected by my profes-
sor in Taximetrics, purported to be representatives of the Family heguminosas,
Genus Astragalus. So it seemed.they were. My objective was to be a classi-
fication of a number of these plants by the taximetrical method I was to
learn in class.

Basically, the plants interested me because the genus contains species
that are poisonous range forage plants guite unhealthy for cattle, and are
widely distributed problem for ranchers in Colorado. This is primarily be-
cause the genus contains over 300 species with much intergradation, which
makes it very difficult to tell the poisonous species from the not so, or non-
poisonous ones, My first steps were to consult respected authorities on the
genus such as "The Atlas of American Astragalus" by Barneby and "The Manual of
Colorado Plants"by Harrington (containing a key and deseriptions by Forter).
These works gave me some insight into what characters are important (i.e., help
to classify) for the genus. There were of course many such characters, but I
selected only 20 (those I felt would be easiest to collect) to keep the study
within the scope of the class. Also from my readings in Barneby I discovered
that historically the genus had been classified in two ways: one based pri-
marily on gross morphology and a second based primarily on floral morphology.
It struck me that it might be interesting to contrast these two ways of classi-
fying the genus to determine if there would be a difference in the results. I
hypothesized that given the assumptions of "biological order," a commen genetic

make-up, and reasonasble care in selection and measurement of characters, the
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results of two classifications, one based on gross vegetative characters, the
other on floral vegetative characters, should not be substantially different,
and sscond that the classification based on the combination of the two sets of
characters should be the "best" one in terms of weight of evidence. So, again
to restrict the scope of the work involved, I chose ten of each type of char-
acter and then 25 of the plant specimens on which I felt the required data
could be collected. A list of the characters and characters states selected is
included in the appendix of this paper. In collection of the data I discoversd
that much information was missing on the fruit and flowers as these are very
difficult to obtain together. The effect of this missing information became
apparent in the analysis of the subgraphs.

Once all the data had been taken from specimens and recorded, it was punched
onto IBM punched cards for insertion into the computer. The computer run was
made on three sets of data; (1) characters 1-10 for all objects, (2) characters
11-20 for all objects and (3) all characters on all objects, hereafter referred
to as parts One, Two and Three, respectively. The computer printout was received
and is included in the appendix for reference. Now the process of interpreting
the results bsgan. The first step was to "subgraph! the results. This is a
graphical means of displaying the relationships between objects of the study.

On the subgraph, objects are denoted by numbersd circles (numbsrs'identify

the individual plants). Within each partition only those objects are connected
by a line which have a similairty value at least equal to the "C" value associ-
ated with the partition (or level). A heavy line indicates that the two cbjects
first joined (or clustered) at that level (i.e., one of the objects was added

to the cluster). A dashed line indicates those objects connected after they
Joined the cluster. A thin solid line just means they were connected at a
previous level. The fraction following each cluster is the "connectedness"

percentage of the cluster (i.e., number of actual connections, number of possible
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connections) and the number in parenthesis is the "moat" value (or the dis-
tinctness") of the cluster. The subgraphs for parts One, Two and Three are
included in the appendix.




CONCLUSIONS
In conclusion, I found that due to too much missing information on the

floral vegetative characters, part Two of the study did not have good results
and therefors could not be fairly compared with part One. However, part Thres
of the study did have a high degree of correlation with part One, so it may be
inferred that part Two did not greatly detract from the combined classifica-
tion. In fact, the clusters obtained from part Three were wholly contained in
those found in part COne, and seemed to contain fewer objects of higher simi-
larity. Both part Cne and part Three divided the study into five main clusters.
One cluster being so distinet from the others that it was determined (on the
basis of key characters) that this cluster was made up of members of the Genus
Oxytropis. The remsining four clusters, though articulated (i.e., joined by
commonly similar members) are distinct enough to represent four subgenera of
the Genus Astragalus. There were alsc two individual objects which stood out
from all clusters to such an extent that they might also represent distinct
sub-genera of the genus. It was also my hypothesis that certain subgroups
within each major cluster formed at such high similarity values, and remained
distinct for such a great distance that they represent members of species
within those subgenera. Later identification of certain individuals within

the groups verify that this is the case.
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Astragalus Study - Characters

Gross Vegetative
K1 Overall shape (s)

Tall (12" and up)
Medium (6" to 121)
Iow (37 to 67)
Mat-like (up to 3")

o>

K2 Overall Vesture (m)

A - Glabrous
B - Puberulent to Pubescent
C - Strigose
D - Pubescent to Pilose
E - Sericeous
K3 Stems (s)

A - Many (11 or more)
B - Few (2 to 11)

C - Solitary

D - Logical (K5-A)

KL Stipules (o) k=1, n=4

A - Scarious

B - Chartaceous

C - Subfoliacecus
D - Foliaceous

E - Logical (E5-A)

K5 Leaves (s)
A - Radical
B - Basal

C - Caulescent

Ké Leaflets (o) k=1, n=>5

A - Iinear

B - Iinear to elliptie
C - Elliptic

D - Elliptic to ovate
E - Ovate

K7 Peducles (s)

A - Many (5 or more/stem)
B -~ Few
C - Solitary

K13

K15

K16

K17

Floral Vegetative

Flower Color (m)

White

Creamy to yellow
Yellowish to 1t. Blue
Lt. blue to dk. purple

| R VO B |

ot

Banner length (s)

A - Long (21 to 30 mm)
B - Medium (11 to 20 mm)
C - Short (0 to 10 mm)

Banner Arch (o) k=1, n=4

A - Strongly

B - Moderately
€ - Mildly

D - Straight
Calyx Shape (s)

A - Campanulate
B - Campanulate to ecylindrical
C - Cylindrical

Calyx Teeth (s)
A - Broad

B - Narrow

C - Spinulose

Calyx Vesture (s)

A - Light

B - Dark

C - Logical (K2-A)
Keel Dot (s)

A - Present

B - Absent

C - Logical (K11-D)
Fruit Length (s)
A - Long (21 to 30 mm)

B - Medium (11 to 20 mm)
C - Short (0 to 10 mm)
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Astragalus Study - Characters

Gross Vegetative Floral Vegetative
K& Racemes (=) K19 Fruit Curvature (s)
A - Capitate (less than 1 of peduncls) A - Pronounced
B - Subcapitate (I to  of peduncle) B - Slight
C - Elongate (more than 4 of peduncle) C - Straight
D - Sigmoid

K9 Caudex Branching (s)
K20 Fruit Compression (s)
A - Profuse (11 or more)

B - Moderate (4 tO 11) A - Ovoid (inflated)

€ - Little (2 to &) B - Terete

D - None C - Lateral

D - Dorsal

K10 Root Thickness (s)

A - Thick (very woody)

B - Average (slightly woody)

C - Thin (slightly herbaceous)
K2 Matrix K11 Matrix

T (SR TR S Aoom B BN
Al 1 AR T
Balh a1 8 |.50
¢ of.50 § 1 ¢ ¥ arto
Dl oul o ] o -2 B} 0 ]0 |25 | &
b o o { 0ftse 1 1
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First, I would like to make the point that numerical taxonomy and

TAXTVETRICS

taximetrics are not synonymous. Mumerical taxonomy refers to clarsification
by a computer, with the biclogist's main role that of data collection.
Taximetrics on the other hand is a tool that the hioclopist may use in making
a classification. !umeriesl taxonory professes to be a "new" me!'od of
classification. Taximetrics is not a new method but 1s simply Lhe one used
by biologists for hundreds of years quantified in mathematical terms ulish
can then be expressed numerically and programed for a computor.

How does on; ~o sbout translating & biolopist's thought processes to
mathematical terms? Primarily the procedure is one of defining specifically,
or as hest we can, what we mean by such words and procestes as clustering,
similarity, character, etc., so a mathematician can define them in his lanruage.
First of ell we must define what we do in classification. Basically, e
select characters that will be used to corpare our organisms, do the mctual
compirison, decide how similar our organisms are, and from this similarity
form clusters which are the units of the classification.

Now that we know what the processes are, let us define them so they
can be put into mathematical terms, First, what is a character? This we
find is & rather netulous thing that varies from organism to organisu, and
biologist to tiolosist. The quastion of what is a good character for class-—
ificetory vurposes is another problem, one that is best solved by the iLio-
lopist. He must know his or-anisms well enourh to be able fo say ' 8 char—
acter has value althourh the comrutor program will often help him in this
repard,

Basically a character is a plece of information about your oreantams

that can be ‘roken into seperate subsets or states. A character is suel
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t‘hn‘t.-‘# of the orpunisms (objects) in the studv can be nlaced in cne of the

states, and only one. HMathematically, character states form a partition of the

:ﬁuBI (Wemny fﬂk U'F PartiTiens o Sete only)
for they exhaust or contain all the % - S
Oliects (1w te STudy

and are disjcint, or non-overlapninr. A character is & function that assipns

one of its states to each object in the study., In a se each character is

e thet o charecton is &
v From = w2 set,

Each orranism in the study is assigned the state it heloars in for ssch

a glassification for the study. H“(

character, low the compsrison of orpanisms cen be made, fasi~elly what we
do here is compare states of the ohjects in the study. This is where the
similarity measure of taximetrics and the computer come into nlay,

If two ohjects have the same state for a character, we say they sare
gimilar for that character, Iet us give a numerical value of 1 for tlis
situation. When the states are different, the ohjects sre not the same,
let us express this with a value of 0. Certain situations srise whire two
states are not exactly similer, but the hiologist Y“nows there is sore ai=i-
larity between them. This method allows him to place a value somewhe e
between O and 1 to express this similarity. There are two procedures ayail-
able, ordering or matrix, a discussion of these is irrelavent here rut a
knowledge of their presence is essential. Each nair of objects in tle stury
can be piven a value in the ranpe O-1 for each character. Yow if these values
are gw%d for each pair of ohjects over all the sharacters in the study,
and divided by the number of characters used, & value in the range 0-1 can
be pgiven to describe the total similarity of the pair. This cen be written

Sp.la,b
Total # of characters

in formda for- as: SCa;b) =

S(a,n) is the total similarity velue for two o jects, a and by Syla,b) in
the similarity value for a and b for each character, k.
The computer soes through and caleulates a similsrity value for eack

possible pair of objects in the study.
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nie the “{4lorize ng firared ocut wiioh ohlects are simi ar, he rrours
@
bhem Inte Blunters. Ve et Ingtruet the computer to do the same, _rferefors
we doeline o clus'er . as o Froun of ohiects ccnnactad rother by sima chrin

of" sinilurtfty, Tha machine staris this Proeess iy Pindinp tha hirhagt Sla,H)

fn tho Giuck, ond then picks out a1l the paiss of o Jeois that similar., Tt

od ; secording to our defir ition of a sluster, Fas example, i the
19 Al

#7500 and the pairs thst similar ave {a,h), (b,2) ang fd,e);

w0 eluslars will be formed, One contains a, b ang i the other d and a,
The sirilarity value ig ‘hen lowared until tha next pusir or pairs will be
adnifted. These pairs may e Letween a member of o previous clustor ang a new
“emier, helween two new members which will form a neyw cluster, or between
objects in tue oravious clusters, or any combination, This Process continues
until =811 the objects in the study are in one hig eluster, At each level g
velus is piven for the individual clusters telling how far the similarity
value must dron tefore t?ers is a chanre in the cluster memiiership, This
value is called moat a‘r:d is a measure of how far the eluster is seperated
from tha slagass ohject dn the rast of the study., T4is closest objegt will
be the next one to inin the eluster, A larpe most value means a Toup is
miife dissinilar from the reést of the stndy,

Tnternal ecnnections of a cluster, that is connections hetwoen objects
vlready in te eluster, are shown at the levels they appear, The more con—
necledness a cluster has, the stronger it hecomes,

The eormutor crints out. the verious lavels and what is haprening at each,
The hiolorint st fntersrat the results and decide on the level and clusters
"8 will use in tis olagaification, 4 mothod of subgrapting the orintout is
ermlaved to ok w3 doval by level, how the clustering developes. An evaluation
of the cln:‘-::if':icntc:-y value of the individual characters cen be madae from the

printout, This mey help the hiolopist decide which characters are fF00d,

] : e,
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Often, several runs of the study differing in character structure will be

made before a satisfactory classificetion resylts,

The moat important element in this process is the characters, for they
determine the results. Characters with many states tend to be splitters,
those with few states, lumpers. Ordered or matrix characters, those with
partial similarity between states, also tend to be lumpers.

The great value in this method is that it lets vou compare many objects

ﬁu. Hoene o fer
Vulues>
It can be seen that t'is technigque is only as good as the hiolorist,

fw}n:];'j-ectsalltheacizz d‘//mép ym[" {_U_W%W

using many characters, which would be too tedious to do "hy hand".
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There is a distinet difference between computerized taxonomy and a
system of taxonomy utilising a computer as one of the tools in the process
of building a classification. The former implies that all the blological
decisions leading up to a classification are made by & computer; whereas,
the latter operation permits the blologist to construct the classificatdon
based on ‘hia knowledge of his organimms. Tuu{:-t.rion is such a process.
T;q.‘;tﬂ.ol is a system of classification whereby similarities between
organisms are determined by the total number of selected characters between
any two organisms. The characters are selected by the blologist and thus - f,
/V_\‘—\_H &uﬁ
are judged more important than other characters for the classification.

?

Weighting of characters can be done another way, by r-lgnt.ing the charao=-
ter, that is, by splitting a morphological or any other feature into differ-

ent aspects of that feature and categorizing sach aspect as a charcter.
»

A charsoter, as defined by ‘hx(-t.rl.cn. is a 'm}-—Hu‘dgumuénge-

W%#Ey‘ or a way to make an assoclation. It is intrinsic to

the animal and is an expression of a gene or & combination of genetic inter-
action, It will split and group (partition) a mmber of organisms on the

basis of similarity. M-f‘ ﬂ. WELL DEF}MED (Oﬂ’/CEPT

A character is di into several categories called states, States
reflect the biologlsts interpretation of the variation within a character.
It is obvious that some states will be well defined (e.g.presence or ab=
gence of an adipose fin) and that others are less so(e.g. as in shades of
oolor or in overlapping ranges of lateral line counts between species).
Those characters which have distinct states are called simple characters.
Those characters which have states which are harder to distinguish, can
be coped with through two modes of operation, If the states can be secara-

ted into loglcal sequence, it is placed into an ordered character.

Digiti




An ordersd character cushions the edusated guess by providing for a margin
of overlano into the neighbordng states. If the character shows a reticulate
pattern, it is placed into a matrix formula. A matrix character is given
values between 0 and 1 for its states, depending upon the percentage of si-
milarity between the relationship of each of the states to each of the other,
A matrix formula is similar to the formula one is taught when learning Men-
delian genetics. /:'”Z‘/ Praleins” lhie nedit Vet
The study will have a number of organisms compared by a rumber of si-
milar states for a discrete number of characters. The comparisons will be
tabulated by a binary computer. Each state of a charoter will act as a
positive value as it i a @““{$‘"{°$ V GT-‘ o
A SIMPLE CHARACTER will correlate thusly for two organisms; for any
character A with two states, a and b, the value 1 will be given to a per=
fect mateh (a,a) and (b,b), and the value O will be given to a mixed match
(a,b) and (b,a)s One will soon observe that a simple character will tend
to split if it has a large number of states,
An O f?'h\RkCIER will, deperding on the number of overlaps give
the vnluew‘jﬁ?%to E‘ toﬁu of mixed matches; for example, a character A
with the states a,b,c,d and an overlap of 1 will be given the value of {255 -/lf““ 1
greaterthna ©
to (a,b) (b,a) (b,e) (e,b) (c,d) as well as the perfect matches. The value
0 will be given to matches wich are logically separated two sequences away,
for example (a,c (b,d). One can thus realize that:’an ordered character
tends to lm;\:\‘depending on the degrees of overlap and thatian ordered cha-
racter tends to lump ?apudin.g on the degree of overlap and thaf)d high degree
of wverlap for a low rumber of states is a poorly differentia character,
A MATRIX CHARACTER has the value 1 for its perfect matches and values
between 0 and 1 for the relationships beween the statesj so that for the

character A with the relatioships and values of (a,b)",S,(lgO}ﬂ. (byc)=e25,
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one can see the reticulate pattern. The concepts of the matrix and ordered
charsoters organizes the thinking processes of the bidoglst about certain
characters which I feel helps him analyze them, whereas before he relied
on intuition.

The output from the computer organizes the data into a hierarchical
olassification. A hierarchical classification can be explined in turms of
set theory. A set is ocomposed of any number of objects, These objects
may be recognized as members of sctellection. A deck of poker is a set com-
posed of 52 members. A set can be composed of subsets ﬁéﬁ:ﬂudn
and exhaustive, A deck of poker is composed of four suits and all the
fifty two cards are usted in ’.h.on four suits no ons card belonging

Gaod ExHwmple |
to any two suits, The 52 cards are partioned into the four suits., In the
same manner an organism is partioned into specles, genus, family , order,
class, phylum,

The computer is like an electronic sorter, sifting the organisms(as
represented by computer punch cards) into partions. It will first seek to
find organisms which have identical states for each character in the study.
If failing to find such a comparison, it will seek out the organisms with
the highest mumber of identical states over the entire study. It will
cluster the organisms according to their relations. This level is called
a o level and it is somewhat analogous to a percentage because the level
of similarity is determined by the number of states ofscharacters without
missing information that are similar for a number of organisms OVER the
total number of states of characters in the study without missing pieces
of information, The computer continuously lowers the level of similarity

10045 4 M-,
until an orgnnimmclustlr-h-l-m_ab;-n&. The amount in the level of

similarity which is lowered for that organism is called a "moat” and is de-
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fined as the amount of| space that the closest organism to the cluster fails
to qualify for membership. The com-uter drops the level in similarity
until it has included every object (organism) into a large set(exhausted
the study) composed of a number of subsets or partitions (made axclusive)
which the biologist organizes into taxa.

Several techniques have been devised to help the biologist organize
his taxa from the comr-uter output, The subgraphing technique is a graphical
representation of the coutput, Iines are connected betwsen similar objects.
Each connection represents a relation so that the more lines connected
between objects in a cluster, the more related they have become. This is
also a graphical representstion of partitions. From the graph the blologist
induces taxa, based on similarity levels wherse strong clusters formed,
the moat surrounding the clusters and the connectednsss of the clusters.

The classification may not satisfy the biologistj if so, he can analyze
which characters were most important in forming connections and clusters,
and can rearrange the states within the character to best present his
views on the organisms, This is not cheating, for often, certain cr\.aract.a:;:
are badly represented by the biologist or have confusing states or_as i
rntius7uhich refsct allometry, spurious information, In fact the biologist
can strenthen important characters oy this form of analysis by better
definition.

The methodology of taxametries is an important, powerful tool of the
biologist and thus the biologist serves more than just an information, data
gathering slave for the computer. G- GG d c{ (yovESion t rown
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Taximetrics is a methodology employed as a useful tool for classifica-
tion of biological organisms. The grouaings established ar. bused on an
heirarchyj that is, those objects wiich are similar at lower levels con-
tinue to be grouped together in higher taxa. The metnod depends on certain
rules, often expressed in mathematical terms. Furthurmore, the biologist's
interpretations of the inout data and print out from the com uter, are es-
sential elements of the method.

T3a order to grouo or sepsrate objects in a classification, com-
parison batween those objects is most conveniently made on the basis of
degrees of similarity. For discrete criterion for similarity mezsures
biologists use characters, In tiis metnod we consider a character as a |
fanction (see fig. I). The domain 1s the set of objects to be studied, .
the range the list of valuss determined for ecach chirac orj the character

assigns a particular value for sach object. Figure one illustrates how

Domain Range .

— —-—'-—,-—T !.tl.\\.\ ‘

S __spine | '
S N A

= =
Fig. I Function of the character, armature of the 4th
swimming leg in Cyelops vernalis.
the character, armature of the fourth leg of copepods in my study, assigns
a vhlue in the range to the domain of the study. Here, animals one and two
pod . four  possgsw.sktae, while animal three has a spine.

Thera are three important properties of a character. The first is that

it defines a symmetrical rslationship, that is, 1f object one is in relatfion

to two, then two is in relation to one. Therefore if one in the sample ‘
: !

study is in relation to two defined by ths character of leg armature (both

have seta), then two is in relation to one. (We see that relative to tuis :|

character, two and three are not in relation). A second proverty is
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that a reflexive relationsiip is establishedj an object is in relation to
itself. For sxample, one is in relation to itself. Thirdly the relatlon-
ship defined by a character is transitive; that is, if one ia in relation
to two, and two in relation to four, then ons is in relation to four. In
our illustration, if four possesses a seta, it is in relation to one; since
one is also in relaticn to two, then two is in relation to four (all

have setae).

#hen these three properties exist (symmetrical, reflexive and transi-
tive relationsnips) we call it an equivalence relation. Tiis is important
because it follows in mathematics that a character incorporates the
entire study and divides it into non-overlapping sets. In the illus-
tration, one, two, shree and four are all the members of tie hyoothetical
study, The character has applied to all members of the study: it is ex-
haustive, BSecause non-ovirlapping sets are established, it is a disjoint
proverty. A zeneral term for these qualities, disjoint and exhaustivs,

is a partition. Bach character we employ is a partitisn. To the biologist

The Study T
i S A=y
3 b4 \/'-3\.'!4

S Sl
Fig. II Partition of the characterof leg armature.

the discrete assignment of a character value (or state) to each object is
pleasing, tliough sometimes difficult, beczuse it necessitates clear
tiinging, avoiding vague termindlogy.

After an object is described by a particilar cosracter it can be
compared to otnor objecis. We do this using a similsrity funetion. ALl
vairs of the study are compared and assigned a value of similiarity

between zero and one. If object j is identical to object i for a wiven
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character, then the similarity function for i and j is one( 8 (1,3,)=1 ).
If they mrs completely unlike, s(1,3,)=0. To compare objects for all
characters used in the study, the average similarity if found. The formula

8(1,3,)= Sclinis) expresses this average. When 5(i,3j)=0.9, then
total ¢ characters

objects 1 and j are similar in 904 of the characters. On the "print out"

from the computer, there ars two tables which tell the funetion S(1,3).

ﬂc'hmll‘;n PDovides plisT ot &Il pairs toycthr with how clesely
ich are most closely related. For example, fhey
It

One prevides a list of pairs
if object a is more closely related to c than to any other object in the
study, this pair, 3(a,c), will appear on the table along with the similarity
value at which taey were brought together § a value between zero and one).
The second tabulation of S(i,J) indicates the ten closest objects for each
object in the study, along with the similarity value for each pair. These
are given as nodal distance arrays.

When the biologist assigns a character state to an object he has many
ways in which to do it. Some characters, such as the example given
earlier with setae er spines, are very straight forward. This kind of
charscter is called a simple one. Generally most char:cters are this type.
There are other situations in which two objects be.ng compared may be
neither absolutely identical nor unlike. Linear measurements are an ax-
ample of this conditionj shorter objects may be more related to medium
length objects than they are to longer ones. In this case we might make
the character an ordersd one. Generally we "order" states adjacent to
each otherj then short and medium lengths are in relat on but mot short and
long. The similarity value for this condition would be one for object
pairs assigned tne same ch;r cter state (if they are both snort, for instance),
and zero for tiose not in adjacent states (a short and a long object).

An intermediate value can be assigned to the adjacent siates. Another char-
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acter assignment for non-simole characters is a matrix, in which values of
relative similarity are given an appropriate value by the biologist.

The establishment of non-simole characters sounds like a good way to
give a pair that are somewhat allke a similarity value proportional: to their
relationship. However these must be emcloyed witn caut on. While
ordered and matrix characters do tend to group pairs, at the same time they
do not allow tie given cnaracter a good opvortunity to make a clesr divisiong
between objects. Therefore i§ I am certain about a very gradual cnange in
linear measurements or hesitant about possible accuracy in measurcement the
ordered character expresses the graduations rather than distinct states.
if distinet linear states are observed, sich as snort, medium and long,
they are best left as simnle rather than ordered characters. Predominant
use of simple ch=racters produces classifications that are easier to
analyze.

b AN R AT <1
equal [Weigh A biologist observes that two organisms wnich are very simi- o G
141hnvc many attributes in common. Taximetrics works in the same way. Ob-
jects that are similsr in many respects are clustered tozether more clossly
than those with wnich they snare only a few commor points., Thus, 1f
two organisms ar: closely related, the fact that thsy are of different
lengths (and coded into different states of a simole character) will be
overidden by éther, more num:rous, similarities.

Sometimes information about one cnaracter is unavailabls for an
object. This is coded as "no information™ and tne object is cumpared to
others on the basis of only those charicters in wnicn information is
provided, Using such objects can produce confusing clusters. an
object with missing information tends to bring together very sarly object s

which are like it in all charicters with informat.on present. It might be

Digitized by the Hunt Institute for Botanical Documentation




LA A e e —— e e ————

5

that the objects brought together are sctually very different with respect
to the charucters in wnich information was missing for onej the similarity
value could be mach lower than the one indicated. Another circumstance
arises when a particular character deseription is not logical. For
examrle, if the swimming leg armature were a spine on #3 of the illustration
given earlier, then length of the seta for this leg would not be logiecal.
In such a case, the character is coded as "not logical®.

The results from the computer are called the "print out®. Levels
of simllarity appsaring on the print out depend upon total similirity of all

characters for which information is present for pairs of objects. Those

objects which are most similar appear first., Each level of similarity is

given a value, called the "o value®, which represents the degree of simi-

larity between zeroc and one. The first level, cy can be 1.0000 or less.
Rach time a cluster of objeots acquires a new member a ¢ level is indicated.
Since the earliimst levels express the most similarity, once a cluster 1s
formed, all members remain members of that cluster. The eimilarity de-

creases in later levels because new additions are less similar to the ear-

lier members. Therefor: members forming at ¢=0.9 would be much more like |
one another than all the members of the larger cluster at c=0.6. Because !
the degree of simlarity determines the memb-rs of clusters, objects quite
unlike remain distinetly separated for quite awnile, and tuose which are
very similar are grouped togetaer earlier,

Degrees of separation between a cluster at any level and the next object

to become a member of the cluster is given as the moat. Tnis is actually
e lusters)
a measure of how much a pair of gbjsghs are unlixe. On the othar hand, it

is also desirable to show interconnectedness witain a zroup. Tris is
given as the number of internal connections within a clustsr, out of the |

tokhM number of possible connections.
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Just as the initial informit.on about ch racters is deturm.ned
by tue violosist, in the same manner the interpiotation of the output is
also up to nim. Since the print out grouos distinct glusters, which are
tien conta ned witiin le=rger clusters at le:s similar levels, tnis metnod
prod lees an heirarsnial classification., But merely grouping objects of
smaller, more related, sets into larger clusters does not define what
taxonomic levals we are working with. Grapning tne study by connecting
objects as they come tozether at dirfsrent lavels, produces an overall
51 -ture of now tne classificst.on develops. A Bkyline is another kind of
crach wulch siows the moatls, that is, degrses of ssp ration, very wall.
W ile looking at tae total study, tne biologist also obs rves carafully
e relations:.ps of indiviiual objects. In the latter kind of analysis
the 5(i,j) table and the nodal distance srrays are very helpful,

jsually t.e kinds of informition used are closely regurded and revisiuns
wade, The:: cianges often heln to make mors aistined clusters,or clusters
w ich Yetter show waat the biolozist cnsiders to bs more valid relation-
shios brsed on what he knows ao ut tae organism and its biologv. Many new
pelat onsiios between objects, empecially tliose wiieh might connect two
olust:rs, caa oa discov rod. Furthervore the bioloiist can increase tne
amo int of information in later studies ( for example, genstics or scolozy)
in ordsr to uroduce a gencral elassificution (not 32s-d on on'. one
tvoe of ciirsctas sich as morshology). Finally, based uocon the distinctness
of the clusters formed as well as the biology of tne orzanism in zeneral,

the oiologzist detezrmines the level of taxa wpon wiich he is working.
T/W s cusetan ol eden o xae v
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