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UNSUPERVISED SPATIAL CLUSTERING WITH SPECTRAL DISCRIMINATION
CHAPTER 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 is 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 (multi-
spectral and thermal scanners, other types of radiometers, and multiband
photography), echo returns (side looking aerial radar and sonar) and
magnetic field information (magnetometer), to name a few. The collected
data may be analog, digital or a photographic image; and the data is
formatted such that a one to one correspondence is preserved between
the ground scene and the data, as in an aerial photograph. The data
is then analyzed to determine what features can be extracted from the
data and to determine the location and the 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 photo

1
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interpretation, 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 extraetion 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.



CHAPTER II
SYNOPSIS ON FEATURE EXTRACTION

The most universal method of feature extraction is the classical
art of photo interpretation. This art is primarily a process of visual
inspection and subjective analysis by a trainmed 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

1, 2, 3 In performing this task the human exercises a

ground scene.
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 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 photo interpreter merely has to look for a brown path
surrounding a green field. The most obvious and serious inadequacy of
photo interpretation is the amount of manpower and time needed to

analyze large volumes of data resulting from remote sersing on a large

area scale.
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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 scanmers 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 man-made changes. 1In 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 to 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 thé same or be
surrounded by the same color of ground'exposed between the stalks. Thus,

the problem of signature comparison leads to modeling theory.4
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Another serious drawback to this technique is the amount of computer
memory required to store all possible signatures and their variatioms,
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 Univers:i.ty,é-10 and many related
techniquesll_14 and improvements have been derived from this approach.

This technique will be called the supervised classification technigue

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.

In order 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 mcnochromator
with a detector array fotr 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 is 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
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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, £ scan
lines, and m digital samples per scan per channel with an ampliﬁude
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, ;ij' The components of the feature vector are §ij =
[ixij’ 2xij""nxij]°

The next step is to produce a boundary map14 so that it may be
compared with an aerial photograph taken of the ground scene at the
same time that the multispectral scanner data was collected. The.
boundary map and aerial photograph are shown in Chapter 4 and a method
for producing a boundary map will be discussed in the next section. 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 area1 .

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
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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 them
printed out showing the location of all resolution elements that were
classified 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, ;, 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, Rl’ RZ""Rm'
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Let the probability demsity function for samples from class i be
fi(x) and the a priori probability of occurrence of class i be Pi‘ The
probability of misclassifying a sample from class i into class j is
PG|i) = S fi(x)dx, (1)
%

and the conditional expected cost if the sample is from class i is

Lij1£ fi(x) dx. (2)
3

m l m
C.=3% L,P(jli) =2
1 1] j'_‘l

j=1

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

given by
m m m
C = ?FlPiCi = ?:1 ﬁ_ §=1Lijpifi(x)dx’ (3)
J
and the regions Rl""" Rm are chosen to minimize the average cost. The
average cost is minimized if the integrand ?_lLijP.fi(x? is a minimum,

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

m m
? LijPifi(x) f_? LikPifi(x) for all k+J (4)
i=1 i=1
m
By subtracting I L..Pifi(x) from both sides, the decision rule is
i=1
i3,k

obtained. x is in class j if

T e

>
£ L., - L..)P,
k® ik JJ) i

(3)

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
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only in determining the threshold value. With a simple choice of cost
.factors, Lii = 0 for correct classification, 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) > £, (x) for all k$j C (6)

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

Iﬁ 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 multivariate Gaussian distribution is assumed for
the training area data; and the vector means, ﬁi’ 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 ; belongs to class j for all k+j if

-1, >

LE) < tog |V | + GG, @

> > T -
logeIle + (xiMj) Vj
where IVj[ and Vj-l 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 1arge data volumes, can become as tedious and as time

consuming as the art of photo interpretation. This is especially true of

high altitude multispectral aerial photography.
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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 continﬁe 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.
References 18 and 19 give a recent review of the state-of-the-art of
these techniques. The present disadvantages of the unsupervised
techniques are that a high degree of classification accuracy is often
Jifficult to obtain and the computer time is relatively extensive.
Thus, the specific problem to attack is the development of an
unsupervised featurez 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 ground truth 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
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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
is collected on a global or even a regional basis. If data is 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
—me¥agults, the classification map can be used to direct ground truth

patrols to update only those feature identifications which have changed.

In order to maintain current information on current accomplisbments
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.

The next Chapter discusses a proposed unsupervised computer

program for feature extraction.



CHAPTER III
UNSUPERVISED FEATURE EXTRACTION

Feature extraction from remotely sensed data is a very complex
process. For this reason, no cgmprehensive 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 in
order 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; that is, 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 computing the average feature vector spectral

13
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distance per channel or dimension in the direction of the x and y

ground scene coordinates. The formulas for this calculation are

given by
n 1 n 1
- (L - 217 /2 (1 _ 2| /2
s, n‘§=l(kxi,j X1, 5 ] and s = [n §=1(kxi’j 11, 5-1) (8)

where i 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(sx, 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 br 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

2 _ 2

S IS s, P(sx,sy) dsxdsy, 9)

s; = ff s; P(Sx’sy) dsxdsy, and . (10)
= d L]

sty ffsxsy P(sx,sy) dsx sy (11)



16
These calculations are used for defining a decision boundary in the
joint probability distribution as to what combination of x and y
spectral distances are 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 Sy and Sy' The direction and magnitude of
the principal axes are calculated20 from the eigenvectors and

eigenvalues associated with the matrix

(12)

s_s
L x y y s

The equation of the ellipse in the principal axes coordinate system

is
S;z 3‘2
+ —3 = 1, (13)
——2 —-2
X y

where s; and-s; are the distances Sy and sy rotated into the principal
axes coordinate system by the eigenvector transformation. E;z and E;z
are the eigenvalues or half lengths of the principal axes squared.

(14)

is then rotated back into the S, sy ccordinate system by the inverse
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eigenvector transformation to obtain the equation of the ellipse on the
decision boundary in the Sy Sy coordinate system. The equation of the
ellipse is given by
2 2 =
as® + bs® 4+ es.s. = 1, (15)
X y xy
where a, b, c are determined from rotating (14). The decision is to
classify a resolution element as being homogeneous if
2 2
as® + bs® 4+ ecs s < 1. (16)
X y Xy —
A digital image of a boundary map is recorded on magnetic tape for use
in the second stage of processing. The magnetic tape map 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 using 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
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the array can no longer move and engulf new resolution elements, another
location is found which will contain the p ﬁ p array. All resolution
&lements fitting into this array will be designated as belonging to
cluster 2. The process is repeated until all of the boundary map data
has 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 continucus 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 nct encountered by the moving fixed shape array, and
1, 2,...., N indicating resolution elements belonging to clusters 1, 2,
eesss 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 2600 feet, 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 is 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.
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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

- 1
Ko = Eﬁ 'Z Fig and, (7
i=1
1 W S
mSL = ¥ on¥ie T GF) GE)e (18)

Ny =1

where x is the algebraic value of the ith

sample in the k or mth channel
of the Zth cluster containing Nz samples. The mean value of the samples

in the kth channel of the Rth cluster is given by —i, while the

KX
covariance between channels k and m of the Zth cluster is given by
kmSa These calculations are used to define decision houndaries 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 eliipse is given by the feature vector mean
values k;i’ while the principal axes direction and magnitude can be
determined by the eigenvector transformation as was discussed when
Equations (12) through (14) were introduced.

In a statistical sense, the eigenvector transformation on the
covariance matrix locates the direction of orthogonal principal axes for

. , . . - 21 . .
which the variances are minimized and maximized ~. The variances are

the diagonal elements of the covariance matrix and the off diagonal
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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 to 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) through
(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 theorem22 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 ch cluster, subject to the constraint that the volume of the space
is invariant under transformation, is a rotationm, ER’ followed by a
diagonal transformation, Wz. The rows of the matrix El are the eigen-
vectors of the covariance matrix, Cys of the set of vectors, and the
elements of W% are those given in Equation (19), where kkczllz is the
standard deviation of the coefficients of the set of vectors in the

direction of the kth eigenvector of Cge

The diagonal elements of the diagonal transformation, WZ’ are given

by
1
n 1/2 /n 1
ii"e k]=11 KSR 1/p ° (19)
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The rationale behind this theorem, as presented in Reference 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 between two clusters,
S'l, for deciding whether or not two clusters are to be merged. Let
.3 be the mean feature vector of one cluster, with components given
by equation (17), and let {;%J be the entire set of feature vectors con-
tained in the other clusters with the subscript on denoting the mth vectof
of the set, The similarity may be regarded as a mean square spectral dis-
tance and should describe the closeness of v to the entire set of feature
vectors, {gﬁg. According to the philosophy of Reference 23, the definition of
"distance'" does not necessarily mean Euclidean distance, but may mean .
"closeness" in some arbitrary, abstract property of the set {;ﬁ} 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—l(z,{;ﬁ}) of
a feature vector 3 and a set of feature vectors {§ﬁ} exemplifying a

cluster can be written as

M
sTO@ Eh - F I8, R, 20)

m=1
where the distance measure, d%( ), has not yet been specified. The
inverse of S is used because the smaller the distance, the more similarity.
One possible way to choose the distance measure is to utilize the
knowledge that the set {;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 using feature
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weighting coefficients, A and minimizing the average intercluster
distance of all the members of the set. Thus, the equation to.be

minimized is

2 1 M Y n 2 2
D = ——— L oz wi(,x - .X )° = minimum, (21)
L MSZ,(MR, 1) pjz,:l mjfl k=1 kk" %'k m, k Py

where k represents the kth component of the feature vector and m, and Py
th th .
represent the m  and p  feature vector of the set & containing M,Q,
members,
In order to minimize Equation (21), some constraint must be placed
on the feature weighting coefficients. Several alternatives are

possible, but the most appealing constraint is

n
I .w = L (22)
g KE'L

If the feature weighting coefficients are considered to be the
dimensions of a hypercube, then Equation (22) is a constant volume

constraint. In order to minimize DE; Equation (21) needs to be written

in a more convenient form,

— M n M ] M M
2 1.2 1.2 2 1.2 1 .2
D2 = -3 wil—13"%% +—=1" x% -2|—=13I" x — " .x
4 M2—1k=lkk 2 My =1 % M£p2’= k Py M2m2=1k m, M‘Q'p2,= k Py
2M, n \ —?——2 M, n ) 2
= — L wi(,x5-.x, )= ——— L .. W;,05, (23)
(MR l)k=1kk LYKk KL (Mz-l)k=lkk k7L

where koi is the variance of the kth dimension of the feature vectors in
set #. Using the constraint and an undetermined multiplier, the

minimizing equation becomes
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2 n

which may be rewritten as

vV A
w, = (25)
kk & kcl

Using the constraint for determining A gives

n Yn 1
we = | 0% oo
p=1 P k%

(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, then 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 tramsformation. 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

Mﬁ n
S "(W,,{x N =12 T wi(v, - x_ )
k ) M2m2=1 p=lpp pk P )

(27)

neg

2 - \2
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24

where 3? is the mean feature vector or centroid for cluster k, and'{;m }
2
are the Mz feature vectors belonging to cluster %.
Substituting Equation (19) for ppwi gives
2 T2
- o g, |“/afn (v, - X))
sT@L R D= | T, e,/ g2k PE n] (28)
m . L c
2 j=1 p= pp 4

The decision for merging two clusters will now depend on the threshold
value given to t* - -2asv. -s of similarity for both clusters. A threshold
value can be dc¢+- wo ». calculating the average similarity within a

cluster, which is given by

2 (x - )
- n 1 /n , M n 'pm P2
TR L G h = |0, e/ | —2 +n
% % 3=13J $M=llp=1  pp°L
2
n 1 /n
= |1 ..cz/2 2n. (29)
52133

Using Equation (29) as a threshold value for Equation (28) gives the

decision rule, merge clusters k and £ if

- y 2
p=l  ppSL - (30)

i B

Notice that Equation (30) is the equation of a hyperellipse in the
principal axes coordinates, which was earlier derived by physical
intuition. 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
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needed since the threshold can always be written as some constant times

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 Rl’ R2,...., RN 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

1 B P> < g, (31)

which is the same as Equation (30) except for the factor of two. The
factor of two 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
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expression on the left hand 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
freedom23.

The data obtained from the raw data tape is classified according
to the decision rule in Equation (31) and the result of the classifi-
cation is updated on the boundary tape 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 che boundary
tape. If a resolution elemént can be classified as belonging to several
classes, the resolution element is placed in the class which makes the
left hand 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.

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 ﬁap as

a boundary map, treating the classified resolution elements as also
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being boundaries, decreasing the p x p array to a q x q array, and
selecting additional clusters. All previous information obtained 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 70mm aerial photograph, using standard
computer printout, can easily cover a 400 square foot wall.

Results are shown in the next Chapter. The poor quality of the
figures describing the data and computer results is due to the
reduction in scale and number of copying processes required for the

presenting of the information.



CHAPTER 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 resulté cf these investigations are mainly
available in References 6, 1ll, 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 twelve-
dimensional feature vectors per scan, and 901 scans from each set were
analyzed. The data is 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 kilometers long and 1.6 kilometers wide, and the resolution of the
data is approximately 6 meters. The ground scene mostly contains

rectangular patterns of crop acreage which appear homogeneous.

28



29

TABLE 1, CHANNEL AND WAVELENGTH CORRESPONDENCE

CHANNEL WAVELENGTH INTERVAL
NUMBER IN MICROMETERS
1 N
2 44 - 46
3 46 - .48
4 .48 - .50
5 .50 - .52
6 .52 - .55
7 .55 - .58
8 .58 - .62
9 .62 - .66
10 .66 - .72
11 .72 - .80

12 .80 - 1.0




30

Yellowstone Park, however, is a wilderness area approximately
16 kilometers long and 3.2 kilometers wide with a resolution of
approximately 15 meters. The wilderness area contains very irregular
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.

€1 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 air~
craft acquiring the scanner data was not quite able to fly a straight
line and had occasional yaw problems. The scanner data is 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
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FIGURE 3. FLIGHT LINE CI
AERIAL PHOTOGRAPH, CLUSTER SELECTION, AND INITIAL CLASSIFICATION
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TABLE 2. GROUND TRUTH INFORMATION
SYMBOL DESCRIPTION
A ALFALFA
C CORN
H HAY
o OATS
P PASTURE
R RYE
S SOYBEANS
T TIMOTHY
W WHEAT
B.S. BARE SOIL
D.A. DIVERTED ACRES

R.C.

RED CLOVER
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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 fead 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 corn field, while cluster 4 is
the first cluster in the soy field below the wheat field to the left of
the road. Cluster 5 is the first cluster directly below clusters 1 and
2 and is also located in a soy field. Cluster 6 is in the same soy
field as cluster 4 and is just below cluster 4, while cluster 8 is just
to the right of cluster 6. The rest of the 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 dgscription 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 clusteis not involved in the merging may have
their cluster numbers changed in order always 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. 1If 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
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FINAL

CLUSTER IDENTI- SPECTRAL MULTIPLE MERGE NUMBER CLASS

NUMBER FICATION I 2 3 A NUMBER
1 U 1 1 1 1 1
2 U 1 1 1 1 1
3 C 2 2 2 2 2
4 S 3 3 3 3 3
5 S 4 4 4 4 4
6 S 3 3 3 3 3
7 S 4 4 4 4 4
8 S 3 3 3 3 3
9 S 4 4 4 4 4
10 S 5 5 5 5 5
11 DA-BS 6 6 6 6 6
12 c 7 7 7 7 7
13 c 7 7 7 7 7
14 c 7 7 7 7 7
15 U 8 8 8 8 8
16 s 9 8 8 8 8
17 S 3 3 3 3 3
18 BS 6 6 6 6 6
19 S 10 9 3 3 3
20 U 8 8 8 8 8
21 c 11 8 8 8 8
22 c 12 8 8 8 8
23 c 8,9, 11, 12 8 8 8 8
24 c 10 9 9 9
25 S 7 7 7 7
26 S 4 4 4 4
27 S 7 7 7 7
28 W 11 10 10 10
29 S 3, 9 3 3 3
30 c 11 11 11
31 0 12 12 12
32 0 12 12 12
33 c 13 13 13
34 W 10 10 10
35 W 10 10 10
36 0 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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FINAL
CLUSTER IDENTI~ SPECTRAL MULTIPLE MERGE NUMBER CLASS
NUMBER FICATION 4 5 6 7 NUMBER
41 C 14 14 1 14 14
42 U 15 14 14 14 14
43 S, C 3 3 3 3 3
44 U 14, 15 14 14 14 14
45 0 15 15 15 15
46 W 10 10 10 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-0 19 18 18 18
52 DA-R 17, 18 17 17 17
53 DA-R 17 17 17
54 DA-R 17 17 17
35 0 19 19 19
56 0 19 19 19
57 C 8 8 8
58 C 20 20 20
59 C 8 8 8
60 S 21 21 21
61 S 22 21 21
62 S 21, 22 21 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
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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 cluéter 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, 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 hand side of Figure 3.
This map contains 24 classes, or features, as indicated by this highest
number in Table 4 under the column entitled, "Final Class Number."
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 Table 5 under the
column "Final Class Number" 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 initisl 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
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TABLE 5. MERGING PROCEDURE FOR CLUSTERS 25 = 52
FINAL
CLUSTER CLASS
NUMBER IDENTIFICATION NUMBER
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 3
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 0] 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 INITIAL
CLUSTER NUMBERS IDENTIFICATION . CLUSTER NUMBERS IDENTIFICATION
1,2 U 26,27 c
4,6,8 s 31,32,34,36,37 DA-RC
5,7,9 s 39,40 c
12,13,14 c 42,43 H-RC
17,19 S 45,46,47,51 0
21,22,23,24 c
25,27 s
31,32 0
34,35,38,40 W
49,50,52,53,54 DA-R
55,56 0
57,58,59 c
60,63,64 ’ s
66,73,75,76 S
67,77 s

68,69,70,71,72 S
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and to assist in locaiing 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 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 may be crop identification, for example. 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 zero. The zeros have a slightly rectangular shape as compared to
the letter 0. 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
NUMBER _ SYMBOL BRIEF DESCRIPTION AND COMMENTS

-1 . UNCLASSIFIED BOUNDARY RESOLUTION ELEMENT

0 UNCLASSIFIED NON-BOUNDARY RESOLUTION ELEMENT
1 1 UNIDENTIFIED - CLASSIFIED AS CORN IN REFERENCE 6
2 2 CORN o
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 497 CORN
8 8 MIXTURE -73% CORN AND 27% SOY
9 9 CORN

10 0 WHEAT

11 A CORN

12 B OATS

13 o CORN

14 D UNDECIDED - PROBABLY CORN

15 E OATS

16 F PROBABLY ALL SOY -89% SOY AND 11% UNIDENTIFIED

17 G DIVERTED ACRES AND RYE

18 H PASTURE AND OATS

19 -1 OATS

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 Y PASTURE

33 W DIVERTED ACRES AND RED CLOVER
34 X CORN

35 Y DIVERTED ACRES AND RED CLOVER
36 yA PASTURE

37 = CORN

38 $ 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 2,8,9,A,C,J,P,X,=,$,?
SoY 3,4,5,F,K,L,M,N,R,S
BARE SOIL 6

WHEAT 0

OATS B,E,H,I,',(,*
DIVERTED ACRES - RYE G

DIVERTED ACRES - RED CLOVER Q,T,U,W,Y

PASTURE V,Z

WATER 0
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According to Reference 6 a majority of misclassification and non-
classification can be attributed to weed growth and low lying areas
within different fields. This probably-also accounts for the appearance
of boundaries in the fields presented in these results. For example,
Figure 10 contains a horizontally presented wheat field near the bottom
with a misclassification of ocats in the middle. This misclassification
is due to the presence of a low lying area. The boundaries in the
diverted acres-red clover field just above this wheat field are due to
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 due to 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.

The Yellowstone Park data was 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,



FIGURE {6. YELLOWSTONE PARK
VIDEO REPRINT, CLUSTER SELECTION, INITIAL CLASSIFICATION, AND SECONDARY CLUSTER SELECTION
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Table 5 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 a fairly 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 to the advantage of 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 blcckfields, 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 centimeters to about 1 meter in
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TABLE 9. MERGING PROCEDURE FOR YELLOWSTONE DATA

CLASSIFICATION PASS 1-10x10 ARRAY CLASSIFICATION PASS 2-6x6 ARRAY
INITIAL FINAL INITIAL FINAL
CLUSTER NUMBER CLASS NUMBER CLUSTER NUMBER CLASS NUMBER
1 1 11 11
2 2 12 11
3 2 13 11
4 3 14 11
5 3 15 11
6 2 16 11
7 4 17 11
8 4 18 11
9 3 19 11
10 4 20 12
11 4 21 13
12 5 22 14
13 4 23 14
14 6 24 15
15 6 25 15
16 4 26 16
17 4 27 16
18 4 28 16
19 4 29 16
20 7 30 17
21 8 31 18
22 9 32 19
23 10 33 19
24 10 34 20

N
(9,
[y
o
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TABLE 10. INTERPRETATION OF YELLOWSTONE RESULTS

CLASS NUMBER SYMBOL 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
11 A TREES
12 B TREES
13 c TALUS
14 D TILL

15 E TILL

16 F TILL

17 G TILL
18 H TILL

19 I VEGETATEP ROCK RUBBLE

20 J MEADOW 20
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diameter. Most are larger than 10 centimeters. The slopes in these
areas range widely, from 35 to 45 degrees at the head to 5 degrees 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. Grasses, lichens, evergreen seedlings, and mosses cover more
than three-fourths of the surface underlain by this debris. The rocks
range in diameter from less than 1 centimeter to about i meter and occur
on slopes from zero to about 25 degrees.

Three additionally known features in the ground scene did not appear
in the classification map because they were not contained in a homo-
geneous 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 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 arezs.

Figures 17 through 28 contain the final classification results
for the Yellowstone Park test siie and Figures 17 through 22 correspond
to the left side of the video reprint, while Figures 23 through 28

correspond to the right side.
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CHAPTER V

CONCLUSIONS

Feature extraction can be interpreted as being an extension to
photography. Photography is capable of presenting patterns in colors
or various shadings for interpretation by an observer, but often enough
there are some features which appear similar, but are not, 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
amounts of data into manageable and useful information. An observer
would still be needed to interpret the results.

The success of the data compression is significant in that 12
channels of data were compressed into 1 and that 200,022 resolution
elements 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
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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 festure 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 list of 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 better mathematical definition of a
boundary. The two most important properties that need to be taken into
consideration for this definition are most probably the resolution and
some measure of roughness in the pictorial scene of the digital data
image.

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 in that the cluster areas can have a fairly arbitrary
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shape rather than being rectangular and the data selected from these
areas does not contain unusual data points which could bias the statistical
calculations. The use of the p x p array does have the definite
advantage that 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 classifi-~
cation 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 together 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 due to 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 due to 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 degrees 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

take into account the angular dependence. The angular effect should be
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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
amount of 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. TFor example,
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 prior to 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 time 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

written 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, 10 West 35th Street, Chicago,
Illinois.24 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 Chapter III of the

text.

Subroutine BWNDR3

Subroutine BWNDR3 is the first stage of processing or the
boundary program and reads the raw data tape as input. This subrcutine
contains Equations (8) through (16) in the text and the logic for using
these equations. The boundary program also contains two subroutines
which will be discussed. Subroutine GET6 is used for getting the data
off digital tape and putting it into the computer. The content of this
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subroutine has to be specialized to the type of digital tape format
desired. Subroutine JNIPB is a joint probability distribution program,

which will be discussed next.

Subroutine JNTPB

Subroutine JNTPB is used for calculating the joint probability
distribution of s, versus sy in Equation (8) and the decision rule

as; + bs; + cs. s < 1, Equation (16). This program has a fixed storage

y
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. Subroutine
DJCOBI is an IBM library system subroutine for calculating the eigen-
values and eigenvectors used in the ellipse equation, Subroutine

LABEL6 is used for labeling the axes of the scatter diagram, while
subroutine PLTBF6 is specialized for use with the Stromberg-Carlson 4020
peripheral equipment to obtain microfilm copies of the boundary map.

Subroutine JNTPB also outputs the boundary tape for use in the second

stage of processing.

Subroutine CLASFY

Subroutine CLASFY contains the second, third and fourth stages of
processing via subroutines TRUCK, SEQMRG, and CLASS, respectively.
Subroutine CLASFY 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 p x p array. This subroutine also
performs the spatial merging when two different clusters run together.
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 SEQMRG

' 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 fetch 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 fetch,
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.
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Subroutine ROTA is a rotation ﬁatrix 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 fetching 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 back spacing records. The use of this subroutine
allows for back spacing the tape to find 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 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.

v



"

Q7
QR

160

179
290

a00

APPENDIX B
COMPUTER PROGRAM LISTINGS

SURROUTINF RWNPRA2
NIMENSTON X(129256)sY(129256)sMCHANCI2)sNN{ 256)sKSYM(49)sJISYM(
12864)

DIMENSTION NWHICH(12)

NAMFLIST/ INPUTE/NSCANS sNSTART oNSPSyNCHsNVARSNSYM, ISUMSNBTLG
1MODEITYPFsMSFCy s NSKIP 3 NBLK 4 INCX s INCY s NSTX s NSTY sNCRE
NAMELTIST /NCHUSF /NWHTCH
EQUIVALFENCE (NSCANGNSCANS)
FQUIVALFNCE (NSTRTGNSTART)
EQUIVALFNCF (MCCLsNSPS)
FAQUIVALFNCF (NCHANSNCH)

ICARD=8

IPRINT=¢

INTAPF=10

10TAPF=11

ReEAN(ICARD s INPUTA)

WRTTE (TPRINTsINPUTH)
READ(TCARNSNCHUSF)
WRTTFITIPRINTsNCHUSFE)
FORMAT(1Xs714)

FORMAT(1X1211)
REAND(TCARND $5 ) (KSYM(T)91=1eNSYM)
FORMAT (1X sA0AT1)

NFLAG=0

AVE=TSUM

APOP=0,0

NXAVF=0,0

NYAVF=D,0

N7AVE=0,N

NSAV=NSCAN

IF (NSKIP oFQe 0) GO TO oR

NO 07 1=1sNSKIP

CALL SKRERIN(INTAPF,1,NOP)
CONTINUF

CONTINUF

FORMAT (1H1)

FORMAT(5X»11111)

IDER!

KK=NSTRT~1

TF(T1TeFQNSAANY GO TO 510
I7=11T+1

NFLAG? =1

KK=KK+1

IF(TTeNFL2) GO TO 200

NO 170 JJ=1sNCOL

CALL GFTH(X(19JJ)sNFOLsNsNCHANSNSCANO, TNTAPF 3 IERRSNFLAG2 sNSTRT,
INRTLGsMONFoNCRES TTYPF sMSF()
CONTINUF

CONT INUF

NFLAG? =1

N0 300 JJ=1sNCOL

CALL GETHIY(15JJ) sNrOL D s HCHAN S NSCANO o INTAPE 3 TFRRONFLARD 9NSTRT,
INRTLGsMONF s NCRF s TTYPF sMSFCY"
CONTINUE

DO 280 JJ=2NCOL
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1J=JJ=-1
XQIIM=0,40
YCIIM=0N40
Z2S5UM=040
ND 360 TCHAN=1s1ISUM
ITCHN=NWHICH(ICHAN)
XOTFF=Y(TICHN o JJY=Y(TTCHN,TJ)
YNTFE=Y(TICHNsJJ)=X(TT1CHNsJJ)
XSUM=XSUM&XNIFEXXNTEF
YSUM=YSUM4+YDIFF¥YNTFF
Z2SUM=ZSUMLXDIFF#YDIFF
260 CONTINUF
XSUM=XSUM/AVE
YSUM=YSUM/AVE .
ZSUIM=ZSUM/AVE
APOP=APOP+1,0
AA=1,0/APOP
RR=1,0-AA
NXAVF=RRI*¥NXAVELAARY SUM
NYAVF=RR¥NYAVF4+AA¥X SUM
NZAVFE=QR¥NZAVF+AA¥ZSUM
XSUM=SQRT (XSUM)
1F (XSUM LT, 8344y 60 TO 245
364 XSIM=52,0 ’
YeUM=53,0
GO TO 344
245 CONTIMJF
YSUM=SQART (YSUM)
IF (YSUM LT, 8344y GO TO 386
GO TO 344
36A CONTINUFE
CALL JNTPRIYSUMsXSUMaNFLAG N0 9KSYM(2) 4NPOP,
2NXAVF ¢NDYAVFE
ANZAVE S
1JJsNSCANSTT sNrOL s JSYMaX s NSTRT s NNy INeX)
NSCAN=NSAV
380 CONTINUF ,
DO 500 JJ=1NCOL
N0 490 TCHAN=1,1S5UM
TTCHN=NWHICH( I HAN)
X(TIoHNSJJ Y=Y (TTOHN 3 JJ)
74on CONTINUF
500 CONTINUF
GO TO 140
810 CONTINUF
NFLAG=1
CALL JUNTPB(YSUMsXSUMsNFLAG DN sKSYM(3) s NPOP,
PDXAVE $DYAVE
AN7 AVF,
1JJsNSCAN S TT oNCOL 9 JSYMaX o NSTRT oNNo ITNCX)
REWIND IOTAPF
RFWIND INTAPE
CALL CLFAN
RFETILIRN
FND
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SURROUTINF LABFLA(NSTARTINSTOP s INCRFE
NTMENSION TOUT(120)
NRTF=(NSTOP-NSTART+1)/1INCRF

rI:O

NO 1 I=NSTARTsNSTOP,sINCRF

I1=11+1

10UT(11y=1/1000

CONTINUE

WRITFE (65103 (JOUT(T)s1=1sNDIF)
11=0

NO 2 1=NSTARTsNSTOP,,INCRF
11=11+1
IOUT(TTY=1/100~-1/1700%1D
CONTINUF

WRITF (6+10) (JOUT(T1)s1=1sNDIF)
11=0

NO 3 I=NSTARTsNSTOP,INCRE
11=1141

10UT(TTI)=1/1C~1/100%10

CONT INUF

WRITE (5+10) (TOUT(TI)sI=1sNDIF)
11=0

PO 4 T=NSTARTsNSTOPsINCRE
IT=11+1

IOUT(II)=1~1/10%10

IF (TOUT(TT) oJLFe N ) TOUT(11)=0
CONT INUF

WRITE (6910) (TOUT(T)sI=1sNDIF)
FORMAT (11Xs12011)

RFTURN

FAD



1060
1061
1062
1063
1066
1040
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1000
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SURROUTINFE UNTPR(NATAHNATAVSNFLAGIMTXsMTYsALPNUM4NPOP,
2DXAVE sNYAVE s

ANZAVE s

1JJINSCAN 9 ISCANSNCOL o TSYMaNX 3 NSTRT 9NN INCXY)
NDIMENSION INCXY (1)

NIMENSION NP(R4s54)

NIMENSION DATA(1?)

NIMENSION [RIN(?285 )

NIMFENSTION ISYM(1)sTQUIT(100)

NIMENSTION NX(1)sNN(1)

DIMENSTON ALPNUM( 19y9ALPHA(120)sCORDX(3)
NOURLF PRFCISION A(232)sFIGFEN(2+2)

INTEGFR ALPNUM,ALPHAsRLANK

DATA ASTRIK/1H%*/

DATA XMARK/1HX/

NATA RLANK/gH /

NDATA NFLAG4/0/

FORMAT (48X 9 ?5HDATA SWITCH HAS OCCURRED )

FORMAT (49X 930HJOINT PRORARILITY DISTRIRUTION

FORMAT(1H1)

FORMAT(44Xs11H X=AXTS IS s76s6Xs11H Y=AXIS IS +216)

FORMAT (30X s6HNXAVE=5F18 7 s6HNYAVF=9F15,736HNZAVFE=4F15,7 )
FORMAT(1H +67H MAXTMUM PRORARTLITY OF UNFOMMONALTITY FXCFENEN= ~ONT
1INURE .FXCUTTON s216)

FORMAT(1X9+26HSYMAOL N/SYMROL )

FORMAT (11X 9121 (1u4¥y) e/ 911Xs1H*%955Xs5HPART s11s4H OF 9711553Xs1H¥%,/

1911Xs121(1H*))

IF (NFLAGL 6T, 0) <O TO 80
NFLG2=0

FORMAT(1X s47A1)

NFLG=0

Ni{=>

IRW=1

NFLGFN=0

IRT=11

PO 1 I=1,45%4

DO 1 J=1+54

NP({1,J) =0

CONTINUF

RFWIND TRT

RFWIND IRW

NFLAG4=1

CONTINUF

IF (NFLAGGGT. 0) GO TO 13
NC=DATAV+1e5

NR=NDATAH+1 o5

1F (NG LLTe 1) NC=1

IF (NR ,LTe 1) NR=1

NP (NRosNC)=NP (NRsNC)+1
1=54%(NC-1)+NR

IRTN(JJ) =1

IF (JJ LT« NCOL) <O TC 15
IRTN(1)Y=TRIN(2)
WRTITF({TRWIY(TRIN(TTYaTT=1sNCOL)
COMTINUF
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RETURN
13 CONT INUF
17 CONTINUF
RFWIND IRW
10PT=1
IN=?
M=)
RH0=100/(1000**5?
A(1,1):!\XAVC
A(?292)=NYAVF
A(192)=DZAVF
A{2s1)=NZAVF
CALL NDJCORT (A9 TMy TN, TOPTsRHOSFRR4EIGFN)
r WRTITE(631C67) A(T91)9A(Ta2)eCTGEN{11)sFIGFN(182)
C WRITE(6s1CHTY A(291)Y0A(292)sFTAFN(291)9FTAFN(242)
1067 FORMAT(1X92515,7+10X92F15,7)
NXAVE=1,0/4(01451)
NYAVFE=1,0/A{22)
A(191)=FTGFN(191)¥NXAVF
Al192)V=FTGFN(2s1)Y¥NXAVF
A(D91)=FTREN(] 92)¥NYAVF
A(292)1=FTAFN(292)¥NYAVF
NXAVE=FTARN( 19 1) ¥A (1 - 1) +FIGEN(Ls2)1%A (241
NDYAVFEF=FIGFN(?2 1) #A (122 )+ETRFN(292)%A(242)
NZAVE=FTAFN(1 1) %A( 102V +FIGEN(L192)%A8(292V+FTAR"N(2s1)3%8({191)
1+FTGFN(292)%A(741)
WRTTF(651066; NXAVESNYAVFSNZAVF
I=n
NO 130 NC=1+54
DO 130 NR=1:584.
f=T+1
TE (NP(NRSNCY 4FQe NY GO TO 130
XXX =NR*NR
YYY=NCE¥NC
227 =NR*¥N(
SUM=NXAVE®XXX+DYAVEXYYY
1+N7AVE*777
TF{SUMeGFe140)G0 TO 1158
Nx{(I1=0
GO TO 120
115 NX(T)==1
120 CONTINUF
WRITFE (A91062)
WRTITF(651061)
WRITF(691066) DXAVFESDYAVF sNZAVF
WRITF(6+10A4)
C CALCNLATF TARLF
MAXKNT=0
PO 22 NC=1953
NO 22 NR=1+5%3
IF (NPINRINC) oGTe MAXKNTY) MAXKNT=NP(NRsNC)
27 CONTINUF
TF (MAXKNT (LT, 46 ) MAXKNT=46
NFACT=MAXKNT /45
XXX=FLOAT (MAXKNT) /4440




1080

22

1021

66

69
69

91

64

1008
65

705
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NFAC=0

WRTTF(6+1050) RLANKSNFAC
NFAC=NFAC+NFACT

NO 22 I=1+46

WRTITF(6s1050) ALPNIM(T1)sNFAC
FORMAT (2XsA896Xs14)
NEAr=NFACHENFACT

CONTINUF

WRITE(Rs10A2)

PRINT DISTRIRUTION ON PAGE
CORPX(11=0,0

CORNX(2)y=CORDX (1)+5KNeN
CORDX(3)y=cCRNX{(1)+110,0
FORMAT (141)

NN 65 IFNN=1,4R4

NC=88=TEND

NN &6 1=1+54

ALPHA(T)y=RLANK

CONTINUE

IF (NFLG +FQ. 1) GO TO 69

DO AR I=1+54

TDTN(I):H

CONTINUF

CONTINUE

NO A4 NR=1954
XX=FLOAT (NP {(NRyNC))

IF (NFLG FQ, 1) GO TO 91
IRIN(NR)=NP (NR4NC)

CONTINUF
ICAR=XX4+(16701=71,0/%XXX)

IF {1CAR oGT, 46 ) YCAR=46
ALPHA(NR)Y=ALPMUM(TCAR)
CONTINUF

CORDY=FLCAT (NC)

YMARG=XMARK

IF (NG (NFe 54—-1FNN/10%19) YMARG=ASTRIK
WRTITF(691008) rORNYsYMARGs (ALPHA(T) sT=1954)
FORMAT(1XoF84132X9sA151720A1)
CONTINUF

WRTTF({A+1013)

WRTITF(651011) rORNDX{(1)srORNX(2)9CORNX(3)
FORMAT (6XsF1U4950XsF10,4940XsF10,4)
NFLG=1

WRITF(6410A7)

N<IIR=1

LWFR=1

LOW=NSTRT

CONTINUF

NHT=LOW+120-1
NUPPFR=LWER+120-1

IF {NUPPFR «GTe NCOL) NUPPER=NCOL
WRTTF(6+1067)

CALL LARFLG(LOWSNHT 41

nO 1271 17=NT4NSCAN
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131

995
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READ(IRW)Y (TRIN(JJ) o JJ=1sNCOL)
NO 135 JJ=1sNCOL

ICHFCK=TIRIN(JJ)
JCHFECK=NX(ICHFCK)

1F (JCHFCK o NE, 0) 6O TO 117
1SYM(JJ)y=ALPNUM{NSIJR=1)

NN(JJ)=0

GO TO 138

1SYM(JJy=ALPNUM(NSUR)

NN(JJ)==1

CONTINUE

IF (NFLGFN o NEe 0) 60 TO 136
WRITE(IRT) (NN(JJ)sJJ=1oNCOL)
cALL PLTRFA(1SYMeNAOLSNRLK s TNCXY (1) s TNCXY(2)9INCXY (3,
TINCXY (4) s NCRE)

CONTINUF

JR1ITF(691036) TIe(T1SYMIJJ) s JJ=LWFRINUPPER)
FORMAT(5X 16412041
FORMAT(1Xs16)

CONTINUF

NFLGFN=1

REWIND IRW

LWFR=NUPPFER+1

LOW=NHI+1

IF  (NUPPFR LLT. NcOL)Y GO TO 705
CONTINUE

FORMAT (11X 912 (10HX*¥RXXHEXR))
NFLGFN=0

RFTURN

END
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SURRQUTINFE TRUCK{(NCCNTsNPASS )
DTMENSICN NNACC(12,256)sMTAR(11)+IPRT(256)sIPLOT(256)
DIMENSION NTRL(420)
COMMON /LAR!/XDAR(41312)9STGMA(439]2)9ROT(43912912)
FOMMCON /LAR2/X(12) o NSYM(49) 4 NSPSaNSCANSsNCHANSLTO4LT1IN,LT11,4LT12,
TLT13sLTYIsIXXXsTYYY,
TINSTART sNSTOP,
INRTLAIMONF s ITYPFoMSEC 9oT4 o NCRE
INSKIPsINCXs INCYsNSTXeNETY
NFLGXX=0
NFLAGX=0
RFWIND LT11
RFWIND LT
NFLAGT=0
METN=0
IXTY=IXXX*¥TYYY
NO 10 T=1s1YYY
MTAR(I)=T
10 CONTINUE
PO &80 121,400
NTRL(T)=1
&0 CONTINUF
NO 11 T=TsIYYY
REAN(LTITY (NNAcC({TsJJ)ysJJ=1sNSPS)
METN=MFIN+1
11 CONTINUF
NIJP=NSPS=TXXX+1
NCNT=NCCNT+1
NFLAG=N
200 CONTINUF
T17=MTAR(1)
NO 110 JJ=14NSPS
IF (JJ +~Te NUPY 0 TO 102
1J=JJ
J1=JJ+ XXX
NZFRC=N
TKNT=N
1€1M=0
J1J=MTAR(])
NTEMP= NCCNT+1
N0 101 1=1JsJT
NC 100 JIJd=1,1YYY
11J=MTAR(JTJ)
IF (NNACC(ITJsaT) «LFe NCCNT oANDe NNACC(IIJsI) oNF, Ny GO TO 112
18 (NNAFA(TTJsT)) 10241074106
106 IF (MNACCITIJsT) oFTe NTEMP) NTEMP=MNACC(ITJo])
GC TO 100
107 NZFRO=MZFRO+)
N0 CONTINUF
101 CONTINUF
‘IF (NZERC G NF, IXT1Y) =0 TO 105
PO 1N3 I=1J,sJI1
nNO 104 JIJ=1,1YYY
NNACA(JTI o T Y =NANT
104 CONTINUF



102

10=

108

197
110

125

1
1007

121

990

CONTINUF
NENT=NCNT+1
(NCNT oGT. 400) ¢O TO 999

IF
GO

TC 110

CONTINUE
NO 108 1=1J,J1

N0 108 JrJ=1,1YYY .
JsT) oFQe O) NNACC(JTJsT)=NTFMP

IF

(NNACC (JI

CONTINUF

GO

TO 110

CONTINUE
CONTINUE
111 JJ=14NSPS

no
1€
1F
IF
1=
IF
IF

IF
TF

(JJ LFQ,

91

NSPS y ~rO TO 111

(NNACC(TITTsJJ) oLFe NCCNT) GO TO 111
IsJJ+1) oLFe NCCMT) GO TO 111
(NNACC{TTT9JJ) JLFe 0) GO TO 111
(NNACCITTTsJJ+1) oJLFe 0) 60 TO 111

~ (NNACCUITIsJJ) oFQe NNACC(IIIoJU+1))
TJ=RNACCITITTJd)

J1=NNACC(TTIT,JJ+1)

400 L0R, 1J «GT. 400) ~D TO 111

(NNACC(TT

(JT oGT.
{NTRL(JT)

T4 NTRL(TJY)Y RO TC 125

NTRL{TJYy=NTRL{J])

nQC

T 111

COMTINUF
NTaL(JTy=NTRL(1J
CONTINUE

FORMAT (1Xs1
WRTTE(LTYTY |

1e

(VFIN oGF

1YT=MTaR (1)
Rean(LT11l)y |
VETN=MFIN+]
NTFMP=MT AR (1)
IYY=1YYY=-1
121 T=1s1YY

MIAR(T)=MTAR(T+1)
CONT TNIIF
MTAR(IYYY )=NTEMP

no

GC

TO 20N

CONTINUF
NO 122 1=2s1IYYY
II11=MTAR(T])

nO
17
TF
IF
IF
IF
IF

112 JJ=1,
(JJ .FQ,

(NNACCH(TT
(NNACC(IT
(NNACC(T1
(NNACCI(TTI
(NNACCI(II

A)
NNACA (11T sJd)eJd=219NSPS)
e NSCANSY O TN N29

NNACALTYT 9JJ) 9 JJ=1sNSPS)

NSP &
NSPS y ~0 TC 112
TeoJdJ) LLFe NOCONTY GO TO 112

GO TO 111

TsJJ+1) «LFe NCONT) G2 TO 117

TedJ) oLFe 3)Y A0 TO 112
T9JJ+1) oLFe O0) GO T0O 112
TeJJ) oFQe NNACCIITToJJ+1))

TJ=NNACC(IIT4JJ)
JT=NNACC(TITTJJI+1)
1F (JT .(ZT. 400 .OR. TJ «FT, 470y RO TO 112

1F

(NTRL(JT)

o~Te NTRL(TJ)Y GO TO 126

GO TO 112



126
112

122

114
112

117

114

708

1008

11K

92

NTRL(TJy=NTRL({JT)

GO TO.112

CONTINUF

NTRL(JI)y=NT8L(T1J)

CONTINUE

WRTTF(LT1) (NNACC(TITsJJ)eJJ=1sNSPS)
CONTINUF

FNN FILF LT

REWIND LT3

REWIND LT11

RFEJIND LT12

WRITE(691007) (NTRL(I})eI=19400)
PO 112 T=1,400

TF (NTaLI(T) 4FQe T) GO TO 1113
JT=1+1

I (NTRL(JI)Y oMF, T) =0 TO 114
NTRL(JI)=NTRL (1)

CONTINUF

CONTINUF

11=1

NTFMP=11

PO 116 T1=245400

1T (NTRL(T)I=NTaL({7=13%) 117+11Rs119
IF (NTRL(T) JNFe 1) GO IO 117
NTaL(1=-1)=NTFMP

[7T=11+1

NTFMP=11

GO TO 116

NTRL(I=-1)=NTFMP

GO TO 114

N=NTal_(71)

NTRL(TI=1)=NTFMP

NTFMP=NTRL (N)

CONTINUF

NTRL{400)=NTEMP

WRITF(5+1007) (NTRL(TYsT=1+400)
LWFR=1

LOW=NSTART

FONT INUF

NIIPPFR=LWFR+1 20~

NHT=LOW+120-]

1F (NUPPFR ,nT, NSPS ) NUPPFR=NSPS
INTF=NIUPPFR~LWFR+1
WRITE(6+1008)

FORMAT (1H1)

CALL LABFLA(LOWINHT 1)

NO 710 117=14NSCANS

ReEAN(LTIY (NNArc(19J0J)9JJ=14NSPS)
NO 115 JJ=1sNSPS

12=NNACC(1sJJ)

IF (IR JLF, 0y /0 7O 115
NNACC(1JJ)=NTRL (12}

CONTINUF

TF (NFLAEXX 6T, 2y ~C 7O 127
WRITE(LT12) (NNArc(19dJ)sJdJ=1NSPS)



127

711

93

CONTINUF

J1=0

DO 711 JJ=LWFR¢NUPPFR

Ji=JdIi+1

N=NNACC(] eJJ)—(NNACA(19JJd)~1)/48%484

IPRT (JJ)=NSYM(N)

IPLOT(JT1)=NSYM(N)

CONTINUF

WRITE(6910G3) T19(1PRT(JJI)sJJI=LWFRINUPPER)
CALL PLTRFA(IPLOTSINIFsNRLKsINCXsINCY sNSTXsNSTY,
INCRESNFLAGX sNFLAGL)

1003 FORMAT(4Xs1691H*4120A1)

710

570

CONTINUF
RFWIND LT
NELAGX=C
NELGXX=1
NFLAG1=0
LWFR=NUPPFR+1
LOW=NHI+1

If (NUPPFR LLT. NSPS jy GO TC 705
CONTINUF
NCCNT=NCNT~1
FNN FILF LT12
RFWIND LT1?
REWIND LT
IXXX=IXXX=4
IYYY=IYYY=4
LT11=172
RFTURN

NP



1000
1001
1002
1003
10C4
17208
100A
1207
1008
1009
i210
101
1012
1013
1014
1015

19015
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SURROUTINFE SEQMRA(NrLUST+KOUNT s INTTCL )

COMMON /LAR1/XRAR(43+12)9STAMAL43512),R0T143,512,12)

cOMMON /LARZ/X(lZ)gALPHA'49)9N§PSsNSCAN59NrHAN;LT99LTlﬂaLT119LT12o
TILT13eLTT o IXKXsTIYYY,

INSTART sNSTOP

INRTLGsMONE s ITYPESMSFC s 14 eNCRF,
INSKIP s INCXs INCYINSTXsNSTY

NOURLF PRFCISICN A(12912)sFT1GFN(12512)

NIMENSTON MFRAE(200N) sMPOP (200 s NFXFC(20) 9C(43578)9R(12,412)
NIMENSTION COM(24)

FQUIVALFNCE(COM(1)4NSPS)

FORMAT(1Xs16912F10,7)

FORMAT (1Xe44XRrRAR )

FORMAT(1X916HDIN NOT rONVERA )

FORMAT{IX s 7THICLUST= 4165 14RMERAF(TALUST Y= 516)

FORMAT {(1Xs5HRHO= 2T 1547 95HFRR= 2 F15,7)

FORMAT (1X41251D0 .4

FORMAT(1X912T74)

FORMAT (11X 23HMFREING WILL TAKFE PLACE )

FORMAT (1M )

FORMAT (134 rOVe MATRITX )

FORMAT (12H NORM FT1ARFEN )

FORMAT (18H P, A. FOVe MATRIX )

FORMAT{1H 96UASUM= 4515, 7sTHALUSTFR s 14
:ORMAT(lvaBHXnAR(r,J)9J=]s]2)sr=1sKOUNT )

EORMAT (TX922HSTAMA(T9Jd) 9d=1912) s T7=1,KCUNT )

FORMAT(IX o55HRCT (T8 TCHANGJIHANY o JCHAN=1912) o ICHAN=Y312),51=1,KONNT

1) )

FORMAT (1Xs165(12510,3))
NFLG=0
CZFCH=FLOAT(NCHAN)=2 0
RFWIND LTIO

REWIND LT12
RHO=1,0/(10,0%%R)

I INSKIP ,FO, 0y ~0O TO 6
NO 7 I=1sNSKIP

rALL SKReIN(LT10414NOP)
CONTINUF

CONTINUF

NO & TCLUST=1eNCLURT
MERGE(TCLUSTy=TLUST

CONT TNy

IM=NrHAN

IN=TWM

I0PT =1

NO 1C ICLUST=INITCL 4NCLUST
IF (NFLGA +cT. 0y GO TC 171

TF (KOUNT .GF, 43 )y 60 TO 1N
KONNT=KOUNT+1

IFLAG=KOQUNT ‘

CALL FFTCOR(TFLAGS Co MPOPGNELGSINITAL =)
WRITF(&691007)

WRTITF(691U0C) TFLAGS (XRAR(TFLAGsT)YsT=1s12)
MT =1

MJ=1?2
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MK =12
nO 500 MM=1,412
WRTTF(691000) TFLAGS(C(TIFLARIMRY sMR=MT1,MJ)
MI=MJ+1
MJ=MJ+MK =MM
500 CONTINUE
CALL AMTRX (IFLAGsXRARsCsASNCHAN)
WRITF{6,1008)
WRTITF(6410009)
WRTTE (651005 ((A{IMT MUY MI=14512)9M1=1412)
CALL NJCORT (A IMyINyIOPTsRHD4FRRFIGFN)
WRTITF(6+1004) RHOsFRR
WRITEF(6s1U05)y ((AIMT MUY 9MI=1912)eMTI=1912)
VIRITF({H41008)
WRITE(H91205) ((FIAEN(MToMIy oMI=T1912)sMI=1412)
1 {FRR FQ, ¢y 0 TO 15
MERAC(TALLISTY=D
KOUNT =KOUMT -1
WRITF(691002)
0 70 10
18 CCNTINUF
CALL ROTA (IFLAGsROTSFIGFNINCHANSASSTIAMA)Y
MERGF (ICLIUST)=KCUNT
WRTITE (641002y TCLUST MERGE(TALUST)
MPOP (KOUMT Y =YPOP (T LUST)
15 (KOUNT L,FQ, 1) ~D TO 10
MELUST=KOUNT=
NO 20 ICHFCK=14920
NEXEr(TrHFCK)Y =0
20 CONTINUF
MCHECK =1
NO 28 JCLUST=14NCLUIST
I (MERGF{JCLUST Y LT JMOHFCKYIRO TO 25
MEREFK=MrHFCK 41
1e (MFRAE(JALUSTY R, KOUNTY GO TO 26
JELAG=MFRAF (JCLUST)
NO 20 IrHAN=1 sNCHAN
X{TCHAN)Y=XRAR(JFLANR s 1CHAN)=X2AR(KOUNT s ICHAN)
20 CONTINUFE
IELAG=KOUNT
CALL KCHFCKI(TFLAR, ROT4X3sSTAMASASUMsNCHAN )
MRTITE(551008)
WRITE(6+1012)YASUMyJFLAG
IF (ASUM 6T, rZFcHY 0 TO 25
IFLAG=JFLAG
CALL KCHFECK(IFLAG, ROTsXsSTGMAsASUMsNCHAN)
WRITF{6,1208)
WRITF(691012)ARUMGJFLALG
Te (ASUM (6T, rZrcryy 0 TO 25
NEXFr{1y=NFXEC (1) 41
NQIR=NFXFC(1)+1
NeEXFe(NSURY=JFLAG
25 CONTINUF
2A IF (NEXEC (1) «FQ, Ny ~O TO 10
NO &B071 K« =14NSUR



501

21

40
25

55
50
45

65

75
70

96

WRITE(651006) KKyNFXFC(KK)

CONTINUF

MSUR=NEXFC(1)4)

TOTAL=MPOP (KOUNT)

NC 31 TRUN=2,MSUR

NSUR=NFXFC ( IRUN)

S1IM=MPOP (NSUB}

TOTAL=TOTAL4+SUM

CONTINUE

INtIM=0

NEN=MPOP (KQUNT)

PO 38 TCHAN=1 sNCHAM
X(1CHANY=XRAR (KOUNT o IrHaAN ) ¥NEN/TOTAL

NO 40 JOCHAN=TCHAMSNCHAN

ITMIUM=TINLIV4

R{1CHAN s JOHAN Y= (KOUNT s INUMYy*DFN/TOTAL
CONTINUF

CONTINUF

NO 45 TRUN=?2,4MSUR

NSUR=NFXFC{TRUN)

INUM=0

NEN=MPOP (NSUR)

PO 50 ICHAN=1sNCHAN
X{TCHANY=X{TCHAN)Y+XPAR(NSUR,, TCHANY¥NEN/TOTAL
NO 55 JOHAN=TCHANSNCHAN

INUM=TINIM+

R{TCHAN 9 JCHANY=R(TCHAN s JCHANY+CINSUB s INUMYEDFEN/TOTAL
CONTTNUF

CONTINUF

CONTINUFE

NO 60 TCHAN=1sNCHAN

N0 65 JOHAN=TCHANSNCHAN

A(TCHAN s JCHANY =R (TCHANGJCHANY=X( TCHAN ) ¥X (JCHAN)
A(JCHAN 9 TCHANY=A({TrAN s JCHAN)

CONTINUF

CONTINUF

WRTTF (6451009

WRTTE(6s1005) ((A(MTsMI)eMI=1912)eMI=1s12,
CALL NDJCORI (A IMsIN,ZIOPTsRHOSFRRyFIGFN)
WRITF(691004) RHCsE=RR

WRTITE(6910U8) ((AIMTaMJ)aMI=1917)9MTI=1417)
WRITF{6.1008)

WRITF(6:10C8) ((FIreEMN(MTaMJYeMI=1912)sMI=1412)
IF (ERR JNF, 3,0y 0 7O 10

WRITF(6451007)

TFLAG=NFXFC(2)

MPOP({IFLAG)=TOTAL

INIM20

NO 70 TeHAN=T1sNCHAN

XRAR(IFLAGS ICHAN)Y=Y (TCHAN)

NN 75 JOHAM= TOHANGNAHAN

INUM=TNIJM+

CUTIFLAGs INUMY=R{TICHANsJCHAN)

COMTINUE

CONTINUE
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CALL ROTA (IFLAGsROTSFIGENSNCHANSA,SIGMA)
N0 RO JCLUST=1sNCLUST
DO 85 IRUN=2,MSUR
NSUR=NEXFC(IRUN)
IF (MFRGF(JCLUST) NF, NSuUR) GO TO 85
MERGF (JCLUST)Y=TFLAR
85 CONTINUE
80 CONTINUF
MERGF(TICLUSTY=TFLAG
IFINFXFC(1).FQ,1)FO TO 94
1SY=0
JCHFCK=1
N0 90 JrlUST=1,NCLUST
INUM=aMERGF (JCLUST)

91 IF(MFRGFIIJCLUST Y LT JJCHFECK)YRD TO 90
TFI{MFRGF(JCLUST) ¢ CT (JCHFCKYRO TO 92
TF(ISWGFQ,L,1)G0 TO 02
JeuerK=JrHFrK+1
TE(JOHFCK GFQJKNUNTY2O TO 94
GO TO o0

92 MERGE(JrLUST)=MFRGF(JCLUST)—1
18W=1
GO TOQ 91

913 1F (JCHFCK 6T, KOUNTY ¢O TC 94
Jeu=0
ITNM=D
MPOP (JCHFCK)=MPOP (TNU™M)
NN 95 TCHAN=T1 s NCHAN
XBAR( JCHECK s ICHAN)=XBAR(TDUMs I CHAN)
SIGMA{JCHECK s ICHAN)=SIGMA({INDUMs TCHAN)
N0 10C JCHAN=TCHANJNCHAN
INUM=INUM+1
CUJOHECK o TNUMY = ( TRUM, TNUM)
ROT(JCHECK s ICHAN o JCHANY =ROT( IDUM s ICHAN s JCHAN)
ROT(JCHECK s JCHAN s ICHANY=ROT(IDUM s JCHANS I CHAN)
100 CONTINUE
Q5 CONTINUF
NO 96 LeLUST=1oNCLUST
IF(MFRGF(LCLUST)Y JNFINPUMYGEO TO 956
MFRGE(LCLUST) =JCHECK
ah CONTINUE
JOHECK=JOCHECK+1
an CONTINUF
94 KOUNT=KOUNT=NFXFC(1)
10 CONTINUE
11 CONTINUF
WRITF(LTO) (COMIT)YsT=1924)
WRTITF(LT9) ((XRAR(TsJ)sI=1sKOUNT)sJ=1+12)
WRTTF(LTOY) ((STAMA(TsJ)sTI=1+KOUNT)sJ=1412)
WRTTE(LTO) (((ROT(To31rHANSJrHAN) 9 1=19KOUNT) s TrHAN=1oNAHAN)
1JCHAN=T o NCHAN)
WRITE(691C013)
nO 510 1=19KOUNT
WRTTE(691000) To(XRAR(ToJ)ed=1s12)
510 CONTINUE
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WRITF(6s1014)
PO 511 T1=1sKOUNT
WRTITF(691000) To(STAMALITsJYed=1412)
511 rONTINUF
WRTITF(6+1015)
NO 512 T=1sKOUNT
WRITF(691916) To((ROT(TsTCHANSICHANY 9 JCHYAN=1512)91rHAN=1,12)
812 CONTINUE
nO 812 T=1sNCLUST
IE(MFRAGE(T) T JKOUNTYIRC TO 814
WRITF(6e518)T sMFRGAF(T)
515 FORMAT(1X e 7HCLUSTER s 1491Xs5HCLASSsT4)
513 CONTINUF
514 CONTINUF
NC A0 T=1sKOUNT
PO 620 TCHAN=1 2 NCHAN
NO 610 JCHAN=1 ¢NCHAN
R{TCHAN s JCHANI=ROT (T s JJCHANSTCHAN)/SIGMALT s ICHAN)
610 CONTINUF
620 CONTINUF
NO 650 TCHAN=14NCHAN
NDO 640 KCHAM=) s NCHAMN
SV =ngn
PO A230 JCHAN=14NCHAN
SIM=SUM$ROT (T s TCHAN o JeHANY ¥R (JCHANSKOHAN)
430 CONTINUF
A{TCHANSKCHAN) =SUM
640 CONTINYF
550 CONTINUF
WRITF(6sa00) 1
600 FORMAT(1Xs13HCLASS FLLIPSE,T4)
WRTITE(691005) ((A(TASJAY9JA=T s NCHAN)Y s TA=T1 sNCHAN)
460 CONTINUF
RFWIND LTO
RFTLIRN
FND
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SURROUTINE FETCOR(TFLAG,C o NPOP gNFLEGN )
COMMCN /LARI/XRAR(43912)sSTEMA(43912)sROT(43512412)
COMMON /LAR2/X(12) 9 ALPHA(G4G) sNSPSsNSCANSaNCHANSLTG S LT1INsLT11sLT12,
TLT124LT1sIXeIYs
TNSTART oN&TOP,
INRTLAYyMONE, TTYPESMAEC 3 T4 4 NCRFE
INSKTP s TNCX s INCY 9 NSTXaNSTY
DIMENSTION NPOP (1) (42978) 4NNAT(D5R)
DATA NCNT/D/
INUM=0
NFLG1=D
NFLGR2=0
NO & TCHAN=1oNCHAN
’anR(]ELAG,IquN)=0,0
NO 10 JOHAN=TOCHAN gNrHAN
INLUM= INUMET
CITFLAGs TNUM)y=0,0
10 CONTINUF
CONTINUE
(NT:HI
40 CONTINUF
IF (NCNT 65, MSCANSY <O TO 72
NEFLG?=D
REAN(LTIZ2Y(NNAT(JJy 9dJd=1sNSPS)
NMCNT=NCNT+1
NELGT1=1
NELAG? =1
NO 20 JJ=14NSPS
CALL GET L X{1)sNSPSs7sNCHANSNSCANOSLT10, 15RRINFLAGD,
INSTART sNPTLAsMONF ¢NARE S TTYPFE yMSF(C )
IF (NPDAT(JJ) (NF, Ny O TO 20
UNT=KNT+1
NFLG?=1
AT=FLOAT (KNT)
INtIM=0
N0 28 ITCHAN=1oNCHAN
XRAR(TIFLAGOTCHANY=[140=1,0/AT)¥XRAR(TFLAGSICHANY+X(TCHANY /AT
nO 26 JOHAN=TCHANGNAHAN
INUM=TNUM4
FUTELAGs TNUM Y= (1,0=1,C/AT)y ¥ (TELAG, TNUM) 4 X (T7HANYEX (JruANy /AT
2h COMTINUF
25 CONT INUF
GO TO 20
30 CONTINUE
IF (NFLR2 4FRe 1) RO TO 20
IF [MPAT(JJ) <MFe N+1)y GOTO 20
NeAY=NCNT
NFLGR2=1
20 CONT THUF
WRITFE(6s1000) NENT,KNToNSAVSNBCKUP 3Ny NFLG24NFLAR
1000 FORMAT(1Xs718)
1F. (NFLG? JNFEe 0y RO TO 40
18 (NFLG2 oFQ, 0y ~0 TO 40
NeeKP=NCNT=-NSAV+1
FALL RSR=N(LTI0NRrKUP* T4 4RF)
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SURRQUT INF AMTRX({TIFLARSXRAR e A NAHAN)
NTVENSION X2AR(43912)9r(423478)

NOUIRLE PRFCISTICON A(12s12)

TNt [ e

NG 1 TruAN=14NrHAN

NO 2 JCHAMSTCORAN G NAHIAN

TNV = TNUME T
A(ICHAN;JCH&N)=C(IFLAG,INUM)—XBAR(IFLAGsICHAN)*XBAR(IFLﬂﬁaJCHAN)‘
ACJCHAN S TCHAN)Y=A(TCHAN 9 JOHAN )
CONTINUF

CONT INUF

RFTHIRN

EMN

SUSROTINE RCTA{TFLAGIROT4FTAMNoNCHANG A STAMAY
ATUENSTION ROT(424172417) '
NTYENMSTION STeMAala2412)

NOURLFE PREFTSTION A(12,12)

AAUNIE PRECTSTINAN CT1AEN(124912)

PR TCHAN=T s NAHAN
SIAMA(IFLAGSTCHANY=A(TICHANSTCHAN)

ND 2 JOHAN=1 9NN

ROT(IFLAC 9 ICHANSJCHANY=FTIGPN(JCHANS TCHAN)
CONTINUF

rOMTINUGE

RETHRN

AN

SURRDUTINE KrHEFK (TFLAM, ROToXs STHMA S ASUMGNAHAN)
ATMENSTON ROT(A291241219STAMALLR912)9X (1)
ACM=n g

NO 2 Traf=14MAHAN

M =N 0

RO 4 JOHAMN=T o NAHAN
SUM=SU+ROT I TFLAGR s TAHAN s JOHANY X ( JrHAN)
rONTINUF
ASHM=ASUMESUMFSUM/STEMA(TFLAGR, TAHAN)
COMTINLIE

RETHRN

=ARN
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SURROUTINF CcLASS{NALASSINTFESTHSNPASS )
COMMON /LAR1/XRAR(43512)sSTAMA(43512)9ROT(43,12,512)
COMMON /LAR2/X(12) sALPHA(49) sNSPSsNSCANS sNrHANSLTI LTINS LT115LT12s
TLT13sLT1 s IXsNDUMMY,
IMSTART sNSTOP,
INRTLGIMONE S 1TYPE ¢MSEC 414 4NrRE,
TNSKIP S INCX s INCY s NSTXoNSTY
NITMENSION W(12)eMTAR(3)
DIMFENSTON NNAT(25542)9PRNT(255)
NDIMENSION COM(24)
EQUIVALENCF{COM({1)yNSPS)
REWIND LTQ
RFEWIND LT10
REWIND LT1
REWIND LT12
REFWIND LT113
CZFCH=NrHAN
IF (NSKIP .FQe. 0) GO TO 601
NO 602 T=1sNSKTP
CALL SKRBIN(LTIN,14NOP)
602 CONTINUE
601 CONTINUFE
REANILTY)Y (FOM({1)191=1s24)
REAN(LTYY ((XRAR(TsJYsT=1aNrLASS)sJ=1912)
READ(LTO) ((STEMA(T9J)9T=1sNCLASS) e J=1012)
REAND(LTO) {({ROT{Ts1CHANSJCHAN) 9T =1oNrLASS)Y s TrHAN=1Nr14AN)
1JCHAN=T o NCHAMN)
N0 1 I=1,2
1 MTAR(IY=1
PO 10 IENP=1,NSCANS
Rean(LT12) (NPAT(141)s1=1sNSPS)
NELAG?2=1
NO 20 1SURN=14NSPS
CALL GFTIX(1)sNSPSensNAHANGNSAANOSLT10sTFRRINFLAGD,
INSTART sNRTLGSMONE S NCRF S TTYPESMSF( )
IF (NPDAT(15URNy1) AT, O ) NRAT(1SURN,T1) =D
SMALL=1,78%CZFCH
NO 26 ICLASS=1sNCLASS
NO 30 TrHAN=1 9 NCHAN
WIICHANY =X (TCHAN) =XRAR(TCLASS o TCHAN)
30 FONTINUF
ACIIM=0,0
NO 35 ICHAN=1sNCHAN
SUMM=NG N
NO 40 JCHAN=1sNCHAN
SUM=SUM4W (JCHANY¥ROT(TCLASS s TCHAN s JCHAN)
40 CONTINUF
41  ASUM=ASUM4SUM¥SUM/STAMA(TCLASSs TeHAN)
15 CONTINUF
IF (ASUM 6T, SMALL)Y -0 TO 25
SMALL=ASUM
NDAT(ISURNs1)=TCLASS
25 CONTINUF
1016 FORMAT(1X93169F10,2)
20 CONTINUFE
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WRTTE(LTTI)I(NPAT(Ts1)97=1sNSPS)
CONTINUF

END FILE LT3

RFWIND LT

REWIND LT12

REWIND LT10

N0 610 1Z=1sNSCANS

1Y=MTAR(1)

REAN(LTY)Y (NPAT(TAsTYY19TA=1sNSPS)
NTEMP=MTAR (1)

MTAR(1)Y=MTAR (D)

MTAR(2)=MTAR(3)

MTAR(2)=NTFMP

TF (12 LT, 2) GO TO K10

O A20 TA=NSTART4N&TOP

TF {TA ,FQe 1) RO TO 42N

T (JA+1 =T, NSTOPY ~Q TO 42N
TIY=MTAR( D)

IF (NPASS ,FQe NTFST)Y O TO 621
IF (NDAT{TASTIIY) LTe 0) GO TO 620
CONTINUE

IM=MTAR(1)

IN=MTAR( D)

M=NRAT(TASTH)

N=MNAT({TA=1sTN)

IF (M (NF, M)y GD TN &80
IL=MTAR(2)

L=NPNAT(TAsIL)

I (M NF, L)Y GO TO &8N
NPAT(TIASTITIY)=M

G0 TO 420

TM=MTAR (1)

M=NRAT(TA=19TM)

IN=MTAR(2)

N=NNDAT(TA=1 1N

IF (M NFe N)Y GO TO 620
L=NDAT(IA+141H)

15 (M NFe L) RO TO 62N
NPRAT(TASTIY)=M

CONTINUF

IF (12 LTe ) O TO 410
L=MTAR(1)

WRITE(LT13) (NPAT(T,L)sT=1sNSPS)
CONTINUF

NO 6171 1=22,s2

L=MTARB(T)

WRTTE(LTI2) (NRAT(TLsL)sTL=1sNSPS)
rONT INUF
REWIND LT
RFWIND LT9o
REWIND LT12
RFWIND LT10
LOW=NSTART
LWFR=1
CONTINYF
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NHT=LOW+128-1
NUPPFR=LWFR+120-1
1¢ (NUPPFR ,aT, N5PS ) NUPPER=NEPS
INTF=NUPPFR-LUWFR+
WRTTE(61007)
1007 FORMAT(1H1)
CALL LABFLA(LOW I NHT 4 1)
NO ANT TT1=1,NSCANS
REAPRILTIRY. (NNDAT(JJs11sJJ=14NSPS)
NO 803 JJ=LWFR4NUPPER
IR=NPAT(JJs 1)
IRNN=78=(1R~1)/45%45+2
PRNT(JJ)Y=ALPHA (IRNN)
g02 CCOMTINUF
CALL PLTREA(PRNT(LWER ) sINTF oNRLK g THrX o INCY sNETX $NRTY SNCRE,
INFLAGXsNFLAGY)
WRTTE(He1008Y 1Ts (PRNT{JJ)sJJ=LWFR4NUPPER)
1208 FORMAT(4Xe1691H¥912NATLY
801 CONTINUF
REWIND LT1?
NFLLAG1=0
NFLAGX=D
LWER=NUPPFR+1
LOW=MNHT+1
1 (NUPPFR LT, NSPs y 0 TO 820
a0?  CONTINUF
NSrANS=NSCANS=7
RETURN
FNN



APPENDIX C
Channels Dependence Considerations

Isometric plots and probability distributions of each channel of
data, along with the joint probability distributions between pairs of
channels,- were examined to establish a general view of the Purdue
Flight Line Cl data. This general view was then used in developing
the classification scheme presented in the text, but one area of
analysis was not discussed. This area is concerned with channel
dependence and whether it is necessary to use all channels of data
or only a few selected channels to obtain a reasonable degree of
classification success., The purpose of this section is to discuss
the pros and cons of using all channels of data versus a few select

channels of data,

Indications of Channel Dependence

Examination of the isometrics plots of the data revealed that
it was very easy to visually correlate all portions of the data to
the photograph of the ground scene, and this was true for all channels
of the data, Many of the channels of the data appeared physically
similar, although the data becomes physically noisier in the infrared
channels,

104
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Examination of the joint probability distributions also indicated
that there might be a linear dependence between several channels. The
joint probability distributions between the first 6 channels appeared
similar and possibly linear. The same was true with channels 7
through 10 and zhannels 11 and 12, However, degradation in the
similarity was noticeable in the joint probability distributions
between channels that became farther apart spectrally. For example,
the joiﬁt probability distribution between channels 1 and 2 appeared
very similar to the joint distribution between channels 5 and 6, but
the joint distribution between channels 1 and 6 appeared slightly
different.

These observations reveal that it may be possible to predict
other channel means, variances, and covariances used in the elliptical
decision rule from the means, variances, and covariances of a selected
channel of data. If this is possible, then the calculations of the
means, variances, and covariances from the raw data could be eliminated.
If the linear prediction contained very little error, then it would
also be possible to eliminate the predicted channel of data entirely,
since it would contain very little new information.

Figure 29 is an indication of the joint probability distribution
between channels 1 and 2, The lined areas contain no data points,
while region 1 contains at least one occurrence of each data point
and may contain as many as 37 occurrences of each data point. Region 2
contains the crop symbols, as identified on page 32, and has as few

as 38 occurrences of each data point to as many as 1,702 occurrences
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of each data point. The crop symbols represent the locations of
the mean values of the first 75 initial clusters of the Purdue data,
Region 2 appears to be a linear region and the location of the mean
values of the clusters appear to be linearly distributed, although
several crop types would have different intercepts for their regression
lines. Figure 29 also indicates why it is difficult to classify
corn and soy as being different features, The probable reason for this
difficulty is that both crops are row crops and the scanner field of
view is averaging over an area containing a certain percentage of
bare soil and vegetation. The condition and type of soil could also
vary within the ground scene further complicating the separation of
both features. The non row crops such as oats, wheat, and rye appear
reasonably distinguishable, Figure 29 alsc illustrates how information
could be lost if channel 2 were regressed on chamnel 1. The oat,
wheat, and rye information would be compressed into a line containing
the soy and corn information, and therefore could possibly be lost
unless the information could be distinguished in another set of channels.

Figure 30 indicates information similar to figure 29, except
that the information in channel 3 is plotted versus channel 1. Again,
region 2 appears linear. The mean values from the ndn row crop clusters
also appear linear, but their slopes and intercepts have changed
slightly. A regression between these two channels would indicate a
more severe loss of information than in figure 29, because of the

slope changes,
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Figures 31, 32, 33, and 34 illustrate the distribution and
variances and covariances of the crop clusters contained in channels
1 and 2 and channels 1 and 3 respectively. The variances and covariances
do not appear to be separable according to crop type, but do appear
to be linearly distributed. The graphs of the covariances versus the
variances appear to contain less scatter than the graphs containing

only variances, because of the common channel used in both calculations.

Pros and Cons

Two general statements can be made concerning the use of all
channels versus a selected few channels of data. First, if a few
channels of data could be selected that would give reasonable success
in classifying the ground scene, then there would be a requirement
for not recording the unselected channels of data, less data to marage,
and less time required for the mathematical computations. On the
other hand, using all channels of data implies taking advantage of
n simultaneous measurements and hence the maximum discrimination
ability of the data.

The second statement that can be made is that the classification
scheme used will partially determine whether a select few or all
channels of data will be utilized. For example, the supervised
methods are usually more adaptive to selecting a few channels of data.
The supervised approached has the benefit of a priori knowledge of the
ground scene which can be utilized. 1If the locations of several
features are known in the ground scene, then the data can be examined

to determine how many channels are needed to correctly classify each



110

12

14

7]
©
o
b=
[
(]
ow
>
»w »n 2
o -3
w
= o
[
7]
©
a » oD
»nom
x
v @x a
@ [
7} = 0N n
no o
o 7] o WU
as I
5 3 o o o
n Pqn © o
<3 [&)
(7] w
o »wr<
2o
- )
w
1 I 1 I 1 1
N o © © < o
-~ -

S90UDIJIDA 2

jauuoy9

4 Variances

Channel

FIGURE 3I
CHANNELS 1 AND 2 VARIANGES



Filmed as received

without page(s) 111

UNIVERSITY MICROFILMS.



3 Variances

Channel

6_
W
U
S
¢ S
4 c
S S ¢
R R C U U
S S ¢
w S Ry U
S s S¢ S
S RWSWC. PR U
- 3500 C 8s
2 SU %OOQCS S % u
C 2.W W
y - Yccu oS
S
0 { I 1 ] LI
0 2 4 6 8 10 12

Channel 41 Variances

FIGURE 33

CHANNELS 1 AND 3 VARIANCES

211



163 Covariances

Channel

Channel 41 Variances

FIGURE 34

CHANNEL 1 VARIANCES AND COVARIANCES WiTH CHANNEL 3

U
6..
S
c C
s u
C
4 W
s
5 uou
v
R R
c )
] 5
2 L Cy
WCe .S
rRW §3 Sgs
0ob U TsC

5~S s S

0¢0SCs

S US

sC BS
0 T T | |

0 4 6 8 10 12

€1l



114
feature and not misclassify the other known features. One feature may
require 3 channels for correct classification, while another feature
feature may require 3 different channels, and another feature may
only require 2 channels. Using this type of information could lead to
elimination of some channels of data. A reduction in the number of
channels without regard to the features contained in the data usually
enhances the classification of some features, but at the same time
increases the difficulty of separating other features. If a di
set of channels is used for each feature, then reasonable separation
of all features can usually be achieved. However, there is no
guarantee that an unknown feature will be calssified correctly.

The unsupervised approach presented in the text was developed for
the analysis of the Earth Resources Technology Satellite data, which
is a considerable volume of data. For example, each image from the
satellite covers approximately 10,000 square miles, and, because of
the cost and effort, a priori knowledge or ground truth collection
needs to be minimized and optimized, This can be accomplished only
after the data has been analyzed, since the results of the analysis
are designed to indicate where ground truth collection is needed., For
this reason it may be more reliable to use all channels of data for a
maximum amount of discrimination at the cost of more computer time.

The final decision concerning whether or not to use all chanmnels
of data appears to be complicated by many i;puts and trade offs for
the unsupervised technique presented in the text. Computer routines

and criteria could be developed for deciding which channels are to be
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. considered linearly dependent. The criteria for linear dependence
would then have to be evaluated by considering the amount of informa-
tion lost in the classification when the total number of channels

is reduced., The second consideration concerns the amount of computer
time required for determining channel dependence and classification
versus classification using all channels of data, Additional inputs

to these considerations are the total number of channels of data that
are recorded and the spectral bandwidth locations. If many channels of
data are recorded, it may be worthwhile to reduce the number of channels
" used in the classification from linear dependence considerations. On
the other hand, if only a few channels are recorded, it may be faster

to classify the data using ail of the chanmels without linear dependence
considerations. Thirdly, and assumming that the same sensor is being
ﬁsed, there is the question of whether or not the channel dependence
considerations will remain invariant for data collected at different
test sites, which contain considerably different types of terrain
features.

The main reason for not including channel dependence in the devei-
opment of the unsupervised approach is that the evaluation of the
considerations presented above can only be obtained after the data has
been analyzed and ground truth information has been collected. The
information is needed prior to thg data analysis, if it is to be

utilized efficiently.



