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Cl. Multispectral Scanner System Parameter Study and

Analysis Software System Description
1. INTRODUCTION

The utilization of sensors on earth orbiting platforms as the main
element of an Earth Observational System has undergone substantial
growth in recent years. ERTS-1 (Landsat-1) followed by Landsat—-2 and
-3 have proven exceptionally successful in collecting data to help

monitor the Earth's resources.

The principal data collection unit aboard the first three Landsats
is the multispectral scammer known as MSS. Although this scanner has
been providing data with a quality which exceeded most prelaunch
expectations, it has been clear from the beginning that M55 does not
represent the ultimate in multispectral instruments; more advanced
instruments providing greater detail would be needed as the user community

begins to become familiar with the use of such space data.

The design of a multispectral scanner is a very complex matter;
many different, interacting factors must be properly taken into account.
Currently operational systems such as MSS have been designed primarily
using subjective judgements based upon experience with experimental
data. In designing a scanner the use of empirical methods, at least in
part, is essential. Each of the large collections of scenes which a
given scanner will be used upon is a very complex information source; not
enough is known to make a simple (or even a complex) model of it by
which to make the design of a scanner a simple straightforward exercise

of a mathematical procedure.

And vet, more is known than when MSS was designed, and it is impor-
tant to be able to carry out future degigns on a more objective basis
than in the past. Thus the purpose of the present work is the develop-
ment of appropriate mathematical design machinery within a theoretical

framework to allow: (a) formulation of an optimum multispectral scanner

* The work in this report was done under Task 2.2C1 Multisensor Parametric
Fvaluation and Radiometric Correction Model.



system according to defined conditions of optimality and (b) an ability
for convenient manipulation of candidate system parameters so as to
permit comparison of the theoretically optimum designs with that of

practical approximations to it.

In order to deal with the complexity of the design situation, the
first step is to determine a suitable set of parameters which adequately
characterize it but is not so large as to be unmanageable.. It has been
observed [1] that there are five major categories of parameters which
are significant to the representation of information in remotely sensed

data. They are:

The spatial sampling scheme

.

. The spectral sampling scheme

1

2

3. The signal-to-noise ratio

4, The ancillary data type and amount
5

. The informational classes desired

Thus, it is necessary to have present in the design machinery, some means
for evaluating the impact of change in parametexr values in each of these

five categories.

Such a scanner design tool has been assembled in the form of a
software package for a general purpose computer. Each of the parts of
this package, called Unified Scanner Analysis Package (USAP) has been
carefully devised and the theory related to it fully documented [2, 3, 4, 5].
The goal of this report is to provide a documentation and deseription of
the software. Im constructing this documentation it was assumed that this
package will be useful for sometime into the future, however it was also
assumed that it will only be used by a small number of highly knowledge-

able scientists.

Section 2 recaps the theoretical concepts behind some of the primary
components of USAP. These arve divided into (a) scanner spatial character—
istics modeling and noise effects, (b) optimum spectral basis function

calculations, (c) analytical classification accuracy predictions



(d) stratified posterior classification estimation and (e) an information
theory approach to band selection. Although (e) is not a part of the
USAP system, the results from this approach are helpful in understanding

the scanner design problem.

Section 3 shows the integration of the above modules into the
software system. Section 4 is the user's guide to USAP describing the
required inputs and the available output products. A iisting of all

programs is provided in the appendix.

The work which led to USAP was immediately preceded by a simulation
study of possible parametric values for the Thematic Mapper, a new
scanner now being constructed for launch on Landsat~D in 1981. The
purpose of this sﬁmulation was to compare the performance for several
proposed sets of parameters. We will conclude this introductory section
by briefly describing this work because it provides useful background
and serves well to illustrate the problem. A more complete description

of this simulation study is contained in [1, 6].

The general scheme used was to simulate the desired spaceborne
scanner parameter sets by linearly combining pixels and bands from (higher
resolution) airborne scamner data to form simulated pixels, adding
noise as needed to simulate the desired $/N; the data so comstructed
was then classified using a Gaussian maximum likelihood classifier and
the performance measured. The problem was viewed as a search of the
five dimensional parameter space defined above with the study localized
around the proposed Thematic Mapper parameters. The scope of the
investigation was primarily limited to three parameters (a) spatial
resolution, (b) noise level and (c) spectral bands. Probability of
correct classification and per cent correct area proportion estimation
for each class were the performance criteria used. The major conclusions

from the study are as follows:



1. There was a very small but consistent increase in identification
accuracy as the IFOV was enlarged. This is presumed to stem
primarily from the small increase in signal-to-noise ratio with
increasing IFOV, Figure 1.

2. There wag a more significant decrease in the mensuration accuracy
as the IFOV was enlarged, Figure 2.

3. The noise parameter study proved somewhat inconclusive due to
the greater amount of noise present in the original data than
desired. Tor example, viewing Figure 3 moving frem right to
left, it is seen that the classification performance continues
to improve as the amount of noise added is decreased until the
point is reached where the noise added approximately equals that
already initially present.* Thus, it is difficult to say for
what signal-to-noise ratio a point of dimimishing return would
have been reached had the initial noise not been present.

4. The result of the spectral band classification studies may also
be clouded by the noise originally present in the data. The
relative amount of that change in performance due to using
different combinations of the .45~.52 um, .74-.80 um, .80-.91 um
and .74-.91 pm bands is slight but there appears to be a slight
preference for the .45-.52 pm band. The performance improvement
of the Thematic Mapper channels over those approximating Landsat~1
and -2 is clear however.

5. Using spectrometer data it was verified that the .74-.80 pm and
.80-.91 um bands are highly correlated.

6. Correlation studies also showed that the range from 1.0-1.3 pm
is likely to be an important area in discriminating between earth
surface features. Further, it is mnoted that the absolute
calibration procedure described above results in a global
atmosphere correction of a linear type in that assuming a
uniform atmosphere over the test site, the calibration
procedure permits a digital count number at the airborne
scanner output to be related directly teo the present reflectance

of a scene element.

* The noise level in the origimal A/C data was equivalent to about .005 NEAp
on the abscissa. See Reference [1].
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2, SCANNER PARAMETERS ANALYSIS TECHNIQUES

Based upon the parametriec approach Introduced above, the development
of a parametric scanner model must give explicit concern for the gpatlal,
spectral and noise characteristics of the systems. This is what has been
done in the Unified Scanner Analysis Package (USAP) shown inm Figure 4.
USAP is composed of two distinct subsystems. The spatial aspect of it
contains (a) a data spatial correlatiom analyzer, (b) a scanner IFOV
model and (¢) a random noise model. The spectral techniques are capable
of producing an optimum spectral representation by modeling the scene as
a random process as a function of wavelength, followed by the determination
of optimum generalized spectral basis functions. Conventional spectral
bands can also be generated. Also studied was an information theory
approach using maximization of the mutual information between the reflected
and received (noisy) energy. The effect of noise in the data can be
simulated in the spectral and spatial characteristics. Two different data
bases are used in the system. The gpectral techniques require field
spectral data while the spatial techniques require MSS generated data,
aireraft and/or satellite. The system performance, defined in terms of
the classification accuracy, is evaluated by two parametric algbrithms.

A detailed system description and user's guide is presented in Sectiqns 3
and 4. In the following, the Eheoretical ideas behind the five major

elements of USAP are discussed.

2.1 Analytical Classification Accuracy Prediction

Throughout the analysis of remotely sensed data, the probability of
correct classification has ranked high among the set of performance indices
available to the analyst., This is particularly trve in a scanner system
modeling where generally the optimization of various system parameters
has as its prime objective the maximization of the classification accuracy

of various classes present in the data set.

The estimation of the classification accuracy is fairly straightfor-
ward if Monte-Carlo type methods are employed. In system simulation and

modeling however, such approaches are generally a handicap due to their



Figure 4. Block Diagram of the Unified Scanner Analysis PacKage (usap).
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heavy dependence on an experimental data base, the availability of which
can be limited due to a variety of reasons. What is required, therefore,
is a parametric classification accuracy estimator for a multiclass,
multidimensional Gaussian Bayes classifier. This procedure should require
the class statistics, mean vectors and covariance matrices, as its only
input and produce a set of probabilities of correct classification.

This technique has been developed, tested, implemented and comprehensively

reported [2]. The following is a summary of the method and some’ results.

The probability of Error as an N-Tuple Integral.

The classification of a multidimensional observation vector into
one of M populations is conceptually identical to the binary case. Let
2, M and N be the feature space, number of classes and the dimensionality
of Q respectively. The procedure is to divide @ into M mutually disjoint
sets, Fi’ and to assign each feature vector to a set in accordance with
an appropriate rule. This is illustrated in Figure 5. Let Zi, i=1,

2, ..., M partition  in RN. The Bayes risk is defined as

.M M
R= ) J P(w.) C,. £F(X|w)dX eH)
=17z, le A J

where Cij is the cost of deciding wi where mj is true. In the case where

Cij=0 for i=j and Cij=l for i#j. R is the probability of error.

Among all possible choices of Zi the Bayes rule partitions @ into
Zi=Zi* such that R=R* is the the minimum probability of error. Assuming
that the population statistics follows a multivariate normal law, the

optimum Bayes rule is as follows [7].

Xe w, if Wi < Wj vi#ji=1,2, ..., M

where

1

- Ty -
W, = X - gi) zi (X - Ei) + laniI“21n P(wi)
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Source

Allocation of a Measurement Vector X to an Appropriate Partition
of the Feature Space. '

FigureES.
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with

observation vector

[ <
Il

= mean vector for class 0,

JF

(2)

zi = covariance matrix for class "

P(wi) apriori probabiiity for w

i

The error estimate based on direct evaluation of Eq. (1) exhibits all the

desired. properties outlined previously.

The evaluation of multiple integrals bears little resemblance to
their one dimensional counterparts, mainly due to the vastly different
domains of integration. Whereas there are three distinct regions in one
dimension; finite, singly infinite, and double infinite; in an N dimensional
space there can potentially be an infinite variation of domains. The
established one dimensional integration techniques, therefore, do not
carry over to N dimensions in general. Hence, it is not surprising that
no systematic technique exists for the evaluation of multivariate integrals
except for the case of special integrands and domains [8]. The major
complicating factor is the decision boundaries defined by Eq. (2). Ti is
defined by a set of intersecting hyperquadratics. Any attempt to solve
for the coordinates of intersection and their use as the integration limits

will be frustrated if not due to the cumbersome mathematics, because of

impractically complicated results.

In order to alleviate the need for the precise knowledge of boundary
locations and reduce the dimensionality of the integral, a coordinate
transformation followed by a feature space sampling technique is adopted.
The purpose of the initial orthogonal transformation of the coordinates
is an N to 1 dimensionality reduction such that the N-tuple integral is
reduced to a product of N one dimensional integrals. Let the conditional

~

classification accuracy estimate, Pc|m be the desired quantity. Then

i
the transformed class wj statistics is given by
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l'l_jz_lij—'__l
M, = gL u’ j=1,2, ..., M (3)
=5 =i ]
_ 4T
5 =0° Y0

where @, is the eigenvector matrix derived from Zi' Naturally, in each

transformed space, Ti(ﬂ), Wy has a null mean vector and a diagonal

covariance matrix.

The diserete f[eature space approach is capable of eliminating the
need for the simultaneous solution of M quadratic forms. If @ is the
continuous probability space, a transformation Ti is required such that
in TiGQ), Fi can be completely described in a nonparametric form, thereby
bypassing the requirement for.an algebraic representation of Pi. This
desired transEormation would sample Q into a grid of N-dimensional l
hypercubes. Since the multispectral data is generally modeled by a
multivariate normal random process, a discrete equivalent of normal
random variables that would exhibit desirable limiting properties is
required. Let yn"Bi (n, p) be a binomial random variable with parameters

n and p. The x defined by

Y, - o
X = e—— y =0,1,2, ..., n (&)
fu n

vop(1-p)

converges to x"N(0, 1) in distribution [9], i.e.,

lim Fn (X) — F{x)

The convergence is most rapid for p=ls, then

(yn - n/2)2
x =

° /n

(5}
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The variance of X, is set equal to the eigenvaluesof the transformed Zi

by incorporating a multiplicative factor in Eq. (5).

The segmentation of Q by a union of elementary hypercubes makes
nonparametric representation of Ti and its contours feasible. Tollowing
the orthonormal transformation on . and sampling of @ accordingly, each
cell's coordinate is assigned to an appropriate partition of I'. This
process is carried outexhaﬁstively, therefore Fi can be defined as a set

such that

el 1 (6)

once the exhaustive process of assignment is completed, the integral of
f(&]wi) over T, is represented by the sum of hypervolumes over the

elementary cells within Rf The elementary unit of probability is given by

51 62 GN
[ f (§|mi) = 2 £ (xl|mi) dxi J?? f (lewi) dxz —_— J?? £ (XNImi) de
6 * s
2 2 2 (7}

where Ci is the domain of a sampling cell centered at the origin and Gi
is the width of a cell along the ith feature axis. The conditional

probability of correct classification is therefore given by

A c1+ El c2+-ig
Pclwi =ng [ 2 f (Xllmi) I, (C) dx; J 2 £ (x2|wi) 1, (0) ax,
‘7% 2%
2 2
(8)
c +§
g n_n
I J 2 f (lemi) Ii {(C) de
c —§
n—
2

with overall classification accuracy given by
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~ M ~
P =
c .Z P(wi) ?c[mi (9)
1=1 *
where
1 if Cel,
1,(0) = - (10)

0 otherwise.

C = The domain of an elementary cell
Figure 6 is a geometrical representation of Eq. (8).

Experimental Results.

The analytic classification accuracy prediction (ACAP) has been
thoroughly tested and documented [2]. Two examples are repeated here.
The first experiment investigates the performance of the estimator vs.
grid size i.e., number of cells per axis, n. Small to moderate range of
n ig required if computation time is to remain realistic. TFigure 7

shows the variation of Pciw vs. n for three classes having some hypothe—

tical statistics in 3 dimensions. The main property of the estimator is
its rapid convergence toward a steady state value thereby alleviating

the need for excessively finme grids and hence high computation costs.

The data collected over Graham County, Kansas is used to perform
a comparison between the ACAP algorithm and a ratio estimator such as

LARSYS. The results are tabulated in Table 1.
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Table 1. ACAP and LARSYS Performance Comparison.

Class No. of Points LARSYS ACAP
Bare Soil 443 65.9 78.3
Corn/Sorghum 99 89.9 91.0
Pasture 1376 98.4 95.0
Wheat 459 94.8 93.9
Overall 2377 87.2 89.6

The comparison of ACAP and LARSYS results from Table 1 is inconclusive.

In some cases the difference is negligible (corn) and in some, significant
(bare soil). Examination of the data statistics revealed that the
assumption of normality does not hold throughout the populations statistics.
This problem can be rectified by simulating random Gaussian data having
identical statistics with the real data, hence assuring the normality
assumption. Repeating the LARSYS and ACAP procedures produces a new set

of classification accuracies, Table 2,

Table 2. ACAP and LARSYS Performance Comparison Simulated Data.

Class LARSYSZ ACAPZ Accuracy Difference¥
Bare Soil 77.8 78.3 0.5
Corn 91.2 91.0 - 0.2
Pasture 95.3 95.1 0.2
Wheat 94,2 93.9 0.2
Overall 89.6 89.6 0

The differential between ACAP and LARSYS results has been narrowed
considerably, ranging from a high of 0.5% for bare soil to 0% for the
overall classification accuracy. Two conclusions can be drawn from the
results of this experiment. Fivst, the ACAP and Monte Carlo type
classifiers produce practically identical results if the undeflying
assumptions are satisfied (e.g., normality of the statistics). Second
and more revealing is the fact that the results of the ACAP processor

indicated an upper bound for the classifability of bare soil had
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its statistics been Gaussian. This result is a direct property of ACAP's

data independence. Figure 8 is the ACAP estimator vs. n for Graham Co.

data.

The above selected experiments and others reported in the biblio-
graphy establishes ACAP as a viable and necessary tool in any analytical
remote sensing data collection system modeling and simulation when the

performance index is defined as the probability of correct classification,

2.2 Stratified Posterior Classification Performance Estimator.

The second classification accuracy estimator to be presented here
(SPES?) is based on the maximization of the aposteriori probability
associated with each sample. This formulation is closely related to
the maximum likelihood principle used in the ACAP. The distinctiom
arigses in the determination of integration domains. Where in ACAP a
"deterministic" grid was set up to sample the feature space; SPEST uses
an internally generated random data base and assigns the feature vector
to the appropriate class via the maximum aposteriori principle. Due to
the different approaches adopted, the statistical properties of the
estimators could be substantially different although no major study has
yet been carried out. It has been observed however, that the SPEST
algorithm is somewhat faster than the ACAP in selected cases. The
approach here is similar to that described in Moore, Whitsitc, and

Landgrebe [10].

et X be an observation from one of M classes W, s i=1, 2, 3, ..., M,
with a priori probabilities Pi' The maximum likelihood decision rule can
be stated as follows: Assign X to the class Wy if

P(mk|X) = max {P(wilx)}
i

This rule partitions the observation space @ into subregions Fl’ Tz, ey FM,
corresponding to the classes w5 oy «oes wM? respectively. Define the

indicator function as
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1 xeQ,

Ii(X) =
0 x£Q.
i

The probability of correct classification integral is given by

M
P = JQ i§1 P, I.(x) p(xlwi) dx (11)

It is desirable to evaluate the probability of correct classification for
]

each class as well as the overall probability. The performance probability

for the ith class is

P= J 1, () p(X|mi) (12)
Q
The overall performance, then, is

M
P = ) PP, (13)

From Bayes' rule

?(wiIX) p(x)

hence,
P(milx)
Pci = J I .(x) 7 p(x) dx
Y i

p(x) is a mixture density

M
p(x) = jzl Pj P(x1wj)
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Therefore,
P .= }XI EJ—J I.(x) P(w, |x) plx|w,) dx (14)
cf g Pilg t 1 3
Define
Q; (®) = I,(x) Plug|®)
Then

Jg Qi(x) p(x|mj) dx

is the conditional expected value of Qi(x) given that X comes from the

class Cj' The estimate

'y

~ M
Pci = .z
J:

=

Q, (x,) (15)

Pia
Pi N. 1

3

T =

i

is unbiased. This estimator is similar to the stratified posterior

estimator described by Whitsitt [10].

To do this a pseudo-random sequence of uniformly distributed random
digits is gemerated by the power-residue method and is transformed by the
inverse cumulative-distribution—function method to obﬁain nearly Gaussian
samples. These samples are used to £ill the elements of the data vector Y.

Each vector Y, then, has expected value 0 and covariance matrix I.

By performing the transformation

_ o
l{._ Qj _j.Y_+Ej (16)
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6n the vectors Y, the random vectors for class j are obtained, where Qj

is the matrix of eigenvectors required to diagonalize the covariance matrix
of class j, Pj is the diagonal matrix of eigenvalues and mj is the desired
mean vector. These random vectors are used to evaluate the estimators in

Egs. (15) and (13).

The term that must be evaluated from Eq. (14) is

P. p(x|w.)
J P l J
P(Cj |x) =
Z Pk p(x[mk)
k
To evaluate this probability compute Pj p(xlmj} for each class w.. Choose

the largest value of the product Pj p(x]mj) and divide by the sum ) Pk p(xlwk)
k

1 T -1
P(xlmk) = exp {—12(_33—9_k) K {&x- L‘Ek)} a7

@™ 2|k, |?

m. and Kk are the mean vector and covariance matrix respectively for class

k. Substituting Eq. (16) into (17),

= 1 [T T -1 I
P(xlmk) e 5 exp {-% [Y Lj _qj K, gj I Y +
(2m) ™ 7|k, |
T 1/2 T -1 . T -1
2 LNk (m,-m )} * (m,—m )" K (gl_j-_n;k)]} (18)

Tn this form it is not necessary to perform the intermediate computational
step of transforming the data. We need only to generate M sets of random

vectors ¥ with mean vector 0 and covariance matrix I and use them in the

Eq. (18).
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Estimator Evaluation.

A subroutine program was written to evaluate classification perfor-
mance by the above method. To test the method a three class problem was

constructed. The mean vectors for the classes were

}_‘El = ["'1, "‘la see _l:lT
¥, = [0, 0, ..., 01"
M, =1, 1, ..., 11%

The covariance for each class was the identity matrix. The number of
random vectors generated for each class was 1000. The exact classifica-
tion accuracy as a function of the dimensionality can be evaluated for

this case

P, =1~ erfe (VN/2)
P,=1~-2erfc (VN/2)
Pc3 =1 - erfc (/N/2)
PC =1 - 4/3 erfc (/N/2)
w —x2/2
where erfe {a) = J &
a Vor

and n is the number of dimensions. Table 3 contains the results of
evaluating the class conditional performance and overall performance

from one to ten dimensions.

To evaluate the variance of the estimates different starting values
for the random number generator were used. Twenty trials were used to
evaluate the maximum bound and the standard deviation from the true wvalue.

These results are presented in Table 4,

For the overall accuracy the estimate is within .005 of the txue

value. This is certainly sufficient for performance estimation. The
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0.6915
0.7602
0.8068
0.8413
0.8682
0.8897
0.9071
0.9214
0.9332
0.9431

'0.3829

0.5205
0.6135
0.6827
0.7364
0.7793
0.8141

0.8427

0.8664
0.8862

Table 3.

0.6915
0.7602
0.8068
0.8413

0'.8682

0.8897
0.9071
0.9214
0.9332
0.9431

Tést of the SPEST Frror Estimate.

0.5886
0.6803
0.7423
0.7885
0.8243
0.8529
0.8761
0.8951
0.9109
0.9241:

ey

Pe1

0.6859
0.7671
0.8037
0.8283
0.8642
0:8767
0.8993
0.9129
0.9193
0.9209

Pcz

0.3793
0.5116
0.6202
0.6852
0.7425
0.7939
0.8242
0.8472
0.8809
0.9012

P

c3

0.7001
0.7700
0.8081
0.8550

OO0 OO

.8703

L8787
.9065
.9240
.9360
.9481

>

0.5884
0.6829
0.7440
0.7895
0.8256
0.8498
0.8766
0.8947
0:9120
0.9234

k24



Table 4.

Variation of Estimates.

Pcl Pc2 Pc3 Pc

1 .016 .010 017 .003, o
.033 T .019 .049 . 005 Bound

2 .018 .010 .014 .002 o
.036 .018 .027 .005 Bound

3 .016 .017 .017 .003 o
046 .031 .055 . 007 Bound

4 .011 .016 .015 .003 4]
1 .025 .029 .029 .005 Bound

5 015 .014 012 .002 o
.031 .033 .026 004 Bound

6 .014 .014 .010 .003 s)
.026 .023 .022 .006 Bound

7 .009 016 012 .003 g
.027 .033 .027 005 Bound

8 .013 .013 .012 .003 o
.025 .036 .023 .006 Bound

9 .013 014 .012 .002 o
.026 .031 .021 .004 Bound

10 .009 .012 .009 .002 )
.016 024 .019 .005 Bound

0 = standard deviation

Bound = maximum difference between estimate

20 trials

and true value over
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class conditional estimates are less reliable bBut are sufficient to

observe trend in the performance due to individual classes.
P )

2,3 Scanner Spatial Characteristics Modeling

The multispectral scanner represents the most important element in
& remo?e‘sensing data gathering system. Therefote, an unée;standing of
the signél flow through this subgystem is essential. As data is processed
through the scanner, its statistical properties undergo a transformation.
This in turn will alter the population separabilities and hence the
clasgification accuracies. The comparison of tliis quantity at the sé&nnér
input gnd‘output and observation .of its variation with thé system para-
meters. sheds considerable light on the overall gystem dasig§‘ Since the
Bayes spectral classifier depends solely on the population of spectral
statistics, methods need to be developed that relate the scgnner's input and
output statistics. A complete derivation of such relationship is given

in Appendix A of i2]. A summary follows:

Scanner Charactexristic Functiomn.

H
Figure 9 is a basic block diagram of the scamner spatial model where

fl through fN

bands and h(x,y) is a two dimensional PSF. If particular where the Landsat

are N stochastic processes corxrresponding to N .spectral

scanner’is concerned, the assumption of a Gaussian shaped IFQV has been
widespread. Let £(x,y), g(x,¥) and h(x,y) dencte the input and ocutput
random processes associated with any two matching bands and the scanmer

PSF respectively. It is well known that the above quantities are related

by a convolution integral.
g(x,y) = J J f(X—ll:Y"§2) h(llslz) dAldlz (19)
it follows that

5, (@ v) = 8. .(u,9) [H{u,v)|? (20)
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where S(u,v) is the spectral demsity of :the appropriate random proceéss

and H{u,v) is the two dimensional Fourier transform of the scannexr PSF.

Let M(u,v) = [H(u,v)|2, and m(t,n) its inverse transfoximn. Then the dutput,
spatial autocorrelation function is given by

Rgg(r,n) = Rff(T,n) * m(t,n) ¢21)

In ordFr to cbtain specific résults, the folloWwing assumptions are

invoked; (a) exponential data spatial correlation, (b) Gaussdan IFOV,

Rff(T:n) = pxlTl Dylnl T, N = 0> ll‘, 2') PP

(22)
2
hix,¥) = c, —y ey
T T
o 0

a -b . .. . .
where P~ e and py = e are the adjacent sample and line correlaticn
coefficients respectively, T, is the scanner PST characteristic length
in pixels and cp a constant providing unity filter gain. Using the

separability property of the functions involved:

Rgg(T,n) = J Ree(t-%) m(x). dx J Rff(n—YD m(y) dy

where

. ] n
m{t,n) =5 e 9r 2 e 2 (23)
o

carrying out the integration, the scanner characteristics function is

given by
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2 2 2 2
ar ; a’r
o o
) —aTt - 5 +aTt 1_-
W (t,n,a,0) = | e Qlar - + e Q(ar +—) |X
o o
bzro2 bzroz
5 ~bn N 7~ thn N
e Q(bro—;—ﬁ + e Q(brd+;—) (24)
c o]
where
S
1
Qx) = J Lo 2 g
Vi

The spectral statistics is a subset of the spatial statistics hence
WS(O,O,a,b) defines the ratio of the variance at the scammer output to

the corresponding input quantity.

The outpﬁt crosscovariance terms can be similarly derived. Let

the crosscorrelation function between bands i and j be defined as

~a,.|t] b, .[nl
R o (T,m) = e e M (25)

s % ¢,
i3 i3 i3

where T g is the spectral crosscorrelation coefficient at the input
i]

such that [r; . | <1 - a;; and b, are defined similar to a and b with
the additional channel specificétion. Following the previous technique

it follows that the crosscovariance term between channels i and j is

given by

R *(0,0) =
8.8.( »0)

WS(O,O,aij,b..) (26)
i%j

T g g
£, 00, 608 i
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The corresponding crosscorelation coefficient follows:

WS(O’O’aij"b' ,)

88y = % T T f 27
WS(O’O’aii’bii) WS(O,O,ajj,bjj) i7j

Therefore, the band-to-band correlation coefficients are identical at

the scanner input and output provided the spatial auto and crosscorrela-

tion function at the input are equivalent, i.e., a..=a.., b,.=b_.. A
ii ij ii ij

closed expression can also be obtained for a rectangular PST defined by

-y |X[’ |Yi < r0/2
h(x,y) =40 (28)

0 elsevhere

the corresponding characteristic function is given by

_aiiro
_ 2 l-e
Ws(o’o’aii’b' ) = a..r 1 a,.r ) X
ii o ii’o
_biiro
2 1-e
- 1 - ) (29

ii o ii'o

Eq. (24) and Eq. (29) are plotted in Figures10 through 13 for different
scene correlations with the IFOV = r asa Tunning parameter. The
universal property exhibited by Ws of either PSF is the increasing output
variance reduction as IFOV is increased. This property has, been widely
verified experimentally. Comparison of Figuresll and 13 indicates that
for the same IFOV, a Gaussian shaped IFOV causes a heavier variance
reduction in a spectral band than that of a rectangular PSF. This
property can potentially produce a higher separability among the popula-

tions as the signal is processed through the scanner electronics.
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The input-output statistical relationship just developed along with
the analytic classification accuracy predictor,provide the two basic
tools required for a parametric evaluation of the MSS performance under
varying operating conditions. As an illustration, three hyﬁothetical
classes with some prescribed statisties are specified at the scanner
input. Three diffcrent sceneswith adjacent sample correlations of 0.5,
0.85 and 0.95 are considered. The scanner characteristic function
produced a set of transformed statistics at the output followed by the
estimation of the conditional classification accuracies using ACAP, for

8 different IFOV's. The results are plotted in Figuresl4 through 16.

Two main properties stand out. First is the improvement in class
separability as the IFOV is enlarged. This is true in all the cases.
The rate of improvement however, is strongly correlated with the scene
spatial correlation. The lower the input scene correlation, the higher
the classification accuracy improvement per IFOV step. This property
is brought about by the characteristics of Ws where one step increase
in IFOV size produces a greater variance reduction for a low scene
spatial correlation than a similar increase would cause in a highly

correlated scene.

The scene spatial correlation plays a significant role in the overall
system performance which is not readily obvious. One of the well
known properties of linear systems with random inputs is the reduction
of the output variance/input variance ratio as the point spread function
(PSF) is widened. Inthis section it has been shown theoretically that a
third factor in this reduction is the spatial correlation structure of
the input steochastic procesé. Specifically, with everything else fixed,
a process having a moderate scene correlation will undergo a tighter
clustering around its mean than an otherwise identical process with a
highly correlated spatial characteristic. On the extreme side of the
correlation scale with a small pixel-to-pixel correlation, the ratio of
the output variance to the corresponding input quantity is very negligible.
Consider a bandlimited white noise process with a spectral density,

shown in Figure 17,where W is the bandwidth and No/2 the two sided spec-—
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Figure 17. Bandlimited White Noise Spectral Demsity.

tral density. As W increases the adjacent pixel correlation in the

scene decreases. The increase in W, however, is accompanied by a

decrease in No/2 if this process is to remain physically realizable
(finite energy). Under a finite energy comstraint, therefore, as W —+ =,
No/2 —> 0. In the limit the energy content of the ocutput random process

will be nil.

Random Noise.

Additive random noise entered at various stages of a scanner system
can degrade the overall system performance substantially. The nolse can
be clagsified into two broad categories: external and internal. A
major source of external noise is atmospheric in nature mainly due to
absorption (e.g., water vapor) and scattering. The detector and quanti-

zation noise comprise the major component of the internal noise sources.

From a system analysis point of view, the latter represents a more tract
able and better understood component of the random noise [11], while
the former still awaits further experimental documentation. The purpose
of this work is mot so much the exploration of the various noise sources
but the integration of its effect within an analytic analysis package

once its characteristics and origin has been determined.

From the theoretical results obtained it can be stated that atmospheric
noise, in the uplink path at least, has negligible degrading factor
compared with the detector and quantization noise. Let £(x,¥)., Nf(x,y),

£f7(x,vy) and Nf’(x,y) be the input random process, input additive white
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noise, the output random process and the noise component of the output

gignal respectively, then

£7(x,y) = £(x,y) * h(x,y) (30)
N .(x,5) = No(x,y) * h(x,y) (31)
£
Define
(SNR) ;. = Var {f(x,y)}/Var {Nf(x,y)} (32)
(SNR) .= Var {f”(x,y)}Var {¥ .(x,y)} (33)
£ f

Recalling the functional dependence of WS on the input scene spatial
correlation, it follows that the ratio of the variance of a white noise
process at the scanner output to the corresponding input quantity is of

the order of 5% to 10%, higher or lower depending on the TFQV size.

Therefore,
Var {£7(x,y)} < Var {f{(z,y)} (34)
Var {Nf,(x,y)} << Var {'Nf(x,y')'}a (35)
hence
(SNij, >> (SNR) (36)

Tt then follows that the noise component of the output process prior to

detector and quantization noise is negligible in most cases.

Tn order to observe the effect of noise on the scanmer output class
separability the test class statistics were modified to exhibit the effect
of random noise. The assumed properties of the noise are additive,
white and Caussian. Let "7 {x,v) be the sipgnal to be telemetered to

Earth.
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£77(x,¥) = £7(x,7) + N .(x,7) (37)
£

the statistics of £77(x,y) and £f7(x,y) are related by

I =1 +7] (38)
- _ - ﬂ- .
f

f U f

the simple addition is due to the signal and noise independence. Assuming
a zero mean N .. the mean vector are identical, i.e.,
£

E {£f°°} = E {£7}

Among the four assumptions about the noise,zits Gaussian property is the
weak link due to the Poisson distributed detector noise and uniformly
distributed quantization noise. Relaxing the Gaussian noise assumption,
however, would mean the design of an optimum classifier for non-normal
classes and evaluation of its performance. A task that would complicate
matters considerably. Due to the relatively insufficient documentation
of the characteristics of random noise in multispectral data, the initial

Gaussian assumption is adhered to.

Following the adopted SNR definition, three different noise levels
are considered and the corresponding overall classification accuracies
for the three previously used test classes are estimated. Figure 18 is
the variatio? of ﬁc vs, IFOV with SNR as the running parameter. TFor a
fixed TFOV, Pc increases with increasing SNR. For a fixed SNR, ﬁc
increases with increasing IFQV size. These illustrations have shown
that with #lproper coupling between the ACAP and the scanner characteristic
function, the progress of the population statistics through the system
can be studied on an analytical and entirely pavametric basis. The
accompanying classification accuracies can measure the designer's success

in selecting the spatial and/or spectral characteristics of a Multispectral

Scanner System.
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2.4 Optimum Spectral Function Research

In earth observational remote sensing much work has been done with
extracting information from the spectral variations In the electromagnetic
energy incident on the sensor. Of primary importance for a multispectral
sensor design 1s the specification of the spectral channéls which sample
the electromagnetic spectrum. An analytical technique is developed for
designing a sensor which will be optimum for any well-defined remote

sensing problem and against which candidate sensor systems may be compared.

Let the surface of the earth at a given time be divided in strata
where each stratum is defined to be the largest region which can be
classified by a single training of the classifier., Each point in the
stratum is mapped into a spectral response function X(A) as in Figure 19.
That is if one observes a point in the stratum with the sensor, then the
function X(}A) describes the response variations with respect to the
wavelength, A, The stratum together with its probabilistic description
defines a random process, and the collection of all of gﬁch functions

X()A) which may occur in the stratum is called an ensemble.

The general concept of a pattern recognition system in this applica-
tion requires that if each X()A) is to be classified by a classification
algorithm, this can be accomplished by first measuring a finite number
of attributes of X(}), called features. This is the function of the
sensor system as depicted in the upper left portion of Figure 20 where

Xl, XZ’ eres XN are the values of N features for a given X(1). It

may be viewed as a filtering operation on X(A).

For example, on the right portion of Figure 20 the function of MSS
of the Landsat satellites is illustrated. In this case a number propor-
tional to the average energy in a wavelength interval is reported out by
the sensor for each of four wavelengths. Mathematically this may be

expressed as

X = f X(A)¢ (Ada n=1 2, 3, 4
n n
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Next we must consider what would constitute an optimum sensor. We
first note that in general the sensor may be used over any part of the
earths surface, at anytime, and for many different applicatioris (sets
of classes). Therefore the sensor must be optimized with réspect to the
entire set of strata represented by these cases. As 2 result of the large
size of this set and the fact that its statistical description is not
known, we will optimize the sensor with respéct to its signal representa—
tion characteristics. The {X(A)} edch contain information useful to the
classifier; we require of the sensor design that for a given N a maximum
of this information which was in X(X) still be present in {Xn}. Since
the specific nature of this information is not known a priori, we can
only assure that this will be the case for any stratum if X(}) 4is

recoverable from {Xn}.

Let X(1) be the result of attempting to recomnstruct X(}) from {Xn}.

A fidelity criterion which is useful in this instance is
e = J [x(2) ~ x() 12 ax (39)

i
the so called mean square error or mean square difference between X(1)

and X().

It is known [12] that a reconstruction scheme which minimizes €& for

a given N is

X(A) = X6 () + X9, (A) H.ent # Kb (A)

=

n
I £~

X ¢, () (40)

n=1

provided that the {¢n(k)} are orthogonal 6ver the wavelength interval of

interest, i.e.,

[0, 0 @ =0 agn (41)
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Figure 20. Basis Function Expansion of a Random Process.
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and the {Xn} are calculated by

X_ = J X() () d (42)

Note for example that ‘the Landsat example of Figure 20 satisf{ies
these conditions. 1In the lower right of Figure 20 is depicted the

result of such a recomstruction for the Landsat example.

While use of Eq. (42) in the case does minimize e with respect to
the choice of values of {Xn}, a further improvement may by obtained by
choosing a set of {¢illl} which minimizes €. Itcan be shown [5, 12]

that the set {¢n(A)} which accomplishes this must satisfy the equation

g,6, Q) = [ R(A,E) ¢, (E) dE (43)
where
R(},8) = E{[X(N) - m()] [X(&) - m&) ]} (44)

is the correlation function of the random process and m(\) is its mean

value at A.

Such a signal tepresentation defined by Eqs. (40-44) is known as a
Karhunen-Lo&ve expansion [13]. It provides not only for the most rapid
convergence of i(l) to X(A) with respect to N but in addition the random
variables {Xn} are uncorrelated and since the random process is Gaussian
they are statistically independent. TFurther the only statistic required
of the ensemble is R(A,£). This representation of {X(A)} is therefore

not only optimal, it is convenient.

A useful generalization of the Karhunen-Lo&ve expansion can be made.
Suppose a priori information concerning portions of the spectral interval
are known and it is desired to incorporate- this knowledge into the analysis.
A weighting function w(i), is introduced which weights portions of the

interval according to the a priori information. As an example, measure-
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ments were taken over the spectrum and it was cbserved that there was
considerable variation in the signal in the water absorption bands
around 1.4 and 1.8 micrometers. This variation was due to measurement
and calibration difficulties rather than being a result of variations
in the scene. Therefore, the weighting function was set to zero in
these absorption bands. This generalization is referred to as the

i
weighted Karhunen-Lo&ve expansion [5]. Egs. (40), (42) and (43) become

~ N
XA = 7 ox, 6 (A) AeA (45)
=1 Y
o b )= [ R(LE) w(E) ¢ (B) dE (46)
1 L 1
x; = J X(2) w(}) ¢Wi(1) dA (47)

where the eigenfunction, ¢w (A) are solutions to the integral Eq. (46)
i
with the weight w(A). The special case where w(iA) = 1.0 for all Aeh

reducés the expansion to the original form in Eq. (40), (42) (43), and
(44).

The results of having utilized this means of optimal basis function
scheme on spectral data are contained in reference [5]. From them one car
see the significant improvement in classification accuracy which decreasea
spectral representation error will provide. One can alsc determine the
spectral resolution and band placement needed to achieve such classification

accuracy improvement.

2.5 Information Theory Approach to Band Selection

The p%oblem of selecting a set of "optimum" windows in the electro-
magnetic spectrum for observing the reflected sunlight has always been of
considerable interest. Depending on the definition of the optimality
different methods have been developed. One such approach was shown in
Section 2.4 using K-L expansion to select an optimum set of basis functioms.
In this section an information theoretic definition of optimality developed

in [3] is explored.
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Mutual Information and Stochastic Modeling.

The reflected energy from the target is detected by the scanner
and corrupted by various noise sources. If S is the "noise-frec" sipnal,

Y the observation and N a random disturbance, then
Y=5+N 48)

the reduction of uncertainty about S obtained from Y is called the
average or mutual information between the observation and original signal.
Since the reconstruction of the reflected signal from the noisy observa-
tion is the highly desirable capability, the comparison of such average
information-and selection of these bands with the highest information

content is chosen as a means of spectral band selection., Let

Sn = (sl, Sps s sn)

and

Y o= (yl, Tos e Yn)
where si and Yi are the coefficients of the orthonormal (K-L) expansion

of ¥ and S, then the mutual information between Y and S is given by [3].

det C 1
=1 ¥
1(Y,5) slog ot Cnl (49)

where CY and Cl_1 are the covariance matrices of (yi, i=1, 2, ...) and
(ni =Nof2, i=1, 2, ...) and No/2 is the two sided spectral density of
the additive white noise. Equivalently I(Y,S) can be represented in
terms of the Wiener-Hopf optimum filter impulse response,
.12
1(Y,8) = % J n(x,A) da (50)

M
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h(i,A) provides an estimate of S from ¥ with a minimum mean—square error.
This relationship, however, is not a practicalmiethod of evaluating I(Y,S)
since the actual solution of the Wiener-Hopf integral itself is a montrival
task. This problem can be circumvented by a discrete state variable

formulation, f.e.,
s(ktl) = ¢s(k) + TW(k) ke[2;53,] (51)
where

sl(k+l)

sz(k+l)

s(ktl) = '

.sn (1)

¢ is an (nxn) matrix
T is an (nxl) vector

W{k) = a descrete independent Gaussian
zero mean random process

The formulation of the problem in the discrete domain provides a practical
way of computing h(A,2) through Kalman filterdng techniques. The discrete

version of Eq. (50} is given by
I(Y,8) = % ) h(k,k)
k € {Al,lz} (52)

The discrete nature of this approach makes the evaluation of .-Eq. (52)
considerably more practical than its continuous counterpart. This is due
to the fact that the Wiener-Hopf equation is easily solwed in only those
cases for which the analytical form of KS(A,u)m the signal covariance

function, is fairly simple, mot likely for most - random processes encountered
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in remote sensing. Since h{k,k) is dependent on the parameters of Eq. (51)

a concise representation of s(ktl) is needed.

The general form of Eq. (51) is given as an autoregressive (AR)

model

sk = ] a.sk-j) + ] b yk-j) + W(k) (53)
s(k) = The spectral response at the discrete
wavelength k. It is a Gaussian random
process. :
w(k) = zero mean independent Gaussian disturbance
with variance p.
$(k=j) = deterministic trend term used to account
for certain characteristics of the
empirical data.
a,,b. = are unknown constant coefficients to be
3 determined.
ml,m2 = The order of the AR model.

The identification selection and walidation of general AR models
for the representation of a random process is a well developed technique
[14,15). The identification of an appropriate model provides the
necessary parameters required for the evaluation of I(Y,S) im Eq. (52).
The model selection process for a selected number of ground covers has
been carried out [3] leading to the ranking of a set of_spectral bands
according to the criterion outlined previously. A summary of the N

experimental results are given below.

Data Base and Model Selection.

Two different sets of empirical data are used to demonstrate the
techniques developed here., The first set comsists of observations of
wheat scenes. The gecond set consists of several vegetation cover
types such as oats, barley, grass, etc. For each scene the spectral
responses, collected by the Exotech 20C field spectroradiometer, are

averaged over the ensemble, It is thought the resultant average
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sspectral response provides a relatively gecod .data set for demenstration

purposes. TFigureg2l and 22 show the average response for both cover

types.

In order that the study be carxied out in a context that is rela-
tively realistic for multispectral scanners, the spectral response -of
the two data sets is .divided into a number .of gpectral bardds. The division
is fairly arbitzary, but each band must contain a sufficient number of
.data points to ensure accurate parameter estimation for model identifi-
cation. The spectrum is divided into 9 bands from 0.45 pm to 2.38 um
with two gaps in the 1.34-1.45 pm and 1.82-1,96 um range -due to atmos-

pheric absorption, see Tables 5 and 6.

Table 5. Spectral Bands for Wheat Scene,
Band Number Spectral Wavelength
Interval (um)

0.45-0,54
.54-0.62
.62-0.71
.71-0.85
.85-0.99
.99-0.13
1,13-1.34
1.45-1.82
1.96-2.38

=T - S R I N
Ton T <o B v S o S

Tqble 6. Spectral Bands for Combined Scene.
Band Number Spectral Wavelength
Interval (um)

0.45-0.54
0.54-0.62
0.62-0.71
0.71-0.85
0.85-0.98
0.98-1.12
1.12-1.30
1.45-1.82
1.96-2.38

W O o~ W W N


http:1.96-2.38
http:1.12-1.30
http:0.98-1.12
http:0.62-0.71
http:0.45-0.54
http:1.82-1.96
http:1.34-1.45
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Figure 21. Averagé Spectral Response —— Wiheat Scene.
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Figure 22, Average Spectral Response —— Comhined Scene,
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The next step is the identification and validation of models that

would adequately describe the aforementicned spectral responses. Three

different modéls were tested and compared, {a) autoregressive (AR},

(b) autoregressive plus a comstant trend (AR+C), (c) integrated

autoregressive (TAR).

Following the standard selection and validation

techniques, one of the above 3 models is selected which deséribes the

scene most satisfactorily.

Tables7 and 8 show the selected models for

the wheat and combined scene respectively, IAR-2 in Table 8 im a second

order IAR.

Band

N e - B A A L ]

Band

=

(TSI - SN Y T - S U

Table 7. Modeling of the Wheat Scéne.

Order of Model

7
2
11

[« Ws TN U, B N I A

Type of Model

AR
AR
IAR
ARHC.
AR
ARHC,
TAR
IAR
IAR

Table 8. Modeling of the Combined Scene.

Order of Model

11
2
11
1

Type of Model

IAR-2
AR
TIAR
ARFC

AR

AR
AR+C

TAR
AR
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Spectral Band Selection.

It was initially stated that the information content of a set of
spectral bands can be used in the selection of an optimum subset. Here,
the preceding regression analysis will be used to evaluate the mutual
information between the reflected energy and the observed signal in the

9 spectral bands under study.

The first step is the computation of the average information in y(k),
the received spectral process, about s(k). The reflected spectral scene
response as a function of spectral bandwidth for each band of both
scene types. The average information is computed for several values of

; . 2 R .
the noise variance, o Appropriate software is developed to carry out

the caleulation of I(Y?S). "Figures 23 and 24 show the variation of

I(Y,8) in nats for the wheat and combined scene in band 1. Similar plots
are shown for the infrared band 7, Figures25 and 26. Selecting a an = 10_3
for demonstration purposes, the average information for wheat and combined

scenes are tabulated in Tables9 and 10 for 9 spectral bands.

Table 9. Average Information for Wheat Scene I

Band I(Y,S) nats
34.50
10.52
20.35
30.00
44,96
37.20
60.31
34,80
50.10

prd

OO0 ~ Oy i B W N
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Figure 23. Average Information, Band 1, Wheat Scene.
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Figure 24. Average Information, Band 1, Combined Scene.
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Figure 25, Average Information, Band 7, Wheat Scene.
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Figure 26. Average Information, Band 7, Combined Scene.



Table 10. Average Information for Combined Scene Band.

Band I(Y,S) nats
1 41.33
16.17
22.98
40.08
45,73
40.96
78.25
64,15
74.19

O~y s

Using the information content of each band as an optimality criterion,

the 9 spectral bands can be ranked, see Table 11.

Table 11. Order cf Preference of Spectral Bands for the
Wheat and Combined Scenes.

Rank Wheat Scene Band Combined Scene Band
1 7 7
2 9 9
3 5 8
4 6 5
5 8 1
6 1 6
7 4 4
8 3 3
9 2 2

The top 6 highest ranked bands, although ordered differently, are the
same for both cover types. Moreover, other than band 1 which is in the
vigible portion, the remaining 5 are all in the infrared portion of the
spectrum. Thus, relative to the average information criteriom, the
infrared portions of the spectrum is generally preferred to the visible
portion since bands 2 and 3 are ranked lowest for both the wheat scene

and combined scene.
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The selection of a subset of the available gpectral bands using the
idea of their information content is a mew approach in band selection
and requires further investigation to evaluate its optimality in more
concrete terms. One of the most useful optimality criterion is the
selection of these bands that maximize the‘overall classification accuracy.
No -documented relationship exists between the average information contents
of a set of bands and, the subsequent class separability. It is true
however, that such information measure is directly related to the optimum
Weiner filter thereby providing a basis for the optimalitf of this

ranking technique.
3. THE UNIFIED SCANNER ANALYSIS PACKAGE BLOCK DIAGRAM

The identification and development of a set of individual techniques
and algorithms is only the first step toward a complete system simulation
package. The usefulness of this package 1s fully realized only when the
elementary modulés are interconnected In a logical and clear fashion. The
objective here is the integration of the available processors such that
starting with a raw data base, the question of optimum spectral bands,
IFQV size‘and the noise ﬁodel can be answered with the classification

accuracy as a primary performance index.

3.1 Svystem Structure

One realization of such simulation model was shown in Figure 4 and
is repeated here for conéenience in Figure 27. USAP is basically composed
of three distinct parts (a) a spatial path, (b) a spectral path and (c) a
means for classification performance estimation. In the following

individual software modules are discussed.

Classification Accuracy Estimators.

There are two classification pexformance estimators available
(a) the analytic classification accuracy predictors and (b) the stratified

posterior performance estimator.



Figure 27.

The Block Diagram of the Unified Scanner Analysis Package (USAP).

LARSYS CORELAT SCANSTAT
tial tral
MSS Image Data Spatial Spa A Spec.ra Noise
Statisties Statistics
Data Retrieval 3 Correlation MIFOV , Model
(Satellite Analyzer T Model ‘
or 4/C)
A ACAP
Analytic
. . A
M Classification 7
Accuracy
Predictor
8pectral Statistics
i —> SPEST
Stratified
Posterior %
% Performance
Estimator
EX0SYS SPOPT SPTES *
Lab or Data Spectral Data Optimum Opt. Spect. | Data Transformation
Field Retrieval Ensemble Sample [ Spectral Functions ) and
Spectral [ ™| and Band . Function : Statistics Calculat{Gi |
Data Construction Calculation
Band = T
Specification
_—m—h .
Implies path for spectral/spatial statistics
—-—_.—b.

Implies path for data or spectral functions

09



61

Analytic Classification Accuracy Predictor. The ACAP algorithm

discussed in Section 2.1 is the primary processer in evaluating the
performance of a scanner system when the probability of correct classifi-
cation is defined as the primary performance index. This piece of
software, as shown in its theoretical development, requires one major
input in the form of the population statistics. 1In order to facilitate
the operations, the format of the statistics deck is chosen to be
identical to the one produced by LARSYS statistics processor‘alﬁhough

it contains a considerable amount of redundancy such as field coordinates.
These cards are skipped. Among other user—supplied information is the
desired spectral bands to be used in the analysis and the-sampling and
grid fineness in the form of number of elementary cells per axis.

There is obviously a trade-off between the estimator's variance, 2
decreasing function of the grid size, and the computation time. If

N is the number of spectral bands and n the number of cells per axis,

the per class number of cells to be tested in a set of M quadratic
discriminant functions is nN. This exponential relationship calls for

a careful selection of n particularly for a high dimensional space.

On the other hand a small variance is very much required property of any

estimator.

The relationship between grid structure and the estimator's variance
has been covered in detail [2]. It was shown that the classification
accuracy obtained using ACAP exhibits a relative independence from n for
n > 12. This property is preceded by a fairly rapid rise to a steady
state value after which the magnitude of the §c oscillations is within
0.5% of the true value or the Monte Carlo derived reference. The choice
of n is ultimatély decided by the user depending on his specific needs
and after some experimentation. Initially, however, a default option of
n = 9 cells per axis is considered to provide quick turn-around time
while keeping the quality of the estimate high. The output, in addition
to the eclassification accuracy estimate, contains information on the

transformed class statistiés,.feature space and sampling grid structure.
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Stratified Posterior Classification Performance Estimator. This

is the software implementation of the'lalgorithm discussed in Section 2,2,
The maximum conditional aposteriori class. probability is the criterion
for classififation and error estimation purposes. The program does

not provide any options and the size of Fhé internally generated random

data is fixed. ACAP and SPEST produce different, but very close results.

Spatial Path.

Data Base. The input data to the spatial scamner model is via the
multispectral image storage tape containing satellite or aircraft

collec$ed data. This tape has been reformatted and is compatible with

any LARSYS processor.

Data Retrieval. The individual software units can access the

available data base through various system support routines or any of

the LARSYS processors.

Spatial Correlation Analyzer. The determination of the scanner

characteristic function requires a knowledge of the spatial properties
of the input data, therefore a class conditional estimate of the spatial
auto an@ crosscorrelation functions is needed. Let fk(x,y) be a two
dimensional image of gize No X No pixels in the kth spectral band then

the spatial autocorrelation function estimate is given by [16].

NO—T N0~n
= i,7) - i + i +n) =
Rg(>m = ¢ | -Z [£, 50 - w I F G+, 3+0) =]
i=1  3=1
,n=90, L1, ..., no—l (54)
where-uk = E{fk(x,y)}. The multiplicative factor C can be chosen to be

one of the following

1 = (N —r) (N —-n)
0 [§]
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if w, s known and C = C, then E{Rkk(T’n)} = Rkk(T,n)- If My = then
neither selection of Cl or 82 will produce an unbiased estimate. The
actual derivation of the mean and variance of Rkk when the mean is
estimated is rather complicated. The bias of the estimate in one

dimension is given by [16].

N -l

E{f{k('{') - R(D)} = i‘L’E‘I‘R(T) -8 Var {ﬂk} + O(NSZ) (56)
8]

N
o

From Eq. (56) it follows that ik(T) is asymptotically unbiased. This
result can be extended to the two dimensional functions provided the
autocorrelation function is separable along each spatial axis. 1In
general the maximum lag, B s must be chosen such that n0 << No' As a
rule of thumb it is desirable to keep the maximum lag less than one-
tenth the sample size NO. This will tend to avoid certain instabilities
that can occur in autocorrelation function estimates. The across-band
correlation function estimate is obtained uéing an identical relationship

to Eq. (54).

The empirically obtained spatial correlation matrix needs further
processing to be used in the scanher spatial model developed in Section
2.3. Specifically a Markov correlation model is fitted to the experimen—
tally obtained ﬁkk(T,n). By invoking the separability assumption for

small lag values,

R(tyn) = R(t) R(n) (57)

where no subscript indicates either auto or crosscorrelation function.
Table 12 shows the magnitude of the erxvors involved in carrying out
this approximation on an aircraft data set. The error is expressed as
a percentage of the experimental values. An exponentially dropping
function is then fitted to the individual correlation functions aloﬁg

the sample and line directions. The fitting is accomplished using a



Table 12. Error Matrix for Cross Correlation Function Appréximation
Between Channels 2 and 8.

1.00 .92 .81 .69 .59 .50 44
.93 .88 .78 .67 .56 .48 W41
73 .M .64 .54 44 .36 .3
R,, = .48 47 .43 .36 .28 .21 .16
.30 .31 .29 .24 .18 13 .08
.23 .25 .24 .21 .16 .12 .08
22 .26 26 .22 9 15 .12
1.00 .92 .81 .69 .59 .50 44
.93 .86 .75 .64 .55 .46 4
73 .67 .6 .5 .43 .36 .32
R,, * 48 .44 38 33 28 24 .M
.30 .27 .24 .2 .17 .15 13
.23 .21 .18 .16 .13 .t .1
.22 .2 .18 .15 .13 .11 .1
0 0 0 0 0 0 0
0 2.2 3.8 4.5 1.8 4.16  2.43
0 5.6 6.2 7.4 2.3 0 6.75
E,, = 0 6.4 11.6 8.3 0 17.5  23.8
) 13.0  17.2 16.6 5.5 20-  38.4
] o 16 25  23.8  18.7 8.3 20
0 16.6 25 31.8  31.6 26.6 16.6
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weighted least square approach to the logarithm of R(r) and R(n). The
slope of this linear fit determines the adjacent sample or line

correlation coefficients. Specifically let
F(i) = ln R(i) i=0,1, ..., no—l

then the parameters of the linear fit, C_+C,x,are given by [17]

1 2
c=@wn Tt E UE (58)
where
H{(i) = 1 i=0,1, ..., n-1
: . . © (59)
H(i) = 2n0—1—1 i=mn. n0+1, caes 2n0—l
and the diagonal weighting matrix, W
(nD—l—i)'
W{i) = o i=0, 1, ..., no—l (60)

with o as the weighting matrix diagonal base, o < o < 1, The weighting
matrix via the control parameter assigns a progressively smaller weight
to i(f,n) for succeeding lag values. This weighting 1s necessary since
the properties of the correlation functions show an increasing deviation
from the underlying assumptions of separability and Markovian structure

for higher lag values.

A complete specification of the spatial properties of the available

spectral classes requires determination of

N!
20 (N=-2)!

N +
auto and crosscorrelation functions per spatial axis per class where N
is the total number of spectral bands used in the analysis. The imple-

menting software contains various default provisions in case the corre-
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lation properties of the input data differs considerably from the afore-

mentioned assumptions.

The user specifies the area to be correlated by a run table entry
run number followéd by the field coordinates. In order to perform either
the auto or crosscorrelation operations, appropriate spectral bands(s)
need to be specified. The maximum lag, > in computing ﬁ(T,n) is also
a variable and is entered as a percentage of the image size in pixels.
The value of n_ is dependent on the size of the area to be correlated.
Since the magnitude of i(r,n) for Landsat data is generally negligible
for more than 4 or 5 pixels lag, n, as a percentage can take on small

values for large fields and vice versa.

Scanner IFOV Model. The scanner IFOV software is the computer

impleﬁentation of the scanner characteristic function discussed in
Section 2.3. The input consists of (a) spectral covariance matrix,

(b) spatial correlation matrix along the samples (c) spatial correlation
matrix along the lines and (d) IFOV size in terms of the number of high
resolution pixels. A standard LARSYS statistics deck produced by the
statistics processor constitutes the first item. The spatial correla-
tion information in entered through an N x N symmetric matrix the (i,j)

element of which
ij i3

is the pixel-to-pixel correlation for bands i and j. aij is estimated
by the spatial correlation software. The IFOV size is expressed on a
relative scale in terms of the number of high resolution pixels within
1 T¥OV of the scanner PSF, e.g., 1, 2, 3, etc. There are two choices

available for the functional form of the PSF, Gaussian and rectangular.

The output generated by this software module is a spectral statistics
deck which is the dinput class statistics transformed by the scanner

characteristic function. This deck is used as imput to the ACAP processor,
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Additive Noise Model. By virtue of the parametric approach adopted

here, the incorporation of the noise effect takes on a simple form. The
noise statistics is characterized by a zero mean vector and a diagonal
covariance matrix with zero off diagonal elements. This matrix is then

simply added to each class covariance matrix,

] =1+ : (62)

N1

i My

2
The diageonal elements of Z > O sdetermines the SNR in each spectral
N i
band. By the appropriate selection of Unﬁs, different SHR can be

specified for each band. Let G% denote the variance of the noise-free
k . .
signal at the scamneroutput, then the SNR in the kth spectral band is

defined by

(SNR)k = aik/orik (63)

The choice of equal of¥ unequal SNR in different bands based on experimental

or theoretical results is at the analyst's discretion.

Spectral Path.

Data Base and Retrieval. EX0SYS is a software package which perides

access to fielﬁ measurement data taken with a variety of field instruments.
A brief overview of the EXOSYS package will be given here, with more detail
available in the EX0SYS manual [18]. Data is collected and stored:on
magnetic tape in field measurements format. During the reformatting

procedure the data is calibrated and ancillary information such as
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weather readings soil conditions, and plant growth status is placed in

the identification record for each run.

There are three processors in EX05YS which are used to access the
field ?ata information —~ IDLIST, GSPEC, and DSEL. The IDLIST processor
scans the tape and lists info;mation from the identification recoxd as
required. One can use this information to select appropriate runs. to

represent informational classes.

The GSPEC processor provides a punched deck consisting of the
numerical values of the spectral response function fox all of the desired
runs. One can select a set of run numbers as input and the output will
consist of a punched deck. Options exist for plotting the spectralk

response functions for the desired runs.

:
1

ghe DSEL processor simulates rectangular spectral channels and
uses data from the tape to evaluate the response in each chanmnel for
the eqsemble. The inputs are the spectral band locations and the run
numbers on the data tape. The output is a set of statistics for the

specified channels.

Optimum Spectral Basis Function System. For the optimum spectral

function calculation the output of the GSEC processor is required. The
appropriate ensemble can be selected by specifying a set of identifica-

tion parameters such as date of collection, scene type, run number, etc.

The cards containing the numerical values for the spectral response
functions are used and stored on disk in a fermat which is compact and
convenient for future processing by the program SPRDCT. The files that
are stored on disk may be transferred to magnetic tape for future use to
avoid repeating the procedure involving the EX0SYS package. SPRDCT
requires some information to be entered at the terminal to provide ID
information for the ensemble. A list of all runs used by run number is

printed after the data has been stored on disk.
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Optimum Basis Function Calculation. The calculation of the optimum

set of basis functions for an ensemble is accomplished by solving the

matrix equation
6T = KW (64)

to get the eigenvalues ¢ .., 0. and the eigenvectors ¢1, ¢2, saey ¢N.

1> 920 ¢ N
The matrix ¢ is the matrix of eigenvectors ¢ = [¢l’ ¢2, ey ¢N] and T is

the diagonal matrix of eigenvalues

01 0
0 o
r = 2 (65)
) a.
L. N.-

W= (66)

R is the covariance matrix for the ensemble. Let the mean vector for the

T
ensemble be m = £m1’_m2’ vees mN] then

Ryy = B {Geom) (xj—mj)T} (67)

The maximum likelihood estimate is

S ) ) |
B TN DoGegrm) Gegprmy) (68)
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where N, is the number of sample functions in the ensemble.

S
If we let A=KW, then A is a real general matrix. An algorithm for
solving for the eigenvalues. and eigenvectors of a real general matrix is
availaple [19] and is used here with only slight modification. The
algorithm makes use of Householder's method and the QR double-step itera-
tive process to compute the eigenvalues. The eigenwvectors are obtained
by the inverse iteration technique. A sorting routine was added to oxrder

the eigenvalues and the corresponding eigenvectors.

Thé required inputs are the data in the appropriate format and the
welght function. The output of this processor is a set of N eigenvectors
or basis functions punched onto cards. Also, the eigenvalues and means-
square fepresentation error are printed. The eigenwvectors can.be plotted

using GCS subroutines.

¥
Data Transformation and Statistics Calculation. The eigenvectors

are used to perform a linear transformation on the original data vectors
{X}. ‘The transformed vectors {Y} have the desired properties provided
by thg Karhunen-Loéve expansion; Each element of the bransformed- vector
is gi&en by

vy = ¢ﬂxl L PP R L . (69)

i
where ¢ij is the jth element of the ith eigenvector.

The inputs to this processor are the eigenvectors and the data set
stored on the disk. The output is the set of statistics for each class.

The statistics are printed and punched on a deck of cards for future

processing.
4, USEB’S GUIDE TO USAP

The block diagram of the scanner parameter study, Figure 27, is made
operational by a collection of compatible software packageé. Each module

is in&ividually compatible with the LARSYS enviromment facilitating
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incorporation of LARSYS processor in the overall system performance
evaluation. This section provides a guide for the acquisition and
execution of each program available on the LARS IBM 370/148 computer

system.

Prior to a discussion of the individual modules some general remarks
are in order. The access to this program library is simplified by the
allocation of two special disk storage devices designated by DHSYS and
DHDSK. The former contains the text version of the software while the
latter holds the source. These devices can be accessed using the

appropriate GETDISK commands.
GETDISK DHSYS
and
GETDISH DHDSK
thegse commands will establish the proper links in a Read-Only mode and
USA?P initializgtionﬂis complete, TIn the following subsections the

required input and necessary steps to run each program are discussed.

4.1 The Classification Accuracy Estimators

There aré two parametric classification accuracy estimators
available to the USAP user, (a) the analytic classification accuracy
predictor (ACAP) and (b) the stratified posterior classification
accuracy estimator (SPEST). The theoretical aspects of these processors
have been discussed in Section 2., Here is a guide to their software

implementation.

Analytic Classification Accuracy Predictor

This program evaluates the performance of a Bayes classifier when
the populations statistics are multivariate normal. The following

control cards are required.
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Lontrol Word ‘Description

*ACAP This card specifies the particular processor
requested,

CHANNELS The desired subset of the available channels

is given here. Note that the numbers appearing
on this card are the order of the selected
channels not theiractual number. For example,
if the available channels are 8, 9, 12, 14

and channels 8, 9 and 14 are requested CHANNEL
card should read 1, 2, 4.

CLASSES This card specifies the name of each class.
Each name must be placed in a field 7 charac-
ters long followed by .a blank. The continua-
-tion card, if required, must have the word
"CLASSES" at the beginning.

GRID This quantity controls the quality of the
estimate. The higher the number the closer
the estimate is to the true Bayes error rate.
(See 'estimated CPU time" for more details.)

END This card signals the end of the control card.
Stat deck follows Immediately.

Remarks. The ACAP processor in its current form is capable of
handling up to 20°'classes and 8 spectral bands. The extensions of
these parameters presents no conceptual difficulty. The required statis-
tics deck is a standard LARSYS produced déck with no modifications. It

must be punched in the character format, however.

How to Run the Program. Make sure the DHSYS disk has been accessed

properly. One reader file consisting of the control cards followed by a
statistics deck is required. Type ACAP in the CMS environment. Appro-

priate terminal and printer output is produced.

Example of control card set up

*ACAP

CHANNELS 1,3,4

CLASSES SOYBEAN ALFALFA WHEAT
END

Since GRID card is not included, its default value (9) is selected.
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Estimated CPU Time. The execution time is quite sensitive to the

GRID card specifying the number of cells per axis. For the default
grid size and a 4-dimensional space it takes approximately 2 minutes of
CPU time per cléssto provide the requested classification accuracy
estimates. The CPU time is most sensitive to the dimensionality of the
feature space. Hence if the number of spectral bands is limited (less
than 4) considerable increase in GRID number is possible. The default
number of cells per axis is considered to be the minimum while 'still
providing acceptable performance. Increasing the parameter improves
the quality of the estimate somewhat at the expense of higher CPU time.

The choice is left at the user's discretion.

Stratified Posterior Error Estimator.

This program is identical in purpose but different in approach to
the ACAP processor. Givena set of multivariate normal populations,
SPEST provides the classification accuracies associated with each class
using an internally generated random data base. The different estimation

procedures between the two methods is transparent to the user.

Description of the Control Cards

Control Word Description

#*#3PEST This card specifies the particular processor
requested.

CHANNELS The desired subset of the available channels

is given-here. Note that the numbers appearing
on this card are the order of the selected
channels not their actual number.

CLASSES This card specifies the name of each class.
Each name must be placed in a field 7 charac-
ters long followed by a blank. The continua-
tion card, if regquired, must have the control
word "CLASSES" in the beginning followed by
the rest of the names.

END End of the control cards.
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Rémgrks. In usage, this program is identical to *ACAE: The
standard. LARSYS statistics deck follows the control and disk‘immediately.
Printer output contains the estimated conditional classification,
accura?i;s. By virtue of their separate, approaches, *ACA?P é&d‘*SPEST
provide ﬁifferent, but very close, estimates of the correct ‘classification

i
accuragies.

How to Run the Progfam. The reader file contains the Eontrol cards.
followed by the LARSYS statistics deck. A sample control card deck

follow?:

*SPEST

CHANNELS 1,2,4

CLASSES ALFALFA SOYBEAN WHEAT'
END

4,2 Spatial Path

The spatial path in USAP consists of two main, software units. The
spatial cowrelation analyzer, CORELAT and the SCANNER TFOV model,
SCANSTAT. )

Spatial Correlation Modeling. Thi¥s program is a. 2-dimensionak

spatial correlator the primary output of which. is. a. normalized spatial
auto (cross) correlation matrix for any specified area. The user speci-
fies the coordinates of the desired segment in the form of an Indtial and
final line and column along with. the appropriate spectral bands(s). .
Following the estimafion- of tﬁe‘correlation‘matrix, the exponential fit
option, if invoked, will fit an exponentially dropping function to. the
experimental values: of Rkk(T) or Rkken} using a weighted linear least

squares technique.
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Description of the Control Cards

Control Word Control Parameter Description
#CORRELATE This card specifies the particular
processor requested.
INPUT RUNC(.) Run number of the desired area.
TAPE(.) Tape number of the desired area,
FILE(.) File number of the desired area.
BLOCK LINE(.,.) Initial and final linesf‘
COLUMN(.,.) Initial and final columns.
FUNCTION AUTO Autocorrelation function requested.
CROSS Crosscorrelation function requested.
CHANNELS Chamnels used for correlation
operation.
SAMPLELAGT Maximum eross track lag used as

a percentage of the total number
of samples,

LINELAGY Same as SAMPLELAG except for
along track lag.

EXPOFITT If included exponential fitting
operation is carried out.

END End of control cards.

Remarks. This program is capable of processing areas containing
up te 2400 pixels. The maximum lag default is set at 20 percent of
the total number of lines and columns. Both quantities can be altered
by user supplied control cards. The exponential fit option provides a
pixel-to-pixel correlation coefficient for the channel(s) specified.
This number is computed from the estimated parameters of the exponential

correlation model.

How to Run the Program. The only required reader file is the

control card deck,an example of which follows:

t optional
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*CORRELATE

INPUT RUN (74028500), TAPE (2689), FILE (3)
BLOCK LINE (1,25), COLUMN (1,25) °
FUNCTION AUTO

CHANNELS 2

SAMPLELAGT 25

LINELAGt 25

EXPOFITH

END

after DHSYS disk has been properly linked to, type CORELAT to .start

execution. Appropriate terminal and printer output is .generated.

Scanner IFOV Model.

This program computes the spectral statistics of a popﬁlation at
the output of a multispectral scanner provided the data spatial correla-
tion approximately follows a Markov model. The .scanner IFOV shape is
limited to either a Gaussian or rectangular shape. No assumptions
are made or indeed required about the type of the population statistical

distribution.

Description of the Control Cards

Control Word Description
*SCANSTAT This card specifies the particular processor
requested.

CHANNELS The desired subset of the available channels
’ is given here. Note that the numbers appearing
on thig card are the order of the selected
channels not their actual number.

CLASSES This card specifies the name of each class,
Each name must be placed in.a field 7
characters long followed by a blank. The
continuation card, if required, must have
the control work '"CLASSES'" in the beginning
followed by the rest of the names.

IFQV This card specifies the .IFOV size of the
scanner in terms of -high resolution input
pixels.

t optional



77

APERTURE The choices here are "GAUSSIAN" or "RECTANGULAR."
SNR+ Output signal energy to noise energy in dB.
PUNCHT The output statlstics is punched out in an

ACAP/SPEST format. Redundancies are added
to replace field description cards.

END End of control-cards.

Remarks. This program is limited to 20 classes and 8 spectral
bands, Execution time is quite short and extension of those parameters
is straightforward. The input data immediately following the control

cards consists of 3 parts:

1. Standard LARSYS statistics deck in character format,

2. Spatial correlation parameters (cross track) are entered via a
NXN symmetric matrix where N is the number of channels. The
(i,j) element of this matrix is the adjacent sample correlation
between channels i and j. The lower triangular part of this
matrix is punched in a 5 (E13.7,1X) format.

3. Spatial correlation parameter matrix except for along track

pixels.

The ahove decks follow .the control cards in the order listed. The
signal-to-noise ratio is defined as the ratio of the output signal
energy in a particular channel (diagonal element of the class covariance

matrix) to the noise energy in the same bands expressed in dB and defined

by

_ 2 2
(SNR)k = 10 loglO Gsk/Unk

where k refers to the particular spectral band.

1 optional
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How to Run the Program. One reader file comsisting of 4 consecutive

decks and appropriate link to DHSYS disk is required before the program

execution. An example of a control card set up follows:

*3CANSTAT

CHANNELS 1,2,4
CLASSES ALFALFA SOYBEAN WHEAT

IFOV 2

APERTURE GAUSSIAN
SNRT 10

PUNCHT

END¥

The output consists of an ACAP/SPEST compatible statistics deck for
the modified population., This deck can be used in the ACAP/SPEST processors

to obtain the new set of classification accuracy estimates.

4.3 Spectral Path

The spectral path in USAP consists of three main pieces of software
(a) data retrieval through EX0SYS processor (b) optimum spectral function

calculation and (¢} data transformation and statistics calculation.

Procedure for Computing and Evaluating Optimum Basis Functions.

1
Data Retrieval. The data retrieval system is stored on EXOSYSDV and

it is necessary to define storage as 768K. A card file containing the
data points for each run will be comstructed on a temporary disk
(25 cylinders). It is desirable to make the temporary disk a P-disk

and the permanent user disk a T-disk.
In CMS

RELEASE 191 P
LOGIN 181 T
GETDISK TEMP MODE P25CYL NO-UFD

1T antinmal
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In CP

I EXOSYSDV
CCINPUT TERMINAL
RUN EXOSYSDV

The control cards will be entered through the terminal. The tape on
which the data is stored must be specified as well as the cover type

and the collection date. A typical sequence of cards is as follows:

§ TAPE 4896
$ GSPEC
GRAPH SPEC (SPRING WHEAT), DACO (770508)
LIST NO LIST
OPTIONS PUNCH, NOGRAPH
END
$ END
$ EXIT

The runs taken over Williams Co., North Dakota for May 8, 1977 are on
tape 4896. The crop species is spring wheat and the collection date is
May 8, 1977. The output is a deck of cards with one hundred data values
for each run punched onto the cards. Header information must be flushed
at the line printer, Return the system to CMS and read the cards onto

a disk file SPR100 DATA. The number of records in the file is equal to
the number of runs. This number should be recorded as it will be needeé
later, This procedure is repeated for the second class., The cards from
GSPEC are read onto the file INPUT DATA and the number of records
recorded. The two files are combined by typing (in CMS)

COMBINE SPR100 DATA P1l SPR 100 DATA P1 INPUT DATA Pl
ERASE INPUT DATA

This procedure is repeated until all classes have been included in the
file SPR 100 DATA. The crop species SUMMER FALLOW and PASTURE are used
in GRAPH SPEC(.) to complete the data set.
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At this peint the program SPRDCT is loaded and run. A digk file
will be created using DSBN. of 2 and file type FUNC. The Following

information is requested at the terminal by SPRDCT

Experiment Number 100
Number of Classes 3
Number of Sample Points per Run 100
(Dimensions)

Class Name Wheat Faillow Pasture

Numbexr of Samples
per Class 664 437 164

The information is requested and is entered between the .slash

marks, right justified.

At this point the data is ready to be used by the system. It is a

good idea to store the file on tape for future use. Type

TAPMOUNT 156 TAP2Z RI
T DUMP SPR 100 FUNC P1

The tape on which the data is stored is 156 in this example. 'To recall

the data to the disk type

TAPMOUNT 156 TAP2 RO (If not already mounted)
‘T’ SLOAD SPR 100 FUNC

Wote that the P-disk must be a large fairly empty -disk (10 cyl)

The format for data storage is



ID
Run 1
100 Data
Class 1 Values
Run 2
100 Data
Values
Class 2 {
ID Information Record
Item Words
Date 1-15
Exp. Number 16
Number of Classes 17
Number of Dimensions 18
Number of Samples for Class 1 21
Number of Samples for Class 2 22
Number of Samples for Class 3 23
Number of Samples for Class 4 24
Number of Samples for Class 5 25
Number of Samples for Class 6 26
Number of Samples for Class.? 27
Name of Class 1 30-39
Name of Class 2 40-49

Name of Class 3 50-5%
Name of Class 4 60~69
5

Name nf laaas 70=-79
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Name of Class 6 80-89
Name of Class 7 90-99

Optimum Spectral Functions Calculations.

Once the data set is on disk it is necessary to issue the following

CMS commands to compute the eigenvectors.

FILEDEF 2 DSE-P4 SPRIOO FUNC RECFM VS LRECL 400 BLKSLZE
400 (PERM

CP SP PUN TC USERID

LOAD SPOPTM (XEQ

4.4 Example Outputs

This section presents a sample output for the individual software
units used in USAP. The example set consists of sample outputs from the
ACAP and SPEST processors. CORELAT and SCANSTAT in the spatial path and
SPOPT and SPTES in the spectral path. Graham Co., Kansas is used as the

test site.

Classification Accuracy Estimators.

The following control card set up is used for the ACAP processor and

output is shown in Table 13.

*ACAP

CHANNELS 1,2,3,4

CLASSES BARESOT CORN SOYBEAN WHEAT
END

The required control cards for the SPEST processor are
*SPEST
CHANNELS 1,2,3,4
CLASSES BARESOI CORN SOYBEAN WHEAT
END

the output is shown in Table 14.



Table 13. *ACAP Sample Output.

ANALYTIC CLASSIFICAYION ACCURACY PREDICTION - A C A P

CLASS WHEAT

SAHPLING GRID CHARACTERISTICSO
GRID SIZE= 9 CELLS PER DIMENSION

TOTAL NO OF CELLS IN THE GRID= 6561

FTRANSFORMED FEATURE SPACE CHARACTERISTICSO

EIGENVALUESD
2.9182E 01 1.1413F 01 1.3430E 00 7.61256-01
Yo
g
EIGENVEL TORSO éug
2.1045E~01 2.047BE=Q1 8.2319E-01 4,8593E-01 =
4e5844E~Q] B+ 2659E=01 ~1+5239E-01 ~2.8873E~-01
~6.T334E-03 1.9331E-D1 ~5.3271E-0Q1 8+2390E~01 &
Be6342E-01 ~4+ BT28E-01 =1.2389E-01 4.1283E-02
o
=
£ &
TRANSFORMED MEAN VECTORSO ~ by
<&
1.1654E 01 2.3928E 01 3.82006-01 ~-5.4750E~02
-2.2766E Q0 1.5248E 01 1.3871E-~0] 1.0838E-01
I.3111E 01 S5.1333E 00 ~5,98]4E-01 1,0702E 00
0.0 0.0 0.0 0.0

PROBABILITY OF CORR ECT CLASSTFICATIONG = 93,486 {

#:2*x¢TOTAL PROB OF CORRECY CLASSIFICAT [ON®*&#&k= 89.287 PERCENT

£8



Table 14,

STRATIFIED POSTERIOR ERROR ESTIMATOR

PROBABILITY

PROBABILILTY

PROBABILITY

PROBABLLL ™YWV

OVERALL PROBABILLTY: OF CORRECT RECOGNITION.

CLASS BARESDI

0 F CODRR

CLASS CORN

8 F CORR

CLASS SOYBEAN

D F CORR

CLASS WHEAT:

0F CoRR

gC

EC

EC

EC

*SPEST Sample Qutput.

AS SIFICATION

AS SIFICATION

AS SIFIFCATILION

AS SIFICATIGAN

90,228

79.2181

9Z2.T2L4

964359(

92.6141

¥8
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Spatial Path.

The control card set up for CORELAT is as follows:

*CORRELAT .
INPUT RUN(74028500), TAPE(2689), FILE(3)
BLOCK LINE(50,98), COLUMN(50,98)
FUNCTION AUTO

CHANNELS 1

EXPOFIT

END

The sample output is shown in Table 15.
The control card set up for SCANSTAT is as follows:

#SCANSTAT

CHANNELS 1,2,3,4

CLASSES BARESOI CORN SOYBEAN WHEAT
IFOV 2

APERTURE GAUSSIAN

END

The sample output is shown in Table 16.

Spectral Path.

The optimum basis function calculation and computation of the
transformed data statistics comprises the main spectral processors. The
sequence of required commands has been shown in Section 4.3. The

following example is a weighted basis function calculation.

The weighting function w(}A) is zero for the water absorption bands
near 1.4 and lf8 micrometer and zero elsewhere on the interval (.4-2.4 pm).
The printer output is shown in Table 17, listing the first 30 eigenvalues.
The first & eigenvectors are sent in card format te the reader. They

can be stored on the disk by issuing the command.

0 READ EIGL0Q DATA T1



Table 15. *CORRELAT Sample Cutput.

THO DIMENSIONAL SPATIAL CORRELATION' ANALYSIS

CHANNELSO 1 1

2-D SPATIAL CORRELATION MATRIX

1.00° 075" 0.50 036 0,28 0.23. 0.19 0.13 0.08
070 0s60° D844 0233 0426 0920 017 0312 0.07
0450 Qo045 0036 027 0e21 0417 Oule 0.10- 0.05
0,438 0u3T 0431 0.26 0417, 0.13 0,11 0.08 0.03
0.31. 0,32 0,27 0521 0.14 0.1} 0410 0.08, 0.04
D425 0.26 0.23 0.16 0.1F 0.09 0,07 0.05 0.02
0520 0.20° 018 0013 Q10" 0.0% QW06 0.05 0.0%

0.14 0415 0.l% 010+ 0.07 0.C5 0.04 0:04. 0.02:

0a10 0Oelli 0al2 0.1 0.09 0306 05031 0302 0.00°

WEIGHTING MATRIX: DIAGONAL, BASE=0. 40"

WEIGHTED' LSF. ERROR. {CADSS TRACK)=. 0, 1037569E-02>
ADJACENT SAMPLE CORRELATION= 0.7193716E 00 .
WE IGHTED - LSF, ERRORL{ALUNG: TRACK )=, 0.6734634E-05.
ADJACENT: LINE CORRELATION: * 0. 7026460E Q00

98


http:BASE=O.40

Table 16. *SCANSTAT Sample Qutput.

SCANNER ouUTPUT STATISTICS
APERTURED GAUSSIAN

IFOV SIZEO 2 HIGH RESOLUTION PIXELS

CLASS CORN

INPUT COVARFANCE MATRIX CUTPUT COVARIANCE MATRIX

9.29 4.86

12.26 19.79
4.61 10.37

10.63 16.37 16.09

4.00 6e15 8.43
4-43 Tel4 6.24 343 1467 2.68 2.34 1.81
OO
28
S5
o
g =
= =
> B
3 =
= 5

L8
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Set.

Table 17.
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A GCS routine was used to plot the graphs of the eigenvectors the

first of which are displayed in Figures 28 through 31,

The statistics for the first 4 terms are computed by using the

same FILEDEF command as above plus

CP SP PUN TO USERID
0 PUNCH EIGL00 DATA TI
LOAD SPTES (XEQ)

The program will ask '"NUMBER OF TERMS?', to get all 4 terms type '4.°7
The output will be a statisties deck with the following format:

Card

1 Number of Classes, Number of Terms
Apriori Probabilities for each Class = 1/Number of Classes
Mean Class 1 [Format (20A4)]
Covariance Matrix Class 2
Mean Class 2

The covariance are in upper triangular form. This statistics deck
can be used as the inmput to the classification error estimator algorithms.
Table 18 is a sample of the statistics obtained from the data set using
the first 4 optimum basis functions. Also, the statistics were used as
input to the classification performance estimator *SPEST to get an

estimate of the probability of correct classification.
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Figure 28, Eigenvector 1. Figure 29! Eigenvector 2.
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Figure 31.

1.4
1.9

WAVELENGTH (MICROMETERS)

Eigenvector 4.
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-200:.3751 22.0529 445466 18.8553

COVARIANCE MATRIX

312.5391
=24.4102 62,8445
8.4233 =20.,7412 14.059%
-5.2539 -B8.,6057 445237 12,2612

MEAN VECTOR
-202.,1029 35.2806 5.7945 16,3977

COVARIANCE MATRIX

264447227
~69.3594 152,5959
-15.,8333 10.3513 24.0876
~2.2070 l.3667 -0.7130 12,3877
MEAN VECTOR
-=187.5431 54.8315 B.2578 19,0705
_ COVARTANCE MATRIX
286.1719
-1.,2813 168.4688
-19.2971 -47,7388 29.0520
10.3206 54,3401 -16.4006 261763
PROBABILITY OF CORRECT CLASSIFICATION FOR CLASS 1 = 0.9187
PROBABILITY OF CORRECT CLASSIFICATION FOR CEASS 2 = 0.6624
PROBABILITY OF CORRECT CLASSIFICATION FOR CLASS 3 = 0.9003

OVERALL PROBABILITY OF CORRECT RECOGNITION = 0,8270

Table 18. SPTES and SPEST Sample Output Using the First 4 Eigenvectors
" and Estimates of the Classification Accuracy.
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5. SUMMARY

The task of evaluating the performance of a multispectral scanner
system while incorporating every spatial, spectral, electronic and tele-
metric parameter is exceedingly complicated. The primary objective of
this project has been the investigation of the two important, and most
relevant in remote sensing applications, of scanner parameters namely
spatial and spectral. The development of analytic techniques for system
performance evaluation differentiates the approach adopted here from
other experimental methods. This property provides an ease of parameter
manipulation not available through some heavily data dependent algorithms.
Although the development of individual components of such systems is
fundamental to the overall system operation, it is the logical and proper
integration of individual modules that determines its ultimate processing

capabilities.

The Unified Scanner Analysis Package (USAP) is a fully integrated
system with complete input-output compatibility of software units. It
consists of a spatial and spectral path plus a shared unit providing the
desired performance index in the form of probabilities of correct classi-~

fication.

5.1 C(Classification Error Estimators

The primary performance index throughout this study is defined as
the probability of correct classification of the various populations
present in a data set. 1In keeping with the underlying requirement of a
parametric approach, the available LARSYS and other classification
accuracy estimators using a randomly generated data base were deeme@
less than satisfactory. It is well known that thenexact probability of
correct classification is a multiple integral over an appropriate .domain.
The direct evaluation of such integral in a continuous N dimensioqal
space is a coﬁplicated and mathematically cumbersome task. This prgblem
is circumvented by a deterministic sampling algorithm of the feature
space preceded by an orthogonal transformation. This transformation
when applied to the Gaussian probability density function of a pafticular

class under consideration would conditionally decouple the feature space

C-2-
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and hence reduce the N dimensional error integral to a product of N one
dimensional integrals each of which is a widely tabulated quantity. This
algorithm requires the population statistics as the only major input

and provides classification error estimates of high quality without
excessively fine feature space 'quantization. The second classification
accuracy estimator uses the maximum a posteriori principle coupled with
a Monte-Carlo type integration technique. Although this algorithm is in
a way dependent on a simulated datz base, from a userspoint of view the
difference between ACAP and SPEST are essentially transparent since both
methods require the spectral statistics of the populatiomns as their
primary input. The aforementioned classification accuracy estimation
techniques provide the basic tools for the scanner system performance

evaluation.

5.2 Secanner Spatial Parameters Selection

The scanner spatial modeling algorithm and software consists of one
main plus two supporting routines, i.e., IFOV modeling (SCANSTAT), spatial
correlation analyzer (CORELAT) and classification error estimator (ACAP).
The objectives of an analytical representation of scanner IFOV model
is the establishment of a parametric relationship between the system's
input .and output statistics in terms of the class conditional mean vectors
and covariance matrices. This relationship is -established using linear
system analysis techniques extended to a 2 dimensional space. In order
to derive any specific results two basic characteristics need to be
specified: (a) scanner PSF and (b) ground scene spatial coxrelation

model.

The choice of a Gaussian shaped PSF has been widespread in the field
of image processing as applied to the Landsat data. This model closely
approximates the averaging property of the 'scanner aperture. An addeﬁ
feature of a Gaussian shaped PSF is the simplification of an otherwise
intractable and cumbersome mathematics. Generally speaking the amount
of information available about the spatial correlation properties of
remotely sensed data is sparse. It has been frequently observed however,

that the ground scene spatial correlation model approximately follows an
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exponentially dropping function [2]. On-the basis of previous experimen—
tal evidence and the mathematical simplicity afforded by these assumptions,
a Gaussian PSF and a Markov scene spatial correlation model is adopted.
Like many other instances, the choice of the problem assumptions does not
necessarily rest on their strict validity but also on the tractiability
of the ensuing algebra. It is entirely conceivable that much more
elaborate scene correlation models and PSF shapes can be envisioned.

This approach, however, could and would complicate the underlying mathe—
matics to the point where the gains initially expected from the more
accurate model are balanced out. For simulation purposes the entire
analysis is repeated for a rectangular shaped PSF although no currently

operational Landsat is equipped with such a scanner system.

Based on the foregoing discussion the scanner characteristics
function is derived im a closed form. This function relates the input
and output statistics as a function of the IFQV size and pixel-to-pixel
correlation. SCANSTAT is the software implementation of this linear
transformation. The auxilliary program, CORELAT, estimates the class
conditional correlation functions and provides the best exponential
curve fit to the experimental data using a weighted least-squares fit
algorithm. The resulting output statisties is modified by additional
random noise the power of which is computed from the specified SNR. The
ACAP or SPEST processors provide the new classification accuracy sets.
The probabilities of correct classification at the scanner output provide
the basic information needed to evaluate the system performance under
various operating conditions. For test purposes a hypothetical set
consisting of 3 populations is selected and their statistics (mean
vectors and covariance matrices) specified. The scanner output statist-
tics and associated elassification accuracies are computed for various
IFOV sizes and scene correlations. The results are in close agreement
with the numerfcally oriented experiments. For any fixed scene correla-
tion, the population separability and hence the overall classification
accuracy increases monotonically with IFOV size. The rate of incrgase,
however, is a function of the scene spatial correlation. The classifi-
cation accuracy increase per IFOV step is small for a highly correlated

scene compared to a scene with a small adjacent sample correlation.
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This pFoperty stems from the features of the scanmer characteristic
function and its particular weighting process. The addition of white
Gaussian noise predictably degrades the output separability. The
experimental results show that for a fixed IFOV size, SNR and classifi-—
catioq accuracy increase monotonically. Same relationship exists between

the classification accuracy and IFOV size when SNR is fixed.

5.3 Scanner Spectral Parameters Selection

H

?he task of information extraction from remotely sensed data here
primarily deals with the development of methods and techniques to
select a set of spectral bands to enhance population separability. The
first criterion employed in selecting a set of optimum spectral channels
is the Karhunen-Loéve expansion of the ensemble of spectral responses
associated with a cover type. This expansion provides a set of optimum
basis functions, a linear combination of which reconstructs the original
stochastic process with a minimum mean square error, These basis functions
in effect define a set of optimum windows in the electromagnetic spectrum.
The assoclated software consists of EX0SYS data retrieval package, SPOPT
gspectral function claculation and SPTES data transformation and statistics
calculation. The classification accuracy estimates used to check the
resulting separability dis obtained using either the ACAP or SPEST proces-

B80OYS.

The second approach employes an information theoretic concept for
the specification of the optimal spectral bands. The observed spectral
random process is modeled as the sum of a noise free siénal plus an
additive random noise component. For a candidate set of channels the
quantity of interest, mutual information between the reflected and
observed energy, is computed. The method consists of representing
each random process as an autoregressive model. This type of represen-—
tation facilitates the evaluation of the mutual information when expressed
in terms of the Wiener-Hopf filter PSF. Experimental results consists
of gelecting a wheat scene and dividing the continuum of electro magnetic
spectrum inte 9 distinct bands. In each band a proper autoregressive

model is fitted to the particular random process. Following the
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estimation of the parameters of the regression models, the'average
information content iIn each band is computed and on this basis spectral
channels are ranked. Therefore on the basis of maximum mutual information
optimality criterion, the top N bands represent the N "best" choice. The
significant result obtained from the ranking method is that out of the

6 top ranked chamnels 5 lie injthe infrared portion of the spectrum

thus future scanner systems used in remote sensing application should

contain more infrared spectral bands according to this analysis.

5.4 Coneclusions

This report has presented a brief description of the algorithms and
results of the Scanner Parameter Selection culminating in the development
of a Unified Scanner Analysis Package by proper integration of the
available software modules. Although this report is the final document
in this project, it actually represents the first step toward a well
coordinated scanner system parameter study technique. The current struc-
ture of USAP basically represents a skeleton of the future analysis
packages. There exists a considerable software and theory development
potential. The software by and large can take most of the streamlining
to further facilitate their usage. Specific topics include extended
diagnostic handling and error recovery capability, accelerated algorithms

to further reduce execution times, etc.

An overall-evaluation of the methods and results presented in this
report shows that the objectives initially outlined have been success-
fully met. The resulting analysis package, starting from a data base,
produces'specific guidelines on the selection of spatial and spectral
parameters of a multispectral scanner system and it does so on an entirely
analytic basis. In closing it should be pointed out that USAP can have
a pivotal role:in any follow up project providing by far the widest and
most econcmical parameter manipulation scope, fully complimenting any

numerical or experimental scanner analysis techniques.
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¢
READ (5,FMI2} EMA
c READ (5:FHT3) EA
HRITE(L16,550)
c WREFE( 64550)
Eaﬁ&ﬂﬂﬁﬁoﬂtﬁ‘.a‘ﬁ“ﬁﬁ##ﬁ#ﬂﬂﬁtuaﬁﬁﬁﬁﬁﬂnﬂﬂﬁﬂﬁtﬁﬁﬂﬂﬂ#ﬂ##‘w*ﬁﬂﬂ*ﬂﬁﬂ33“‘#@@3@
g SELECT THE REQUIRED SUBSET OF CHANNELS
g&‘aaﬁﬁuﬁﬂ&ﬂ‘ﬂﬁ‘ﬂ@#?sﬁ‘ﬁ##@&3*0Qﬂ0?3“@&03333¢¢°¢$¢¢0030$¢¢¢¢¢$¢W$°$06G0¢
. DO 803 JCLS=1,NCLS
. MDSa (JCLS-1)2S01H
DY 892 KDIKal SDIN
¢ 00 801 JeleNoiA
TE{KOIH.EQ.NCCH
c TERDIMEQ:ACEIIT KatE cematnosenceran
801 CONTINUE
802  CONTINUE
§03  CONTIHUE
<
DO 530 JCLS=1,HCLS
. DO 530 KOIM=1pHOIN
HDSa(JCLS=1)&HD| H+KD IH
MAZ (NDS TwMA{MUS)
30 CONTINUE

SEOOERCE IV ANEG AR IRUNOCE SO RN SRIREBITIMVS ARG EV DR IE KRG IEE R GRS IO RGAAGING D

OBTAIN THE ADUDRESS OF THE SELECTED ENTRIES INTO COVARIANCE MATRIX
SOCROUNEABIEIINUI DRI EFOT RANCARB I CBHGCUITHCADFUHEVY INFAFEETOBAGORIBIE

CALL ADRES (NADR,NC,;SDLMyNDIH}

MY COOINnOOO oD

K=0
DO 603 JCLS=1,NCLS

g MDSa{JCLS~1)eNSIZE
Do 802 1= 1-NSIIE
¢ DO 801 Jul.NSTLE

c fFUS.EQ.NADALYY) GO TO 602
EO) CONTENUE

K¢
c AtKIZEALHMDS®I)
602 CONTINUE
303 CONTINUE
c D0 20 KDIM&l.NT5S
AA(KDINI'AIKDIH'
%0 CONTINUE
sl CONTINUE
D0 6%8 I=1,NCLS
PC{Iin0,
PRII}IO-
s20 CONTINUE
TCHT=ICNTA
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TPCCx0.
DO 888 KNTR =1,NCLS

HRITEL&,20)
HRITE(69 72}

SEAGURGEFQRAR T AEBE R RBEBOF TRID SARAAFEQIXZAESC X ARPLLCIERL OO OO AR AT R RO
RESET THE MEAN VECTORS
CUORORE UL EXER IR S E VUSSR AN GEAF X ABONEIAONIR TG CHALEFL O QLA STV ENORAG R G KA

FORTRAN Bl

(gl glalalelinlel (g

(2]

NOI ¥
MAA {HDS +KD IM)

21 CONTINUE
VUEFBFEEEEOTEEEIRB RGOSR ERXRBDERONAAEF RIS ONLHIOEFEFARRTLD SOATB IS 6RO B K
PERFORM A DECOUPLING TRANSFORMATION ON THE CURRENT CLASS

Iglgifigl

GCOQAFUAFIIL IR VUL XFRN IS GUOEON R RAVHERN IO HCR R AVE ORI AN RO AR SAVAG SR

RERPSLINCoERE SR REHIERESAVARRYEAEACHRGOHIR G N IFIXNIEXFIOOD LA NS

TRANSLATE THE ORIGIN TO THE MEAK OF THE CURRENT CLASS
FURGLROEIRGERFTEO MO IEORHEGTHIVEVIOIV NS CICRGLITBEVA PRI S GEFNIOG Y

DD 35 JCLS»1,NCLS
TF{JCLSEQ.KNTR) GO TO 35
DO 3B KOEMal,NDIH
S=lJCLS- l ROT K
n[ENTR =1 tNDlP
MDS+EDI M) HA(HDS+ KDIMI~MAINDS XD M)

[z N BN s BN s slalalaleininiglyle glalainlnl

Hb
ND
HA
NU
NU

MM =i

ONTH
ONTI
DO 36 KDIHR=L,NDIM

HA{NDS+KDIMYI=0

woe
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FOEABOEARATGEVETAEN A FOKENSENOOROAIELDSERRFOILV A OLAN GOV EIDO R e G
FIND THE REQUIRED TRANSFORMATION MATRIX

GOUEFEUR I OIS E LA NP CESCIONRSCEESO0URTAILSALRSLBERUVITHOLOLD
FORMAT{LXy4(1PE1Ll.4,12))

NDS-(KNTR-Z:#ISIZE
CALL EIGEN {A{NOST Ao NDIH MV}

CVMOOOOICIOINIW, Do
-

(4]

LuQ
DO 40 KO[H=l.NDIM

a

L=L #KDIH
c EVIKDIM)BA(KRBS+L-1}
40 CONTINUE
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RESET THE CURRENT CLASS COVARJANCE HATRIX i
FAVEEAAERRRP R BN E NN ER R AT R SRR NN ERRE R E R AR S T RH R EAEHER I
03 901 KDIM=l.I512€
A{NDS#KDIM~1)=AA (NDS +KDIM-1]
o1 CONTINUE

EERR SRR A AN C LRI RN RN R R AR R A R SRR KRR E ARG RSEE R RE L ERER IR RS RE RN RO S ®
PERFORM THE TRANSFORMATION ON COVARIANCE MATRICES
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01  CONTINUE !
i
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PERFORM THE TRANSFORMATION ON MEAN VECTORS )
ARG R RN RN RS ER SRR LN IRE R R RN RSSO E R ENSRCHRTNNRS SOBE TR SRS &N

CALL GT!RA (RyQ¢NDIHy NDIN)

[zlglsixialgialal iy
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[
]
]
i
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i
i
¢ DU 702 JCLS=1,NCLS i
MOSatICLS=1)*ND i

CALL GMPRD (Q, HL 081, M{MDS) NRL,NCLyNC2) i
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g
EDZ CONTINUE
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PREPEARE THE PRENTED OUTPUT !
CHRERIARANELFE AP SRS RRNARORIN NS ORDPERRETRESHERNLORE FEPRINECERIEEETRE S
c

]

K$228KNTR :
MRHELS 3! ,

c WRITE(G)537) (HEADIKS+I), I=142) :
WRITE |6 T4) ) )

c nalTEIS1358) :
WRITE (6,721 :

¢ MRITELS 30 ns :
WRITE(6,72) .

c WRHEIS 2300 165 :
WRITE(6,74) .
MRITE(6)541) :
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WRLITE(6472)

WRITE(64s542)

WRITE{&6) 2]
¢ H?ITEI&.FHIII EV

HRITEI&.T&]

Wi TEIb.S##I

WRITE(6y12)
c WRITE(64FMTL) R

HRITE,b.Tﬁ)
c WRITE{b6,346)

HRITE}&.TZ’
¢ WRITE(G+FNTL} M
c WRITE (6, T4}
Ettlt‘tlttttttt.itt*litttt#t#tettt#ti#tttttt#ilttttttt.tt!tt‘tt..ttttt.
E START ESTIMATION OF THE PROBABILITY OF MISCLASSIFICATION
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PCIKNTR) =100.#PC(KNIR}
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BHENG B ey
‘ t

WRITE(LG,
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lFEIJRMATH y?—=~ PROBABILITY OF CORRECY CLASSIFICATION= *,F7.3," -
WRITE(L6,72)
WRITElGs 54T} PCIKNIR)
88  CONTINUE
SORORNRE RS S RIRERRREN AR ERRRE SR T A BRSO UREEC I AEF SEP O ICIECEGI GO0 N OTES
FIND THE TOTAL PROBABILITY OF CORRECT CLASSIFICATION
SEREERISINTNNCITR RO S OARCREPIRAPEERRRIRU R R I PRI R IR R REFEBIOCHCEORNARSRNRT S
00 568 I=1.NCLS
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99 CONTINUE

RETURN
END
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FILE. » » SPEST FORTRAN Bl

C
Cﬁo.t‘ﬁ‘#ttv&‘o.O“‘t#vl‘##tﬁﬂt‘ttt#'att‘?‘##ii‘ﬂtt#tt‘#t#tt*tlu&t###ﬁﬂl

c
E SELECT THE REQUIRED SUBSET OF THE CHANNELS
CosQoessEEaRaCOasHRCRRsRESANRRRRARERUSERORIARE SRR ARAN IR0 OR A RUT T ERGF 2

falat-T. Lol

z DO 803 JELS=1,M
c K=l
00 802 KD[Mwl,SDIN
¢ 00 801 J=1sN
TFIKDIH.EQ.NCE ) ) KeKel
¢ TEIRBIACEQNCEIIN) ERNKY seLsrmexantncctan, seLs)
801 ~ CONTINUE
B2 CONT{NUE
go3  CONTINY
Eﬂ“*".tﬁ‘tﬂ!GOO‘#‘O“‘#D"#G‘ﬂ“‘.t‘#tﬂ#9##"ﬂ**Q*ﬁﬁ*##t*#*‘*##ﬂ***t#i
¢ OBTAIN THE ADDRESS OF THE SELECTED ENTRIES INTO COVARIANCE HATRIX
CUG‘&#.‘0300#¢°0$$‘#¢$$¢3$@“ﬁtﬁ#‘ﬁ#t‘#!.’ﬁﬂﬂs##‘#ﬂﬂﬂ*Qﬁﬁﬁ¢‘¢3$.$$ﬁ**‘tf
c
¢ CALL ADRES (NADRyNC¢SDIMgNDIHI
K=0
¢ DO 603 JCLS=L,K
. K=0
DD 602 1 =1,NSIZE
" DD 60T J§ =L.NSIZE
. IF{1.EQ.NADRIJ)) GO YO 602
§01  CONTINUE
K=K ¢}
COVIK,JCLSI=EXCOVIL+JCLS)
02  CONT|NUE
03 CONTINUE
I¥ = 947913
c NCT = Ne{N#L)/2
C COVPUTE EIGENVALUES AND EIGENYECTORS FOR EACH MATRIX
M = 0
EPS = 1,08-6
B0 100 TJ=1,M
55 ?gv??l]'i'?g5|: L4}
EALLOEIGEHlCOVT:PHIIlol;lJl-NbMVb
00 60 [ =1,N
L =1 ¢ 1
g0 GaRtlfgl = COVITL)
€ COMPUTE DETERKINANT AND INVERSE OF EAGCH MATRIX
es BTl Sl iian
-
gaLt SMIRV (COVT (N} DET (LIJ) oMV ;EPS, TER)
FOIER) 1000, 7041000
10 CONTINUE
SOETII{] = SQRT(OETLLIN)
o0 715 (u}.wc
75 COVING J} w Ccovyil)
100  CORTINOE
Ry = 0
00 105 131,
105 GPii} = 0.8

FILEs & SPEST FORTRAN 81
C
E LOOP ON CLASS ICL

PL = 0.0
D0 500 ICL=14M
AYEQ = 0.0

¢
€ LODP ON THE NUMBER DF SAMPLES
NS * 1000
. DD 300 {d=14NS
€ GENERATE ¥ VECTOR FROM CLASS ICL
D0 110 I=L,N
CaLL ?#NDU‘IK.IV.XP)
=
CALL NDTRIIXP,Y{I),XD,1ER)
110 CoriftNUE
€ COWPUTE CONOITLONAL PROBABILITIES FOR EACH CLASS
DO 200 JCLel M
1F{JCL :Ed. ICL) GO TO 180
DG 130 I=1sN
TEL(I) = 0.0
DELII] = AM{IoECL) =~ AM{I,JCL)
0 BT 2 RN (1) ¢ SORTUGAMEILICLY 1EY LI ePHI T4 a0 SCLY
» [ ] L]
130 CONTINUE '
JJ = 0
DO 140 (=1,N
DO 150 Jal,i
33 = g1 e
EDvULT I = COVINGIY. JCL)
COVUIJIT) = COVINGIds JEC
140 CORTINUE
ii = 0.0
i3 = 0.0
I35 = 0.6
00 150 [=1,N
00 150 JaI,N
1 = 71 - 6.54751é|rtc0vu11 JIETELLS)
Iz = 12 - TEL(11+ uvu:I.J)tﬁﬁLlJn
I3 = 73 = Q.5#DELTLI2COVU(1, J)#DELLS}
150  CONTINUE
ISUM m I1 ¢ 12 + 13
[F125UM oLT, =100} GD ¥O 190
ggfﬁctwp(J§E4ilﬁgxpizl 134130 30ET LEL)
- s * +
1FEIPXIJCL) ~EQs Go0) WRITE(L67319) 1CLsJCLeZSUM,y SDETJCL ) ,PXEJEL
170 CONTIMUE '
G0 10 200
180 COMNTINLE
0 = 0.0
DO 1895 I=1l.N
20 % 20~ 0.5%Y(1IeY¥(L}
185 CONTIHUE
IF1Z0 +LF. ~1001 GO TO 190
BETA = PLJCL}*l.0
PX(Jci1 = BETA¥OEXP(Z0)/SDET 1ICL)
IE(BXTICLI<EQ. 0,01 WRITE(160519) ICLIJCLIZOVSDETLICL)sPXIICL)
190 PX{JCL} = 0.0
200 CONTINUE
319  FORMATISX,215,3E12.4)
[
€ CHOOSE THE LARGEST
BIG = ~1000
DO 220 {21,
IF(PX1L] oGTe BIG) LOC = ]
JE(eXUI1 110 BIC) BIG = Pxi1)
220 CONTINUG
GEN = 0,0
00 230 [=1,H
DEN= DEN + PX{I}
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FilBe o & CORELAY FORTRAN 81
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SUBRDUTINE ACF (F,G.R,NSIZEX,NSTZEY LAGK,LAGY)
PESEOCEDIBINEGU ISR E DU AN IBUB DR RR AR SAB DR GBI KRR 5% AP E8 GRS SUB G FOAGY
LOCAL YARIABLES DEFIMITION
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SUBROUTINE LSF

PUAPUSE
TO FIT A LINEAR FUNCTION THROUGH A DATA SET+USING LEAST SQUARES

DESCRIFTION OF PARAMETERS '

H__-MATRIX OF VAL 3 F
HOY~REIGHEING HﬂTgfg OF LINEAR UNCTLONS
B -HTRASPOSEOHGT
8 -p=z=hy
S ~RINYEASESP
P e
FHI~ESTIMAYE UF £
ERR~HE ICHTED FoFHAT
LAG-NU UF DAT4 VALUES
WR L-WURK VEC 10R
WRZ-WOAK VYELTUR
REHARKS
THE EQUATION CF YHE LINEAR FIT IS OF THE FORN,C1C20X
THE FOLLUMING MATRICES ARE DIMENSTONEHCo LORHCEHCS
HePe §

THE FOLLOWING HATRILES ARE BIMENSIONED LAC IN THE MAIN PRUG
HOToMRE oWR2 ERROR » ERR ¢ FMa FHAT
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CORELAT FORTRAN HIi

THE FOLLOWING MATRICES HAVE CONSTANT DIMENSIONS
Ri4) yRRSEL11,C12)

SUBROUTINE AND FUNCTION SUBPROGRAMS REGUIRED
TPRO, GHPRID s MINV

ECHMIQUE 1S TMPLEMINT £D.EORMULA USE
CRETE PARAMETER ESTIMATION *,BY

hMLAAAL LR AR L AL A S A R R L AL R R A R R R N e e Y Y Y Y XL ]

SUBROUTINE LSF IH W3T oP4S4Fy FHAT)CoBERR,ERROR yWR1 ¢ WR2 4 LAG RMSE ¢ RN
LA L S LRI B R L B L L T e T T T Y Y L LTI o)

LOCAL VARIABLES DEFINITION
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40 CONTINUE
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CALL GHMPAD (PyH R NyM,.L} caf

C cOt
Na2 col

c CALL MINV LRyN(DET,HR1,HR2} cot
c €Ol
N=2 cof

MaZ coi
LaNPNTS cai

CALL GHPRD IRyPeSsNsH, L} col

c £0Of
N2 éoi
HxHPHTS cus

L= co

c CALL GMPRD {5,F,CoNsH, L) coi
C#‘.Ol‘#‘.tt#.‘##t’l“.ttt#*ttt.tl‘**t‘t‘t‘t*t*“l‘t.t.“tt*tt‘tt“"""cﬂl
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col

N=NPNTS cul

b &

CALL GHPRD (H,CyFHAT ; Ny Hy L) cni

¢ o
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DY 100 U= ; NPNTS COot
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&oo CONTINUE ¢ol
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M5A=0 cul

MEd=2 €01
L=NPNTS enl

c CALL TPRD (ERROR(WGT;ERR)NyMyNSA,MSB,L) col
N=l €0l
M=xNPNTYS ct

L=l cnil

c CALL GMPRD tERR.ERRm.RHSE.N.H L cur
¢ cot
cat

RETURN ai
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