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UNSUPERVISED SPATIAL CLUSTERING WITH SPECTRAL DISCRIMINATION

i. INTRODUCTION

The objective of this research is the conversion of remotely sensed data into
useful information regarding the location and distribution of various classes of identifiable
earth observation features. The remotely sensed data are collected from a platform, which
may be an airplane, a ship, a balloon, or a satellite. The sensors used generally collect
electromagnetic radiation in specified wavelength intervals (multispectral and thermal
scanners, other types of radiometers, and multiband photography), echo returns
(side-looking aerial radar and sonar), and magnetic field information (magnetometer). The
collected data may be analog, digital, or a photographic image, and the data are
formatted such that a one-to-one correspondence is preserved befween the ground scene
and the data, as in an aerial photograph. The data are then analyzed to determine what
features can be extracted from the data and to determine the location and distribution of
these features. Examples of features could be crop types, diseased crops, bodies of water,
water pollution, and land types. Multitudes of other types of features exist. As presently
used, there are three main types of feature extraction methods, which will be denoted by
human photointerpretation, supervised computer feature extraction, and unsupervised
computer feature extraction. The first two feature extraction methods involve human
supervision and judgment after the fact, whereas the third method does not permit any
change of criterion from datum to datum. The unsupervised computer feature extraction
method is based entirely on a logical set of mathematical rules designed to extract the
features presented in the remotely sensed data This report discusses the three most
commonly used types of feature extraction methods and presents a recently developed
computer program for unsupervised feature extraction.

1. SYNOPSIS ON FEATURE EXTRACTION

The most universal method of feature extraction is the classical art of
photointerpretation. This art is primarily a process of visual inspection and subjective
analysis by a trained human observer, and it has been greatly enhanced by a variety of
instruments and machines (stereo viewers, microdensitometers, autoplotters, false color
image enhancement, etc). The human’s role in this task is to subjectively combine visually
acquired inputs relating to spatial properties, color, texture, and temporal phenomena to
identify and classify objects in the ground scene [1, 2, 31 In performing this task, the
human exercises a sophisticated ability to combine various types of data and draw



conclusions as to information subtleties present. As an example of this sophistication,
consider the land-use classifications, “pasture” and “improved pasture ” Improved pasture
is a pasture that is surrounded by a fence, but from an aerial photograph, fences are
often difficult to observe Grazing animals, however, develop the habit of walking along
the fences and the photointerpreter merely has to look for a brown path surrounding a
green field. The most obvious and serious inadequacy of photointerpretation is the
manpower and time needed to analyze large volumes of data resulting from remote
sensing on a large-area scale.

Because of this inadequacy, more and more emphasis is being placed on
developing computer techniques for analyzing large volumes of remotely sensed data.
Present computer techniques are designed to exploit the spectral information of imagery
or of spectral scanners for extracting information. One approach to this technique is to
use a data bank. The use of a data bank assumes that an object or an area of sufficient
dimensions in the ground scene to be considered homogeneous possesses a unique spectral
signature. The spectral signatures are produced by recording the returned energy
(combined reflected and radiated electromagnetic energy) in each of a number of narrow
and discrete wavelength intervals. The data bank would contain prestored or empirically
derived statistics on the signatures of known objects or it would contain the ability to
model and analytically calculate what a given signature should be.

The difficulty with this technique is that there is appreciable variability in the
signatures, which is due to natural temporal changes as well as manmade changes. In
practice, this variability is evident even for repeated observations in which great care is
taken to maintain constant sun angle, viewing angle, cloud cover, ambient temperature
and humidity, instrument calibration, etc. This variability can be attributed fo a large
degree to a lack of microscopic homogeneity between grossly identical objects or species
in two different ground scenes. For example, no two leaves of diseased corn will appear
exactly the same, and no two rows of corn will be arrayed exactly the same or be
surrounded by the same color of ground exposed between the stalks. Thus, the problem
of signature comparison leads to a modeling theory [4]

Another serious drawback to this technique is the amount of computer memory
required to store all possible signatures and their variations, and a prohibitive amount of
computer time required to compare an unknown spectral signature with all possible
signatures stored in the data bank, unless a table look-up procedure can be used [5]

The next approach to be described is probably the most popular and widely used
computer feature extraction technique. This approach has been developed extensively at
Purdue University [6, 7, 8, 9, 101, and many related techniques {11, 12, 13, 14] and
improvements have been derived from this approach. This technique will be called the
“supervised classification technique” since it requires human supervision for the selection
of training areas, which ultimately determine the number and types of features to be
extracted, as well as the accuracy of classification.



To describe this technique, it will be necessary first to describe the data collection
and formatting, as well as to develop the mathematical notation for operating on the
data. A multispectral scanner is generally used for the data collection The scanner is a
monochromator with a detector array for recording the reflected and emitted radiation
from the ground in different wavelength intervals. The monochromator is mounted in an
aircraft, and the rotating mirror scans the ground scene as the airplane flies, producing an
analog signal as shown in Figure 1 If the detector array contains n detectors, then n
simultaneous signals or channels of data are recorded for the same ground scene. The
analog data are then digitized and recorded on magnetic tape to produce an
n-dimensional digital image of the ground scene. Let the algebraic value of the digital
number derived from the analog signal be denoted by KXij where k = 1,...n, the

channel number or wavelength interval, i = 1,2,3,. ..,% the scan line number
or X coordinate of the ground scene, and j = 1,2,..,m, the sample number for
scan i or the y coordinate of the ground scene.

Thus, the data set collected contains n channels of data, 2 scan lines,
and m digital samples per scan per channel with an amplitude given by KXij Each

ground-scene coordinate, i and j, of the digital image is normally called a resolution
element, and each resolution element is therefore described by an n-dimensional vector

- -+
called a feature vector, X; The components of the feature vector are Xj; = [Xjj: 2%jj> nXjj

The next step is to produce a boundary map [14] so that it may be compared
with an aerial photograph taken of the ground scene at the same time that the
multispectral scanner data were collected The boundary map and aerial photograph are
shown in Section IV, and a method for producing a boundary map will be discussed in
Section IIl. The photograph allows an observer to select, for example, areas which appear
to be crops and then to locate the scan line and column number of the data
corresponding to those crops from the boundary map. The data may then be accessed for
analysis and used as a training area [15]

For identification of crop species, ground-truth information is required, unless a
data bank is available. The ground-truth information could be collected by an observer
visiting each field or obtaining the information from a farmer as to the crop type It is
interesting to note that this type of information collection has occasionally been
erroneous, and present classification techniques have been sufficiently accurate to point
out these errors. With this information, the fields in the aerial photograph can be labeled
according to crop type. Training areas are then selected from the boundary map
corresponding to particular known fields in the aerial photograph. The desired statistics
are calculated from the data in the training area, and a statistical decision rule is used for
classifying the remaining data in the digital image. A computer map of the ground scene
is then printed out showing the location of all resolution elements that were classified
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according to the statistical decision rule as belonging or being similar- to the particular
training areas selected. The computer map can be compared with the ground-truth
information in the aerial photograph for accuracy Accuracies of 80 to 90 percent are not
uncommon.

One of the most widely used decision rules is the maximum likelihood ratio
technique. The development of this technique depends upon two types of decision errors
that can be made in the classification. The first type of error is not assigning a feature
vector as belonging to a class when it actually does. The second type of error is assigning
a feature vector to a class when in actuality it does not belong. Weights are usually
assigned to both types of errors depending on how costly the error is in making the
wrong decision. These weights, Lij , are referred to as cost factors and are associated with
classifying a feature vector, X , belonging to class i into class j

Ultimately, the decision procedure must be able to indicate a final choice for each
point in the n-dimensional feature space. The feature space, R, must be divided
into m mutually exclusive regions, R;, R,,..., Ry -

Let the probability density function for samples from class i be fj(x) and the a
priori probability of occurence of class i be P; The probability of misclassifying a

sample from class i into class j is

PGl = J fxdx , ey
’;

and the conditional expected cost if the sample is from class i is
m m
¢ = ), LyGly = ) Ly [ fiodx (2)
i=1 =1 R

One useful criterion that is often used is the average cost which is given by

, 3)

m
Zl LyPifi(x)dx



and the regions R;,...., R are chosen to minimize the average cost. The average cost is

m
minimized if the integrand

m
) Lififi0
i=1

is a minimum, which is equivalent to deciding that a sample x is from class j if

m m
D | LiPfi0 < ), | LigPifi(x) ~ forall k#j )
1= 1=

By subtracting

m

L Lo
i=1

i4j,k

from both sides, the decision rule is obtained. x isin class j if

o (b - Lik)Px

()

Since the cost factors ij and the a priori probabilities Pj are constants, the decision

rule that minimizes the average risk is the ratio of two conditional probability densities
or likelihood ratios with a threshold value. The cost factors and a priori probabilities are
used only in determining the threshold value. With a simple choice of cost
factors L;; = O for correct classification and Lij = 1 with i = j for misclassification

and equal a priori probabilities, the decision rule reduces to deciding that x is in
class j if

fj(x) > fi(x) forall k#j (6)

. This is generally referred to as the maximum likelihood decision rule.



In actual practice, the cost factors, a priori probabilities, and the probability
distributions are not known, but must be estimated from members of each training area.
The various classification techniques that have been developed are essentially different
methods for estimating the probability distributions.

In most cases, a multiviriate Gaussian distribution is assumed for the training area
data, and the vector means, Mi , and covariance matrices, Vi , are calculated from the

data in each training area. Because the Gaussian distribution is exponential, the logarithm
of the decision rule is used. Thus, decide that X belongs to class j for all k =j if

S5 > i f> 5 > f > =
logele| + (x—Mj)TVj (X-—Mj) < logeIVkI + (X—Mk)TVk 1(X_I\Ak), %

where ]V}-l and Vj'1 are the determinant and inverse of the covariance matrix Vj and
T denotes the transpose operation of a matrix {16]

The advantage of the supervised technique is that with available ground truth,
known areas of particular interest can be used to locate similar areas elsewhere in the data.
The disadvantage of the supervised technique is the manual selection of training areas
from the data, which, when applied to large data volumes, can become as tedious and as
time consuming as the art of photointerpretation. This is especially true of high-altitude
multispectral aerial photography and satellite data.

In recent years, the amount of remotely sensed data collected on earth
observations has been phenomenal, as evidenced by publications in the literature [17]
The future outlook indicates that this data collection will continue to grow, as shown by
Earth Resources Technology Satellites 1 and 2, the Skylab Earth Resources Experiment
Package, and the Space Shuttle Sortie Laboratory Because the volume of data expected
appears to be getting out of hand, much emphasis is being placed on the development of
unsupervised techniques for feature extraction These computer techniques are designed
to extract features from remotely sensed data without either the assistance and
supervision of an observer or the prior benefit of ground-truth information. One
promising technique has been developed by Su [18] which uses a sequential variance
analysis in combination with an iterative K-mean algorithm approach, and References 19
and 20 give a recent review of the state of the art of other techniques. The usual
disadvantages of the unsupervised techniques are that a high degree of classification
accuracy is often difficult to obtain and the computer time is relatively extensive. Thus,
the specific problem to attack is the development of an unsupervised feature extraction
program that classifies with a high degree of accuracy The computer time required can
then be more efficiently utilized by optimizing the computer program logic,
programing in an efficient machine language, and by using special-purpose computers. The



advantage of the unsupervised technique is that no prior information is required before
the data analysis. The results obtained with the unsupervised technique are designed to
show the location and distribution of the extracted features, but no identification of the
features is possible without ground-truth information. Thus, the results of the
unsupervised technique can be used for directing ground-truth patrols and the location
and amount of ground truth needed can be accurately determined before any ground
truth is collected. The adequate determination of where and how much ground truth to
collect is an important economic consideration when data are collected on a global or
even a regional basis. If data are collected on a seasonal interval, for example, future
ground-truth collection can be minimized by monitoring the feature signatures as a
function of season. If some of these signatures change significantly from past results, the
classification map can be used to direct ground-truth patrols to update only those feature
identifications which have changed.

To maintain current information on current accomplishments in remote sensing,
the “Proceedings of the International Symposia on Remote Sensing of the Environment,”
published by the Willow Run Laboratories, University of Michigan, and the ‘“Annual
Earth Resources Aircraft Program Status Review,” published by NASA, are highly
recommended along with the literature survey listed in Reference 17

Section III discusses a proposed unsupervised computer program for feature
extraction.

1Il. UNSUPERVISED FEATURE EXTRACTION

Feature extraction from remotely sensed data is a very complex process. For this
reason, no comprehensive model or explicit external criteria exist for defining and
extracting all features. The selection of training areas for feature extraction introduces
the bias of human observation and preconceived judgment into the classification criteria.
For example, an observer may select a training area containing corn to attempt to classify
corn in all other portions of the ground scene, while the data from that training area may
only be capable of classifying all sparsely growing, small green plants surrounded by bare
soil.

The philosophy behind the development of this classification program is to accept
tentatively an internal criterion, i.e., the data itself should naturally suggest the features
to. be extracted and subsequently identified.

A flow chart of successive stages of the computer program is shown in Figure 2.

The first stage of the program is to produce a boundary map of the data by
separating the data into homogeneous and inhomogeneous areas. This is accomplished by



>

+ 9 RAW DATA TAPE 3

STAGE ONE

INPUT RAW

DATA

CALCULATE 2

STATISTICS

OUTPUT

BOUNDARY 3 <\

TAPE

y! Y Y
STAGE Two STAGE THREFE STAGE FOUR

INPUT INPUT TAPES INPUT BOUNDARY

BOUNDARY CONTAINING —3>| AND RAW DATA TAPES

TAPE LOCATIONS OF | AND STATISTICS FOR
CLUSTERS AND CLASSIFICATION

USE PXP ARRAY RAW DATA

TO LOCATE e CLASSIFY DATA AND

INITIAL CLUSTERS CALCULATE 3 | UPDATE BOUNDARY
STATISTICS AND TAPE TO CONTAIN

OUTPUT TAPE DO SPECTRAL BOUNDARIES AND

CONTAINING MAP MERGING CLASSES

OF BOUNDARY

AND CLUSTER
LOCATIONS

DECREASE PXP
ARRAY TO QXQ
AND INPUT
BOUNDARY AND
CLASSIFICATION
TAPE

et NO

SAVE STATISTICS
OF FINAL
CLASSES

1S
CLASSIFICATION
OF GROUND SCENE
COMPLETE ?

|
YES

OUTPUT
FINAL RESULTS

OUTPUT BOUNDARY
AND CLASSIFICATION
TAPE

Figure 2. Program logic flow.




computing the average feature vector spectral distance per channel or dimension in the
direction of the x and y ground-scene coordinates. The formulas for this calculation are
given by

21 % 2 | %2

n n
_ {1 _ 11
x = |n kE 1 ( kXi,j = kXi-1 ,j) and sy, = |— kZ l(kxi,j - kxiij—l) (®)

where 1 and j are the scan line and scan-line column number, respectively, of the data in
the digital image and the summation is over n channels of data.

These spectral distances are calculated for each resolution element and stored in a
joint probability distribution, P(sy, sy), The average feature vector distance per dimension

is computed to determine a measure of change present in the data from one resolution
element to the next and also to keep the numbers occurring in the calculation in the
same range, regardless of the number of dimensions used. The areas of the data where the
spectral change, in either the x or y ground-scene coordinate direction, is equal to or
less than the average spectral change will be classified as a homogeneous resolution
element, otherwise, the resolution element will be classified as a boundary The average
distances of the average feature vector spectral distance per channel are computed using
the formulas

T =5 ) sy ®

st =Sy P(swsy) dsxdsy (10
and

Ty =S sty (s sy a

These calculations are used for defining a decision boundary in the joint probability
distribution as to what combination of x and y spectral distances is classified as
belonging to a homogeneous resolution element or a boundary resolution element. The
decision boundary is in the shape of an ellipse which may have principal axes in
directions other than s, and Sy The direction and magnitude of the principal axes are

calculated [21] from the eigenvectors and eigenvalues associated with the matrix

10



X Xy
(12)
) 5?2
Xy y
L -
The equation of the ellipse in the principal axes coordinate system is
s, "2 5.2
— + _31_ =1 , (13)
2 2
Sy Sy
where s/,

¢ and SS'/ are the distances s, and Sy rotated into the principal axes coordinate

system by the eigenvector transformation. s

3’ and ;3'_,5 are the eigenvalues or half
lengths of the principal axes squared

L
-S-;i 0
(14)
0o =
I Y ]

is then rotated back into the sy and Sy coordinate system by the inverse eigenvector

transformation to obtain the equation of the ellipse on the decision boundary in
the s, and Sy coordinate system The equation of the ellipse is given by

as,> + bsy2 +oosysy = 1 , (15)

where a, b, and c are determined from rotating equation (14). The decision is to classify
a resolution element as being homogeneous if

as,? + bsy2 + csysy <1 (16)

X y

11



A digital image of a boundary map is recorded on magnetic tape for use in the second
stage of processing. The magnetic tape utilizes -1 to describe a boundary element and zero
for a homogeneous element.

The second stage is concerned with the selection and spatial merging of
unknown candidate features based upon the homogeneity of the ground scene, as
displayed by the boundary map recorded on the magnetic tape. Because the boundaries
on the map are not closed and have open gaps in some cases, the problem is to select
homogeneous areas with a mathematical logic that will prevent these areas from
containing a mixture of different features. This is accomplished by wusing a fixed
shape p x p resolution element array which moves through the boundary map only in
the x or y ground-scene coordinate direction. Initially, a homogeneous area in the
boundary map is found which is large enough for the array to fit into. The area covered
by the array is designated as belonging to cluster 1 The array is allowed to move in this
area until a boundary is encountered and then the direction of movement must be
changed. All resolution elements falling within the movement of the fixed array are said
to belong to cluster 1, and the zeros previously occurring on the boundary map in these
locations are changed to +1 After the array can no longer move and engulf new
resolution elements, another location is found which will contain the p x p array All
resolution elements fitting into this array will be designated as belonging to cluster 2. The
process is repeated until all of the boundary map data have been exhausted Clusters
which physically touch on the boundary map are merged and called the same cluster
This is called spatial merging, which will be contrasted with spectral merging later After
spatial merging, the clusters are renumbered so that the cluster numbers will have a
continuous range from 1, ..N The output of this second stage is another map
containing the numbers -1, 0, 1, 2,....,N, with -1 indicating boundary resolution elements,
0 indicating homogeneous resolution elements not encountered by the moving fixed
shape array, and 1, 2,....,N indicating resolution elements belonging to clusters 1, 2,...., N,
respectively The fixed-shape array, if chosen large enough, will not permit the mixing of
features because the open gaps in the boundaries will be so small compared to the array
size that the array will not be able to pass through the boundary On multispectral
scanner data taken at an altitude of 792.5 m (2600 ft), a 10 x 10 array is sufficient to
keep different features separate. This also provides a minimum sample size of 100, which
is a very adequate sample on which to base statistical calculations. Typically, most
multispectral data are collected at higher altitudes so that a 10 x 10 array will, in
general, be sufficient to prevent the mixing of features. The magnetic tape containing the
boundaries and locations of clusters and the magnetic tape containing the raw data are
the inputs to the third stage of processing.

The third stage of processing is concerned with spectral merging of the selected
unknown candidate features. The boundary and cluster map tape gives the locations of
the raw data on the raw data tape belonging to each cluster The mean feature vectors
and covariance matrices, c, are calculated for each cluster using the formulas

12



N

— ]
KX = N‘;izl kXig an
and
P e
km% = N izl 5o m%ie ~ (k%) (m%e) : (18)

th oth

where x is the algebraic value of the ith sample in the k or m“" channel of the

cluster containing N, samples. The mean value of the samples in the kth channel of the
eth custer is given by kiiz , while the covariance between channels k and m of the gth
cluster is given by y.,co These calculations are used to define decision boundaries with

which to physically surround the data belonging to a cluster in n-dimensional space. The
most general closed surface that can be used to surround the n-dimensional data is an
n-dimensional hyperellipse. The centroid of the cluster ellipse is given by the feature
vector mean values | X,, while the principal axes direction and magnitude can be

determined by the eigenvector transformation as was discussed when equations (12), (13),
and (14) were introduced.

In a statistical sense, the eigenvector transformation on the covariance matrix
locates the direction of orthogonal principal axes for which the variances are minimized
and maximized [22]. The variances are the diagonal elements of the covariance matrix
and the off-diagonal elements (covariances) are made zero by the transformation. Thus,
the equation of an n-dimensional ellipse in reduced form is obtained for each cluster,
and, in general, each cluster will have a different coordinate system. The next step is fo
derive a decision rule for determining how many clusters actually represent the same
feature. This decision is now based entirely upon spectral information rather than the
spatial information which was used in equations (12), (13), and (14). The decision rule is
that two clusters represent the same feature if the centroids of both clusters are
contained in both clusters’ ellipses. Although this spectral-merging procedure was derived
from physical intuition, a theorem [23] was located which adds mathematical precision.

The theorem states that the orthogonal transformation which minimizes the mean-square
distance between a set of vectors from the !Zth cluster, subject to the constraint that the
volume of the space is invariant under transformation, is a rotation, Ey , followed by a
diagonal transformation, Wy The rows of the matrix E, are the eigenvectors of the

covariance matrix, ¢y, of the set of vectors, and the elements of W, are those given in

13



equation (19), where ¢’ is the standard deviation of the coefficients of the set of
vectors in the direction of the kil eigenvector of ¢y

The diagonal elements of the diagonal transformation, W, , are given by

1/n l
n 1
i%e = (kEI Kk /2> og? (19

The rationale behind this theorem [23] merits some discussion as applied to spectral
merging. This discussion will also apply to spectral classification, which is to be described
later

It is desirable to have a measure of similarity betweén two clusters, S7¢, for
deciding whether or not two clusters are to be merged. Let vV be the mean feature vector
of one cluster, with components given by equation (17), and let { ?m be the entire set
of feature vectors contained in the other cluster with the subscript m denoting

the mth vector of the set. The similarity may be regarded as a mean square spectral
distance and should describe the closeness of V to the entire set of feature

vectors, {i’m According to the philosophy of Reference 23, the definition of

“distance” does not necessarily mean Euc]ide_a)n distance, but may mean “closeness™ in
some arbitrary, abstract property of the set (x,,) which has yet to be determined. The

use of an undetermined distance measure does not alter the definition of similarity, but
provides an ordering which similarity lacks. Mathematically the similarity ~S™ [V,(X)]

of a feature vector v and a set of feature vectors (;‘)m) exemplifying a cluster can be
written as

57! [?z’(fm)] - 4 % (V%) 20
nZ

where the distance measure, d®( ), has not yet been specified The inverse of S is used
because the smaller the distance, the more the similarity

One possible way to choose the distance measure is to utilize the knowledge that
the set (Si’m) describes one feature, and, therefore, the members of the set should all be

very similar or close. Furthermore, the members of the set could be made even more
similar by wusing feature weighting coefficients, y,wy , and minimizing the average

intercluster distance of all the members of the set. Thus, the equation to be minimized is
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M, )

D = ———l———— 2 = o

where k représents the kth component of the feature vector and my and p, represent

the mth and pth feature vector of the set % containing M, members.

To minimize equation (21), some constraint must be placed on the feature
weighting coefficients. Several alternatives are possible, but the most appealing constraint
is

hab

kkWe = 1 (22)

k=1

If the feature weighting coefficients are considered to be the dimensions of a hypercube,
then equation (22) is a constant volume constraint. To minimize Dg?, equation (21)

needs to be written in a more convenient form,

M, M 1 My 1 Z
D 2 = .._1_ Z X b Z kx —2 — k m
¢ m Py 2
Mp-1 k=1 Myme=1 — Mop/=1 Mg
M n
L M : —
1 L 2
M, Z k*pg = (Mg-1) E kkW!%<kXSZ2 - kX > (23)
Py = k=1
M,
) (Mg-1) kz KVek?d ’

where k"é is the variance of the k'™ dimension of the feature vectors in set % Using

the constraint and an undetermined multiplier, the minimizing equation becomes

n
kkdWe | kkWekod = A T 3wo V= o for j=1,2..

(24)
i=k
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which may be rewritten as

we = VA
kkVe 25
199 (25)
Using the constraint for determining A gives
n Yn .
Wy = I o
kkWVe oo p’8 00 (26)

The feature weighting coefficients indicate that if the variance in a particular dimension is
small, then the value of the feature can be anticipated with a high degree of accuracy and
should be heavily weighed On the other hand, if the variance is large, little weight should
be attached to that feature.

Equation (26) is the diagonal transformation discussed in the theorem
encompassing equation (19) and is identical to equation (19). As the theorem states, this
distance measure can be additionally minimized by applying the eigenvector
transformation. It follows by equations (18) and (21) that the similarity criterion
[equation (20)] for deciding whether to merge two clusters k and £ is given by

115 (> 1 My i ) 2
S Vie¥mg)| T M L | pp™'e (p"k ) pxmg>

szl p=

(27

il
s

2
) -
| pp"e [(pvk pr) ¥ ppc?} :

where 71( is the mean feature wvector or centroid for cluster k, and ()?mQ) are

p

the M, feature vectors belonging to cluster ¢

Substituting equation (19) for ppW22 gives
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5 — \2
~1j—=> [= n 1, /n n (pvk - pXSZ)
S vk,(x ):‘ = | P 2 + n (28)
[ my n pZI ppe

The decision for merging two clusters will now depend on the threshold value given to
the measures of similarity for both clusters. A threshold value can be determined by
calculating the average similarity within a cluster, which is given by

2
- 2 M n X - X,
-1 - - n Y / n 1 2 (p my 1Y Q)
S [(Xmg> ,<Xm2>] = I _]_]CSZ Z Z + n

: M,
i=1 EMe=1|p=1

n 1 2/n
= H ijQ 2n
i=1

Using equation (29) as a threshold value for equation (28) gives the decision rule, merge
clusters k and £ if

S (- o)
y pkTp) (30)
p=1 pp“e

Notice that equation (30) is the equation of a hyperellipse in the principal axes
coordinates, which was earlier derived by physical infuition. Notice also that the
threshold value n is independent of cluster and depends only on the dimension of the
feature space. Thus, if an elliptical boundary decision rule is used in the principal axis
coordinate system, the theorem can be extended to say that the diagonal transformation
is not needed and only the eigenvector transformation is needed since the threshold can
always be written as some constant times
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After the initial M set of clusters has been merged into a final N set of clusters,
with N< M, the eigenvector rotation matrix and the equation for the hyperellipse in
principal axes coordinates are stored in memory for each final cluster. The clusters are
now called classes since each class represents a statistically different feature presented by
the data. The regions in feature space R,, R,,...., Ry corresponding to each class are

distinct since no more merging is possible. This feature extraction information is now
ready for use in the last stage of processing.

The final stage of processing is concerned with classifying the data in the digital
image of the ground scene and showing the location and distribution of the features. The
inputs to this stage of processing are the raw data tape, the statistics for each class, and
the boundary tape. The decision rule for classifying a resolution element feature
vector V into class ¢ is given by

2
.(_EY__—_I)XQ<H

, 31
1 ZppSe

et~

which is the same as equation (30) except for the factor of 2. The factor of 2 is justified
based on the following arguments. First, the decision rule for classifying a resolution
element can be more lenient than the decision rule for merging two clusters. The errors
of mismerging are more pronounced in the classification than the misclassification of
individual resolution elements. Secondly, the expression on the left side of the inequality
in equation (31) is identical to the argument in the exponential of a disjoint multivariate
Gaussian distribution. Thus, a resolution element is not classified as belonging to a class if
the n-dimensional exponential n folds. Further justification for using equations (30) and
(31) and the threshold values of n and 2n, respectively, is that the terms contained in the
summation are chi-square distributed, and a chi-square distribution has a mean value n
and variance 2n, where n is the number of degrees of freedom [24].

The data obtained from the raw data tape are classified according to the decision
rule in equation (31), and the result of the classification is updated on the boundary fape
map. For example, if a resolution element belongs to class 3, a 3 is placed on the
boundary tape at the location of the resolution element. If a resolution element is not
classified as belonging to any class, no change is made on the boundary tape. If a
resolution element can be classified as belonging to several classes, the resolution element
is placed in the class which makes the left side of equation (31) a minimum. The
boundary tape is now called a classification tape and contains the numbers -1,
representing an unclassified boundary resolution element, 0, representing an unclassified
homogeneous resolution element, and 1, 2,...., N, representing resolution elements placed
in classes 1, 2,...., N, respectively
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If the initial size of the p x p array for cluster selection is too large, an
incomplete classification of the ground scene will result. The computer program has the
capability for using the classification map as a boundary map, treating the classified
resolution elements as also being boundaries, decreasing the p x p array to a g x q array,
and selecting additional clusters. Al previous information obtfained on the classes is
updated, if appropriate, and the classification map is reclassified using the old unchanged
information and the new updated information. This procedure can be repeated as many
times as desired, but two classification passes are generally sufficient.

Because of the large amounts of data involved, the output of the classification
map is nominally put on microfilm rather than standard computer paper printout. This is
evidenced by the fact that the classification map from a 70-mm aerial photograph, using
standard computer printout, can easily cover a 37.16-m? (400-ft?) wall.

The results are given in Section IV

IV. RESULTS

Classification maps were obtained from the analysis of two data sets. Purdue’s
Flight Line Cl and the Yellowstone Park test sites. The advantage of working with these
two sets of data is that they have been extensively analyzed by other investigators using
different feature extraction techniques. The results of these investigations are mainly
available in References 6, 11, and 12 for comparison.

Both data sets were acquired with the same multispectral scanner and contain 12
channels of data. All 12 channels were used in the classification, and the wavelength
intervals corresponding to each channel are listed in Table 1 The data sets contain 222
12-dimensional feature vectors per scan, and 901 scans from each set were analyzed. The
data are also uncalibrated and, therefore, only contains relative numbers. The similarity
of the two data sets drastically comes to an end with the above description.

Flight Line Cl is a very flat agricultural scene approximately 6.5 km long and 1.6
km wide, and the resolution of the data is approximately 6 m. The ground scene mostly
contains rectangular patterns of crop acreage which appear homogeneous.

Yellowstone Park, However, is a wilderness area approximately 16 km long and
3.2 km wide with a resolution of approximately 15 m. The wilderness area contains very
irregularly shaped patterns and is quite inhomogeneous in some locations. This data set
also possesses a considerable dynamic range in the type of terrain and amount of features
present. For example, there are mountains and canyons, and the vegetation coverage
ranges from dense forest to scattered trees, meadows, and, finally, to bare rocks. The
geologic information ranges from a sand and gravel base, abundantly sprinkled with elk
droppings in the meadow areas, to rocks covered with moss and lichen, and, finally, to
large boulders.
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TABLE 1 CHANNEL AND WAVELENGTH CORRESPONDENCE

Channel No. Wavelength Interval (um)
1 04 -044
2 0.44 - 0.46
3 0.46 - 0.48
4 0.48 - 0.50
5 0.50 - 0.52
6 0.52 - 0.55
7 0.55 - 0.58
8 0.58 - 0.62
9 0.62 — 0.66

10 0.66 - 0.72
11 0.72 - 0.80
12 0.80-1.0

Cl Flight Line

Figure 3 contains an aerial photograph of the ground scene on the left, a
boundary map in the center with the locations of the initial clusters, and a classification
map of the ground scene using statistics from these clusters. The aerial photograph also
contains a list of symbols that identifies the contents of the ground scene The list of
symbols and their identification are given in Table 2. Examination of the results obtained
from the multispectral scanner data reveals a problem that does not occur in multiband
photographic data. The aircraft acquiring the scanner data was not quite able to fly a
straight line and had occasional yaw problems. The scanner data are roll compensated,
however, as is the case with most scanners.

The computer maps shown in Figure 3 demonstrate the first two-out-of-three
intermediate outputs that can be obtained from the computer program and are
considerably scaled down to show that the pattern in the data has a definite resemblance
to that of the aerial photograph. Hence, it is not possible or necessary at this stage to be
able to read the symbols on the computer maps.

The boundary map contains 79 different cluster locations after spatial merging. A
10 x 10 array was used to select these clusters. The first cluster is at the top of the map
just to the right of the road, while the second cluster is to the right and just below
cluster 1 Cluster 3 is the top left cluster in a cornfield, while cluster 4 is the first cluster
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Figure 3. Flight Line Cl1 — Aerial photograph, cluster selection, and initial classification.
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TABLE 2. GROUND TRUTH INFORMATION

Symbol Description
A Alfalfa
C Corn
H Hay
0 QOats
P Pasture
R Rye
S Soybeans
T Timothy
W Wheat
BS Bare Soil
D.A. Diverted Acres
R.C Red Clover

in the soyfield below the wheatfield to the left on the road. Cluster 5 is the first cluster
directly below clusters 1 and 2 and is also located in a soyfield Cluster 6 is in the same
soyfield as cluster 4 and is just below cluster 4, while cluster 8 is just to the right of
cluster 6. The other clusters follow using the same computer pattern logic. Only 43 single
character output symbols are available to name the 79 clusters, and, therefore, the symbol
usage is recycled starting with cluster 44. Tables 3 and 4 give the original cluster
numbers, ground-truth information, a description of the spectral merging process, and the
final class number. Remember that when several clusters are spectrally merged, the
number given to the merged cluster is the smallest cluster number of the clusters involved
in the merging, and some of the remaining clusters not involved in the merging may have
their cluster numbers changed to keep the numbering of the clusters in a consecutive
order. This is illustrated in the spectral multiple merging columns of Tables 3 and 4. If
no ground truth is available for a cluster, the letter U is used to indicate that it is
unidentified. Examination of Table 3 multiple merge number 1 reveals that the statistics
of clusters 1 and 2 were merged together and the result was called cluster 1 Cluster 3
did not merge with cluster 1, but was renamed cluster 2 so that consecutive numbering
would be preserved. Cluster 4 was renamed cluster 3 because it would not merge with
clusters 1 and 2, and cluster 5 was renamed cluster 4 because it would not merge with
clusters 1, 2, or 3. Cluster 6 would merge with cluster 3 and the statistics of cluster 3
were updated to include the statistics of cluster 6. Finally, cluster 23 was able to merge
with clusters 8, 9, 11, and 12, and the statistics of cluster 8 were updated to include the
statistics of clusters 9, 11, 12, and 23. The renaming of the clusters resulting from this
multiple merging is shown in multiple merge column number 2, and this column
continues until another multiple merge is encountered. The classification map resulting
from the merging and first classification pass is shown on the right side of Figure 3. This
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TABLE 3. MERGING PROCEDURE FOR FIRST 40 CLUSTERS

Spectral Multiple Merge No. Final
Cluster No. Identification 1 2131 4 Class No.

1 U 1 1111 1
2 U 1 1111 1
3 C 2 2412 2 2
4 S 3 31313 3
5 S 4 4141 4 4
6 S 3 31313 3
7 S 4 4141 4 4
8 S 3 31313 3
9 S 4 4141 4 4
10 S 5 S151)5 5
11 DA-BS 6 6| 6] 6 6
12 C 7 71717 7
13 C 7 717417 7
14 C 7 741717 7
15 U 8 8] 81 8 8
16 S 9 81 8] 8 8
17 S 3 31313 3
18 BS 6 6| 6| 6 6
19 S 10 913] 3 3
20 U 8 8| 8] 8 8
21 C 11 8| 8] 8 8
22 C 12 8|1 81 8 8
23 C 8,9,11,12 8| 8} 8 8
24 C 101919 9
25 S A A 7
26 S 4141 4 4
27 S 71717 7
28 \ 11 ]10 J10 10
29 S 391 3] 3 3
30 C 11 |11 11
31 O 12 {12 12
32 O 12 112 12
33 C 13 |13 13
34 W 10 |10 10
35 A 10 {10 10
36 O 12 {12 12
37 U 14 |14 14
38 w 10 |10 10
39 C 15 | 3 3
40 w 10 |10 10
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TABLE 4. MERGING PROCEDURE FOR CLUSTERS 41 THROUGH 79

Spectral Multiple Merge No. Final
Cluster No. Identification 4 5 6 |7 Class No.
41 C 14 14 14 114 14
42 U 15 14 i4 |14 14
43 S, C 3 3 313 3
44 U 14,15 14 14 |14 14
45 (6] 15 15 {15 15
46 w 10 10 110 10
47 S 16 16 |16 16
48 U 16 16 |16 16
49 DA-R 17 17 |17 17
50 DA-R 18 17 {17 17
51 P-O 19 18 118 18
52 DA-R 17,18 17 117 17
53 DA-R 17 |17 17
54 DA-R 17 117 17
55 @) 19 {19 19
56 0] 19 |19 19
57 C 81 8 8
58 C 20 120 20
59 C 81 8 8
60 S 21 |21 21
61 S 22 |21 21
62 S 21, 22121 21
63 S 21 21
64 S 21 21
65 C 7 7
66 S 22 22
67 S 7 7
68 S 5 5
69 S 5 5
70 S 5 5
71 S 3 3
72 S 5 5
73 S 23 23
74 U 1 1
75 S 22 22
76 S 23 23
77 S 24 24
78 U 3 3
79 U 3 3




map contains 24 classes, or features, as indicated by this highest number in the last
column of Table 4. Because the classification was incomplete, additional clusters were
selected by a 6 x 6 array starting with cluster number 25, and using the classification map
as input for the cluster selection rather than the boundary map. The merging procedure
is listed in the last column of Table 5 since no multiple merges were encountered. The
computer program only allows for 43 classes and, therefore, refused to accept any
additional data after cluster 48, as indicated in Table 5. Table 6 lists the initial cluster
numbers of all clusters that are located in the same field for both classification passes.
This provides an additional check to determine whether the merging was conducted
properly and to assist in locating the first classification pass clusters shown in Figure 3 if
desired. The reason that one field may have several clusters is that boundary points
within a field may not permit spatial merging of these clusters. Spectral merging is used
to overcome this problem.

TABLE 5 MERGING PROCEDURE FOR CLUSTERS 25 THROUGH 52

Cluster No. Identification Final Class No.
25 WATER 25
26 C 26
27 C 26
28 DA-RC 27
29 S 28
30 S 29
31 DA-RC 30
32 DA-RC 31
33 P 32
34 DA-RC 33
35 C 34
36 DA-RC 35
37 DA-RC 30
38 P 36
39 C 37
40 C 37
41 C 38
42 H-RC 30
43 H-RC 30
44 C 39
45 6] 40
46 0] 41
47 0] 42
48 U 43
49 RC
50 RC
51 0]

52 RC
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TABLE 6. MULTIPLE CLUSTER FIELDS

Classification Pass 1-10x10 Array Classification Pass 2-6x6 Array

Initial Cluster No. Identification | Initial Cluster No. Identification

1,2

4,6,

5,7,9

12,13,14

17,19
21,22,23,24
25,27

31,32
34,35,38,40
49,50,52,53,54
55,56

57,58,59
60,63,64
66,73,75,76
67,77
68,69,70,71,72

26,27 C
31,32,34,36,37 DA-RC
39,40 C
42,43 H-RC
45,46,47,51 o)

O
7

UL AOPEORLAVA YV Y C

Table 7 lists the final class number, computer symbol printout, and a brief
description of the class or feature based upon the available ground truth.

A user may now desire to interpret the results for his specific needs, which, for
example, may be crop identification. Table 8 was prepared for this example and for
examining the final results. Classes 1, 7, D, and / are not listed in the table because a
specific crop name or feature could not be attached. Notice that classes 7, D, and / occur
at the edges of the computer map.

Figures 4 through 15 are the final classification results for flight line Cl, and
Figures 4 through 9 correspond to the left side of the aerial photograph, while Figures 10
through 15 correspond to the right side.

In'Figure 4, water is represented by the letter O and wheat by the number 0. The
0’s have a slightly rectangular shape as compared to the letter O. Figures 7 through 9
start to show several areas that were not classified. This is because the maximum of 43
classes was obtained in the area of Figures 7 and 13, and the remaining unclassified
resolution elements were significantly different from the 43 previously obtained features.
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TABLE 7 FEATURE SYMBOL AND DESCRIPTION

Class Computer

No. Symbol Brief Description and Comments

-1 Unclassified boundary resolution element
0 Unclassified nonboundary resolution element
1 1 Unidentified - Classified as corn in Reference 6
2 2 Corn
3 3 Mixture - 84% soy, 8% corn,and 8% unidentified
4 4 Soy beans
5 5 Soy beans
6 6 Bare soil
7 7 Mixture - 51% soy and 49% corn
8 8 Mixture - 73% corn and 27% soy
9 9 Corn

10 0 Wheat

11 A Corn

12 B Qats

13 C Corn

14 D Undecided - Probably corn

15 E Qats

16 F Probably all soy - 89% soy and 11% unidentified

17 G Diverted acres and rye

18 H Pasture and Qats

19 1 Qats

20 J Corn

21 K Soy beans

22 L Soy beans

23 M Soy beans

24 N Soy beans

25 0 Water

26 P Corn

27 Q Diverted acres and red clover

28 R Soy beans

29 S Soy beans

30 T Diverted acres and red clover

31 U Diverted acres and red clover

32 A" Pasture

33 ' Diverted acres and red clover

34 X Corn

35 Y Diverted acres and red clover

36 Z Pasture

37 = Corn

38 3 Corn

39 > Corn

40 ’ Oats

41 ( Oats

42 * Oats

43 / Unidentified
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TABLE 8. USER INTERPRETATION OF RESULTS

Category Computer Map Symbol
Corn 2,89,ACJI1PX=5,,
Soy 34,5,FK,LM,NR,S
Bare soil 6
Wheat 0
Oats B,EH,I,’(,*
Diverted acres — Rye G
Diverted acres — Red Clover Q,TUWY
Pasture V,Z
Water 0

According to Reference 6, the majority of misclassification and nonclassification
can be attributed to weed growth and low-lying areas within different fields. This
probably accounts for the appearance of boundaries in the fields presented in these
results, e.g., Figure 10 contains a horizontally presented wheatfield near the bottom with
a misclassification of oats in the middle. This misclassification is caused by the presence
of a low-lying area. The boundaries in the diverted acres-red clover field just above this
wheatfield are caused by the presence of a small sand dune.

It may be of interest to note that there are usually more features representing a
row crop such as corn and soy and that the non-row crop fields such as wheat and oats
are more homogeneously classified per field. This result is probably because of the sensor
having to average not only over the canopy structure of a row crop but, in addition,
averaging over a percentage of bare soil observable between the plants. The type of soil
could also vary from location to location.

Yellowstone Park
Figure 16 contains a video reprint from channel 9 of the ground scene on the

left, a boundary map in the center with the location of the initial clusters, and a first
pass classification map with an additional selection of clusters.
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Figure 4. Final Cl classification map — Section 1.
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Figure 5. Final Cl classification map — Section 2.
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Figure 7. Final Cl classification map - Section 4.
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Figure 12. Final Cl classification map - Section 9.
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Figure 13. Final Cl classification map — Section 10.



. AN O rimtrelD e e et DOQOGOOCHDY T rey NI
- - a— - ] o _Oogoaac. R AR
-~ @ e 000 - rerad i~
- TOACoaa OO
e gt 0000000 v PG,
™ ~ O 0Q000Q D00 mestrarararans
ettty it D000 G mrarersrirarars
g 4 - vttt - 900ag = o
- ettty 000000 OO0 st
e - ——o go0g0a &
— ot otrt | strtytrihttoniods 06000 G
- [y IOAOG O - - sereeeie s
— e D e OO0DOGOD M M peres
it 030 3G abeess e
it Qo0ao0c Laiad Pt
agacowco [
gog - - [P oot
oggo ~ .
a0 - NN
- O ~
S ke e
— goo © e paerrany
Pl - =) ey
pr—— —Arbraotrah
QO o s b ya b o
——— -+ 090 oooo artparAse e
— -+ - O QOCa - ORI
—— - - oo8  Ooos i
sttt - - - g0 00 e -
i 3 . s - e e o 000 e
e et T e o dedt=ge A oAy - g Qo S e
4 B aied I on e e e - =g A= oc oo S e e
r PR ye i 4 | i 200900 @ rorrirey arars
[P o PR TP o g e &, - GO0 S o ey
et iniu gt s e D R R - 00000 - Ceeears
A - - oA~ ~ - - oD 0o N
- 4 e e I e & e
~ At e = GO00D e epenre
- ~ B e e e e 000 . gaebse
-~ gttt =t Aefdrf A=t -~ O GO0 P rhro b
G GO0 b a gt ra
gt~ A ftd A ff =t fd G rerasianans
- - . © aaseiare
- e areareny
A o B oo
- et g AA At gt et A @ —Arnrarare
~—t A DA 0 S LoD+ - o O - s
g e A tffod e + - A A e Ao A A A A A=A - O sersienN
Ao it A At A AAAAD A et A A A e -] ors >
- AAdoA— S e At At A A AA A A A Aol Adr A A A e o e N
bAoA A At At Ad A At A A A A g e A A (=1={= -] N
= o _0000po ot oo
-+ e A=A op0c00 oo NN N
- e A o A Al A A A A A A A At oo o New
D A o faparare i
- -+ oo oo o ot ke
. N S 00 0T S .. em wey
- LRI T »e OD00DG 0D Ge  meewd
J 3 ~ wee 000G 400 .
e A=ie r e B TAX. Q00 S50 0a e N
. - X RRRARAAR AR AE OC0GO 00 Qe Arssrems
- -1-4-1- -l-l—(-v—l-i-iﬂ—b-“ —4-14- - xx:xxﬂ'ﬂ'ﬂ:xxxxzx:x- REAX  ARA 00 e e
. - e *o PARARR AR ARTARe o T zxxxzzxxxxuxxxxx x G .-
oA R AR K. ;r- AAmx AEx - = A X XX e 00000000050T. =N
URRRRAR KX Ko xxxzxzx- T meox FEER x xzxxzxzxzxzxzxﬂxixxxzxzzzxx AR A ARG AR 505 Ge e
N_EIXXXAR GFx A oAk XXXRRXAXAXXIRXA XAX xzxzxxxxﬂxxzxuxzx;h a-
ARXRXRXRK - . axx * RAXXX xxxfxzxzzzuu i
RRARXAX R oW x AxAXAR xzx- XA AXA 7 xx RxEG xxx i &
.C :xxxxxzxzxzxzxﬂx;txxxzx Lo g B 3
x;rxxxx- Ax o AXX XX - o0 ~:
ARRAXARXXKA  TX: = Saxm, x R ARUA AR x - v
HAXRRRK XK Xe xzxxr‘xz xuxzxuzxxxxzzzz AR Fatatal AXXXXXENX oo fe
ARAXARA e xEARR REXRR ARARAARRRARARR AAERX FAX 200
WA FAXRARs KAXRXAXKX Fangan AR A _XXXAX r_x % tal AXX 2 DOOC M
P de] CRRR = bl batad x x A x 3 ot 0060¢
Rlatatatatal CURRTR RAAZ = xEX X FRAXCC - A AAXXA P DOODC
re . x L A AAX x AER o 00¢ i~
ad avm/um ZA batalalal P o004k ~
ARAX A = ac
£l 2. x ~ol
ARK A xx A BONNBL NU C
futalatatatatal AR o pacde c
ARG AZARRZAZ P » oL
b AZNAMATAAT AX TSI ZZNZ wobTE. 00080
xu‘nuuﬂuﬂﬂuﬂuuﬂﬂﬂmﬂx'ﬂuzz AX ~ ARTAANAXIANAARAX LItk a‘nﬂﬂﬂﬂz?ﬂ&ﬂuaauhaaiﬂﬂ- au- e - OC
AEARAX T XAAXXX A, AER Fata] MAZXAXNAANNN o NHATAXAR TUAGAX A N3 . 400
AR AXKUe A Arerimn e 2L €
. N - C
S EAR [ [T AN AR AN N ey a C
= [ SRR b b bt e e .
[ . DEOOC o
A < G, o P00 ~y
gty =i~ <O ra e rears o tomdede At A S ~
At e 00a60C ~
d=is o oo Y
e 2 09 a ~NNN
~gmimdd 00 .60 ] semdid
=i OODUDDW: - NN~
~ St s Dom -
o ow e
— e e -
-t e 0 N~
- - -
4 s e s g
-~ —~ .
o presrbinnin
O sarre
. o -
: o
=
. o SOw:  woraes:
w . 4 oo o e s
oty A - 5] O P NN,
: Y - 2o NNNPP
A—f =S = e -
- - oo. - NN
- R = - B~ SO
At A-AdpA—d—t—d—ts - . - e <
- - O - . OO0 - B - ~
it >
z
[} ~ 3
-~ ~
-
. e bt
- ~ <
i
Cee - 2 £ Lo » o%. -
MOk M @ & 5{.
- z £ =
hs e bl e
- % 9 3 e N
. 55 EEERr_ .
LELELY -
£1x o PR &
S .- % »
£ - T £E £ PENELT 5
: & Boert 55 o
- £x - .
LSO <] E e ~ %

Figure 14. Final Cl classification map - Section 11
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Figure 15. Final Cl classification map — Section 12,
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Figure 16. Yellowstone Park — Video reprint, cluster selection, initial classification,
- and secondary cluster selection.

41



The Yellowstone Park data were analyzed exactly as the Cl flight line data. The
video reprint contains some ground truth and locations of training areas used by other
investigators listed in References 11 and 12.

Table 9 gives the merging procedure for both classification passes since no
multiple merges were encountered. No identification is given for the clusters because the
cluster locations do not necessarily coincide with the training areas, and it is easier to
identify the features after the final classification. The analysis of this data set indicates
the type of problem involved when an inaccessible region is remotely sensed. It is
difficult to estimate what types of features can be extracted from the data, and it may
be economically advantageous for the investigator to collect the ground-truth information
based upon the feature extraction map, rather than trying to anticipate the needed
detailed ground truth

Table 10 was prepared for interpreting the final results based on information
derived from the video reprint. Several meadow-like areas were discernible, but were only
given meadow numbers corresponding to their class numbers because of lack of other
information. The geologic terms till, talus, kame, and vegetated rock rubble are described
in References 11 and 12, but are repeated here for convenience.

The class till consists of meadow areas underlain by glacial till They are grassland
and sagebrush areas which were largely dormant at the time of data collection. Mineral
soil is exposed in about one-fifth of the area and consists of silty to bouldery debris.
Deer and elk manure are locally abundant in these areas.

The class talus includes blockfields, talus, and talus flows of basalt lava flows,
volcanic tuff, and gneiss, formed by frost-riving and solifluction from outcrops. They are
blocky and well-drained deposits, and trees are widely spaced or absent. The blocks are
covered with dark gray lichens and range from a few c¢m to about 1 m in diameter Most
are larger than 10 cm. The slopes in these areas range widely from 35 to 45 deg at the
head to 5 deg or less at the toe.

The class kame is very similar to till except about one-fourth of the area is
exposed mineral soil

The class vegetated rock rubble consists of locally derived angular rubble,
frost-riven from basalt lavas, volcanic tuff and breccia, and gneiss. Grass, lichens,
evergreen seedlings, and moss cover more than three-fourths of the surface underlain by
this debris. The rocks range in diameter from less than 1 cm to about 1 m and occur on
slopes from O to about 25 deg.

Three additionally known features in the ground scene did not appear in the
classification map because they were not contained in a homogeneous area large enough
to be selected by a cluster These features were water, bedrock, and bog. However, the
areas where they appear on the classification map can be located with the aid of the
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TABLE 9. MERGING PROCEDURE FOR YELLOWSTONE DATA

Classification Pass 1-10x10 Array

Classification Pass 2-6x6 Array

Initial Cluster No. Final Class No.
1 1
2 2
3 2
4 3
S 3
6 2
7 4
8 4
9 3

10 4
11 4
12 5
13 4
14 6
15 6
16 4
17 4
18 4
19 4
20 7
21 8
22 9
23 10
24 10
25 10

Initial Cluster No. Final Class No.
11 11
12 11
13 11
14 11
15 11
16 11
17 11
18 11
19 il
20 12
21 13
22 14
23 14
24 15
25 15
26 16
27 16
28 16
29 16
30 17
31 18
32 19
33 19
34 20
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TABLE 10. INTERPRETATION OF YELLOWSTONE RESULTS

Class No. Syrﬁbol Brief Description
1 1 Meadow 1
2 2 Meadow 2
3 3 Meadow 3
4 4 Dense forest and shadow
5 5 Till
6 6 Kame
7 7 Meadow 7
8 8 Meadow 8
9 9 Meadow 9
10 0 Meadow 10
i1 A Trees
12 B Trees
13 C Talus
14 D Till
15 E Till
16 F Till
17 G Till
18 H Till
19 1 Vegetated rock rubble
20 ] Meadow 20

video reprint, and they appear as unclassified areas. These classes could now be identified
elsewhere in the data by using a supervised technique and selecting these unclassified

resolution elements as training areas.

Figures 17 through 28 contain the final classification results for the Yellowstone
Park test site. Figures 17 through 22 correspond to the left side of the video reprint, and

Figures 23 through 28 correspond to the right side of the video reprint.
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Figure 17. Final Yellowstone Park classification map — Section 1.
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Figure 18. Final Yellowstone Park classification map - Section 2.
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Figure 19. Final Yellowstone Park classification map — Section 3.
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Figure 22. Final Yellowstone Park classification map — Section 6.
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Figure 24. Final Yellowstone Park classification map — Section 8.
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Figure 25 Final Yellowstone Park classification map — Section 9.
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Figure 26. Final Yellowstone Park classification map — Section 10.
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Figure 27 Final Yellowstone Park classification map - Section 11
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V. CONCLUSIONS

The feature extraction can be interpreted as being an extension to photography.
Photography is capable of presenting patterns in colors or various shadings for
interpretatioh by an observer, but, often, some features appear which are similar, but
they are not similar, and vice versa. Computer feature extraction adds the capability to
distinguish subtle differences in multiple digital data images and to make a decision
concerning the similarity of those features in question. This extension can be exploited to
its fullest limits, in some cases, when a data bank can be used for actual identification of
the features.

The purpose of this work was to demonstrate the capability of extracting features
from digital data images without involving an observer in the data-processing loop and to
compress unmanageable data into manageable and useful information. An observer would
still be needed to interpret the results.

The success of the data compression is significant because of the 12 channels of
data that were compressed into 1 and because of 200 022 resolution elements that were
reduced to a maximum of 45 distinct categories.

The computer programs presented in this work were purposely developed to be as
general as possible, and the ultimate success of these computer programs for information
extraction can only be determined when the programs are tailored and applied to solving
a specific user or user agency’s needs. The present utilization of these programs for
feature surveying, such as the vegetation and geological categorizations presented in the
text, can be interpreted as being successful since the comparison of results with those
previously published in the references appears very favorable,

The two keys to success in using the unsupervised feature extraction program are
the production of a boundary map which cleanly separates homogeneous areas belonging
to different features and the choice of the decision rule for spectrally merging similar
features.

The over abundance of boundaries in the Yellowstone data indicates the need for
improvement in the mathematical definition of a boundary or at least a means for
improving the threshold using the present boundary definition. If repetitive coverage were
available for a particular test site, the optimum threshold for a boundary decision could
probably be determined. Otherwise, the experience gained from working with other types
of data sets or from perusing the literature would have to provide the impetus for
determining a betfer mathematical definition of a boundary The two most important
properties that need to be considered for this definition are most probably the resolution
and some measure of roughness in the pictorial scene of the digital data image.
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The use of a p x p array for obtaining initial cluster statistics in a homogeneous
area may have an advantage over the manual selection of training areas since the cluster
areas can have a fairly arbitrary shape rather than being rectangular and the data selected
from these areas do not contain unusual data points which could bias the statistical
calculations. The use of the p x p array does have the definite advantage because it is
faster than manually selecting the coordinates of the training area and entering these
coordinates into the computer

The use of an elliptical decision rule for merging and classification appears to be
very acceptable as evidenced by the fact that practically all of the resolution elements
used for calculating the statistics of a feature are classified as belonging to that feature.
This fact is even evident when several initial clusters have been merged to form a final
class. Additional supporting evidence to this conclusion is that the initial clusters selected
on the second pass through the data did not merge with any of the final classes obtained
from the first pass through the data, and an almost unnoticeable amount of resolution
elements had their original classification changed. Most of the error in classification
occurs near boundaries and near the edges of the scan lines. The first type of error is
probably caused by the data changing from one feature to another in the vicinity of a
boundary and in the process passing through a decision region of a third different
feature. The misclassification near the edge of the data is because of an optical effect
called scan angle error The angle at which the ground scene is viewed at the edge of a
scan is usually 30 to 40 deg off from the local vertical and, as a consequence, the signal
that is recorded by the sensor reflects an angular dependence. It is reasonable to assume,
however, that the use of an elliptical decision rule could consider the angular dependence.
The angular effect should be approximately linear dependent for the different channels of
data and this would amount to a length stretching of the principal axes of the
classification ellipses. It is apparent that the classification maps probably contain more
detailed information than is actually desired. The detailed information present can be
further compressed by visual interpretation and manually merging the desired features by
changing the symbol output on the classification map.

When the features are manually merged, caution must be exercised in interpreting
a given feature extracted from the data, e.g., there are several features which represent
soy, corn, and a mixture of corn and soy Although there is a temptation to attach a
simple description that is commonly used, the description may be incomplete with
respect to the information presented by the data, and a logical manual merging may not
be possible. Detailed ground truth would be needed to provide the qualifications and
adjectives for a complete description. For this reason, it may be important to perform
the data analysis before prejudging the information content of the data rather than using
the ground truth to assist in the analysis of the data.

Finally, it must be emphasized that the development of the unsupervised feature
extraction computer programs was directed toward obtaining a computer logic that could
extract information from remotely sensed data with a moderate degree of success, which
meant that computer running fime necessarily took a “back seat.” Since the development
work has been completed, efforts can now be directed toward optimizing the computer
time and efficiency of the programs.
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APPENDIX A. PROGRAM DESCRIPTION

The computer programs which utilize the equations in the text are wriften in the
form of subroutines and have been included as an integral part of a much larger
computer program called an Earth Resources Processor. This processor contains several
preprocessing and data display routines in addition to the classification programs and is
documented and flow charted in detail in the final report of contract NAS8-26797 by
IIT Research Institute, Chicago, Illinois [25]. Hence, only a brief description of these
subroutines will be given. A small executive program can be written for controlling the
sequence of calling these subroutines by following the logic flow previously described in
Figure 2 and discussed in Section III.

Subroutine BWNDR3

Subroutine BWNDRS3 is the first stage of processing or the boundary program and
reads the raw data tape as input. This subroutine contains equations (8) through (16) and
the logic for using these equations. The boundary program also contains two subroutines
which will be discussed. Subroutine GET6 is used for getfing the data off digital tape and
putting it into the computer The content of this subroutine has to be specialized to the
type of digital tape format desired. Subroutine JNTPB is a joint probability distribution
program.

Subroutine JNTPB

Subroutine JNTPB is used for calculating the joint probability distribution

x Versus sy in equation (8) and the decision rule asx2 + bsy2 + CSxSy < 1lin

equation (16). This program has a fixed storage allocation, but the shape of the joint
distribution can be completely arbitrary because a search mode of operation is used
rather than a table look-up procedure. This program will accept data of any dynamic
range and output a scatter diagram bounded by the minimum and maximum values of
the data. This program contains three subroutines: (1) DJCOBI is an IBM library system
subroutine for calculating the eigenvalues and eigenvectors used in the ellipse equation,
(2) LABEL6 is used for labeling the axes of the scatter diagram, while subrouting
PLTBF6 is specialized for use with the Stromberg-Carlson 4020 peripheral equipment to
obtain microfilm copies of the boundary map, and (3) JNTPB also outputs the boundary
;cape for use in the second stage of processing.

of s

Subroutine CLASFY

Subroutine CLASFY contains the second, third, and fourth stages of processing
via subroutines TRUCK, SEQMRG, and CLASS, respectively This' subroutine also
controls the number of classification passes desired and the size of the p x p cluster
selection array via subroutine TRUCK.
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Subroutine TRUCK

The second stage of processing is subroutine TRUCK, which reads the boundary
map tape as input data and locates the homogeneous areas that are large enough to
contain a pxp array. This subroutine also performs the spatial merging when two
different clusters collide. The output of this subroutine is a boundary map tape
containing the location of the initial clusters, which is input to the third stage of
processing. Subroutines LABELA and PLTBFA are used for labeling scan and column
numbers and obtaining microfilm, respectively, for the visual display of the map obtained
from subroutine TRUCK.

Subroutine SEOMRG

The third stage of processing is subroutine SEQMRG and uses the boundary and
cluster location tape and the raw data tape as input. The boundary and cluster tape is
used to locate and retrieve raw data belonging to each cluster. Statistics utilizing
equations (17) through (30) are then calculated for each cluster and used for deciding
whether to spectrally merge clusters. The clusters are read in sequentially, and each new
cluster has the opportunity of merging with any or several of the previous clusters.
Subroutine SKRBIN is an IBM system subroutine and allows for skipping binary records
on the magnetic tape. This routine is primarily used with the cluster selection since the
clusters may be located anywhere on the tape. Subroutine FETCOR is used to retrieve
and calculate the centroid of each cluster and to calculate the cross-channel correlations
for each cluster. The means are subtracted from the correlations to form a covariance
matrix in subroutine AMTRX, which becomes an input to the eigenvalue and eigenvector
subroutine DJCOBI. Subroutine ROTA is a rotation matrix calculation used to rotate a
feature vector into the coordinate system of a cluster Subroutine KCHECK is used to
check whether the centroids of two clusters fall within each other’s ellipses or merge. If
two clusters will merge, the statistics of both clusters are combined and updated. The
output of SEQMRG is a tape containing the statistics for the final set of classes.

Subroutine FETCOR

In addition to retrieving and correlating the raw data for each cluster, subroutine
FETCOR keeps track of the starting and stopping scan lines and columns of the clusters
that are in the computer This information is used with the subroutine BSRECD, which is
an IBM system library subroutine for backspacing records. The use of this subroutine
allows for backspacing the tape to locate the data for the next cluster, rather than
rewinding the entire tape and searching for the next cluster’s data.

Subroutine CLASS

The fourth stage of processing is subroutine CLASS and uses the tape containing
the statistics for each class, the boundary tape, and the raw data tape as input. This
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subroutine mainly contains equation (31) and the provisions for outputting the
classification map on standard computer printout or microfilm. The classification map is
also output on tape for use in subroutine CLASFY to obtain additional clusters and
classification passes.
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APPENDIX B. COMPUTER PROGRAM LISTINGS

SURROQUTINE RWNNR2
DIMENSION X(12e256)sY{12+256)sMCHAN(12)9NN( 25619 KSYM {49y JSYM(
12667
DIMENSION NWHICHI(12)
NAMELIST/INPUT6/NSCANS sNSTARTSNSP S NCHsNVARSNSYM, ISUMLNBTLG,
1MODE s ITYPEsMSFCs s NSKIP4NBLK 3 INCX s INCYsNSTX s NSTY SNCRF
NAMELTIST /NCHUSF/NWHTICH
FQUIVALFNGF (NSCcANLZNSCaNS)
FQUIVALFNeF (NSTRTLNSTART)
FQUIVALFNCF (NcOLsNSPS)H
FOQUIVALENCE (NCHANsNCH)
1CARD=5
IPRINT=6
INTAPF=10
10TAPE=11
READ{TICARDS INPUTS)
WRTTFE (IPRINTsINPUTS)
READ(TICARD SsNCHUSF)
WRTTF(IPRINTsNCHUSF)
FORMAT(1Xs714)
3 FORMAT(1Xs1211)
READ(ICARD5) (KSYM({1)+7=19sNSYM)
5 FORMAT(1Xs60AT1)
NFLLAG=0
AVF=T1SUM
APOP=0,0
NXAVF=0,0
DYAVF=2,0
DZAVFE=0,4,0
NSAV=NSCAN
IF (NSKIP .FQe 0)y GO TO o8
N0 a7 1=1sNGKIP
CALL SKRRIN(TINTAPF414NOP)
Q7 CONTINUF
98 CONTINUFE
FORMAT (1HT)
FORMAT(5Xs11111)
I1=1
KK=NSTRT=-1
160 TF{11.FQ.NSANY GO TO 510
I11=11+1
NFLAG? =1
KK=KK+1
IF({ITNF.2) GO TO 2a0
DO 170 JJ=1,NCOL
CALL GFTEIX(1sJJysNCOL,OsNCHANSNSCANO 3 INTAPF 4 IERRSNFLAG2 sNSTRT,
INRTLGsMODF s NCRE, ITYPF,MSFC)
170 CONTINUF
290 CONTINUF
NFLAG?2=1
NO 300 JJ=1sNCOL
CALL GETH(Y(1sJJ)sNCOLsOsNCHANSNSCANO S TNTAPF 4 TFRRyNFLAG2 SsNSTRT,
INRTLGsMONFsNCRFs ITYPEZMSFC)
300 CONTINUF
DO 280 JJ=24NCOL

—

£/~
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360

3”4

AR

EYY

280

4900
500

1J=JdJ=1

XS1M=0,4,0

YSIIM=0 4,0

ZSUM=0,0

N0 360 TCHAN=1,1ISUM
ITCHN=NWHICH(ICHAN)
XNIFF=Y(TICHN»JIY=Y(TTCHNsTJ)
YRIFF=Y(TICHN s JUIY~X(TTICHNsJJ}
XSUM=XSUM+XNTFEXXNTFF
YSUM=YSUM+YDIFF¥YNTFF

ZSUM=Z SUM4XDIFF*YDTEF
CONTINUF

XSUM=XSUM/AVFE

YSUM=YSUM/AVF

ZSUM=ZSUM/AVF

APOP=APOP+1,0

AA=140/APOP

RR=1,0=-AA
AXAVFE=RA*¥DXAYVELAA¥YSUM
DYAVF=RB¥NYAVF+AARXSUM
NZAVF=RB#*NZAVF+AA¥ZSUM
XSUM=SQRT { XSUM)

TF (XSUM LT, ®3,4) GO TO 245
XS1iM=53 4,0

YQIM=53,,0

GO TO 386

CONTINUF

YSUMaSQRT (YSUM)

IF (YSUM LT, 53,4y GO TO 366
GO TO 344

CONTINUF

CALL JNTPR{YSUMsXSUMSNFLAGs s N sKSYM(2) ,NPOP,
I2NXAVE sNYAVF
2N7 AVF,
TJJIaNSCANS 1T aNCFOL s JSYMaX s NSTRT o NNy INeX
NSCAN=NSAY

CONTINUF

PO 500 JJ=1sNCOL

NO 490 TCHAN=1,I1SUM
ITCHN=NWHICH (I HAN)
XLTICHNSJJ ) =Y (T10HN.JJ)
CONTINUF

CONT INUF

GO TO 1690

CONTINUF

NFLAG=1

caLL JNTPH(YSUM;XSUM,NFLAG309“9KSYM(3)9NPOP9
?DXAVEsDYAVE,
AN7 AVF s
TJIsNSCAN s TT sNCOL o JSYMs X s NSTRT 9NN INCX)
RFWIND I10TAPF

REWIND INTAPF

caLL CLFAN

RFTURN

FND
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64

10

SURROUTINF LABFLA(NSTARTSNSTOP s INCRE
NTMFNSTON T0UT(120)

NN TF=(NSTOP~-NSTART+1)/INCRF
11=0

NO 1 I=NSTARTsNSTOP s INCRF
T1=11+1

10UT(11Y=1/1000

CONTINUE

WRITF (6s10) (TOUT(T)sI=1sNPTIF)
11=0

NO 2 1=NSTARTsNSTOP, INCRF
I1T=11+1
IOUT(TII)=1/710C=1/71000%110
CONTINUF

WRITFE (6910) (I0UT(T)s1=1sNDIF)
11=0

PO 3 I=NSTARTNSTOP,INCRF
T1=1141,

1OUT(TIN=1/710-1T/1"n¥%10
CONTINYFE

WRTTE (510) (TOUT(T)sI=1sNDTF)
11=0

NO 4 T=NSTARTsSNSTOP, INCRF
11=11+1

IOUT(IIY=I~T1/10%1N

1F (10UT(TTY LLF, N0 ) T0UT(113=0
CONTINUF

WRTTE (£510) (TOUT(T)sI=1sNDIF)
FORMAT (11X+12011)

RFTURN

FAD



1060
1061
1067
1067
1366
1149

1364
1065

1000

80

15

SURROUTINE JUNTPR(NATAHSNDATAV S NFLAGIMTX s MIVY o ALPNIIM,NPOP,

2NDXAVF sDYAVE

ANZAVF 5

TJIsNSCAN s TSCANSNCOL 5 TSYMaNX g NSTRT 5NN, INCXY)

NDIMENSION
PTMENSTION
NIMENSTON
DIMENSTON
NIMFNSION
NIMFNSION

INCXY (1)

NP(5LsR4)

NATA(12)

TRIN(D2RE
ISYY({1)e1QUITL100)
NX({131sNN{1)

NIMENSTON ALPNUMC 135aLPHA{120)sCORDX{3)})
POURLF PRFCISION A(292)sFIGFN(242)
INTFGFR ALPNUM ALPHA SRLANK

DATA ASTRIK/1H#*/

NATA XMARK /1HX/

DATA RLANK/gH /
NATA NFLAG4L/D/
FORMAT (48X e 25HNATA SWITCH HAS OCCURRFD )

FORMAT{49X s 30HJOINT PRCRARILITY NISTRIRUTION )
FORMAT(1H1T )
FORMAT (44X 9] 1H X~AXTS 1S 97696Xs11H Y=AXIS 15 52716}

FORMAT (30X s6HNXAVE=T15 [ TsbHNYAVF= 315, TebHNZAYE=4F15,7

)

FORMAT (1R 967H MAXTMUM PRORARTLITY COF 1INACMMONALITY EXAFERFENn— ~ONT

—

TNUS FXCLTTON
FORMAT(1X s 26HSYMROL

s2716)
N/SYMROL }

FORMATILI1X s121(1u9¥%y 5/ 11X 1¥* 355X s5HPART s11s4tH OF 911,53Xs1H%,/

—

511X 121 0TH%*)YY

1F (NFLACL4 AT, 0y ~0 TO 89
NFL G=2=0

FORMAT(1X s47AY )

NFLG=D

Nt=»

TRW ="

MFLGFEN=0

IRT=11

NO 1 I=1.5%4

NN 1 Jd=1,54

NP{T,J)y =0

CONT TNUF

REWIND TRT

RFWIND IRW

NFLAG4=1

CONTINUF

IF (NFLACLGT, N}y GO TO 13
NC=DATAV+1ae5

NR=DATAM41 45

IF INC LT, 1) NC=1

IF (NR oL Te 1) NR=1

NP (NRoNC)=NP (NRsNC)+1
T=84%(NC-1)+NR

IRTN(JI) =1

IF (JJ «LTe NCOL}Y 0O TC 15
IRTN(1Y=TRIN(D)
WRITF(IRWIY(TRIN({TTYs1T=1sNCOLY
CONTINUF
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66

13
17

1067

118
130

22

RFETURN

CONTINUF

CONT INUF

RFWIND IRW

I10PT=1

IN=?2

M=)

RHO=1,0/110,0%%R)

A(1s1)=NXAVF

A(D92)=NYAVF

A(192)=DZAVFE

Al291)=DZAVE

CALL DJCORT(AsTMsIN,TOPTsRHOsFRRIFIGFN)
WRTTF(691067) A(19115A(152)sCTGFN(1s1)sFIGEN(192)
WRITEF(651067) A(2s1)sA(292)sFIAFN(221)sFTIGFN(2452)
FORMAT(1X92F15,7+10Xs2F15,7)
DXAVE=1,0/8(191)

NYAVE=1,0/A(2s2)

A{131)=FTGFN{1s1)*¥NXAVF
A(T92)=FIGFN(2s1)¥NXAVF
A(2s1)=FTGFNI{T+2)%¥NYAVF
A(292)=FTIGFN{292V¥NYAVF
NXAVE=FTCEEN(L1s 1Y ¥A (T s1)+FIGEN{L192)%A(241)
NDYAVF=FTGFN{2 91 )1%A( 190 )+FIAFN(Zs2)1%A(252)
NZAVF=FTGEFN(1 1) %¥A (102 V4+FIRFEN(T 92V %A (22 1+FTARTN(2213%4 (151}
1+FTGFN(2s2)%A(2s1)

WRITE(651066) NXAVE SNYAVFINZAVF

[=Nn

PO 130 NC=1+54

DO 120 NR=1.54

T=T1T+1

T {NPINRsNC) FQe NY GO TO 130

AAX =NR*¥NR

YYY=NC*¥NC

2727 =NR¥N(C

SUM=NXAVEXXXX+DYAVEH*YYY
1+D7AVE*Z2227

IF(SUMeGF41.01G0 TO 1158

NX(1)=0

GO TO 120

NX(Ty==1

CONTINUF

WRITF (6310629

WRITF(697061)

WRITF(691066) NXAVESDYAVF ¢NZAVF
WRITF(6%1064)

CALCHLATF TARLF

MAXKNT=0

NO 22 NC=1+53

PO 22 NR=1s53

1F (NP(NRINC) .GT, MAXKNT) MAXKNT=NP (NRsNC)
CONTINUF

I1£ (MAXKNT LT, 46 )y MAXKNT=46
NFACT=MAXKNT /48

XXX=FLOAT({MAXKNTY /48N



NFAC=0
TF (NFACT JLTe 1) NFACT=]
WRITF(651050) RLANK sNFAC
NFAC=NFAC+NFACT
NO 22 I=1+46
WRITF(651050) ALPNUMIT) o NFAC
1080 FORMAT (2XsABs6Xs18)
NFAC=NFACHNFACT
k! CONTINUF
WRT1TF (81047
PRINT DISTRIRUTION ON PAGF
CORDX{1)=0,0
CORNDXA{231=CORDX(114A0,0
CORDX(31=CORDX{(11+110,0
1021 FORMAT (1H1)
ND 66 TFNN=1,54
NCE=8&8~TFND
DO 66 1=14+54
ALPHA(T)=RLANK
66 CONTINUF
IF (NFLG FQ. 1Y GO TO 69
DD 6R I=1s54
TRIN(IY=N
6R CONTINUF
69 CONTINUF
DO A4 NR=1s54
XX=FLOAT (NP {NRJNC))
IF (NFLG oFQs 1) GO TO 91
IRININR)Y=NP{(NRsNC)
91 CONTINUF
1rAR=XX4+{16201-1,"/%XXX)
IF (ICAR LGT. 46 ) T1CAR=46
ALPHA(NR)Y=ALPNUM(TCARY
64 CONTINUF
CORDY=FLOAT(NC)
YMARG=XMARK
IF (NC JNF. 54-TFNNn/10%19) YMARG=ASTRIK
WRITF(651008) rORNY4YMARGs (ALPHA(T)sT1=1954)
1008 FORMAT(1XsF8,192XsA1s120A1)
65 CONTINUF
WRITF(6+1010)
WRTITF(691011) cORNX(1)srORNX(2)s¢cORNDX(3)
1011 FORMAT (6XsFLlU4950XsF10,4540XsF10,4)
NFLG=1
WRITF(6+10462)
Neiig=1
LWFR=1
LOW=NSTRT
708 CONTINUF
NHT=LOW4+120-1
NUPPFR=LWER+120-1
I1F (NUPPFR ¢GTe. NCOL) NUPPER=NCOL
WRITF(6+1067)
CALL LARFLA(LOWSINHT 1)
nO 131 11=NTsNSraN



68

117

125

1264

10356
1025
131

QA%
1010

jory

REAN(IRW)Y (TRIN(JIYsJI=T1oNCOI Y
NO 125 JJ=1sNCOL

IFRFCK=TRIN(JJ)
JOHFCK=NX{ICHFCK)

1F (JCHFCK (NF, 0) 0 TO 117
ISYM(JJYy=ALPNUM(NSIjR=1)

NN(JJ)Y=0

GO TO 138

1SYM(JJy=ALPNUMINSUR)

NN(JJYy==1

CONTINUF

IF (NFLGFN oNF, 0) n0 TO 136
WRITF(IRT) (NN(JJYsJJ=1sNCOL)
call PLTRFAIISYMINFOLsNRLK s TNCXY L1 s TNOXY{2) s INCXY (3
INFXY (4) s NCRE )

CONTINUF

WRITF(651036) TI1s{T18YM(JU)sJI=LWFRSNUPPFR)
FORMAT(5Xs165120A1
FORMAT(1X+16)

CONTINUF

NFLGFN=1

REWIND TRW

LWFR=NUPPFR+1

LOW=NHTI +1

IF  (NUPPFR LT, NroLy GO TD 708
CONTINUF

FORMAT (11 X812 (10HX%¥H%HRINRY)
NFLGFN=0

RETURN

END
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SHRROQUTINE CLASFY

FOMMON ZLARI/XRAR{42412)sSTEMALL35121,ROT (43512412

rOMMON /LARZ2/X{12)sALPHA(49) 4NSPSaNSAANS s NAHANSLTIsLTINLT114LT12,
ILTI3sLT1aIXXXe1YYY,
TNSTARTSNSTOP,

INRTLGsMONF s I TYPE MGEC oy T4 o NCRF

INSKIPsINCXs INCYSNSTXHNSTY

NAMELIST/PASSES/NPASS NCLUST
NAMELTIST/INPUTA/NSPSsNSAaANS o NAHANSLT1sLTOsLTI0,LT11,LT12:LT13
INSTART sNSTOP g NRTLA 4 MONE 3 TTYPE yMSEC s T4 4 NCREGNSK TP TN s TNCY S NSTX s
PNSTY 3 IXXX s TYYY

REAN(55PASSFS)

REAN({Ss INPUTAY

WRITF (6 INPUTA)

REAND(591006) [ALPHA(T)YeT=1,48)

FORMAT (11X s60ATY

KOUNT=NCLUIST

NSrANS=NSCANS=1

INTTrL=NCLUST 41

N0 1 1=1,NPASS

cALL TRUFKINCLUST o NPASS )

calLl SFQMRG (INFLUSTSKOUNTSINITCL )

CALL CLASS (XOUNT , 1, NPASS )

NeLUeT=XOUNT

INTTCL=KOINT+]

CONTTNUF

RFTURN

FNN
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SURROUTINF TRUCK(NccNTSNPASS )
DIMENSION NNACC(124+256)sMTAR(11)sIPRT(256)sIPLOT(256)
DIMENSION NTRL(400)
COMMON /LAR1/XRAR(43512)sST10MA(43512)5ROT(435124+12)
COMMON /LAR2/X(12)sNSYM(49)yNSPSINSCANS s NCHANSLTOSLT10,LT114LT12,
1LT13sLT1eIXXXsTYYY,
1NSTART oNSTOP,
INRTLGsMODPF s ITYPFsMSFCsT49sNCRFE S
INSKIPs INCXsINCYsNSTXsNSTY
NFLGXX=D
NFLAGX=0
REWIND LT11
RFWIND LT1
NFLAG1=0
MFIN=0
IXTY=IXXX¥IYYY
PO 10 I=1s1YYY
MTAR(I)=1
10 CONTINUE
PO 50 I=1,400
NTRL(TI)=1
50 CONTINUF
NO 171 T=1s1YYY .
READILT11Y (NNACC(1sJJ)sJJ=1sNSPS)
MFEFIN=MFIN+1
11 CONT INUF
NUP=NSPS—TXXX+1
NCNT=NCCNT+1
NFLAG=D
200 CONTINUF
111=MTAR(1)
DO 110 JJ=14NSPS
IF (JJ oGT. NUPY GO TO 102
1J=JJ
JI=JJ+IXXX~-1
N7ZFRO=N
IKNT=0
ISsUM=0
J1J=MTAR({1)
NTFMP= NCCNT+1
PO 101 1=1JdsJ1
DO 100 JIJ=15s1YYY
11J=MTAB(JIJ)
IF (NNACC(ITJsI) oLFe NCCNT JANDe NNACCI(IIJsI) NFe 0) GO TO 102
17 (NNACC{TTJdsT)) 1021075106
106 IF (NNACC(IIJsl) «CGTe NTEMPY) NTEMP=NNACCI(IIJsIY
GO TO 100
107 NZFRO=NZFRO+1
100 CONTINUF
101 CONTINUF
IF (NZERO oNF. IXIY) GO TO 105
DO 103 I=1J,J1
DO 104 JIJ=1,1YYY
NNaCC(JT1JsT)=NCNT
104 CONTINUF
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1013

108

108

102
110

125

111
1007

121

990

CONT INUF

NCNT=NCNT+1

IF (NCNT «GT. 400) GO TO 999

GO TO 110

CONTINUE

DO 108 I=IJsJdI1

N0 108 Ji1J=1,1YYY

IF (NNACCI(JIJsT) oFQe 03) NNACC{JTJsT)=NTFMP
CONTINUF

GO 70 110

CONTINUE

CONTINUFE

DO 111 JJ=1eNSPS

1F (JJ .FQ. NSPS ) 0 TO 113

IF (NNACC(ITITsJJ) 4LFe NCCNT) GO TO 111
IF (NNACC(ITIsJJ+1) «LFe NCCNT) GO TO 111
IF (NNACC(ITIsJJ) LLFe O0) GO TO 111

IF (NNACCI{ITI»JJ+1) JLFe Oy GO TO 111

IF (NNACC(IIIsJJ) oFQe NNACC(IIIsJJU+1)) GO TO 111
TJ=RANACC(ITII,Jdy

JT=NNACC{TITsJJ+1)

IF (JT oGTe 400 ,O0R, 1J oGT, 400) O TO 111
IF (NTRLI(JT)Y «GT. NTRL({TJ)Y GO TO 125
NTabl {1Jy=NTRL(JT}

GC TO 111

CONTINUF

NTRL(JIY=NTRL(TN)

CONTINUE

FORMAT t1Xs15)

WRTTE(LTYY) (NNACA(11T9JJ)sdd=1,NSPS)

IF (MFIN oGF, NSCANS) RO TO 999
1YT=MTAR(1)

READ(LTI1Y (NNACC(UTIYTI»JJ)sJJI=1sNSPS)
METN=MF IN+1

NTEMP=MTAR (1)

Iyy=1YYY-1

N0 121 1=1s1YY

MTAR(T)I=MTAR(T+1)

CONTINUF

MTAR(IYYY }=NTFMP

GO TO 200

CONTINUF

NO 122 1=251YYY

I11=MTAR(I)

NO 112 JJ=1sNSPS

IF (JJ 4FQs NSPS )y 6O TO 112

IF (NNACCU{IITsJJ) oLFe NCCNT) GO TO 112
IF (NNACCI(IIIsJJ+1) oLFe NCCNTY) GO TO 112
IF (NNACC(IIIsJJ) LLEe. 0O) /O TO 112

IF (NNACC(IIIsJJ+1) «LFe O) GO TO 112

IF (NNACC(IIIsJJ) oFQe NNACC{IIIsJJ+1}) GO TO 112
IJ=NNACC(III,JJ)

JI=NNACC(TIITsJJd+1)

1F (JT GTe 400 ,OR, TJ GT, 400) GO TO 112
IF (NTBL{JT)Y «6Te NTRLIIJ))Y GO TO 1286
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72

126

122

114
113

119

708

1005

115

NTRL{TJYy=NTRL (JT)

GO TO 112

CONTINUF

NTRL{JIy=NTRL(TJ)

CONTINUF

WRITF(LTY) (NNACC(ITIsJJ)sJJI=1,3NSPS)
CONTINUF

FND FILF LT

RFEFWIND LT

REWIND LT11

REWIND LT1?2

WRITE(651007) (NTRL(T)sI1=135400)
NO 112 1=1+400

1F (NTRL(T) +FQ, 1) GO TO 1113
JT=1+1

I (NTRLI{JTY <NF, 1) £~0 TO 114
NTRL{JTy=NTRL(T)

CONTINUF

CONTINUF

I1=1

NTFMP=11

N0 116 1=2+400

IF ANTRLIT)I-NTRL(1=1)) 11791189119
IF (NTRL(T) oNF. I} GO TO 117
NTaL(1=1)y=NTFMP

T1=11+1

NTFMP=11

GO TO 116

NTRL(TI-1)=NTFMP

GO 1D 116

N=NTaL{71)

NTaL{I=1)=NTFMP

NTFMP=NTRL (N}

CONTINUF

NTRL(400)1=NTFMP

WRITF(6+1007) (NTRL({(I)s1=1+400)
LWFR=1

LOW=NSTART

CONTINUF

NUPPFR=LWFR+120-1

NHT=LOW+120-1

IF (NUPPFR ,6T, NSPS ) NUPPER=NSPS
INIF=NUPPER-LWFR+1
WRITF(6+1005)

FORMAT (1H1)

CALL LARFLA(LOWSNHTs1)

PO 710 11=1sNSCANS

REAN(LTIY (NNArc(1sJJYsJdJ=14NSPS)
DO 115 JJ=1sNSPS

18=ANACC(1sJd)

IF (IR JLFe 0) GO TO 115
NNACC(1sJd)y=NTBL(I8)

CONTINUF

1F (NFLGXX «GT, 0y nO TO 127
WRTTE(LT12) (NNArc(19JJ)sJJ=1sNSPSY



127

CONTINUE

J1=0

DO 711 JJI=LWERSNUPPFER

J1=JI+1
N=NNACC(TsJJ)~(NNArr(1,JJ)=1 )Y /4R¥%847

IPRT (JJ1=NSYM(N)

IPLOT(JT ) =NSYM(N)

CONTINUE

WRITE(6351003) 11 (1PRTIJJ) 9 JJ=LWERSNUPPER)
CALL PLTRFA(IPLOT s INIFsNRLK s TNCXs INCY sNSTXSNSTY,
INCRESsNFLAGXsNFLAGL)

1003 FORMAT(4Xs1691H*3120A1)

710

570

CONT INUF
RFWIND LT
NELAGX=C
NFLGXX=1
NFLAG1=0
LWFR=NUPPFR+1
LOW=NHI+1

1F (NUPPFR LT, NSPS 3 GO TC 708
CONTINUF
NCCNT=NCNT =1
FNR FILF LT12
RFWIND LT12
REWIND LT1
IXXX=TXXX~4
IYYY=IYYY—4
LT11=1%
RFTURN

END
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1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015

1016

74

SURROQUTINFE SFAOMRG(INFLUST 4KOUNT s INTITCL )

COMMON /LAR1/XRAR(43+12)+STGMA(43512),R0T(43,12,12)
COMMON /LAR2/X(12)sALPHA(49) sNSPSaNSCANSoNCHANSLTIsLT10sLT114LT12,
TLT13 LTI IXXXsIYYYs
INSTARTsNSTOP,
INRTLGsMODFE s ITYPE sMSFCaT4 s NCRF
INSKIP s INCXs INCYsNSTXsNSTY

NOURLF PRFCISICON A{12+12)sFTGFN(12+12)

DIMENSTION MFRAF(2N0) yMPOP {200y s NFXFC(20) sC(43478)9sR(12,12)
NIMFNSTION COM{24)

FQUIVALFNCF{COM(1)sNSPS)

FORMAT(1Xs16512F10,3)

FORMAT (1Xs4HXRAR )

FORMAT(1X»16HDIND NOT ¢ONVFRA )
FORMAT(1X s 7THICLUST= 5165 14HMFRGF(ICLUST Y= 516}
FORMAT (1XsSHRHO= HF15,7s5HFRR=  sF15,7)

FORMAT (1Xs12F10,4)

FORMAT(1X+1216)

FORMAT (1X+23HMFRGING WILL TAKF PLACFE )
FORMAT(1H )

FORMAT (13H COV, MATRIX )

FORMAT (12H NORM FIGEN )

FORMAT (18H P.A, COVe MATRIX )

FORMAT(1H »6HASUM= 4F15,7sTHrLUSTER s 149
FORMAT(1X 9 28HXRAR(T9J)sJ=1912)91=1sKOUNT )
FORMAT (1Xs29HSTIAMA({TsJ)sJ=1912)sT=1sKOUNT )
FORMAT(1X s55HROT(I s ICHANsJCHAN) s JCHAN=1012) s TCHAN=1512)51=1sKOUNT
1) }

FORMAT (1Xs163s(12F10,3))

NFLG=0

CZ2FCH=FLOAT(NCHAN)=2,0

REWIND LT10

RFEWIND LT12

RHO=1,0/(10,0%%5)

IF (NSKIP ,FQ, 0) RO TO 6

PO 7 I=1sNSKIP

CALL SKRRIN(LT10s1,NOP)

CONTINUF

CONTINUF

DO & ICLUST=1sNCLUST

MERGE(ICLUSTy=TCLUST

CONT INUF

IM=NCHAN

IN=1M

IOPT=1

DO 1C ICLUST=INITCL,NCLUST

1F (NFLG o.GT, 0y GO TO 11

IF (KOUNT oGF. 43 ) GO TO 11

KOHNT=KOUNT+1

1FLAG=KOUNT

CALL FFTCOR(IFLAGS Cs MPOPsNFLGs INITCL )
WRITF(6+1001)

WRITF(651003) TFLAG (XRAR(TIFLAGsI)»I=1512)

MI=1

MJ=1»



500

15

20

20

25
26

MK =12

N0 500 MM=1412

WRITF(641000) TFLAG(C{IFLAGIMRY sMR=MT ,MJ)
MT=MJ+1

MJI=MJ+MK-MM

CONTINUF

CALL AMTRX (IFLAGsXRARsCsAsNCHAN)
WRITF(6+1008)

WRITF(44+1009)

WRTTF (651005835 ({AIMTsMI)sMI=1512)sM1=1,121
CALL DJCORT (AsIMsINSsTOPTsRHOSFRRsFIGFN)
WRITF(6+1004) RHOSFRR

WRITF(6s1U05) ((A{MTIMI)sMI=1912)eMI=1,12)
WRITF(64+1008)

WRTITE(651005) ((FIAEN(MTsMIyoMI=1+12)sMI=1,12)
IF (FRR FQ, C,0) 0 TO 1%
MERGE(TCLUST =0

KOUNT=KOUNT=-1

WRITF (651002

GO TO0 10

CONTINUF

CALL ROTA (IFLAGIROTHIFIGFNINCHANSAYSIGMA)
MERGF(ICLUST ) =KOUNT

WR1TE(691003) TCLUSTIMFRGF(TALUST)Y

MPOP (KOUNT Yy =MPOP(TCLUST)

1 {(KOUNT LFQ, 1) ~O TO 10

MCLUST=KOUNT-1

NG 20 ICHFCK=1,420

NEXFr{IrHFCK)Y=0

CONTINUE

MCHECK=1

DO 28 JCLUST=14NCLHUST
IF{MERGF(JICLUSTY JLT MCHFCKYRD TO 25
MrHF K =MCHFCK 41

1F {MFRGF({JCLUSTY .,rQ, KOUNTY GC TO 26
JELAG=MFRGF{JCLUST)

PO 30 ICHAN=1sNCHAN

X{TCHANY=XRBAR(JFLAA s TCHAN)=XB3AR(KOUNTsICHAN)
CONTINUF

IFLAG=KOUNT

CALL KCHFCKI(TFLAGS ROTsXsSIGMA s ASUMyNCHAN)
WRTTE(6s1008)

WRTITE(691012yASUMsJrLAC

1F (ASUM GT, rZFCH)Y <O TO 25

IFLAG=JFLAG

CALL KCHFCKI(IFLAG)S ROTeXsSIGMASASUMSNCHAN)
WRITE(651008)

WRITF(63s1012)1ASUMSJFLAG

1€ (ASUM ,GT, cZFCH)y 0 TO 25
NFEXFr(1)y=NFXFC(11+1

NSUR=NFXFC(1)+1

NeXFe (NSURY=JFLAG

CONTINUF

IF (NFXFC (1) FQe 0y GO TC 10

DO 501 KK=1sNSUR
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501

21

40
25

55
50
45

65
60

75
70

76

WRITFE(6+1008) KKsNEXFC(KKY

CONTINUF

MSUR=NFEXFC (1) 41

TOTAL=MPOP {(KQUNT)

NC 31 TRUN=2 4MSUR

NSUR=NFXFC (TRUN)

SHM=MPOP {NSUB)

TOTAL=TOTAL+SUM

CONTINUE

TNIM=0

NDFN=MPOP (KOQUNT)

NO 38 TCHAN=1 s NCHANM
XUICHANY=XRAR (KOUNT s ICHAN)Y*NEN/TOTAL

PO 40 JCHAN=TCHANINCHAN

INUM=TINUM+1

R{TCHANS JCHAN Y =C (KOUNT s INUMy*nFN/TOTAL
CONTINUF

CONTINUF

NO 45 TRUN=2sMSUR

NSUR=NFEXFC { TRUN)

INUM=0

NFN=MPOP (NSUR)

DO 50 ICHAN=1sNCHAN

XUTCHANY =X L IrHANY+X2AR(NSUR S TOHANY%¥NEN/TOTAL
N0 85 JORAN=TCHANsNAHAN

INtUIM= TNIIM+1

R{ICHANs JCHAN)Y=R{ICHAN s JCHANY+C{NSUBs INUMIXDFN/TOTAL
CONTINUF

CONTINUF

CONTINUF

N0 60 ICHAN=1sNCHAN

N0 65 JCHAN=TCHANSNCHAN

A{TCHAN s JCHANY=R{ICHANsJCHANI=X({ TCHAN)¥X (JCHAN)
A(JCHAN S TCHANY=A(TAHAN S JCHAN)

CONTINUF

CONTINUF

WRYTF(651009)

WRTTE(6510058) {(A(MTsMI)aMI=1912)sMI=1912)
CALL DJCORI(AsIMsIN,TOPTsRHOSFRRZyFIGEN)
WRITF(6+1004) RHOSFRR

WRTTF(61008) ((A(MTeMI)aMI=1512)sMI=1517)
WRITF(641008)

WRITF(6s10C5) ((FIAFN(MT sMJYaMI=1512)sMI=14512
IF (FRR (NF, 0,0y GO TO 10

WRITF(651007)

IFLAG=NFXFC(2)

MPOP({IFLAG)=TOTAL

INUMEQ

N0 70 TCcHAN=1-NCHAN

XRAR(IFLAGs ICHAN)=X{TCHAN)

NO 7% JCHAN=TCHANMAHAN

INUM=TNUM4]

CUIFLAG INUM)Y=R{ICHANSJCHAN)

CONTINUE

CONTINUFE



CALL ROTA (IFLAGIROTHFIGENSNCHANS A, STGMA)Y
N0 R0 JCLUST=14NCLUST
NG 88 TRUN=2,MSUR
NSUR=NEXF e { TRUN)
IF (MFRGF (JCLUSTY NF, NSury GO TO 85
MFRGF(JCLUSTY=TFLArR
85 CONTINUF
80 CONTINUF
MERGF(ICLUSTY=TFLAG
IFINFXFO(1Y,FQ,11C0 TO 94
1SW=n
JCHFrK=1
N0 90 JrLUST=1sNcLUST
INUMaMFRGFJCLUSTY
91 IF(MFRGFUJCLUSTY LT, JCHFCKYIRO TO 90
TF{MFRGFIJCLUSTY oCT4JOCHFCKYRO TO 92
IF{TSWeFQ,1)Y:0 TO 9=
JerurrkK=JruFek+
TF{JCHFCK JFQ.KNUNTYAD TO 94
GO TO 90
92 MeRGF{JALUSTY=MFRGAF(JCLUST Y=
ISW=1
GO TO 91
93 1F {(JCHErK 6T, KOUNTY ¢O TC 94
T Q=N
INtIM=0
MPOP { JCHF CK ) =MPOP { 1PUM)
NA 95 TCHAN=7 s NCHAN
XBAR{JCHECK s ICHAN) =XBAR{IDUMs TCHAN)
SIGMA(JCHECK s ICHAN)=SIGMA(LINDUMs TCHAN)Y
NO 100 JCHAN=TCHANZNCHAN
INUM= TNUM+1
FLIrHFECK s TNUMY = (TRUM, TNIM)
ROTLJCHECK s ICHAN s JCHAN) =ROT{ IDUM s ICHAN 3 JCHAM)
ROTUUCHECK s JCHAN s IrHAN) =ROT(TDUM s JCHAN s ICHAN)
100 CONTINUFE
Q5 CONTINUF
NO 96 LcLUST=1sNCLUST
IF(MFRGF(LCLUST ) JNFLIPUMIGO TO 95
MFRGE(LCLUST)=JCHFCK
Qg CONTINUF
JOrrFeK=JoHFoK+1
Q0 CONT INUF
94 KOUNT=KOQUNT-NFXFC{1)
10 CONMTINUE
11 CONTINUF
WRITF(LTO) (CcOMIT)sT=1+24"
WRITF(LTY) ({(XRAR(1sJ)sI=1sKOUNT)sJ=14512)
WRITE(LTO) ((S1AMA(TsJ)s1=1,KOUNT ) 9Jd=1512)
WRTITELLTY) (({ROTLta1rHANSJrHAN) s I=1 s KOUNT Yo ToAN=L o NCHANY
1JOEHAN=1T s NCHAN)
WRITE(651013)
nO 510 T=1sKOUNT
WRTTE(651000) 13 (XRAR(TsJ)sJ=1912)
510 CONTINUF



WRITF(6+1014)
DO 511 1=1sKOUNT
WRITF(651000) Ts{STAMA(TIsJ)sJ=1+12)
511 CONTINUE
WRITF(651015)
PO 512 1=1sKOUNT .
WRITF(691016) To((ROT(IoICHANSYJCHANY) s JCHAN=1912)sICHAN=L1+12)
512 CONTINUE
PO 513 1=1sNCLUST
IF(MFRGF (1) 4GTKOUNT)G0O TO 814
1Tr(6s51511sMFRGF( 1}
515 FORMAT(1IX s THCLUSTFR 141X e5HrLASSsT4)
513 CONTINUF
514 CONTINUE
DO 660 T=1sKOUNT
PO 620. ICHAN=1sNCHAN
PO 610 JCHAN=1 ,NCHAN
BITCHAN s JCHAN) =ROT (T s JCHANSTCHAN) /SIGMA(T s ICHAN)
610 CONTINUF
620 CONTINUF
DO 650 TCHAN=1sNCHAN
DO 640 KCHAN=1 sNCHAN
S1IM=N,4, 0
PO 630 JCHAN=1 ,NCHAN
SUM=SUM4ROT (T s TCHAN s JCHANY ¥R { JCHAN o KOHANY
630 CONTINUF
A(TCHANSsKCHAN )Y =SUM
640 CONTINUFE
650 CONTINUF
WRITF(6s600) 1
600 FORMAT(1Xs13HCLASS FLLIPSEST14)
WRTTF(6s1005) ((A{1AsJAYsJA=1sNCHAN) s TA=1sNCHAN)
660 CONTINUF
REWIND LT9
RFTURN
END



40

25

30

20

1000

SURRQUTINFE FRTCORITFLAGSCsNPOPsNFLG 4N ) .
COMMON /LAR1/XRAR(43512)sSTGMA(43512),ROT(43512,512)
COMMON /LAR2/X1{12)9sALPHA(49) 4sNSPSsNSCANSsNCHANSLTIsLT10sLT11,LT12s
1ILT13sLT1sIXo1Ys
I1NSTART oNSTOP, .
TINBRTLAsMONFE s ITYPE JMSFEC s 14 oNCRF
INSKIPsTNCX s INCY s NSTX s NSTY

DIMFNSION NPOP(11s5C(43s78)sNDAT{255)

DATA NCNT/0/

INUM=0

NFLG1=0

NFLG2=0

NO 5 ICHAN=14NrHAN

XBAR(TFLAGS ICHANY=0,0

N0 10 JCHAN=TCHAN SNrHAN

INUM=TNUM+1

C{TFLAGsINUMy=0,0

CONTINUF

CONTINUE

KNT=D

CONTINUF

1F (NCNT «GF, NSCANSY GO TO 70

NFLG?=0

REANDILT1I2) (INPAT(JJy s JJ=1sNSPS)

NCNT:NCNT+1

NFLG1=1

NFLAG?2=1

DO 20 JJ=1,NSPs

caLll GFT( X{1)sNSPSsNeNCHANSNSAANOSLTI051FRRINFLAGZ s
INSTART o NRTLAsMONF sNrRESITYPESMSFC }

IF INPAT(JJ) oNF, N) a0 TO 20

KNT=KNT+1

NFLG?=1

AT=FLOAT (KNT)

ITNIM=0

PO 25 ICHAN=1sNCHAN
XRAR(TIFLAGSTCHANY=(140=1,0/ATY¥XRAR(TIFLACSTCHANY4X{TCHANY /AT
NO 26 JCHAN=TCHANSNAHAN

INUM=TNUM+1

CLTFLAGs INUMI=(1,0-1,0/AT )Y ¥ {TFLAGS TNUMY X (TCrHANY (X (JruANY /AT
CONTINUF

CONTINUF

GO TO 20

CONTINUE

1F (INFLG2 +FQs 1) GO TO 20

IF (NDAT{JJ)Y oNFe N+13) GOTO 20

NSAV=NCNT

NFLG2=1

CONT INUF

WRITE(64+41000) NCNT KNTsNSAV,NBCKUP SN NFLG2sNFLGS
FORMAT(1Xs718)

IF (NFLG?2 oNF, 0) 60 TO 40

1F (NFLG? oFQ. 0) RO TO 40

NRCKUP=NCNT-NSAV+1

CALL RSRFECDUILTI0sNroKUP*T4 5RF)
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b T

SURROUT INF AMTRX(TFLAGSXRAR 7 oA 4NrHAN)
NTMENSION XRAR(43312) 90 (43578

nOLIRLE PRFCISICN A(12,12)

TN M=

NG 1 TrHAN=14NrHAN

NO 2 JUCHAN=TCHANSNrHAN

INUM=TNUM+1

A(TCHAN s JCHAN)Y=C(IFLAGs INUM)=~XRBRAR(IFLAGs ICHAN)Y*XBAR(IFLAGsJCHAN)
ALJCHAN s TCHANY=A{ TCHRANs JOHAN)

CONTINUF

CONTINUF

RFT'IRN

FND

SHEROUTINF ROTA{TIFLAGIROTsFIAFNGgNrHAN Ay STEMAY
NTMENSTON ROT(4234512,12)

NIMENSION STAMA(434519)

NOURLF PRFEATSION A(1D,412)

NAYRLFE PRFCOTISTINAN FIrREN(12912)

PO 1 TCHAN=T s NOHAN
SIGMACTIFLAGSTICHANY=A (TCHANS TCHAN)

NO 2 JCHAN=143NCHAN

ROTUTIFLAC s ICHAN s JCHANY=F IGCFNIJCHAN s TCHAN)
CONTINUF

CONTINUFE

RETIIRAL

FNR

SURRQUTINE KAHFErK (TFLAG, ROT e X s STGEMA, ASUMSNCRHAN)
NIMENSTON ROT(43412512)YsSTGMAL43512)5X (1)
AQlM=n N

PO 3 TCHAN=T s NCHAN

SM=Ng D

NO 4 JCHAN=TsNCHAN
SUM=SUM+ROT(IFLAG s TrHAN o JCHANY#X (JrHAN)
CONTINUE
ASIIM=ASUMASUM¥SUM/STEMALTFLAG, TCHAN)
CONTINUF

RFETLIRN

NP



SURROUTINFE CLASSINALASSINTESTSNPASS )
COMMON /LARL/XPAR(43512)sS1aMA(43512)5ROT(43512512)
COMMON /LAR2/X(12) sALPHA(49) sNSPSsNSCANS sNeHANSLT9sLT1NsLT115LT12s
1LT13sLT1sIXsNDUMMY,
INSTART+NSTOP,
INRTLGsMONE s ITYPF sMSEC s T4, NrRE,
INSKIP s INCX s INCY s NSTX s NSTY
DIMENSION W(12)sMTAR(3)
NIMENSION NNRAT(25552) sPRNT(255)
NIMENSION COM(24)
FQUIVALFNCF(COM(1)sNSPS)
RFWIND LT9
REWIND LT10
REWIND LT1
REWIND LT12
RFWIND LT13
CZFCH=NrHAN
IF (NSKIP ,FQ. 0) 60 TO 601
NO 602 1=1sNSKIP
CALL SKRBIN(LT1Ms1.NOP)
602 CONTINUF
601 CONT INUF
REan(LTY) {(FOM{TYeT=14924)
REANILTS) {(XRAR(TsJ1sT=1sNrLASSY e =15121
REANILTYY ((STAMALT 3 JyeT=TeNCLASSY s J=1912)
READILTY) (((ROT(Tar1rHANSJrHANY 3 T=1sNrLASSY s TOHAN=]1 9 NAgANY
1JeHAN=T s NCHAN)
DO 1 I=1,7
1 MTAR(I)=1
NO 10 TEND=14NSCANS
REAN(LTI?Y (NNAT(T.1)s7=1sNSPS)
NELAG?=1
nNO 20 1SURN=1,NSPS
INSTARTsNRTLGsMCNEsNFRF S TTYPF s MSF( )
IF (NDAT(1SJRN,1) AT, O ) NPAT(ISUAN,1)=D
SMALL=Y o 78%CZFCH
DO 25 ICLASS=1,NCLAGS
NO 30 TCHAN=1 sNOHAN
WIITCHAN)Y =X ICHAN}I=XRAR(TICLASS sICHAN)
30 CONTINUF
A»C'JM=O¢O
N0 35 ICHAN=1sNCHAN
SUM=Ne N
NO 40 JCHAN=1sNCHAN
SUM=SUM4W (JCHANY*¥ROT(ILASSs TCHAN s JCHAN)
40 CONTINUF
41 ASUM=ASUM+SUM*SUM/S16MALTCLASS s ToHAN)
25 CONTINUF
IF (ASUM ,6T, SMALLY GO TO 25
SMALL=ASUM
NPDAT(ISURNs1)=TCLASS
25 CONTINUF
1016 FORMAT(1Xs31AsF10,2)
20 CONTINItE
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10

621

650

620

800

WRITE(LTIY(NDAT(T51)s1=1sNSPS)
CONT INUF

END FILF LT1

RFWIND LT3

RFWIND LT12

RFWIND LT10

PO 610 1Z=1sNSCANS

IY=MTAB (1}

READILT1) (NPATITASIY1sTA=1sNSPS)
NTEMP=MTAR(1}

MTAR(1)=MTAR(2)
MTAR(2)=MTAR(3)

MTAB(2)=NTEMP

IF (12 LTe 2) GO TO 610

NO 6720 TA=NSTARTsNSTOP

IF (1A oFQe 1Y GO TO 620

1F (1A+1 GT, NSTOPY <O TO 420
11Y=MTAR(?D)

IF (NPASS oFQe NTFSTY 60 TO 621
IF (NDAT{IASsTIY) LT. 0) GO TO 620
CONTINUF

IM=MTAB (1)

IN=MTAR{?)

M=NPAT(TASIM)

N=NPAT(TA-1,TN)

IF (M JNF. N} GO TN 680
IL=MTAR(3)

L=NNDAT(TASIL)

IF (M NF, LY GO TO 680
NDAT(IASITIY)I=M

GO TO 620

IM=MTAR(1)

M=NDAT(TA~1s1M)y

IN=MTARB(2)

N=NDAT(IA-1sIN)

IF (M «NFe NY GO TO 620
L=NDAT(TA+1sIM)

IF (M NFe L) GO TO 620
NPAT(TASTIY)=M

CONTINUF

1F (1Z ,LTe 3) GO TO 510
L=MTAR(1)

WRITFILT1I3) (NPAT(1sL)e1=1sNSPSY
CONTINUE

DO 611 1=2972

L=MTAB{( )

WRTTF(LT13) (NNAT(TLsL)sIL=1sNSPS)
CONT INUF

RFWIND LT

REWIND LTO

REWIND LT13

RFWIND LT10

LOW=NSTART

LWFR=1

CONT INUF



1007

802

1008
801

802

NHT=LOW+120~-1

NUPPFR=( WFR+120-1

1F (NUPPER ,GT. NSPS ) NUPPFR=NSPS
INTF=NUPPFR~LWFR+1

WRITF(6s1007)

FORMAT (1H1)

CALL LABFELA(LOWSNHT »1)

PO 801 T1=1sNSCANS

REAN(LTIRY (NPAT(JJs1ysJJd=14NSPS)
PO 803 JJ=LWFRSNUPPFR

1RrR=NDAT (JJs1)
IRND=18-(IR=1)/65%454)

PRNT (JJ)=ALPHA (TRND)

CONTINUFE

CALL PLTRFA(PRNT(LWFR) »IDIF+NBLKSINCXsINCY,SNSTXsNSTY JNCRE,
INFLAGX sNFLAGT)

WRITE(691008Y T1s (PRNT{JJ)»JI=LWFR,NUPPFR)
FORMAT(4X 216 91H%4120A1)

CONTINUF

REWIND LT13

NFLAG1=0

NFLAGX=0

LWFR=NUPPFR+1

LOW=NHI+

1F (NUPPFR LT, NSPS y 60 TO 800
CONTINUF

NSCANS=NSCANS—7

RETURN

END
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