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I. ACTIVITIES OF THE PAST QUARTER
A. Data Collection

1. Radar Data Collection and Evaluation

The radar mission, Mission Number 424, was successfully flown on
June 30, 1980. This was the first radar data to be obtained in support of
the current project. The sensor used was the APQ-102 side-looking radar,
and the aircraft platform was the WB-57F flown at an average altitude of
approximately 60,200 feet MSL. Small scale color IR photography was also
obtained of the study site as part of this mission.

The APQ-102 side-looking radar is a fully focused synthetic aperature
radar imaging system. A horizontally polarized pulse of energy of 9600
MHz + 5 MHz (this wavelength band is commonly known as X-Band) was trans-
mitted by the radar system, and the returning energy was recorded on
separate holograms as horizontally (HH) and vertically (HV) polarized
responses. These holograms were then processed through an optical correlator
and the resulting images recorded on positive film, which was the format in
which the data were provided by NASA to LARS.

The positive-map film was received at LARS on August 8, 1980. Black
and white negatives and positive prints were then made of the radar film
for handling and pre-~analysis purposes.

Visual comparison of the HH images and HV images indicates that there
is a distinct dark band in the imagery which covers about 30 percent of the
radar strip (see Figure 1). This band is very distinct on the HH images and
is also quite noticeable on the HV images. Because the dark band falls on
the test site for the Flight Line 2 data, the value of a detailed quantitative
analysis of Flight Line 2 appears questionable (see Figure 2). However, the
Flight Line 1 data looks reasonably good and the dark streak does not fall
on the test site area, so this should provide a good data set for the
quantitative analysis. Preliminary evaluation of the data indicates that
various features on the HH and HV images seem to give different response
levels, which provides promise for using this type of data to differentiate
among various cover types and/or condition classes. This aspect of the
data will be carefully studied.

The amount of sidelap due to the look-angle between Flight Lines 1 and
2 is negligible. This was surprising, since the flightline centers were
defined to be only 5 n.mi. apart, but the swath width of the APQ-102 is
10 n.mi. Examination of the imagery indicated that the start (south end)
of Flight Line 1 was exactly where it should have been, but apparently
there was some drift as the aircraft flew up the flightline, resulting in
a smaller portion of the test site being imaged at the northern end of the
flightline (Figure 1). Flight Line 2 was flown 1-2 n.mi. to the east of
the desired location, resulting in the lack of overlapping data. The slight
amount of sidelap that does exist falls on the very edge of the data where
the image quality is too poor to be of use. Since there is no useful side-
lap in the data, analysis of forest cover as a function of look—angle (using
the overlapping area of the two flight lines) cannot be pursued with this
data set.
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Figure 1. Radar images of flight line 1 for the HH and HV polarizations.
The corresponding area of the MSS data is outlined in white.
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Figure 2. Radar images of flight line 2 for the HH and HV )olarizations.
§
The corresponding area of the MSS data is outlined in white.
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Figure 3. Radar images of flight line 3 for the HH #nd HV polarizations.



An estimation of the scale in the "along-track' and "across-track"
directions indicates that there could be a significant difference between
them. The scales were determined by measuring the distance between two
points on the radar images and the same two points on USGS maps; two
different measurements were taken for each direction and the averages com-
puted. The approximate scale for the along-track direction is 1:361,000 and
the across-track direction is 1:413,000. Normally on fully focused SAR
systems the along-track and across-track scales are the same (Tomiyasu, 1978).
This is because the length of the flight line over which the signals are
combined is equivalent to the along-track length of the illuminated area
at far range for any given pulse (Greer, 1975) . Because of this relation-
ship many variables can influence both the along-track and across-track
scales, and thus create significant differences between the scales even
though the system is a fully focused SAR system. The SAR system is a
phase~-coherent system and the differences or phase errors can be attributed
to system imperfections such as radar-platform velocity deviations, targets
in motion, electromagnetic path length fluctuations, and electronic equipment
instabilities (Tomiyasu, 1978) . Since spatial characteristics, such as
resolution and swath width, of the radar system are based on the same
properties used to determine the scale, the system parameters must be
evaluated to make an accurate determination of the spatial characteristics
of this data set.

2. Multispectral Scanner Data Collection

NASA Flight Mission #425 to obtain three flightlines of NS-001 MSS
data and supporting aerial photography was successfully flown on July 2, 1980.
A summary of the support data is shown in Table 1 along with characteristics
of the camera equipment used.

The Flight Line 3 data quality was very good and virtually cloud-free.
Flight Lines 1 and 2 both contained some cloud cover especially in the
northern sections and near the city of Camden, South Carolina and over the
adjacent Wateree Reservoir. Flight Line 1 over Camden and north of the
city contained between 30% and 407 cloud cover while south of Camden the
cover was only between 0% and 10%. The quality of Flight Line 2 was
generally better than on Flight Line 1 and contained only between 107 and
20% cloud cover north of and over Wateree Reservoir.

Mission #425 was continued on July 3 in an attempt to collect scanner
data over Flight Lines 1 and 2 under more favorable weather conditions.
The weather was generally very hazy, however, and in some areas over 50%
of the imagery was covered by either haze or cloud cover. This situation
occurred both north of Camden on Flight Line 1 and north of the Wateree
Reservoir on Flight Line 2.

3. Field Trip to the Study Site

A field trip to the study area was conducted by Ellen Dean from July 1
to July 3 for the purposes of obtaining ground information concurrent with
NASA Flight Missions #424 and #425, and to become better acquainted with
the study site and the characteristics and variability of cover types.



Table 1.

Flight #18
July 2, 1980
18:22:40 (time of flight)

Flightline Run Time
1 6" 30"
2 6' 20"
3 3' 40"

Flight #19
July 3, 1980
14:52:35 (time of flight)

Flightline Run Time
1 6" 30"
2 6" 30"

Film Camera Filter
Type Type #1
S0397(C) Zeiss 1A
S0193(CIR) Zeiss 12

NS-001 Scanner and Aerial Photography Information:

Ground Speed (mph)

NASA Flight Mission #425

Blackbody Temp (OC)

299

300

297

Ground Speed (mph)

14.
36.

14.
36.

14.
36.

(1o)
(hi)

(10)
(hi)

(1o)
(hi)

~NYw WO oo

Blackbody Temp

©)

Altitude(kft)
MSL MGD Line Miles
21.4 20.9 35
21.7 21.2 35
21.4 20.9 22
Altitude(kft)
MSL MGD Line Miles
21.5 21.0 35
21.6 21.1 35
Filter Shutter Filter
#2 Speed Factor ASA
36% T 1/250 2 160
36% T 1/250 2 100

285

270

Focal
Length
6"
6"

Forward
Lap
607%

- 60%

15.
32.

15.
32.

7 (lo)
7 (hi)

4 (lo)
7 (hi)

Roll

Number

22
23



The first two days were spent in the field gathering reference infor-
mation and color photographs of the various agricultural and forest cover
types and conditions. These sites were located on aerial photographs from
the previous NASA mission, Mission #399, noting the occurrence of any
specific changes in the cover type. On July 3 a rental plane was flown over
Flight Lines 1 and 2 at an altitude of approximately 900 feet above mean
sea level and numerous aerial photographs were taken to be used in conjunc-
tion with other ancillary data to compare with data obtained from Missions
#424 and #425. Subsequently these photographs were identified and labelled
is to their corresponding positions on the CIR photos from Flight Mission
#425.

To provide background information to use in the interpretation of the
radar imagery, data on weather conditions was obtained for a period of one
and two weeks prior to the flight missions (Table 2). This data was
recorded at the Camden Weather Station, which is located in the center of
Flight Line 1.

B. DATA ANALYSIS

1. Selection of Test Fields

A COMTAL Vision One/20 display device was used to aid in selection and
photo interpretation of the test fields for the wvarious spatial resolutions
being investigated. Blocks of the geometrically and "'radiometrically"
adjusted imagery (see Quarterly Progress Report September 1, 1979 -
November 30, 1979 for discussion) were used.

The first step involved designing a test sample grid such that the
cover classes occurring at the various coordinates of the coarser resolu—
tions could be identified using data of only one resolution displayed on the
COMTAL. By designing the grid such that the set of pixels examined for the
test pixel identification corresponded exactly with the set of pixels
averaged in the resolution degradation program, the identifications made
using the finest resolution data could be precisely mapped into the coarser
resolutions. The spacing for the grid is thus determined by the smallest
number for which all resolutions provide a common denominator. Since, for
the across-track dimension, the resolutions are the average of 1, 2, 3, and
4 pixels then the spacing for the grid in the across-track dimension which
will allow us to map exactly between resolutions is 12. Similarly for the
along~track grid spacings; the pixels averaged together for each resolution
are 1, 2, 3, and 5. Hence, the grid spacing must be a multiple of 30. The
grid was generated by GRID'FIN (see Appendix B) for overlaying on the
COMTAL image.

The COMTAL allows three different wavelength bands to be placed into
separate image planes. These three planes can subsequently be assigned
varying densities of red, green and blue colors, and overlaid to obtain a
"truecolor" color composite image. This truecolor image was used, along
with the ability of the COMTAL to magnify the image 1X, 2X or 4X, to
accurately locate and identify the test fields. An example of this is shown
in Figure 4 which displays one block of Flight Line 1 below Camden, South
Carolina in magnification of 1X on which the Test Data Grid is overlaid.
Figure 5 represents the central portionof the same scene at a 4X magnifica-
tion.



Table 2. Weather Information from Camden, South Carolina

Date Precipitation (inches) Temperature (OF) Relative Humidity
(high) (low) (Kershaw Co.)

6/16 0.15

6/17 0.15

6/18 0.55

6/19 none

6/20 none

6/21 none

6/22 none

6/23 trace 92 57 50%
6/24 0.7 90 68 -

6/25 1.37 90 68 -

6/26 trace 78 66 87%

6/27 none 82 62 58%
6/28 none 97 66 -

6/29 none 99 70 -

6/30 none 96 72 407

7/1 none 98 64 417

7/2 none 92 71
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Figure 4: A COMTAL Vision/One image of Flight-line 1-S south of
Camden, S.C. The image is overlaid with the grid used to lo-
cate and evaluate the test fields.

igure 5: A magnification of a portion of the same image as shown
in Figure 4. Magnification to this scale was used for most of
the interpretation and identification of test fields.
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Identification of the cover type in the test fields at all resolutions
on the COMTAL was done in comparison with photo interpretation of the CIR
photos. Identification into various cover types followed the format as
outlined in the Quarterly Progress Report of June 1, 1979 - August 31, 1979,
except for an additional class of tupelo which was found to be both visually
and spectrally separable. All test fields at the various resolutions were
evaluated separately and any border test fields, i.e., pixels containing
more than one cover type at a particular resolution, were excluded from the
final data set. The COMTAL coordinates and the test point identifications
were recorded for subsequent translation into MIST coordinates for each
resolution. This work has been completed for Flight Line 1-S. Blocks in
Flight Lines 1-N and 2-N are currently being analyzed.

2. Waveband Combination Evaluation

Much of the work conducted in waveband combination evaluation for this
project is discussed in a paper prepared for presentation at the Fall Tech-
nical Convention of the American Society of Photogrammetry. A copy of this
paper is included as Appendix A. Review of that article prior to reading
the following text is suggested, as duplication is avoided wherever possible.
However, there were several considerations and activities of the work that
were not reported in the appended paper. The following discussions will
focus primarily on these details of the analysis.

The a priori estimation of the probability of correct classification
employing a measure of statistical difference between spectral classes relies
heavily on: 1) the degree to which the group of class densities represent
the distributions of spectral response vectors associated with each cover
class (Swain, 1978) and 2) the degree to which the set of class densities is
exhaustive of the range provided by the response vectors from the area to be
classified (Wiersma and Landgrebe, 1979). If the class densities satisfy the
above conditions, then statistical separability of the class densities
should provide a fairly reliable estimate of percent correct classification.

The actual computation of transformed divergence, as well as the vast
majority of other '"separability'" measures, involves only two class densities
for each individual computation or value. Transformed divergence is thus a
measure deemed appropriate for a two class case of equal a priori probability.
A problem arises when such a measure is to be employed to provide an estimate
of overall percent correct classification involving a multiple of spectral
classes of unequal a priori probabilities. This problem is further compounded
by the fact that subsets of these classes represent different cover classes.l/
The averaged transformed divergence is given by:

k=1 "~k (1)

for n number of spectral class pairs.

1/

=" The need to provide estimates for only relative percent correct classifi-
cations for purposes of ranking possible waveband combinations does not
alleviate the problem.
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However, the relative frequency of each spectral class pair is assumed
constant in such an approach. This is rarely the case.

An unweighted, arithmetic average of all TD-values will result in the
separability of two infrequently occurring classes having equal impact on
the percent correct classification estimate, as the separability of two
common classes. Consider the following:

Given a probability space S, sijeS, i=1, ..., k-1, j=1+1, ..., k
for each j, where k = the total number of spectral classes. 1If each

sij is considered the simultaneous occurrence of each spectral class of
the pair (si and sj), the occurrence of each being independent of the

)

other, then the probability of the occurrence of the "spectral class

pair" can be determined by:

w(sij) = P(si) P(sj); (sin Sj) =0 (2)

W(Si') is a weight, distinct from the probability associated with an occurrence.
To e%se the complexity of indexing, it is assumed here that each cover

class is represented by only one spectral class. The computations are

easily extended into the case where the number of spectral classes in each
cover class is greater than one. Then an unbiased estimator of averaged
transformed divergence, corresponding more closely to probability of correct
classification is given by:

k-1 k
D, e = by T W(s..) D, . (3
i=1 j=i+1 J

These probabilities should be treated with caution, as they are directed
merely at extending the application of statistical distance as an estimator
of probability of correct classification from the two class case to the
multi-class case. The above presentation also assumes the availability of
estimates of the P(s.) and P(s,). These are empirically derived using the
relative frequency of each speatral class in each cover class and the
relative frequency of each cover class. Computationally:

P(si) = P(si/Ca) P(Ca) a=1, ..., m 4)

where: P(C ) is given by the total number of pixels in the training
dat¥ in cover class o divided by the total number of pixels
from all cover classes in the training data.

P(si/C ) is given by the total number of pixels in the training
data spectral class s,, which is a subset of C , divided by the
. 1l . 2/ o

total number of pixelsS in cover class Ca'_

ngs may well be apparent, the algebraic identify of these probability esti-
mates provides a computational shortcut to the probabilities of interest.
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While these frequencies are easily obtained, their use in providing
unbiased estimations of the above probabilities is dependent on each obser-
vation being randomly selected. That is, the selection of each additional
pixel in developing the training data is completely at random. While this
is rarely the case, the extent to which this assumption is violated will
erode the "goodness'" of each P(s,.) and hence the resulting TD . This has
been used by some researchers as ~the rationale for not weightlgg each ob-
served TD,, and employing the unweighted arithmetic mean in the multiclass
case. *J While this may well be warranted in many cases, it must be
reconciled that weights are always employed. Where they are not computed
and employed in the summation, they are merely assumed equal. Obviously,

n

1
Y TD, = = TD (5)
n k=1 k k=1 n k

=
[Sel=]

The problem then becomes one of assuming some set of population
parameters (X ,X,.,X,, .-+, X, ) where k is the number of spectral classes

. . 2273 . .
contained in %he population and the x, are the total number of pixels
belonging to each ith spectral class. The actual probabilities are then,

k

. -1
P(x.) = x; [jzl xj] (6)

Then, for the weighted as opposed to the unweighted case:

k -
E = I ‘|p(xi) - P(xi)l (7)
j=1
and
ko
E2 = .Z IE - P(Xi)l (8)
j=1

where E, is the error for the weighted case and E2 is the error for the
unweigh%ed case,

: ?
is El Z-EZ ?

This is the consideration which, in spite of not being testable, must
be resolved before proceeding with any multiclass case employing averaged
statistical distances.
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While an in-depth evaluation of this problem is beyond the scope of
this study, the evaluation of waveband combinations employing the weighted
average was considered imperative for complete treatment of this part of the
study. Table 3 provides a rank ordering of channel combinations for each
waveband combination level for the weighted mean TD-values.

The work in waveband combination evaluation prompted the development of
several programs which were written to be compatible with LARSYS. These
are listed in Appendix B with brief descriptions.

Among these was a program which computed average transform divergence
over all spectral class pairs for each cover class pair and over all spectral
class pairs for each cover class. The tables of these results are shown in
Appendix C, and provide insight as to the dependency of waveband combination
rank on cover class composition of the area to be classified. Such output
will also assist individual users of diverse interest to select those wave-
band combinations most suited to their particular application. By selecting
that waveband combination of maximum TD in cover classes with which they
are concerned, the classifier can be "f§¥E~tuned" according to the users
needs. The disagreement between max(TDa e) by cover class, cover class pair,
and overall cover classes is very common.

Separability by cover class pairs will also provide information on
which cover classes may require additional spectral classes in order to
reduce their variance. It will also give an estimate of the results to be
expected in the omission-commission error matrix.

3. Spatial Resolution Evaluation

The development of test statistics have been completed for the southern
half of the easternmost flight line (Flight Line 1-S) for all resolutioms
(i.e., 15x15, 30x30, 45x45 and 60x75 meter data sets). Prior to generating
all of the statdecks for each resolution, an evaluation of the spectral
classes for the 30 meter data was conducted by classifying the training
fields.

As indicated in the paper included as Appendix A, statistics for each
class density were provided by a supervised cluster approach. The line~-
column coordinates of supervised samples of each cover class were identified
from the COMTAL Vision One/20. These coordinates were translated into MIST
coordinates and a LARS-12 card deck was generated by CAGEN2 FORTRAN (see
Appendix B). These were then sorted by cover class and separate cluster
analyses were run for each cover class. The individual statistics decks
were merged, providing 32 spectral classes for 12 cover classes. Table 4
contains the resulting class parameters by spectral class, by cover class.

Separability indicated that these class densities were on the average,
very separable and that acceptable classification accuracies could be expected.
However, in order for class densities to provide high classification accuracies
the classes must be:

1) representative of the distribution of observations of the same
class,
2) separable or distinguishable among all other classes,

3) exhaustive of the sample space from which observations are drawn.
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Table 3. Rank Ordering of Best Seven Channel Combinations for each
Channel Combination level (ordering criterion is Average Trans-
formed Divergence over all spectral class pairs).

2 3 4 5 6

3,4 3,4,5 1,3,4,5 1,2,3,5,6 1,2,3,4,5,6
3,5 3,4,6 3,4,5,6 1,2,3,4,6 1,2,3,5,6,7
2,4 3,5,6 1,3,4,6 1,2,3,4,5 1,2,3,4,6,7
4,6 2,4,5 2,3,4,6 1,3,4,5,6 1,2,3,4,5,7
3,6 1,3,4 2,3,4,5 2,3,4,5,6 1,2,4,5,6,7
2,5 2,4,6 2,3,5,6 1,2,4,5,7 2,3,4,5,6,7
5,6 2,5,6 2,4,5,6 1,2,4,5,6 1,3,4,5,6,7

NN R LD W ooy e

Note: Channel 1 = 0.45 - 0.52 um
Channel 2 = 0.52 - 0.60 um
Channel 3 = 0.63 - 0.69 um
Channel 4 = 0.76 - 0.90 ym
Channel 5 = 1.00 - 1.30 um
Channel 6 = 1.55 - 1.75 um
Channel 7 = 10.4 - 12.5 ym
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Table 4 . Summary of Statdeck Containing 32 Spectral Classes.*

2 3 4

H
w
o
|~

!
l
[

SeTLl 154427 177414 129477 131414 18841 169.22 14¢3.31
Pa3,34 635,95 TLb,00 320456 308,40 513.50 757.61
SOTL? 125,462 125,67 178.83 135,52 144,49 144,33 139,44
3d.75 194442 2407 F234472 195403 155,41 11572.57
SOTLA 111.15  95.43 52,97 99.29 109441 1u6.21 135.06
10’3.'&6 [’Q’;- & KRR I *blo{;% 331033 ?9("-075 73401‘.';
PASTL 93434 Thebo  A2.0% 118061 122.54 sl.51 137,99
24,488 4155 12 €3 253457 137443 FUe65 432451
PAST? 27,89 A5 e s b% .09 155437 135429 b e hY Q5419
2/’?:10 ng:’i "‘9‘-21 140.1’:) 930'5(' OC‘Q"Z) 74.7:"‘
PASTR 35436 Al.38  42.37 119442 106493 57408 30.27
)0.0") /3.’.'30 A1) g r?i}ﬂo"":“ 14{).)[3 :)707/ ]22."’4
DAST!# 90011 ,/.o"‘rp 2”'77 344349 310\\9 Cr el 45.@4
.05 22802 21let? 133437 112453 17173 127 .49
cCrnPl 117493 111.12 100447 17242% 15150 11995 103.62
7454 10,85 OB .TA L 203,03 1al.83  229.37  221.0%
CROAP? 192,77 7w el 7 e 210417 1ACet7 Coe 16 AR, 3y
5490 12«76 ZZel 1 T6H.WT 39etin “lele 40486
CD"P'? 99.’3? ""; e Zchl j]":lo"17 1170?1 71 e 137.%\\:
3777 37 e ToeTh ll:"o':’r‘ 11{'3013 CSUZe % cH3 431
CD"F’A Q{'.,";'ﬁ 7({'.’54 LR I 1;",.2"9 1270:2 Dhe T8 K"-70\1"5;3
S.16 3 e6 3 40440 193439 14led0 Tied 19644672
PIANE] 1720 63,70 R 113440 11517 T1a%5
3.11 5He 35 13649 Aledh 5541 D50 e 93
PTHE? Fea1S STewp WHGAT 118,79 112027 S4.44
15'5(" %.75 ‘“-C’t”‘ 1)4»3"' 53-66 "'"'i"t?d
PIH™ jl'#}'-i 5‘:’.4@ SRR I1N9,79 llnof‘l 7‘,_3."‘?,‘
L‘;.F‘)"‘ 4,39 1."“ 64.'“’/" 4"700(3 ot ’“3
P PELY 96,31 A%.7v 4695 112463 109495 93455
Deith Teil el 119ev4 AD e g et
HO 11 ”,w,lﬂ e s ‘4(;-(‘3 :!‘9")01‘? 127254 OD3eD0
‘el 15«07 {4ec s EA LT 171322 Gl et
HD w2 21l.78 T g 9,01 101ec3 T4l
SuLan w7012 171.A3 01,36 911.00 nT9.35
SEHED Ilaa? 7451 G473 A ToeaT 1533473 f1en AL I A
7,13 Moe %l 3.‘,"'7 ")J'?o"')"’*‘ 15443 55,"5{; "5.‘;;“3
SEHDZ 25,410 “21a11 afesh  1%%,12 133.75 Hlent 2l ,0%
32401 2h.0% RIPRAR 44473 29475 17,00 22, R4
SEHN3 31.52 4404 Slevl  13]eA7 117227 Dre D RS i
13.22 EXR A Habkh 175.06 778 1069 34,3]
TURE] 34,53 hla26 +1e95 134,53 119.50 Hietd Al 06
4a51 12.07 1517 thh BT 253,77 £9.31 146,073
TUPE2 78,38 50.ls 35,946 44,15 45,85 33,99 112.04
3e 70 15441 P3eRD 1ABL0S 3866493 304410 505,13
S5yCal B7.53 H5ez 0 50640 123440 124413 el 115473
249 Genyy 13.40 368 437 ENG e 27 Ile.41 10584
sycaz? 34440 A0.05 39,70 130450 115420  S56.95 20,03
2el5 4495 TaB% 294,47 167.956 25«58 35,84



16

Table 4 . Summary of Statdeck Containing 32 Spectral Classes (cont'd.).

1 2 3 4 5 6 7
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192,80 BO2.An06 14647 747037 392,74 2064728 115430
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‘."A.T:'?l 11/0"]8 7¢¢“l "2.'—‘1 ‘{Q-!;'q .33."5") 54-‘.), 71.t‘g
43.%2 1?3-32 '3].0]" 1%.(‘4 17.75 14.32 1‘%3.3‘3

*Within each spectral class, the upper element is the mean and the lower is the
variance.

Channel Number Band

0.45 - 0.52 um
0.52 - 0.60 ym
0.63 - 0.69 um
0.76 — 0.90 ym
1.00 - 1.30 ym
1.55 - 1.75 um
10.4 - 12.50 m

NN W



Table 5. Classification Performance Evaluation from Classification of Training Data with 32 Class
Training Statistics.

No.

Pzz. Corfect Soil Past Crop Pine Pihd Hdwd Sghd Tupe Syca Ccut Mveg Tuwa Mveg Vewa Watr
Soil 1946 88.6 1724 0 22 1 2 0 0 0 0 178 9 1 6 2 1
Past 987 24.7 60 244 520 1 0 144 3 0 0 6 6 0 3 0 0
Crop 1445 98.1 6 5 1417 2 1 0 1 0 0 11 1 0 1 0 - 0
Pine 805 81.4 0 7 0 655 125 14 0 0 0 4 0 0 0 0
Pihd 314 89.8 0 0 0 26 282 2 1 0 0 2 0 1 0 0
Hdwd 3997 5.1 0 637 1 1 11 202 2301 691 104 41 7 0 0 1 0
Sghd 2242 94.0 0 61 2 1 52 2107 9 0 7 1 0 0 2 0
Tupe 350 .0 0 186 52 0 101 4 0 7 0 0 0 0
Syca 35 0.0 0 11 3 0 0 0 20 0 1 0 0 0 0
Cecut 4277 17.9 234 2460 40 156 4 508 33 3 28 765 32 0 2 11 1
Mveg 294 98.0 3 0 0 3 0 0 0 0 0 0 288 0 0 0
Tuwa 124 99.2 0 0 0 0 0 0 0 0 0 0 0 123 1 0
Mveg 66 100.0 0 0 0 0 0 0 0 0 0 0 0 66 0
Vewa 39 97.4 0 0 0 0 0 0 0 0 0 0 0 1 38 0
Watr 232 97.0 0 7 0 0 0 0 0 0 0 0 0 0 225

Overall Classification Accuracy (8136/17153) = 47.4%

8T
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Table 6 . Summary of Statdeck Containing 37 Spectral Classes.*

1 2 3 4 3 6 7
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Table 6. Summary of Statdeck Containing 37 Spectral Classes (cont'd.).
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*Within each spectral class, the upper element is the mean and the lower is the
variance.

Channel Number Band

1 0.45 - 0.52
2 0.52 - 0.60
3 0.63 - 0.69
4 0.76 - 0.90
5 1.00 - 1.30
6 1.55 - 1.75
7 10.4 - 12.50
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II. PROBLEMS ENCOUNTERED

No problems of significance were encountered during the past quarter.
Some difficulties were encountered in following the methodology initially
established for identification of the cover type in the defined test pixel,
thereby causing some delay in the analysis of the 1979 TMS data. However,
these problems have been resolved, and the modified methodology currently
being used is much faster and should produce test data sets having a higher
degree of reliability among the different analysts involved.

ITI. DPERSONNEL STATUS
The following personnel committed the respective percentages of time

to the project during the past quarter:
Ave. Monthly

Name Position Effort (%)
Bartolucci, Luis Professional Research Analyst 10
Dean, Ellen Research Associate 100
Frazee, Michael Research Assistant 50
Hoffer, Roger Principal Investigator 80
Knowlton, Douglas Research Associate 50
Latty, Rick Research Associate 100
Peterson, John Associate Director 5
Prather, Brenda Secretary 50
Stiles, Stephanie Secretary 3

IV. ANTICIPATED ACCOMPLISHMENTS

The following are the anticipated accomplishments of the forthcoming
quarter (September 1, 1980 - November 30, 1980):

1) Digitization of the SAR data for Flight Line #1, HH and HV
poelarizations.

2) Completion of the definition of the test data sets for Study Site
1-N and 2-N.

3) Continuation of the analysis of the four different spatial resolu-
tions of the 1979 data.

4) Continuation of the analysis of the spectral characteristics of
the 1979 TMS data.

5) Receipt of the 1980 TMS data and initiation of the reformatting
and rectification procedures.
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6) Prepare the 18-month report required by this contract.

7) Definition of the Statement-of-Work to be followed during F.Y. '81
and renegotiation of the contract for F.Y. '81.

No major technical problems are anticipated during the forthcoming
quarter. Due to (a) an announced plan to significantly decrease the level
of funding on this contract during F.Y. '81, and (b) the delays in obtaining,
and characteristics of the TMS and SAR data obtained in support of this
project, it is anticipated that the objectives initially proposed will need
to be modified. These modifications will be reflected in the Statement-of-
Work which will be developed during this next quarter.
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APPENDIX A

Paper entitled '""Waveband Evaluation of Proposed
Thematic Mapper in Forest Cover Classification,' by
R. S. Latty and R. M. Hoffer, to be presented at the
1980 Fall Technical Convention of the American
Society of Photogrammetry, to be held in Niagara Falls,
New York.
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WAVEBAND EVALUATION OF PROPOSED THEMATIC MAPPER
IN FOREST COVER CLASSIFICATION

Richard S. Latty and Roger M. Hoffer
Purdue University
West Lafayette, Indiana 47907

ABSTRACT

This study involved the evaluation of the characteristics of
multispectral scanner data relative to forest cover type
mapping, using NASA's NS-001 multispectral scanner to simu-
late the proposed Thematic Mapper (TM). The objectives were
to determine: (1) the optimum number of wavebands to
utilize in computer classifications of TM dataj (2) wnich
channel combinations provide the highest expected classifi-
cation accuracy; and (3) the relative merit of each cnannel
in the context of the cover classes examined. Transfarmed
divergence was used as a measure of statistical distaice
between spectral class densities associated with each of
twelve cover classes. The maximum overall mean pair-wise
transformed divergence was used as the basis for evaluating
all possible waveband combinations available for use in
computer-assisted forest cover classifications.

INTRODUCTION

Early work in leaf spectra analysis (Billings and Morris,
1951; Gates and Tantraporn, 1952; Gates, et al., 1965;
Gausman, et al., 1969; Knipling, 1970; Wooley, 1971;
Gausman, 1977) provided much of the initial understanding

of %4he variations in the amount of radiant energy returned
from vegetated surfaces. Colwell (1974) identified the
value of hemispheric leaf reflectance as only one of several
important parameters responsible for these varjations, and
cautioned against making inferences about scene reflectance
from leaf spectra information alone. Plant canopy modeling
efforts (Idso and De Wit, 1970; Nilson, 1971; Oliver and
Smith, 1972; Suits, 1972; Colweil, 1973) have identified
many of the parameters which account for variations in the
amount of radiant energy returned from the scene. The
selection of waveband combinations which will provide
accurate classification of the various earth surface
features requires an understanding of the reflective char-
acteristics of those features relative to the various wave-
bands available. Properties of the data consequential to
classification accuracy are not dependent solely on earth
surface, atmospheric, and illumination conditions. They are
also very dependent on the parameters of the sensor system
to be employed (Silva, 1978). Therefore, the need exists to
investigate these reflective properties employing data more
closely simulating the data which will ultimately be employed
for such classifications.

With parametric classifiers, the resulting classification
accuracy is dependent on (1) the degree to which the
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training classes (i.e., spectral classes) represent the
spectral variability of their respective cover classes, and
(2) the level of statistical “"separability" among the train-
ing classes (Swain, 1978). The first condition is difficult
if not impossible te assess without conducting the actual
classification - the expense of which precludes evaluating
many different waveband combinations. One can justifiably
assume that the first condition is satisfied if the points
providing the data for establishing the training classes are
randomly generated, and are "sufficient" in number for each
class relative to the number of wavebands employed. The
number of samples statistically sufficient for the develop-
ment of training classes increases exponentially with an
increase in the number of channels employed in classifica-
tion (Duda and Hart; 1973). Duda and Hart (1973) pointed
out that, "beyond a certain point, the inclusion of addi-
tional features leads to worse rather than better perform-
ance." They provide an excellent review of the problem.
This problem has also been examined by Allais (1966),

Dynkin (1961), Fukunaga and Kessell (1971), Kanal and
Chandrasekaran {1971) and others. The level of statistical
"separability" can be computed from the mean vectors and
covariance matrices associated with each of the training
classes employing one of several statistical distance
measures (Kailath, 1967; Swain, Robertson and Wacker, 1971;
Wacker and Landgrebe, 1972; King and Swain, 1973).

METHODS AND ANALYSIS

Data Acquisition

The data were obtained on May 2, 1979 from the NASA NC-130
aircraft flying at an altitude of 20,000 ft. (MGD) over an
area immediately south of Camden, South Carolina. The
multispectral scanner (MSS) data were obtained by the NASA
NS-001 multispectral scanner. (Table 1 shows the NS-001
scanner specifications as compared to the Thematic Mapper).
Color and color infrared photographs (1:40,000 scale trans-
parencies) were obtained at the same time. Cloud coverage
was minimal and atmospheric conditions were considered

excellent.

Data Handling and Preprocessing :

The across track change in scale of the imagery was ade-
quately reduced by employing a geometric model which
describes the ground resolution element dimensions as a
function of aircraft altitude, IFOV (instantaneous field-
of-view) of the scanner, and change-in scan angle correspond-
ing to the analog signal integration interval.

A study of the data quality revealed an apparent correlation
between scan angle and response level (different for each
channel). The relationships appeared to be sufficiently
high to obscure sources of variation otherwise correlated
with differences between cover classes. Therefore, an
empirically derived function was generated which described
the variation in response level by column (corresponding -
with scan angle). Data were employed from areas where no

’
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apparent stratification of cover class by column was
present.* The shape of these functions were evaluated
against both empirical (Anuta and Strahorn, 1973; Landgrebe,
Beihl, and Simmons, 1977) and theoretical work (Kondratyev,
1969; Jurica and Murray, 1973) prior to actual response
level adjustment. The final data product was considered
appropriate for the analysis.

Table 1. Comparison of the NASA NS-001 multispectral scanner
and the proposed Thematic Mapper (TMg

NS-001 Multispectral Scan.ner‘u Proposed Thematic HﬂPP"(I)

Bandwidth |Low Level Input Bandwidth jLow Level Input

Channel| (1w} tw-cn2.sr7Yy NEsp Channel]  [ym) meowlsaly |- xtep
1 Jo.es-o.52 | 8.7 x10" 0.58 1 |o.45-0.52 | 2.8 x 10°% 0.8
2 0.52-0.60 6.8 x 107 6.5% 2 0.52-0.60 2.4 2104 0.5
3 0.63-0.69 5.0 x 10°% 0.5% 3 0.63-0.69 1.3 x 107¢ 0.5%
4 J0.76-0.30 | ¢.4 x 1076 0.5¢ « Jo.76-0.90 | 1.6 x 107* 0.5
H 1.00-1.30 6.0 x 1076 1.08
¢ fr.ss-1.75 | 6.2 x 107 1.00 s J1.s5-1.75 | s.0x 1078 1o
1939 42.08-2.35 | 4.7 x 1073 2.00 6 |z.0u-2.35 | s.0x107% 2.4
2 10.4-12.5 HA NEaT=0.25°K ? 10.¢-12.5 300°k NEaT=0.5°K

i - :
:;:;lu:;1;:?tained from the “Operations Manual, NS-001 Multispectral Scanner,® NASA; JsC-12718,

u)nata was obtained from Salomonson, 1978,

3
¢ )Chlnnel 7 (2.08-2.35 um) was not aperational at the time of the mission; all subsequent
references to ®channel 7° refer to the 10.4-12.5 pm waveband.

Development of Spectral Classes

A COMTAL Vision One/20, displaying a composite of channels

3, 4, and 5, in conjunction with the aerial photography, was
employed to ascribe cover class labels and ground condition
descriptions to line-column coordinates in the imagery in a
supervised fashion. This approach was considered more
appropriate than the unsupervised clustering approach, since
cover classes could be defined more nearly independent of
their spectral characteristics in the wavebands to be evalu-
ated. The method used to develop training classes was of
particular concern since the affect of different within-class
variances for each channel by cover class on cluster class
composition is not currently well understood (Bartolucci,
1978; Anuta, 1979). Once the training fields had been
jdentified, they were grouped according to cover class. The
cover class groups of training fields were then individually
clustered to resolve the cover classes into a set of spectral
classes. This provided training class statistics correspond-
ing to a set of spectral classes associated with each cover
class. Clustering at this stage provided a means of

*The function was generated using data obtained outside of
the area from which the data for this analysis was obtained.
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establishing the spectral classes on the basis of spectral
variability within each cover class, but did not completely
avoid the problem mentioned above. Failure to provide train-
ing statistics representing the spectral variability within
each cover class was considered more deleterious to the
o?jective of the study than clustering to obtain those
classes.

Data Analysis

The mean vector and covariance matrix computed for each of
the spectral classes define the individual statistical
density associated with each respective spectral class. A
measure of statistical distance between all pair-wise com-
binations of the spectral classes provides information on
the "separability" of these spectral classes. This
"separability" represents an a priori estimate of the
probability of correct classification (Swain, Robertson, and
Wacker, 1971) for measurements provided by each channel or
channel combination. Only pairs of spectral classes belong-
ing to different cover classes are of interest, since low
separability between different spectral classes of the same
cover class does not affect classification accuracy. ’

Transformed divergence was used to compute the separability.
Divergence is defined as:

(x)
1
D = s[p,(x) - p,(x)1 2n dx (1)
1 2 p2(x$
where: pl(x) = statistical density of
spectral class 1 :

stat{stical density of
spectral class 2

1]

p,(x)

or computationally, for the Gausian multivariate case:

o= Ltr (s - 2007t - 511+ oer plgft ¢ ) (my - mp)

(my - my)7] - (2)

where: I is the covariance matrix and m
is the mean vector associated with
the respective spectral class, and

tr (trace) is the sum of the
diagonal elements.

Since divergence increases without bound as the statistical
distance between the two classes increases, a saturation
transform is employed, resulting in a measure (i.e., trans-
formed divergence) which corresponds more closely with per-
cent correct classification (see Figure 1). After a certain
Jevel of statistical difference has been attained, virtually
no confusion exists between the two class densities, and
percent correct classification "saturates" toward 100%¥. The
resulting transformed divergence is provided by:

TD = 2000 [1 - exp(-D/8)] ‘ (3)
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There are some disadvantages to the use of transformed
divergence as a measure of statistical difference between
class densities*, but because of relative computational
efficiency it is used in lieu of the alternative measures.

Figure 1. Probability of correct classification regressed
against transformed divergence. (Swain et al.,

1971)
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Transformed Divergence

Transformed divergence (TD) values were computed for each
pair of spectral classes representing different cover
classes, for each channel and channel combination. These
mean pair-wise TD-values were then sorted for each set of
combinations involving the same number of channels. The
seven channel combinations providing the highest mean pair-
wise TD-values were obtained. Additional programs were
written to generate summaries of the mean TD-values for each
pair of cover classes (i.e., over all spectral classes
representing the cover class pair) and each cover class

*¥Tt should be pointed out that transformed divergence is not
"metric" in multivariate normal distribution functions of
non-equivalent covariance matrices (Landgrebe and Wacker;
1972). That is, a pair of class densities having non-
equivalent covariance matricies yet having equal mean
vectors could have a transformed divergence value of zero.
Also, there is no estimate for a lower confidence limit for
the regression relation between transformed divergence and
percent correct classification (Swain, Robertson, and

Wacker; 1971). ,
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(i.e., over all cover class pairs involving the jth cover
class; j = 1,...,12) for these seven channel combinations.

RESULTS AND DISCUSSION

To define the optimum number of channels to use in a class-
ification, the relationship between cost of misclassification
and the probability of error must be determined. Otherwise
there is no meaningful way to compare classification cost to
classification accuracy. It can be observed from Figure 2
that the increase in transformed divergence (the correlate
to probability of correct classification) drops off sharply
after three channels, and very little is gained by using
more than four channels. This result is similar to those
obtained previously with the Michigan M-7, 12-channel
scanner (Coggeshall and Hoffer, 1973), and the skylab
13-channel S-192 scanner (Hoffer et al., 1975). The shape
of the relationship shown in Fig. 2 indicates that trans-
formed divergence increases logarithmically as the combina-
tion level increases linearly*. The spread of the points
representing the five highest ranked channel combinations
for each combination level represents the difference between

Figure 2. Averaged transformed divergence for the best five
waveband combinations for each combination level.
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*To simplify the following discussjons, "combination level™
will refer to the number of channels jnvolved in any partic-
ular set of channel combinations.




32

successively ranked averaged transformed divergence. As
seen in Fig. 2, the mean difference between successively
ranked mean separabilities decreases logarithmically as the
combination level increases linearly. This implies that the
rank of overall mean separability as a feature selection
criterion decreases in value as the number of features
comprising the selected feature subset increases.

The best combined sources of information for distinguishing
between various cover classes need not have as a subset the
best single source of information. This is indicated in
Table 2, which shows, for example, that the single channel
having the highest mean TD-value (i.e., channel 6) is not
included in the 2, 3, and 4 channel combination levels
having the highest mean TD-values. By comparing Table 2
with Table 3, it can be observed that the best channel or
channel combination for each combination level, on the basis
of mean overall separability, is not necessarily superior on
a per cover class basis.

Table 2. Channel combinations, ranked by overall mean TD-
value for combination levels one through six.

COMBINATION LEVEL
2 3 4 S 6

3,4 3,4,5  1,3,4,5 1,3,4,5,6 1,2,3,4,5,6
3,5  3,4,6  3,4,5,6 2,3,4,5,6 2,3,4,5,6,7
2,4 3,5,6 1,3,4,6 1,2,3,4,5 1,3,4,5.6,7
2,5 2,4,5  3,4,5,7 1,3,4,5,7 1,2,3,4,6,7
3,6 2,4,6  2,4,5,7 3,4,5,6,7 1,2,4,5,6,7
4,6 2,5,6 2,3,4,6 2,4,5,6,7 1,2,3,4,5,7
1,4 i,3,4 1,3,5,6 1,2,3,5,6 1,2,3,4,6,7

NeaNV KW M

Table 3. Best channels and channel combinations by TD-
value for each cover class. TD-value is in
parentheses.

COMBINATION LEVEL

1 2 3 4

soil 3(1820) 24 (1941) 256(1987) 1346,2346,1356(1392)
past 6(1476) 35(1878) 345(1971) 3457(1987)

crop 3(1390) 34(1836) 345(1971) 1345(1991)

pine 2(1435) 34(1780) 346(1912) 3456(1960)

pihd 2(1580) 36(1883) 356(1982) 3456(1997)

hdwd 3{(1688) 34(1881) 134(1533) 2346(1952)

sghd 3(1691) 35(1933) 346(1960) 1345,1346,2346(1972)
tupe 6(1658) 34(1896) 245,345(1979) 2457(1932) ’
syca 5(1753) 35(1979) 345(1994) 1345,1346,1356(1999)
ccut 6(1329) 46(1707) 356(1889) 3456(1947)

mveg 4(1270) 14(1739) 134(1941) 1345(1990)

watr 5(1853) 25(1988) 246,256(1999) 1345,1346,1356(2000)

SOIL, bare soil; PAST, pasture; CROP, row and cereal crops;
PINE, pine forest; PIHD, pine-hardwood mix; HDWD, old age
_hardwood; SGHD, second growth hardwood; TUPE, water tupelo;
SYCA, sycamore hardwood; CCUT, clearcut areas; MVEG, marsh

vegetation; WATR, river water and quarry water.
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Examination of the transformed divergence averaged for each
cover class pair indicated that the proper selection of a
single channel may provide greater separability between two
cover classes than a combination of two or three channels.
More specifically, the channel combination with the highest
mean separability for a particular combination level does
not necessarily provide a great=2r separability for all cover
class pairs than channel combinations of a lower combination
level, when the combination of the lower level is not a
subset of the combination of the higher level. Examples of
this relationship are: soil vs. water has a mean TD-value
of 1942 in channel 6 and a mean TD-value of 1824 in channel
combination 3,4; PIHD vs. CCUT has a mean TD-value of 1835
in channel 6 and a mean TD-value of 1641 in channel combina-
tion 3,4; PINE vs. MVEG has a mean TD-value of 1424 in
channel 1 (the channel ranked third on the basis of mean
overall TD-value) and the mean TD-value of 1182 in channel
combination 3,4 (the number one ranked channel combination
of all combinations involving two channels). The same
relationship holds for many other cover class pairs. Such

a relationship was not found when the lower level channel
combination was a subset of the higher level channel combina-
tion (as would be expected).

The additional average separability achieved for each cover
class, by increasing the combination level, varies greatly
between cover classes and combination levels, but generally
decreases logarithmically with increasing combination level.
Figure 3 can be thought of as a “separability response
surface." The apparent length of the lines connecting
different combination levels of the same cover class is
proportional to the added separability resulting from the
information in the additional channel. Note that the
greatest increase in separability due to the addition of the
second channel occurs with second growth hardwood.  As one
would expect, the smallest increase in separability occurs
with that cover class with the highest single channel
separability (soil, in this case). It should be noted that
the lines connecting the different cover classes are present
merely to indicate relative differences of separability and
in no way imply any functional relationship.

Figure 3 plots the maximum transformed divergence observed
for each cover class in each combination level. This dis-
plays the maximum separability attainable for each cover
class if the waveband combinations were selected on the basis
of each cover class TD-value alone. As is clearly shown,

the specific waveband combination resulting in each partic-
ular TD-value for any given waveband combination level is

not constant over the different cover classes. In compar-
ing Figures 3 and 4, it is apparent that the shapes of the
curves increase in similarity with an increase in waveband
combination level and are nearly identical in shape after
combination level 4. This indicates that the separability

by cover class provided by the best overall channel combina-
“tion (Fig. 3) is nearly identical to the separability by
cover class provided by the best channel combination for

each individual cover class (Fig. 4) beyond waveband combina-
tion levels of 4. Thus, the best four waveband combination,
based on overall transformed divergence, should provide very
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close to the maximum classification accuracy for each

individual cover type.
in a particular cover type,

However, if one were interested only
high classification accuracy

could be achieved using less than four channels of data.

Figure 3.

Averaged transformed divergence provided by the
overall best waveband combination by waveband
combination level and cover class.
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SUMMARY AND CONCLUSIONS

Based upon the results of this study, one would not expect
a computer-based classification employing more than four
channels to provide much improvement in classification
accuracy. The highest overall mean separability was
provided by channels 1, 3, 4, and 5 (0.45-0.52, 0.63-0.69,
0.76-0.90, and 1.0-1.3 ym). This channel combination did
not always provide the highest mean separability by cover
class nor by pairs of cover classes. A different set of
cover classes, or even a subset of the cover classes
considered in this work, could result in other channel
combinations yielding higher predicted classification
accuracies. .

Results such as these are highly data and application
dependent. The conclusions pertain to channel subsets
selected for classification and in no way imply that
scanner systems need only obtain data in those channels in
order to adequately provide remote sensory data to tha
various disciplines. Similar studies involving different
cover classes and different seasons need to be conducted
along with follow-up studies involving actual classifica-
tions.
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Appendix B - Computer Programs Developed

The following is a list of some of the programs written during the
quarter June 1, 1980 - August 31, 1980. A brief description is included
to assist those in need of similar code.

WGHT2 FORTRAN - Reads a file containing: 1) number of the cover classes to
which a spectral class belongs, and 2) the number of pixels
from each spectral class. It then computes a weight for
each spectral class pair and writes a disk file of "WEIGHTS"
cards within the restrictions of *SEPARABILITY. Another
disk file of real variable probabilities for the occurrence
of each spectral class, and the conditional probability of
the occurrence of the spectral class given the occurrence
of the cover class of which it is a subset.

GRID-FIN - A FORTRAN program written for the PDP-11/34 to generate a
user specified grid for use in systematic sample selection
on the COMTAL Vision one/20.

DIVPRT FORTRAN - A modified version of the DIVPRT subroutine called in
*SEPARABILITY which is the printer output supervisor.
This was modified to write out the class symbols and
separability for each channel combination and each channel
combination level, for each spectral class pair.

SPECSEP FORTRAN - Reads the disk file created by the modified DIVPRT and
computes the averaged transformed divergence by cover
class pair. It also sorts for and prints out the minimum
TD value.

SUMG FORTRAN - Reads the disk file created by the modified DIVPRT and computes
the averaged transformed divergence by cover class (i.e., for each
cover class over all cover class pairs — it uses the original
TDij's in order to avoid excessive rounding errors).

CAGEN2 FORTRAN - Reads a deck of COMTAL image coordinates and field descrip-
tions; queries the user for the line-column coordinate of
the first pixel displayed in terms of MIST coordinates; the
run number desired on the output file; and pixel averaging
if any. It then computes the MIST coordinates for each
field and creates a disk file of LARS-12 card formatted
records.
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APPENDIX C

Tables of Averaged Transformed Divergence
by Cover (Class Pairs (generated by
SPECSUP FORTRAN) and by cover Class
(generated by SUMG FORTRAN).
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Averaged and Minimum Transformed Divergence Values for Single

Channels by Cover Class Pair.

Table ¢c-1.
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Averaged and Minimum Transformed Divergence Values for Single

Channels by Cover Class Pair (cont'd.).

Table C-1.
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Averaged and Minimum Transformed Divergence Values for Each of

Best 2-Channel Combinations by Cover Class Pair.

Table C-2.

Averaged

Channels
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Averaged and Minimum Transformed Divergence Values for Each of

Best 2-Channel Combinations by Cover Class Pair (cont'd.).

Table C-2.

Minimum

Channels
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Averaged and Minimum Transformed Divergence Values for Each of

Best 3-Channel Combinations by Cover Class Pair.

Table C-3.

Averaged

Channels
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Averaged and Minimum Transformed Divergence Values for Each of

Best 3-Channel Combinations by Cover Class Pair (cont'd.).

Table C-3.

Minimum

Channels
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Averaged and Minimum Transformed Divergence Values for Each of

Best 4-Channel Combinations by Cover Class Pair.

Table C-4.

Averaged

Channels
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Averaged and Minimum Transformed Divergence Values for Each of

Best 4—-Channel Combinations by Cover Class Pair (cont'd.).

Table C-4.

Minimum

Channels
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F = 2,3,4,6
G =1,3,5,6

LIODDOOC TNt ti NI L OINMN O P O G LD e DL N DM TrA D QOO SN DD C P Qi et DO ON M~ —
ML OOOOOO N LONMTMMINTOCLO—AON PO O LOLTMTC OO OM OO TGO NTORO OO S OO OO IR
FOROTSCOTOMNTIUCRT O IOCLI ST OIS O =T OF OTTO0 OO ONIT OO DO OCOOOOND
A TG NI O et et et et e O et e O\ o D\ it et bt ot et O\ bt el et N el bt e T e 3G O\ et D\ et 7t et et it O et et et e\ el et et (N 0\ N N b et et

OO CCOD—ANN LT DI VO ITMOAAMIDIDLIDOMFTTATN~NMONT OMOSOF P DMAMNONI DO POUORMF OO
N OCODOOMFUImT OO O~AMONT O OO NN OMD OO CRTPO~IFITLLOT ONIPOTNINTOOCOTOT
PRODODOIDLRANMTRARIAIDIPNODIDIDODRADOMEORPNIONDONDONOUDTOPIDIURRINIODOT DI RNANDPOPNRNONINODNDD
At AT NN N DL oot At A et et et ot e O = N e DO et b et e e et et N 2 N O N et e\ e e et et X et et ]t e et 2\ et N \J b et —

NOOoOCOOTCMTANOSLIILITRCOL I OO~POLUITNNCLC—DOCT RO s OO0 —LONNChO—G TOYOoOOnON
NDMOIDT ISP~ IFEINPITRDOEPISDEDANDU =~ LDYS~P PN DOI~NDITASTNAAR - 5~ F D20 DN
APDIDIODDIDONNDV~IPONTPRODUDORITIDPONTOONONDPO~DONRNPIRAMCRND AT R IRNOSADVIORIRIRORODOON
A NI N NN O A = i Attt et et et O et e N et et O\ et b ot 8\ bt it et o et 0\ e e b et et O] b 1 et b 0\ ot et et O\ mmtd A O\ 1ot \J =t

AMOCCOOTMIONIOITTOIT OO MNTOETIMOXUINICOTNCNT XM SN LNt OMLC o P =T OO G 0
CHOTODOD—T FNTCL LIS IOT COPNCTOMNPOICINCC LICITI AN O TN LN INIO TN C Ot T R
TFrOoOCOOCOI~NTTOONIMNMI I CcINC oD COTPCEFUINSHNIRNLOFENRPIR LRI LOOLCDRODILASHOOVO N
ll).)c”?a.f”?‘.ﬂ/..v11111..(111.\£113\.17;./.11?_111111111111111117‘_11111?_11112lllphleoulll

CICOOOCDOCPNTNT O —C LAUOMNOCOMT ~NCERY OO L O COC Ot T DG St LT O F OSSO T
SEOCODCCOLINMIT LA T LCOCONTMMNTITNTONMPLITOCT ONE P AP ONN IS YT oSG I
FIFOCTOCOMNTINTOCTTINCHIT SO OCTOO I CIN~NLIONNT I DI CCLONTIET OCX PO Y eI T
A OO AL OGN A et e et et e e O et 0 A O e e et el OVttt st OV et et et it O rt (0 O et (N et et et it 1t D\ ot e ot et P\ e el et O N OV O\ e ek =t

TOoCCOCT oG LN OXTCO TN SOOI OMP NI IO OIS ODCMD0 S0 TOCHEH L OO S oS T
ChCOoTODTMDUINT OGO OMLT L COT L CLNTMM LN O~ P 0T OO R Ol F £ ML ROE T L~ S OX T
FTALOODCOCOLTRNOTOTFTARUNILOTOCTC NSO ONCT OO IO SOER SN O LN T COONTT O OO~
.I..I.D,_?..ZPx/ZClllllafllllllll?e11211111..11311119%{.7;&19;1..1111211111211121,);2111

VOO SOD SN NCHR~AN TN~ oo e ~NT NCC NP OFNCAUEONT OO~ CCa oGO
I OOTOOOTNUNLCNSL CONTOICTCOLOR PIDOMNTI PILCHNT OO -ONATIOT I3 $Mmoc P ~TrooooX T o
FTFOCDCCOMTILCTCTI LI LCOCCCDIONTOC—IRTNNRITT OO PO o T Yoo oooacad 2o
T I NSO et et ot et O e et et et e ot 0 0 OV DX O D\ ot et b et e et et e e et e ot £ ] red et | ot o et et A b ek b N0\ et o et 7\ N R OV b et et



48

Averaged and Minimum Transformed Divergence Values for Each of

Best 5-Channel Combinations by Cover Class Pair.

Table C-5.

Averaged
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F = 2,4,5,6,7
G =1,2,3,5,6
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Averaged and Minimum Transformed Divergence Values for Each of

Best 5-Channel Combinations by Cover Class Pair (cont'd.).

Table C-5.

Minimum

Channels
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Averaged and Minimum Transformed Divergence Values for Each of

Best 6-Channel Combinations by Cover Class Pair.

Table C-6.

Averaged

Channels
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Averaged and Minimum Transformed Divergence Values for Each of

Best 6-Channel Combinations by Cover Class Pair (cont'd.).

Table C-6 .

Minimum

Channels
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Averaged and Minimum Transformed Divergence Values for the

7-Channel Combination by Cover Class Pair.

Table ¢-7.
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Average Transformed Divergence Values for Each Channel by Cover

Class.

Table C-8.
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Average Transformed Divergence Values for Each of the Best Seven

2-Channel Combination by Cover Class.

Table C-9,

Channels
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Table ¢-10. Averaged Transformed Divergence Values for Each of the Best Seven

3-Channel Combinations by Cover Class.
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Table C-11. Averaged Transformed Divergence Values for Each of the Best Seven

4~Channel Combinations by Cover Class.
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Table 0-12. Averaged Transformed Divergence Values for Each of the Best

Seven 5-Channel Combinations by cover Class.

Channels

A =1,3,4,5,6

ol

22

=)

Ol

M|

e wy ~ ~ ~
L L ~ [ "
L ~r N O O
- - LY - "
< o 5 Ual N
L L) o~ -~ -
™ o~ o = ~
L L3 ~ LY L
™~ - — o o~
1 i It i I}
m &) a = <]
COT LD TS LN
rATDLO OVPT OTS
FPARNRDPI ™I PDRIDD

ot g poed gt gt o et gl = et et O

oM T F 0 D
PRI LCT AN INNDO
TR PO
e et et b e (]

FoRasURats ale GEN ST EEAVERNENE N A VA
TRPILCRUTNSNT IO
PTIFOIRITTOTOETOO

et et el gt — Pt = 7o et — e —

i aa Vo RaUEE & ot S TRR s s RE g Len
CFOLTULNT T oY
TG TToC

ot et sk et et et et et ot g et

T M NMMDN SNIND
PP TOLTT
TR TTITOSITD
et gl gt med = et et = (=t e (N

Oy oL T IC
PPIPONT LT O
TR0 CTTTIO
ot e et et et et et et et et =t (\

OONIMO R bt N RO
PREDN~NLOT O D
AT ORI TNPNO

i g pd gt st gt et ¢ =t et T\ |

QO W<t O
—UCZT 2140 03Dul
CTA - OIUD >0 >
(VAR e W WE o T o e M Pl ol VAN U6 -

G =1,2,3,5,6

Table c-13. Averaged Transformed Divergence Values for Each of the Best

Seven 6-Channel Combinations by Cover Class.
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Table C-14. Averaged Transformed Divergence Values for the 7-Channel

Combination by Cover Class.
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