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I, INTRODUCTION

The peach crop is a major contributor to the agricultural output of the
Southeastern United States, particularly the state of Georgia. However, the in-
tensive culture of peaches over a long period of time leads to the so-called
"'peach decline". Over the last few decades, the average productive life of peach

trees 1n Georgla has declined from approximately twenty years to from five 1o

eight years.

Peach decline has been investigated 1in Georgia since 1929 The premature
death of peach trees 1n the Southeast has been atiributed to such disorders as
root rot, peachtree borer, nematodes, bacterial canker, fungt, cold damage,

and virus diseases.

In 1972, hetween 100, 600 and 200, 000 trees died, and hence 1n that year
aerial photography of several orchard test sites was obtained. Previously, the
occurrence of tree dechine due Lo the presence of three diseases, three insects,
and one mite had been detected by the examnnation of color infrared aerial photo-

1
graphs obtained at elevations of 600-4500 feet.

Color 1nfrared photographs obtained in 1972 were analyzed using the
General Electric Image 100 System 2 By displaying on a color television moni-
tor, categories corresponding fo selected density levels on the film are readily
located. With this method, trees 1n various stages of decline and also different

segments of the same tree fall 1nto different categories.

Consequently, analysis by digital computer of multispectral aerial photo-
graphy was undertaken. The purposes of thhs study were to determine the
feasibilities of orchard inventories (enumeration and sizing of the crowns)
and of determuning the slate of decline of trees based on an analysis of their

mulfispectral reflectances.

This report presents the results of the analysis of four band mulfispectral

photography by digital computer The major topics presented are (1) digital



correction of intensity variations, (11) enumeration of trees by sizes, and {1i1)

classification 1uto healthy and declining categories.

The aerial photography was undertaken by NASA/MSFC, and ground-truth
data was furmished by the USDA Southeastern Fruit and Tree Nut Research
Station, Byron, Georgma. The aerial imagery was obtained over the USDA test
gites in Bibb, Crawford and Peach Counties in the state of Georgia The loca-
fions of these test sites and the USDA Research Station are shown in Figure 1.1,
The photographs used were made by the MSFC 128 four band camera system,
which exposes four frames of film size 90x90 mm. through filters which trans-
mit in the blue, green, red and infrared spectral bands. Drgitization of the 1mages
and computer analysis were performed at Marshall Space Flight Center by Com-

puter Sciences Corporation.
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II. DIGITAL FILTERING TECHNIQUES

2.1 Two Ihimensional Linear Filtering

The first topic to be discussed 1s digital correction of intensity variations,
by means of digital filters. This method 1s feasible as a procedure for removing
variations which have spatial rates of change differing from those of the objects
of interest 1n the scene. This 1s particularly true of an aerial photograph of a

peach orchard, in which the objects of interest are of a consistent size.

The 1nput /output relation of a linear digital filter is of the form

L
Zi=20 gk Xk
k=-L
where {X] is the input data sequence and {Z} 1s the output data sequence. It
may be seen that an output data value 1s a sum of the neighboring 2L 1nput values,
plus the mput data point, each multiplied by a filter weirght g, The implementation
of a filter consists of selecting the filter weights, followed by evaluafing the in-
put /output relation at each data point. Because of the large amount of data in a
digitized 1mage, it 1s essential thal the implementations be fast in order to make

digital processing practically feasible

A very fast implementation 1s obtained when the filter weights are given
the value one, and the evaluation 1s done recursively In this case, the filter
output is a moving sum over the input data, and in advancing by one data point,
1t is necessary to add only one new sample and subtract one sample which has

left the filter length of (2L+1) samples The followmng diagram 1llustrates:

Zy-1 [1-L-1|:-L 1+L-1
Zy 1-L [ 1-Let1 itL-1 | #+L

Zy =250 T4 - XLl



Also, 1 the actual filitering of a digitized \mage, two dimensional filtering 1s
performed This involves extending the summation over all neighboring pomnts

in a region of dumensions (2Lx+1) (2Ly+1) The output data values will occupy
the same magmtude range as the input 1f the average of the (2Lyt+1) (2Ly+1) terms

1s taken,

When the two-dimensional moving averages are applied, data variations
which occur-over a span of less than 2141 data points tend to be averaged out,
while more slowly changing variations remain Hence, the operation has the
effect of low pass filtering Denoting the moving average low pass filter oper-

ation by LP we can write
Z=LP {X)

Since the inverse of a low pass filter transfer function is that of a lmgh pass

filter, a high pass operation may be obtained as

Z=HP X)=[1-LP] X) = X) - LP (X).

This 1s equivalent to subtracting the moving averages (the slowly varying inten-
sity variations) from each data point (A constant bias may be added to restore

the data to 1ts omginal range).

Band pass filters may be constructed from combinations of low and high

pass. A filter which passes in the midrange 1s given by
BP =LP(Lq1)~ LP (Lo)

where L > Lg. Inthis case, LP (L) removes the extreme hgh frequency
variations, while subtracting the output of LP (Lg) removes the extreme low

frequency variation, A filicr which attenuates the midrange 1s given by

BP = LP (L;) HP (Lg).

In this case, the high and low ranges are passed.

o



2.2 Digtal Filtering of a Digitized Peach Orchard Aeral Photograph

Imtial experiments were performed using a green band image obtained at
6000-feet altitude. A rectangular orchard consisting-of approximately 37x84
rows of peach trees was digitized to 64 levels spanmng a range of 0 to 2D 1n
photographic density. The digitizing spot s1ze was 50 microns, yielding for the

digitized scene an array of 850x1800 pixels

Visual observation of the image 1mndicated large varations 1n scene inten~
sity, although maintaimng distinet contrast between the tree crowns and back-
ground. The histogram of the scene density 15 given 1n Figure 2 1. The hsto-
gram verifies the wide range of densities present in the image, and lack of

uniformly separable intensity ranges corresponding to tree crowns and back-

° 3 + L L LR I L T T A
weespeeara _
_y , e
- - Ll
: ' - T
. v g . .
: - e e LA, e .
- - - < T .
1 -
Lessa —— - -
'
- -
e - - - N - . ae -
: -
.
Lraco —— e e —— —_—
* - - - - — pp— - P p— p—
. - T e— - —— -
- Auby = se 4 sen Pe
- ann e ne - - -- == - —
. [13% . avnranvans ’
- LLLTTYT Y (T 11 RLLITY - i 1 - - -
wnvee 6 b wees
[ 15:7.] SREEREY 49 HErEN L] - - - - ——— e sma e e————
- LLd LI T LT N T
. e e asr e 4 o - —-
. -+ - M
SRseRIRS - — ———— e e - ‘.
. wvranean M [
LICT I 1) LI ] + ARERL ded o sedame - - I
ORREINEINL 4uenean & BERAIYS & sesnane b5  0a Ame
aato [, -
. - ————
vesss 9 . O T I TR a - sammw ' -
. J— —n —— = .
e ea . . - . . e aa . e e e e s e saeevaws
o » . o2 % s 21 26 27 3 I TR T, I BT I SR SRt R Rt

Figure 2.1. Histogram ol densities present in the peach
orchard 1image.



As a first step in the processing of the 1mage, it was decided to attempt
the removal of the background intensity variations. The possibility of perform-
g this operation avises from the slower rates of spatial change of the back-
ground intensity variations compared to the variations due to the iree crowns
This fact 15 1llustrated in Figure 2 2, which 1s 2 trace of the density variations
along a row of trees as the background density varies widely. The ten intensity
peaks correspond to ten tree crowns which are dark in appearance on the photo-
graph The overall 1utensity variation 1s evident in the plot, with a region of

low intensity near pixel 100.

In this case the vamafions of intensity do not follow a positional dependence
which would allow fitting to a function of position. Hence the moving averages
(low pass output) must be computed for each point in the digitized 1mage. If
the size of the moving average region 1s chosen correctly, the low pass output
will be a measure of the low frequency variations in 1mage density. This out-
put at each point in the 1mage 1s subtracted from the original data value and a
bras 1s added to restore the overall average density of the output 1mage. As
indicated previously, the result of subtracting a low pass filter output from the
original data is characteristic of high pass filtering, Figure 2.3 1s a trace
along the row of pixels shown in Figure 2 2, after the 1mage has been high
pass filtered Twenty-five neighboring points were taken as the filter length
in each direction, y:elding a total area of 5151, 1ncluding the data point itself
It can be seen that the high pass output retains the detailed structure of the

original data while sigmficantly reducing the slow drift exlhubited 1n the data.

A further refinement was attempted using the high pass filtered data
This data was low pass filtered, using a filter length small compared fo the
dimensions of the tree crowns Thus, 1n this case, the variations arsing from
the tree crowns are considered as slowly changing and are rclatively unaffected,
while smaller patches of vegetation and nonunlf;)rmlty within tree crowns are

reduced. The net result of these operations 1s a band pass filtered 1mage, 1mn

REPRODUCIBILITY OF THE
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which only those objects which are the size of tree crowns retain their original
intensities. Figure 2.4 shows the original data sample and the low pass and

band pass outputs.

Examination of the original data scan shows that a separation of tree
crowns and background is not possible for any value of threshold. However in
the filtered output image all of the tree crowns can be separated from their
surrounding background by a density threshold of approximately 25 (on the 0-63
scale of scanner output). This is further demonstrated by the histogram of the
filtered data (Figure 2.5), which has become bi-modal, with a minimum ozcuring

at the value 25.

Figure 2.5. Histogram of densities in the peach orchard image
after digital filtering.

11




R A A BE L1 A R L K N B8

: .-;-.q.aoo.l.tna. S AL o e P

. @ S8%e . e wge ®Ber e 2O as aren a
. “d 28 PeB s Y AeRw .O.‘..a‘. weery ww .p 0
el BB P BS pad vcrotgd B ~ee e e p D R

Y I A B t@eros sps Sree - -e® - 1esite

Errw RSy B w oa LR BT X - “WmNe Bw ® s 2w @

Qv i@ A - ' S pa “ae

rem AR TR - L Y .

- ) (XX ] - @& L  JiRE !
sEea 't rrREE e A Brene w

Se s Pevy e

-
AL ER T
Seh oae

"% 22 re &
sy "Spead

S am el @ -
8 <% 44 B SR @ o
A% SaesBn A%e8s - =
LE R I T T B IR

- ‘o8 aBssbBmTa
L] i a® &6 -weba: W
v ShLPeas .Y ae Be
At sanssemesa By . se s 8 [ TINLE T
‘e e e L L Y Y Y L A Y T Y Y T
s - . BeP. v sovhBbiaaes .o
.= cmave mias 4@ & APY & Sras
. -a e tee . srabahasas « @

cm el rme
‘e

Jl‘.~.¢o

: o._.:n

-

T I
vy OB

o =
* to...oT..
“a *Sam »
2 X |
“am
“ae

idone 5 .. - gl_ rhes b

... : . , , %M%&».&

e . , %E m

-n * g 140 .*ﬂ“

i ‘ s ...,....:::: Pelis mam_:ma:\.m Hw
. | 2o 3 L2 : . v ® - ¥ ﬂli.lalcsci.
AR et by e o ﬁui@g BT s ten |

“.e

, FE R F FERFFUT » R SR R A v
4 H “Hfus*h. 2 S 2L A AR ol o S "ﬂ- i
. x....o,.a..‘!.a.m. . ] TRl s s A aak: ”

L L Y 3
L L

L
e

Original image and result of background removal following

digital filtering of a peach orchard test site.

Fig. 9, 6.

ITY OF THE
AL PAGE IS POOR

N

A

RODUCIBIL

-
i

12



http:digit4l.4l

Using a threshold of 25, a digital image can be generated in which the
tree crowns remain while the background is set to zero density. However, as
the densities of the tree crowns have been altered somewhat by the filtering
operation, a more accurate result is obtained if the filtered image is used as
a mask to be compared with the original image. In this manner, the background
in the original image can be set to zero density. A resulting image obtained in
3 this manner and the original image are shown in Figure 2.6. The histogram of

the tree crowns only is shown in Figure 2.7. The symmetry of the distribution

indicates the exclusion of the background pixels.

Fig. 2.7. Histogram of tree crown densities [ following background removal]
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III. DETECTION TECHNIQUES
3.1 Introduction

The problem of determining the positions of specified objects in a digitized
image array may be approached by comparing, in some way, a local region in
the image with a mathematical template which represents the searched-for objects.
A match is considered to have occurred when the similarity between the image
and the template reaches a certain level, in terms of a mathematical criterion .
The traditional, but time consuming, method is a search for peaks in the cross-
correlation function at image coordinates [ i,j] the sum of the product of each
template term with its corresponding imagce term. For a template T of size

mxm, with an image array I, the normalized cross-correlation is given hy:

m m 2
T T TkDIkD
9 k=1 1=1
R2(, ) = — e
o 1‘2(k,1)] [E > Iz(k,n]
=1 I=1 =1 1=}

However, it may be possible to obtain satisfactory results, with a large decrease
in computation time, by using simple differences between the template and the

: 3
image.

3.2 Template Matching with Simple Dillerences

A test area was cliosen from the green band image which had been high
pass filtered to remove background variations. The test area of 100 pixels square
was relatively small, but was so chosen to allow rapid presentation of results

on the output line printer. A line printer plol of the area is shown in Figure 3.1.

The template chosen consisted of a circular region inscribed in a square
of eleven pixels. The template elements representing the disk and the border
were assigned values approximating the density levels ol the tree crowns and

background.
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Figure 3,1, Line printer plot of the digitized peach orchard test site.
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The template was centered over each pixel in the image, and the differences
between each template element and the corresponding image pixels were summed.
This sum, obtained at each point in the image, is termed the cumulative error.

A printer plot of this error for the test region is given in Figure 3.2. As ex-
pected, the errors decrease steadily as the template becomes superimposed on
each tree crown. The pixel position for which minimum error occurs will be

considered to be the match position.

Plots of the errors obtained along two rows of the image are given in
Figure 3.3. The upper plot is the error along line twenty-one of the test site,
in an area between rows of trees. Consequently, the matching errors are large
and fairly constant. The lower plot is the error along a line of tree crowns, and
demonstrates the wide variation in error and in particular the rapid change in the

error near the match positions (the minima in the plotted curve).

It is apparent from the preceding figures that an error threshold can be
determined such that image points whose corresponding errors exceed the
threshold are far from the locations of the tree crowns. This is illustrated by
Figure 3.4 which is a printer plot of the errors at only those pixel locations
having errors below the threshold. Comparison with Figure 3.1 demonstrates
the correlation of these low error locations with the tree crowns in the image.
This type of thresholding to indicate the locations of the tree crowns is prefer-
able to simple density thresholding because it includes a dependence on shape

and not only density.

3.3 Error Evaluation Sequences

The definition of the cumulative error at each pixel location is the sum of
the absolute values of the differcace between corresponding template and image
pixels. However, in the present case, the computations can be formulated to
reduce the computation time. This is a result of the circular symmetry of the
template, the definition of the template in terms of only two values, and the
proportion of background area to tree crown area in the imagery. Several

methods of computation were examined in a series of experiments.
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(1)  Natural Sequence

This method 15 a straightforward summation of the absolute values
of the differences for all the }:erms of the template taken in a raster scan
order. The computation time reguired on the test site was 91 seconds.
(All iimes given are computation times only, and do not include time re-

guired for 1nput/output operations. Machine used was a 7094/1.)
(1) Natural Sequence + Total Error Threshold

Since the only areas of interest are those with errors below the
threshold, the accumulation of error may be termunated whenever the
threshold 1s reached. This procedure reduced the computation fime to 78

seconds.
(111) Error Sort Method - A

The following two methods are based on sorting of the error terms
such that the templale evaluation seguence corresl')onds to the errors ob-
tained, from the highest to the lowest In this case, the template 15 shifted
=1 pixel from a match position with 1iself along rows and columns, the
errors in the four cases evaluated, and sorted so that the evaluafion
sequence determines errors 1n order of their magnitude 4 The resulting
sequence 1s given 1 Figure 3 5, and the computation time required was
80 seconds. The method 1s not advantageous for this particular problem,
probably due to the small perceniage of evaluations which are performed near

match positions
(1v) Error Sort Method - B

This 15 a more generalhzed error sort method, The test scene was
used as a "lraining" area, to determine the average error for each term
in the template as the template was placed at each pixel in the scene. The
average errors at each poini in the template are given in Figure 3.6, The

smaller errors in the corners are atl the template positions corresponding

20



29 35 1 2 37 45 88 4 5 105 107
113 7 3 30 31 32 33 34 6 g 36
11 8 38 39 40 41 42 43 44 10 13
12 46 47 48 49 50 51 52 53 54 14
55 56 57 58 59 60 61 62 63 64 65
66 67 68 69 70 11 T2 I3 T4 U5 76
77 78 79 80 81 82 83 84 85 86 87
17 89 90 91 92 93 94 95 96 97 20
15 16 98 99 100 101 102 103 104 18 19
106 21 22 108 109 110 111 112 23 24 1l4
115 116 2> 26 117 118 119 27 28 120 121

Figure 3 5 Evaluation Sequence for Error Sort Method-A
(Method No 111)
to the background of the scene, and are smaller since the majority of the
scene 1s background. The evaluation sequence 1s given in Figure 3 7,

and the computation time required was 71 seconds. This method has the
disadvantage of being traiming data dependent, and hence similar, but

carcularly symmetric sequences were tested
(v) Inusk - Background Sequence

As a better approxamation to the empirical sequence of method No.
(1v), a sequence was evaluated which spirals inward over the region of the
disk, followed by an outward spiral over the region of the background The

computation time was 72 seconds.
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(vi) Increasing Radius Sequence

The sequence 1n order of increasing radius evaluates the error for
all of the template terms representing tree crowns before proceeding to
the terms representing background. Since the majority of the scene 1s not
tree crowns, errors on the average accumulate rapidly and this sequence

yields a rapid computation, requiring 62 seconds.
(vi11) Elimination of Absolute Value Computation

In general, the simple difference between a template term and an
image pixel must be the absolute value of the difference to allow for 1mage
data values above and below the template values However, 1n the present
case of a double-valued template, the template values may he chosen to
insure that all difference terms have the same sign. For example, the
tree crowns have hgh density 1n the {ransparencies, and the corresponding
template region 1s set at the maximum 1mage value. This 1s infact
preferable in the present case, since the optimal match 1s obtained for the
densest free crown and lightest background. Using this procedure, com-
bined with the increasing radius sequence and error thresholding , the

computation time drops to 46 seconds.
(v11) Recursive Evaluation

The recursive evaluation sequence takes account of the fact that as
the template 15 centered on successive pixels of the image, the majority
lof the error terms retain their previous values. Hence it 1s only necessary
to consider the new terms appearing at the leading edges of th:a template
Tegions (both the leading terms of the whole template and eacl} digk-
background 1nterface), and the terms being dropped at the trai'ling edges.
‘This method 15 extremely rapid, requiring 18 seconds, and 1t 18 a property

of the method that the complete cumulative error 1s obtained
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3.4 Error Threshold Sequences

The result shown 1n Figure 3.4, obtained by thresholding the cumulative
error, indicates the locations and approximate sizes of the tree crowns This
result 15 preferable to simple thresholding, 1 which all pixels above the threshold
would be retained, irregardless of the shapes of the regions retained A further
increase 1n computation speed 1s obtained when a constant threshold 1s replaced
by a monotomecally increasing threshold sequence In this case the threshold may

be exceeded when a smaller number of error terms has been accumulated.

The threshold sequence curve should approximate, 1n its average slope, the
curve of cumulative error versus number of terms. An example 1s given in
TFigure 3 8. The error at tesi points A and B accumulates so rapidly that they
are discarded as candidates tor mateh after very little computation. Pownt C,

which 15 at or near a maich, is not discarded iihough the error for all ferms 1s

accumulated.

. \JO\D
PHEVIOUS WEERCE
constanT | |
THRLSHO! U 7 S ot .- v
i HEGION WHI RE* /.7, - !
¢ CALCULATIONS +/2 772 ¢~ . /
NELD NO 1 OHGEREAS | Rroion wHERL
ZBL DONE; >~ . CALCULATIONS
| e e ARE ADDFD
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i IH
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LI T T P 1 1 ] ] ' [, |
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n

I1gure 3 8. Reduaction of Caleulations with use of a Monotomeally
Increasing Threshold Sequence.
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At the poimnt of match, the cumulative error 1s the sum of the noise due to
the fact that the areas heing compared are different. If fhis image noise has a
mean X\ and zero deviation, the ratio of cumulative error to mean of the noise,
E/N, 18 umty at each point in the sum, and the cumulative error 1s linear with
the number of terms. However, an increase in the variance of 1mage noise 1s
reflected 1n an mcreased rate of accumaulation of exrror, and the threshold curve
should take on higher values. Barnea and Silverman3 have calculated threshold
sequences for various deviations. A set of such curves is given in Figure 3.9.
Barnea and Silverman also present calculated curves based on the prohability of
the cumulative error exceeding the threshold heing held constant at each term
1n the sum. A set of these curves is given in Figure 3.10. Further analysis of

this type of computation is given by Ramapriyan,5

Error sequences were plotted for the peach test site, using an evaluation
sequence which starts at the center of the circular template and spirals outwaxrd
The cumulative errors at each term 1n the sum over a template of size 11x11
pixels are plotted as the sohd lines 1n Figure 3.11. The upper plot 1s for a non-
match position, while the lower 1s obtained for the template centered on the
upper left iree of the test site The area of the template circular region was
norunally 100 pixels, but an actual area of 97 pixels was obtained, due fo the
discreteness of pixels. Thus, after 97 terms of the error sum, there 1s an
abrupt change in the template value, and this accounts for the slope change 1n the

error sum plots near the 100~th term.

From the cumulative error plots, threshold sequences can be obtained such
that the error sums at non-match points exceed the threshold terms, while
remaining below the threshold near match points. For this test, linear threshold
sequences were chosen, since the error sequences are nearly linear for the
initial terms. The threshold sequences shown as dotted lines increase by 8 and 5
for each term in the sum. It may be seen from the plots that, for non-match
positions, the imiial term of the error sum will exceed the threshold. The linear
threshold curve passing through the orgin does not make allowance for variance

1 the image noise The smoothness of the actual cumulative error plot justifies
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this agsumption. Similarly, it may be seen that, near match points, the error
18 accumulated for all terms of the template, without exceeding the threshold.
Hence, an‘appropriate output function is the nu;nber of terms 1n the er;*or sﬁm
at which the threshold 1s exceeded, or the total number of terms when the thresh-
old 1s not exceeded. Printer plots of this output are given in Figures 3.12 and
3.13 for threshold sequence slopes of 8 and 5, respectively. It is apparent that
the sums are terminated quickly at non-match pownts, effecting a large reduction
in computation ime. The actual computation imes were 11 seconds and 7 7
seconds, respectively The regons in which the error accumulates for a large
number of terms approximate the sizes of the trees in Figures 3.12 and 3.13,

as do the regions where the error is below a constant threshold 1n Figure 3.4.
However, the result in Figure 3.13 was obtained with a six-fold increase in

computation speed.

28



0 13 _ 27 AD 54

mmmeaantdb 113 LELLZZZXXXAMAAHNNNGIONELALSE0SEERENRRNACTIRTD
&7 81 9%

108

XMMXL
- s - LT LT L1}
—— YSINNERSI “} AR
-7 RERANNEDA— ]
sgERiBidA- sXyeEny
+EASRREAS aXERIRE
- nEaae ) =\HE
RARRSY~ LYTY
. - RLTLT LR tha
WARAANZ= L LS
. ~MOGBAN -
BLLTTT L e LHEsKL
AUREUNRE D~ - ~1AYEBREH - 11X1¢- L
sIxEaN) 13084}
_ 1vemai- I . d e e [ e _ .
ini- - - — -
h +a-
. e e e e - e — I~ - NMAZ=
zaegea expaaEnx
C e e [ - R yodRapex Ie9sa0es
andRARIN. =Xtaeadan
[ _ isaganes
Aogsess
_ e - - - . - H . TAKNAX
~aie =AONUASN- —-
- R [T 11
- slll#=
.
— e mama— —— - - - - . Lld
wZaM
- XHXZ¢ _ nlnng
- }HEZREAI. 10090
e 7 AAX -.e HERAARRA+ e - LLLT ]
~xneR8A} XIr=- HARKERARS] m=ABNUOTEESA eaune
_ . e o =lunERRNA) =+ ggessl XUNARREEAE _ " +RISuNKase- aXEECES
=EANRARNSL~ +ZMONREARX =HEERKNES RN+ [TTEEETTETS 4TON0A
=iMeREARE RS wHESEANEAY X~ PXARY
=i aNERDEIN -
_ - e -1g8820X~
-111
¥
11~ LI FIC 1HEMA )=
- 1ZX) = - _
-
. — e o - —_— - - - . . e e sll=
=1 yxqaez
S EXAA
‘uw zeenk
YAAXY ZoRKEReI+~
fARRER] ERFENAOAS =ANAIAANOL
———— o smmm = - MUNAREAM= - L1ONRANARA) - XTI
1LOAERNEEH) TARARRANK- [T ET P
u— - -m—— -10AARNNES 1AREANRG+ +PERFELSON
—te . ABEEERDA+ =ANRESN ) ABUEERD]
n XWNEBNs - 1ASMA+ ! —-MaBEREI~
Il 1l1=- =)} 1M L
oooxr L - e e——— a— — R [ e m e e——— 111= e _
F4 303 -
2r)- -
11+
[N - - - - e e I
+ »Z0WEANB -
- - - - FEY:1 1onnndanal -
XRToE#f )=
e ——— e —_— e— - PR =anEBuANX+ . -~ ==
«}y
- =)

+HORNL+

=xeuniks} - - -
—+11*

P Y L L -

- o b

Figure 3.12 Plot of Error Sequence Terms for Threshold Sequence Slope
of 8 Computation time 11 seconds.

29


http:n...uIu..,-26221286&-*bBs.Um

—
=12z}
1HAEBL
+608 o=
=XORANYSA) -
~)BAANNREBL~
180ENUREES
MHIERRNA
=HEENEH
+A6OA)
=tIp=

mememaad t 4] FHILLLLZZTXXNAAAANHHHORONGE RN N NSRS RO USRS PR R EINNE
1 i2l

a 13

18BARNTENET~
wXUANNARRESS
—ENEARBAROWA
BORERRSES
HaseRnzI~
=1 AMMI+
=

54

- e
1IXEBAL=
+XANBEANE
—-1HeemmEEz -
-lAGRRMEB1-
-1 MBEERX)
1II1l=

=
=Il)=
=] [ XA Ml=
=} XMAEEEA=
1HRAGENEH
+HRSERE -
=] pasRalI=
HuALs
-

-
++
LL L]

— = e JURURRSMY

81 94 o8

1= -
sIfl
188K1
MR-
1AesRAs
=XANORHs
bGLL] FEd
laeeBX~
=XMBA=
+ii+

e

-1XZ+

) XHMX
pL:LEZY ]
HEEML~

=~MEHX )
1it+

=
—+IXXLl=
1X6PREA]
wAg a

HARRAANEANL
ASNRARAAL

=1HANRL+
LAMAX }

-3

12xe
|HRwR]e~
wABRSRA )~
AL}
| L] 3.1
Kalshks
XARNS
i)

=3

*FARRY 4=

1Relgex}
spaNAAN e
F Ll

HSUEREEE~
EGITITETY
A1~

laedaqex-
1aeeae81

=xgdants
TZAX)= -

100880+
-~ JRuERal
- ZNENX=
13 ——

- BUBNINI=
JARBANT +
114

LI T
rlksganal~
Ad

L1l

Siesatad!

JARREREESA
tRENRENARZI-
=EASNEN8]~

- — 12
=) XKS
1XN08

=11)

)12

tIAe

Yacnesr
INEEA)
=1111}

Figure 3.13 Plot of Error Sequence Terms for Threshold Sequence Slope
of 5. Computaiton Time 7.7 Seconds

30

OO e 0P AR S g B

10



3.5 Enumeration, Sizing and Coordinate Determination

3.5.1 Techmque

Previous sections have demonstrated that simple differencing of a cir-
cular template and a digitized 1mage of a peach orchard produce; an error
function with pronounced minima at the locations of tree crowns. The coordinates
of a munimum are readily obtained and may be taken as the coordinates of the
tree center. However, itis necessary to repeat the process of finding a new
minimum value in the vicinity of each tree crown Hence an approximate position
of match 1s found imtially by considering the gradient between the leading and

trailing edges of the circular template positions 1n the data.

+H+ 4+ o+

——— n g i

e o ——————— W

;___

Figure 3,14 Positive and Negative Gradient terms for a Circular
Template of Nominal Area 100 Pixels,
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The template gradient 15 defined as the positive sum of all terms on the
leading edge of the circular region, plus the negative sum of all terms on the
trailing edge The positive and negative terms for the horizontal gradient of a
template with a circular area of 97 pixels are given in Figure 3.14 The hori-
zontal gradients along lines 13 and 23 of the test site are plotted 1n Figure 3.15.
The upper plot 1s along a line centered on a row of trees, while the lower 1s be~

tween rows.

As a consequence of the facts that (1) the leading edge of the template de-
fines the 1mage points contributing to the positive terms 1n the gradient, and (1)
the tree crowns have digifized values of greater magmtude than the background,
the gradient values are positive as the template approaches the position of a tree
crown 1n g raster type scan. The value of the gradient falls rapidly through zero
as the template passes over the center of a trce crown. By detecting a similar
passage through zero in the orthogonal direction of scan, 1t 1s possible to rapidly

obtain approximate coordinates of match

An alternative description of this procedure 1s obtained by regarding it as
a recursive calculation of the sum of the image values corresponding to the cir-
cular area of the template disk. The gradient terms at each pixe! location are the
terms to be added to the preceding sum to obtain the magnitude ol the sum at the
current pixel location. Thus the gradients are ithe differential of the sums over
circular regions centered at each pixel location, and as such pass through zero

at the extremum of the sum.

This method of locating Lthe approximate positions of match was chosen
over others (such as total error threshold or monotanic threshold sequence] for

the following reasons:

(1) A recursive-type computation 1s approximately as rapid as
a threshold type,

(1i) passage through zero 1s easily detected,
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(1) the effect of hias 1n the 1mage density levels on the choice of
threshold values 1s eliminated,
(v) differentials involving a small number of terms at the eages of

the template disk yielded 1naccurate match positions

After the approximate match position is found by means of gradient
sequences, a block of area five pixels by five pixels centered on the approximate
position i1s analyzed in detarl. In this region, the total cumulative error between
the template and the 1mage 1s calculated using a recursive method, and the posi-
tion of mmmum error is determined If this error does not exceed a predeter-
mined threshold, this position 1s accepted as the coordinates of the center of a

tree crown In addition, a tree count 1s readily obtained.
3.5.2 Test Sife Tree Detechion

The peach orchard test site was analyzed 1n this manner. Figure 3.16
1s an 1ntensity plot of the cumulative errors which were computed over the five
pixel by five pixel areas centered on the approxirate match locations. The in-
tense positions within regions of small error are the final tree coordmate
positions, as determined by the nnmimum total caminulative error. The total
error 1s above the threshold for those five by five squares which are intense at
all positions, as in the lefimost three in the second row At these positions, the
gradient procedure was sufficiently sensitive to detect the presence of an object,
but the size or contrast did not match the template very closely, and hence the

cumulative error was large.

The test site was anal-zed using total error thresholds of 1000 and 1500.
The computer printouts of tree coordinates and enumeralions are given in Figures

3.17 and 3 18

In the first case, the average total error for the 21 matches was 634, or
5 2 per difference term between the template and the image In the second case
higher error positions were accepted as matches, and the corresponding figures

are 768 or 6.3. Line prmter plots of the test siles with the outlines of the
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detected trees superimposed are given in Figures 3.19 and 3.20. It may be
noticed that the higher error threshold results in the inclusion of additional trees
which have weak foliage and exhibit less contrast with the background. The
apparently paradoxical reduction in computation time as additional trees are de-
tected is due to the fact that an‘area occupied by a previously detected tree is

not searched in succeeding scans, but rather bypassed.
3.5.3 Programming Considerations

This section presents a description of the algorithm in greater detail,

with particular emphasis on methods of computer programming the algorithm.

In order to rapidly evaluate expressions involving the image pixels cor-
responding to a template of size nxn pixels, it is necessary to hold n records of
the image data in core. If the template is to move to adjacent lines of the digi-
tized image, a corresponding number of additional records should be held in
core. In the present case the template is allowed to move over five scan lines of
the image, and hence two additional records of data before and after the n records

corresponding to the template size are stored.

Now, the §implest method of referring to the various template terms is
by numbering them. If the elements of the template are numbered along its
columns (consistent with the storage in memory of a two-dimensional array de-
fined in the FORTRAN language), the element (i, j) is located'at location n(j-1)+i.
The corresponding element of the image data is obtained simply by adding a bias
term due to the position of the template along the scan line. Thus, one sequence

of location numbers is determined for each evaluation required, such as the

gradient terms, cumulative error scans, recursive evaluation sequences.
Three types of evaluation sequences are used. These are:

(i) differential sequences used for recursive evaluation of five

sizes of disk and border along rows and columns,
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(ii) a sequence over the template in order of increasing radii, used

for the initial evaluation of the five disk size cumulative sums,
(iii) a sequence used to flag the area surrounding a match position

to suppress re-searching that area.

The initial search for approximate match positions, using the differential
of the disk sum, is done using the smallest and the largest disk areas, to ensure
detection of all objects of the appropriate size. (If a large mismatch of sizes
occurs, the differential sequence does not pass rapidly through zero). A detailed
analysis is made if the gradient sequences along both rows and columns passing
through a given pixel consist of two positive terms followed by two negative terms,
indicating passage through zero. When this occurs, the match coordinates are
determined as the best position found in a five pixel by five pixel area surrounding

the approximate match position.

The cumulative error which is computed ig effectively the difference be-
tween the sum of the image values corresponding to the disk area and those of a
border area. This is a measurement of the contrast between the circular region
and its background. In order to compute this measure over five disk areas with-
out summing over the same area more than once, partial sums are computed over
annular rings, whose area is the increment in the disk areas. Then sums of
terms over disk regions and border regions of the five specified areas are obtained

by summing a small number of the partial sums.

The additional difference sums for the remainder of the five pixel square
area are determined recursively, using the sequences of array elements for the
new and deleted terms as the templates are moved along rows and columns of
the digitized image. If at the position of maximum disk-border contrast a specified
threshold is exceeded, the coordinates of the match position and the template

number (1-5) are output on the printer and sequential mass storage.

When advancing to the next record of data, it is necessary to rotate the

records of data held in a two-dimensional array in core by one row, and then
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read the next record into the last row of the core array. (An alternate method,

in which the evaluation sequences rather than the imagery data records are

rotated, was tested. The execution time of this program was greater by one-third).
Similarly, since the match can occur in any of five lines of data, the match para-
meters must be placed in arrays of five rows, which must be rotated for each

record read.

In order to prevent multiple detection of the same match position, and to
accelerate the detection process, a specified area surrounding a match position
is not searched again. This is accomplished by marking the data around the
match in some manner. This region may be rapidly distinguished from the data
by the use of negative numbers. If the area to be skipped is large enough that no
part of the template will fall on this area, the magnitudes of the elements may be
changed from the data values in order to convey useful information, such as the
number of pixels to advance along the scan line. This method was used in the
100x100 pixel test area, where the overall computation time was seen to decrease
as a greater number of trees were detected (and hence more area was byiaassed
in the search). In general, positions of the template near its edges may fall on
the marked area, and so the data values are simply negated, so that their mag-
nitudes remain available. With this method, only the midpoint of the template is
tested for falling on the marked area, and hence this test is very rapid. However,

this method limits the dimensions of the bypassed area to the size of the template.
If a larger bypassed area is desired, the corners of the template must be tested
for falling on the marked area.

An additional programming consideration which accelerates the execution
is the use of a look-ahead test, which cancels the search for passage of the

differential through zero if there are not sufficient pixels remaining before collision

with a previously detected match.
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3.5.4 Large Area Test Site

The test site known as Bateman's orchard in Bibb County, Georgia was
photographed by the MSFC I2S camera at an altitude of 3000 feet. The blue band
image was scanned and digitized to 64 levels in the density range 0 to 2, yielding
a digitized image size of 600 lines X 850 samples (510, 000 pixels). The orchard
contained 28 X 38 rows of trees, and hence 1064 tree positions. The majority
of the trees in the orchard have been examined from the ground, and it was
found that 50.5 percent of the original trees remained alive. Extrapolation to

the total area of 1064 grid positions indicates 537 live trees present.

The tree detection algorithm was applied to this digitized image, searching
for five sizes of trees whose areas ranged from 100 pixels to 300 pixels in incre-
ments of 50. The corresponding diameters ranged from 11 pixels to 19 pixels
in increments of 2. The threshold used was 7.0. (A threshold value of 7.0 means
that, on the 64 level scale of densities, the average density over the disk region

must exceed that over a ring-shaped border region of comparable area by 7.0),

In this test site, the tree crowns overlap in many cases, and an important
parameter is the allowable separation between match positions, which strongly
affects the execution time due to the bypassing of a specified area surrounding
previously detected matches. A set of experiments was performed in which the
bypassed area varied from 9 pixels on a side to 25 pixels. The results are
presented graphically in Figure 3.21. The computation times do not include I/O
operations. The machine used was an IBM 360/65, It may be noticed that by-
passing larger areas decreases the execution time more rapidly than the number

of detected trees decreases.

Sample printouts of the coordinates and parameters of each match
position, and of the summary of match sizes and enumeration, are given in
Figure 3.22. The five sizes of detected trees, for two values of the area by-
passed around previous matches, are indicated on the blue band photograph in

Figure 3.23.
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3.5.5 Performance Summary

The performance of the algorithm will be discussed with regard to

computation speed and detection accuracy.

As stated previously, the computation speed increases with the number

of detected trees, due to the bypassing of areas surrounding matches. The present
v scene is not advantageous in this regard, since one-half of the trees are missing.

Also, the detection rate will depend on the resolution at which the imagery is

digitized. It is apparent that, for good detection and sizing, the tree diameters

should be on the order of several pixels, ranging from eleven to nineteen in the

present case. With an IBM 360/65, the digitized image was analyzed at an

average rate of approximately 1350 pixels per second. (377 seconds were re-

quired with bypass size 25.) Expressed in a different fashion, the rate of analy-

sis is 3.8 tree cells per second, where a tree cell is a square region of side

the average distance between rows of trees, which is 18. 8 pixels.

Using the lower image of Figure 3.23, it was determined manually that,
within the 28 by 38 row area of the orchard, fifteen trees were not detected.
Subtracting the nineteen trees detected outside of the orchard from the total of

534 detected trees, we obtain a detection accuracy of 515/530 or 97 percent.

47




___IV. ANALYSIS OF THE INFRARED BAND PHOTOGRAPH

It has been known for some time that healthy vegetation is strongly reflective

in the near infrared spectral band, while vegetation under stress from any source
is markedly less reflective. This trait has been widely exploited in the determi-
nation of disease and insect infected areas of deciduous forests and citrus or-
chards. Encouraging results in peach orchard photography have been obtained

by Georgia Institute of Technology in cooperation with the USDA Southeastern

Fruit and Tree Nut Research Station. . In this work, color infrared transparencies
were viewed through color separation filters by a television camera. The image
was then analyzed by computer, and it was found that orchard sections containing
unhealthy trees were discriminated by their infrared reflectances.

Bateman's orchard in Bibb County, Georgia, was the site of a 9-year experiment
in various treatment methods. An aerial photograph, with the treatment areas
marked, is given in Figure 4-1. Herbicides were used to control weeds in strips
lettered ""H". Weeds were controlled by disking in strips lettered '""D". Blocks
of live trees in the disked strips indicate where Fumazone was injected for
nematode control. The almost perfect stands within the ""H" strips indicate
where both herbicides and Fumazone were applied.

The infrared band image taken by the MSFC I2 S camera was scanned and digitized
to 64 levels in the density range 0 to 2. In order to establish the existence of
variations in infrared reflectance as a function of tree vigor, the digitized image
was thresholded at several closely spaced density levels. The digitized image
was then rewritten on a film writer with the regions having densities less than
the thresholds being blacked out. The results for four thresholds are given in
Figure 4-2. The healthiest trees, having the highest reflectance, will be blacked
out at the lowest thresholds. It can be seen that only the healthiest trees have
densities of 25 or less. Setting the threshold at 28 includes nearly every tree
within the perfect stands treated by herbicides and Fumazone, while excluding
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V. ANALYSIS OF MULTIBAND AERIAL PHOTOGRAPHY

5.1 INTRODUCTION

The photography used in this study was obtained with an International Imaging
Systems (123) Mark I four-band mulfaspectral camera, using Kodak type 2424
black and white infrared film and type 2420 duplicating film. The four spectral
bands were defined by filters, whose peak transmissions occur at wavelengths
0.430, 0.530, 0.635, and 0.800 microns. The transmitiance curves are shown
m Figure 5-1.

5.2 IMAGE REGISTEATION

The four photographic transparencies were digitized separately and, hence,
require digital regisiration of the imagexry., This was accomplished by choosing
five template areas i one photograph and searching for match positions in the
other three images by means of a sequential similarity detection algorithm, 3

An error threshold sequence was calculaied based on a 10 percent probability of
exceeding the threshold at the n-th ferm of the error summathion (see Figure 3-10).
The templates from the first image were then used to search for matches 1 each
of the three remaining images and the match positions were taken as those with
minimum cumulative error. 4 The four digitized files of data were then trun-
cated by the appropriate numhers of pixels to produce registered files. These
are then merged so that the four density levels from corresponcing locations of
the 1magery form a four-dimensional feature vector. These sfeps are illustrated

in Figure 5-2,
5.3 TRAINING SAMPLE SELECTION

The data values for all four spectral bands were then selected from the template
regions corresponding to 50 declining and 30 healthy frees. The total numbers
of samples obtained were 9906 for the declining and 7718 for the healthy. This

is a prohibitive number of samples when using a nonparametric method of
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determining a set of classification functions. The number of training samples

was reduced by two methods.

The simplest method consists of sampling the data values at equal mtervals

such that a tractable number (e.g., 500) of samples 1s obtained. A second
method consists of obtaining the four-dimensional histogram of the data in which
each cell of the histogram represents a unicue set of the four data values forming
a feature vector. 6 The result is 8655 cells for the declining tree data and 6856
cells for the healthy. A reduction in the number of cells to 993 (healthy) and

737 (declining) was then accomplished by eliminating all cells having a frequency
of occurrence of one. This procedure 18 physically acceptable as these cells are
at the extreme edges of the distributions and probably represent mixtures with
soil data values, since the irregular shapes of the tree crowns permitf such a

mixture within the ecircular template regions.

Succeeding calculations of the classification functions were coded to use the

four data components and the frequencies of each cell and thus avoid the repefifion
of calculations for feature vectors which are identical. These two methods will
be referred to as the sampling method and the cell method in the following

sections.
5.4 SUPERVISED CLASSIFICATIONS

The two supervised classification methods which were applied are maximum

Iikelihood and sequential linear.

~

The maxmum likelihood algorithm 1s based on the assumpfion that the samples
within a given class are distributed accordmng o a normal (Gaussian) multi-

variate density function.

(x-m)T K (X-M)
1 2
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where M is the mean vector, K is the covariance matrix, and D is the

determinant of K,

Such a distribution is completely specified in terms of a mean vector and a
covariance matrix for each class, which are determined from the trammng
samples. In the classification phase, the probability of an unknown feature
vector belonging to each class is calculated, and assignment is made {o the
class for which the probability 1s the greatest.

Linear diseriminant functions are also determined for each class, using the
trainmmg samples. If the linear discriminant function corresponding to a certain
class 1s evaluated by substituting an unknown feature vector, assignment 1s
made to that class when the result is positive, If the assignment 1s not made,
the data sample helongs fo one of the remaining classes, and successive dis-
criminant functions are evaluated. This effectively means that the multiclass
problem is treated as a series of two-class problems, in both the training phase
(determimation of linear discriminant functions) and the classification phase
(assignment of data samples o classes). Visualizing the data from different
classes occupying different regions in the spectral measurement space, one

can recognize that the outer clusters can be separated from the mner clusters
and that this process can be executed sequentially. Thus it is necessary to
order the classes of data such that each can be separated from the remaiming
classes by a linear function (a hyperplane in the spectral measurement space).
This 1s accomplished by computing for each spectral band the totals of the
separations between all pairs of points in different classes (interclass) and
within each class (intraclass). The optimum separation i1s obtained when the
interclass distance is maximized and the intraclass distance is minimized. The
cocfficients of the discriminant functions may then be determined by maximizing
a criterion such as the distance of the trainimg samples from the diseriminant
hyperplane. 7 The processing flow is shown m Figure 5-3. Applications of
these algorithms have heen discussed in greater detail in other publications. 89
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Training samples derived by the sampling and the cells methods were used in

maximum likelihood and sequential linear classifiers. The digitized scene,
consisting of 510, 000 pixels, was classified on a pixel-by-pixel basis into three
classes--healthy trees, declining trees, and soil. These results were then
further analyzed to obtain the classification of each tree. The tree classes
were taken as the majority class within the area of each tree as determined by

the match coordinates and the five sizes of templates.

The two classification maps are shown in Figure 5-4, obtained using the cells
method of training samples selection and data from the four spectral bands. The
classifications of the previously detected trees are shown in Figure 5-5. An
example of the output of the tree classification algorithm is given in Figure 5-6.
The classification results are given in Table 5~1. When using the infrared band
photographs only, the two classification algorithms give similar results. The

density levels assigned to the three classes are as follows:

LINEAR: 0-30 healthy 31-38 declining 39-63 soil
GAUSSIAN: 0-30 healthy 31-37 declining 38-63 soil

5.5 PERFORMANCE SUMMARY

The goal of the multiband classification procedure is to determine those trees
which are remaining healthy and those which are in decline. One problem in
this procedure is the variation within a single tree crown. However, if the
classification is sufficiently accurate, this may indicate damage in some limbs of
the tree. An attempt was made to overcome this problem by classifying trees
as healthy or declining according to the majority of the pixels. It may be seen
from Table 5-1 that this procedure results in a classification of the 80 ground
survey trees with an accuracy of approximately 70 percent. Additional ground
survey information included the statistics of 989 trees, but not the status of
individual trees. Of 499 live trees, the ground survey indicated 46. 69 percent
as healthy and 53.31 percent as declining. The computer classifications also
indicate a majority of trees in the declining category.



3 S 7 .f ™ : 4
4 ~
- (O S R
‘ A-a;v\.. P—- .
I
*.- e Aok
W N e u

MAXIMUM LIKELIHOOD CLASSIFICATION

Figure 5-4. Classification maps obtained by two methods.

60

+TPRODUCIBILITY OF THE
RIGINAL PAGE IS POOR




e ]
@
=
&
&
®

z @ 3
eo® o ® + 08
..oo BEGH

I0N

CASSTEEICAY

C

SEQUENTIAL LINEAR

IKELIHOOD CLAS

|

MAXIMU!

Classification of the detected trees.

5.

Figure 5-

61

D)

RODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

s



CLASSIFICATIUN SuMi4aARyY

XA CHCNRCTCCEOTIT IO

cLass SIZE MUMBER SAMPLES PERCENT

LR B8 -] SO ety EE-R3-5 5.0 ER-E-F-3-F-
DECL INE 1 31 5.81
DECL INE ? 55 10.30
NECL INF 1 ' 109 18.73
DECL INE & 70 13.1}
DECL INES < 27 5.0h

‘ 263 53.00_
HEAL THY 1 [ 1.12
HEALTHY 2 - 13 2.43
HEAL THY 3 63 12.73
HE AL THY 4 : 31 . 15417
HE AL THY 5 33 15. 4
25T .50
SOIL 1 0 0.0
SOIL 2 0 n.o
SOIL 3 0 N.0
SUIL 4 n 0.0
sOlL < a n.o
N e
TLTAL 534

CE-F-E-2-5-F 228 2 F-0.F 1

Figure 5-6. Output of the tree classification algorithm.
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Table 5-1. Classification Results

: Training Data | Training Data Orchard Classifications (Percentages) Classification
Classification .
Method Accuracy Accuracy By Pixels By Trees Time
By Pixels By Trees Healthy | Declining Soil Healthy | Declining Soil (Seconds)

Sampling Method

Maximum

9

Likelthood T3.7 76.26 18.62 31.14 50.23 37.39 62,43 0.18 564

Linear 70.9 67.5 14.88 33.29 51,83 47.01 52,27 0.73 126
Cells Method

Maximum /o

Likelihood 78.1 T7.5 16.48 43. 04 40.48 47.00 53.00 0.0 524

Linear 76.8 67.5 11.24 26.73 62,02 27.15 71.35 1.50 v b

Infrared

Maximum 62.3 68.75 17.09 32.40 50.51 41.01 42.13 16. 85 183

Likelihood

Infrared Linear 63.2 80.0 17.09 39.17 43.73 39.70 51.12 9.18 47
Average 71.0 72.9 15.90 34.30 | 49.80 39.88 55.38 4,74
Ground Survey 46.69 53,31




The infrared band classifications were performed since it is known that decline

would be indicated primarily in the infrared spectral range. However, the
accuracy is diminished in this case. This is probably an indication of the fact
that the spectral band being used is in the very near infrared. It is anticipated
that better results could be obtained with better infrared response in the detector

used.
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APPENDIX A

A FORTRAN listing of the complete detection package follows. The core
required on the IBM 360/65, when using standard FORTRAN input and output
tapes, is 148 K bytes [ K= 1024] .
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DINENSICN S(29,3500, TMPLT(25,25)
LOGICAL IMPLY

DATA NR,IAREAY ,MuEYP ,THRESK NRECSsNSAMP 725,50+747.0+60C, 850/

NR -
IAREA]Ll =

LENGTH OF A TEMPLATE SIDE
IEMPLATE AREA INCREMENT

MBYP -
IhRESH =

LENGTH OF A oYPASSEL ARcA SIDE
THRESHCI D CN AVERAGE DISK AND BORDER DENSITY DIEFERENCE

NRECS | "=
MSAMP =

MNUMBER OF RECORDS TO BE READ
AUMBER OF SAMPLES PER RECOKD

alalelniaEnEkalel

(@

CALL DSECMC (S, TMPLT, NR, [AREAl, MBYP)

REWING

10

RENWIND 11
CALL DEYECT (S, S, Ni, NR+4, JARFAY, THRESH, NRECS, NSAMP)

END FILE 11

s1op

END
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SLEROQUTINE DSEQNC (ST, TMPLT, NR, [AREAl, MBYP)

C
C DEFINE EVALUATICN SEQUENCES
C
INTEGER ST(1), HSNI(25,10), VSW(25,10), HSD(25,10), vSD(25,10)
DIMENSICN NS(10), ISEQ(625), KAREA(11l), ASIZE(5,2), MSEQ{(S500)
LOGICAL T4PLT(NR,NR)
COMMON /SEGNCE/ NSyHSN,VSNsHSD 4VSD o ISEQsKAKEA,ASIZEsMS4MSEU
C
C FIND ELEMENTS PKESENTLY DISK, PREVIODUSLY BACKGROUND, ANL VICE VERSA
C ASSUME A SEARCH AREA OF SIZE (NR+4) LINES X NR SAMPLES
C COMPLTE VERTICAL MOTION ELEMENTS BY TRANSFORMATION I = Jy J = NR=[+1
£
N =0
DO 43 AN1=1,2
DD 43 N2=1,5
N = N + 1
N3 = C
NG = O
C
C OBTAIN TEMPLATE WITH DISK AREA 'l AREA®*
C
IAREA = N1 @ (N2+1) = JAREAIL
CALL TEMPLT (TMPLT, IAREA, NR)
o
DO 22 I=1)NR
DC 22 J=3,5R
IF (J.EC.0) GO TO 44
IF {J.EC.NR} GO TO 33
IF (NITLTHMPLT(I yu)« AND. TMPLT(I,J#1)) GU TO 35
IE (MCT.ITMPLT(I s J+1)  AND., TMPLTI(I.J)) GO TO 36
6o T 22
44 JF (THMPLT(I.J¢1)) GC TQ 35
6O TO 22
33 IF (TMPLY(I,J)) GO TO 36
GO 10 32
C
C CCMPUTE NEW DISK ELEMENTS
c
36 N3 = N2 + ]
"HSMIN3,N) = [NR+&)={J-1) + | + 2
VSNIN3 yN) = (Nk¢&)=(NR=I) + J + 2
=60 10 32
C
. - C  COMPUTE DELETED DISK ELEMENIS
€
35 N6 = NG + 1
HSD(NG 4NV = (NR+&IE(J=1) + [ + 2
VSOD(Ah& ,N) = (NR+4)&(N=]) + J + 2
32 CONTINLE
43 NS(NY = N3
C
C DEFINE ISEQ IN DRDER DF RADII OSEGINNIMG AT THE DISK CENTER
C

J1l = 0

N 22 JhE] Gk
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Ji = J1 ¢ L

STLIL) 11N ugi s
22 1SEQL.01) = (LRe&Iof Ja=1]) ¢ TW & 2

CALL SCRTSL (ST, ISEw, 1, NR®NR)
r

C COMPUTE SEQUENCF USED FOR DEFINING REGION SURRUUNDING A MATCH
L

MID = (NR+1)/2
MRAD = MAYP / 2

IRECT = MTD = 2
IREC2 = M]ID &+ MRAD + 2

ISAMP1 = MID = MRAD
_1SAMP2 = MID + MRAD + 1

MS = (0
D] 10 IW=JREC1,IREC?

DO 10 Jw=ISAMPLl,15ANP2
MS = MS * 1

10 MSEQIMS) = (NR+&)2({JW=1) + IW + 2

G
C COAPLTE DISK AND BURDER SEWJUENCES AND AREAS
£

DO &0 1I=1,11

KAKEA(IY = (J+«1)*IARCAL

60 CALL TEMPLT (TMPLT, KAREA(I)s NR)
DU € NS]IE=],5

ASTZE(NSIZE,1) = KAREA(NSIZE)
S ASIZFINSIZE.2) = KARFA{2eoNSIZE+1) - KARFA(NSIZE])

RE TURN
END

% aNAL PAGE IS POOR
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SUBRCOUTINE TEMPLT (TMPLT, IAREA, NR)

LOGICAL TMPLT(NR4NR)

R2 = JTAREA / 3.14159265
JAREA = N

DO 1170 I=1,MkR
Al =1 - (NRe1}/2

DN 11C0 J=1,NR
Ad = J - (NRe1)/2

TMPLT(I,J) = ,FALSE.
IF (AJ®®2+AJ®e2,0T,R2) GO TO 1100

IAREA = JAREA + 1
IMPLT(1.J) = , TRUE,

1100 CONTINUE
RETURN

END
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SURRNUTINF DETFECT (S, ST, NR, NR1, TARFA1, THRESH, NRECS, NSAMP])

DETECY CIRCULAR REGICNS Y CONTRAST COMPAKISON

[alalkal

INTEGFR S(WR1,NSAMPY, ST{1), SAMP(S,20), SI/E(S5,20), DELH, DELV,

«HSN(25,19), HSD(25,10), VSN{25,10), V5D(25,101
DIMFNSICH NSET(&), NIFST(&), NSFulS), NMAT(S), DIFF(S5,20), NSIZE

«l5)y NSL1N), ISELI625), KAREA(11), ASIZE(S,2), MSEW(500)
DATA NIEST J2u), 29=1 45 HNSEY FD4 0, 2+ 11

COMMON /SEQNCE/ WS HSN,VSKyHSD oVSD,ISEWsKAREAZASIZEMS+MSERQ

100 FORMAT (1H1,220X,'CUORDINATES OF MATCH POSITIONS®/21X,30('*%)//5X,
JPLINE AUMSFER® 10X, *SAMPLF NUMBFR, RELATIVE AREA, CONTRAST®//)

101 FORMAT (I11J0+3Xe8(16,12,F6.211)
102 FORMAT (1iX.E{lb413,Fba2]))

103 FGRMAT {1H1,32X, *COUNT OF MATCH POSITIONS'/31X,24{*="')//21X, '"NUMBE
AR NOMIMAL ELRFA ¢ UIAMETER ACTUAL PIXEl ARFA ¢ DIAMFTEK'/21X,

dOL P91 ) 43X, 12("8 )3 XeB(%2%),3X,17("#%),3X,8("="})
106 F{'RMAT (/126,112 ,F13,1,2115)

PRINT _1C9

MIDRCW = N/2 + 1
_MID = (NR+4)*(MICROW-11) + MIDROW ¢+ 2

NRECZ2 = NRECS - NR1 + MIDROW - 1
NSAMP2 = NSAMP - MIDROW

INITIALIZE SIZF COUNTFR, MATCHES PER RECORD COUNTER, AND ARRA

(alalal

D 2. 1=]1,.9%

NSIZE(LTI) = O
2 NMAT(I) =9

DO & Jw=1,NR1
5 READ (17) {(S(JW,IFL), IEL =1,NSAMP)

0N 1 MREC=MIDKOn 4NIEC2

1€L = MINROH

J5 = 0
HSEQ(Ll) =

3|
NSEL(S) = 2

5330 CCATINLE
FEL =r IE e 0]

IF (IEL.GT.NSAMP2) 60 TO 1111
IS =515 ¢ NR]

C
TE _LSTLASeMIN)LGECD) 6B T0 0
NSEG(1) = )
HSEQLE). = 9
GHOTHE =230
C

C CANCEL SEARCH IF INSUFFICIENT PIXELS AHEAD TO SATISFY DIFFERENCE SEQ.
C

80 NPIX = 2 = MAXO (NSEQ{l), NSEQ(5))
A3l .= JS e NPIX®NR]

IF 15T LASEeMT 0GR 0) 60 TO 1

7


http:t5T1.MIA,).C.F.Ot
http:I1J,3XS(16,13,F6.2I
http:DIFF|5.20
http:VSD(25.10
http:SAMPIi.21

SEARCH FOR MAXIMUM IN SUM OVER CIRCULAR REGION 8Y SEARCHING FOR
DIEFERENCE SEQUENCE WITH SIGNS ¢ + = =

2] alalin]

88 DO &0 A=1,5,4

N3 = NS(N)
DELH = 0O

DD 45 JSEQ=1,N3 :
45 [DFLH = DELH + TABS(ST{JS+HSN(JUSFQ,NI}) = [ARSIST(JSQHSDIJSFD.N)]]

NSEQIN) = NSEQ(N) + 1
IF (DELH®NTEST(NSFQINI).LT.0) GO TO 41

IF (NSEC(NI.EQ.4) GO TO 1250
G0 T0 40

41 NSEC(N) = NSETINSEQIN))
40 COMTINLUE

GO, TG 5330

C
C COMPUTE DIFFERENCE SEQUENCE ALONG COLUMNS
C

1250 NSEQ(1)
MSEQ(S)

4]
1
pg 2100 N=1,%5,4
J§to = )% - PENR] e Y

N3 = NS(N)
pno 2C1C K=1.4

DELV = 0
DO 35 JSEQ=1,N3

35 DELV = DELV ¢ ITABS(ST(JS1+VSN{JSEU,N))I=TABS{ST(JS1+VSCIJSEI,N)))
IF (DELV®NTEST(K), LT,D) GO Ta 2100

20100050 = J51°+ |
o CALL MATCH (ST NRY . NMAT, SAMP, SI1Z2Es DIFE, THRESH, IELs JS)

GO 10 =330
21C0 CONTINUE
G T S330
1111 COMNTINLE
C
= - 0 " HATATF ARRAY S AY AKE BAM
C
DO € Jh=2,881
DO € IEL=1,NSAMP
e e SR~ IEL = ST AN TELY)
C
C OUTPUT LISTS OF MATCH COORDINATES. READ NEXT DATA RECORD.
c

1F (ANMATI1D.FQ.0) GO T 2600

NM = NMAT(1)
NMATICH = NMATCH + NM

D0 2121 I=1,N4
e 212N NSIZELSTLRAL 1)) = NSETELSTIZECT )} v

IF (NM,GT.8) GO TO 8N0
PRINT 101, NREC, (SAMP(l. 1), SIZE(1l,I)., DIFF(l.I), I=1,NM)

GE T0 @5
800 PRIAT 101, NRFC, [SAM ) = )

Pll,10,s SIZE(),I)
PRINT 102, (SAMP(1,1), SIZE(1,1I), DIFF(1,1), I=9,NM)
95 WRITE (111 NREC, NM, (SAMPIY,1), SIZF(1,1), I=1,NM)

2000 CCNTINLE
READ (1€) (S(NR1 . IFL), IFL=1,NSAMPI]

2 EPRODUCIBILITY OF THE

RIGANAL PAGE IS POOR
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IF_(NMAT(I1).EQ2.0) GO TO 120

NM = NMAT(I)
DO 110 IFL =1,NM

- m e = =

SAMP(I=-1,1EL) SAMPI(I,IEL)

e S1IEL =110 ) 2 STIEL]1+LEL)

110
120

DIFF(I-1,IEL}) = DIFF{I,IEL)
NMAT{I=1) = NMAT(T}

1

NMAT(S5) = C
CONTINUE

PRINT 103

NMATCH = 0
DO 10 As=1,§

NAREA = (N+1)=TAREAIL

D = 2,0 ® SURTINORFA/3.16159205)

ISIZE = ASIZE(N,1)

10

[ = 26INTIDS2:0%]:00 = ]
PR INT 104, NSIZE(N), NAREA,
NMATCH = NMATCH + NSIZE(N)

Dy

ISIZE,

ID

PRINT 1r&, NMATCH
RFTIRN

END

73
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SUBROUTINE MATCH (ST NR1,NMAT,SAMP »SIZE.DIFF, THRESH IFLoJS)

C :
C COMPUTE CONTRAST FOR S SIZES OF DISK OVER- A 5 X-5 PIXEL AREA
€
INTEGER ST(1), SAMP(5,1), SIZE(5,1), SUM(11), DISK, BORD, DSAVE,
«BSAVE, L[DISK, HSN(25,10), V5N(25+10)y HSD(25+10), V5D(25,10)
DIMENSICN NMET(1), DIFF(S,1), NS{10), ISEQ(625), KARFAf11), ASIZE
«(542)y MSEJ(500)
COMMCN /SEQNCEZ/ NS HSN VSN HSD,VSD ,ISFQ,KARFA,ASIZE,MS,MSEQ
C
| C COMPUTF SILMS OF DATA VAIUES OVER ANNUIL AR RINGS
C

Sl E S = 4%NR] > 2

KEL = KAREA(1ll)
K =1

SUM(1) = 0 :
DO _3ns JSEQ=1,KFL

IF (JSEG.NE.KAREA(K)+1) GC TO 305
it A (Y R

SUMIK) = n
305 SLMIK) = SUMIK) + TABS(ST(IS1+ISFQ(JSEQI))

alial

LCOP OVER € SIZFS OF DISK AND S X S PIXFIL ARFA

AD fan

oo
iS

8 NSIZE=1,5
JS = S5%NR1

ND
NB

NSINSIZE)
NS{NSIZE+5)

(U Ul U (T

D0 _18 KHOR =1,85

JE & JS '+ NR]
DO 18 KVER=1,5

JS1 = JS ¢ KVER = 3
IF (KYFR.NF.1) GC TC 200

IF (KHCR.NE.1) GG TO 201

COMPUTE DISK AND BORDER SUMS AT FIRST POSITION AND SAVE FOR RECURSIVE
CALCULATICNS

(sl alalal

DISK =_0

82RD = N
DO 21 AN=1  NSIZF

DISK = DISK + SUM(N)
21 BORD = BORD ¢ SUMINSIZE+N)

BORD = BJRO + SUM(2eNSIZE+1)
DSAVE = D]SK

BSAVE = 303D
GO 10 6210

COMPUTE RECURSIVFE SUM ALONG RO4S

(ol aXal

201 DDISK = ¢

V0 24 JSEQ=1,ND
34 ODISK = DODISK ¢ IABS(ST(JSI+HSN{JSFQ,NSIZE))) = TABSU(STLJSL+HSD

A ISFaLEITF)))
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35 BNRD = BOKD + T1ABS(ST(JS1+HSNIJSEQ,NSIZE+50)) - IABS(ST(JS1+HSD

«(JSEU,NSIZC#5)))

I
C SUBTRACT 5UM OF TERMS ADDED TO PREVIOUS DISK SUM
C
BNORD = BORC - DDISK
DSAVE = DISK
BSAVE = BORD
60 10 9210 2
C
C _COMPUTE RECURSIVE SIM ALONG COLUMNS
C

200 DDISK = C

DO 22 JSEQ=1,ND
32 DOISK = DDISK ¢ TARSESTCUSI+WSNIJUSEQ.NSIZE))) = TABS{ST{JS1+VSD

«lJSEQ.,NSIZED))
DISK-= DISK + UDISK

DN 33 JSEJ=1,38
— 33 J0RD = HORD & JARSESTLUSIVSN(JISEQ.NSIZE#S5))) = JABS{(ST{JSIeVSD

o JSEWsNSIZE+E)))
BORND = BORC ~ DONISK

EIND MAXIMUM OF DIFFEREMNCE BETWEEN AVERAGE DISK TERM AND AVERAGE =~~~
BORDER TERM

alaknlal

9210 CONTINUF
DIF = DISK/ASIZE(NSIZE,1) - BURD/ASIZE(NSIZE,2)

IF (DIF.LT.AQ) GO TO 18"

A0 = DI1E

Kl = KVER

K2 = KHOR

K3 = JS1

K& = NSIZE

18 CONTINLE

C
C STORE MATCH PARAMETERS IF CONTRAST IS GREATER THAN THRESHOLD
C

IF (ADLLYT.THRESH) RETURN

HMATEK]IY = NFAT(KI) ¢ 1

KM = NMATI(KL)

SAMPIK1,MM) = JFL =-S5 ¢ K2

SIZE(KL1yNM]1 = K&

DIEE(K]1,KF) = AD
C
C IF MATCH FOUND, SFT CENTRAL REGIUN TC NEGATIVE VUATA VALUES FOR
C SKIPPING ALGIOAITHM
i

DG 10 JSEQ=1,M5
JJ = K3 +« MSEul{JSEQ)

10 STHJJ) = TSIOGNISTIJJ)y=1)
RETURN

END




-~

DO

ninl aXal

SUBRQUTINE SCRTSL (Al, A2, JI, JJ)

FROM ELEMENTS II TO JJ

SORT ARRAY Al AND ARRANGE ARRAY A2 CORRESPONDINGLY

DIMENSICN Al(ld, A2(1), IU(16),
INTEGER Al . B2 T, T2, TT1, 112

IL(16&)

LOGICAL=1 SL
SL = ,TRUE.

GO 10 1

ENTRY SORTLS (Al, A2s 11, JJ)

SL = +FALSE.
ND = )] = FJ & 7]

M=1
1=11

J=JJ
1F{I.GE.J) GOTO 70

K=1
1J={J+1)/2

Tl = AL(IJ)
T2 = AZ(IJ)

IF tAllddaLECTA )Y 68 TD 20
AL(IJ) AL(I)

A2(1JY = aA2(l)
ALLI) = T1

A211I) = T2
Y1 = AY(1.1)

20

T2 = A2(1J)
L=

IF (A1{JV.GE.T1) GO TO 40
All1J) = Al(Jd)

a2(1u) = A2(J)
Al{d) 271

A24 3N ~—= T2
3 fi (R i i B

T2 = A2 1 J)
IF (A1(I).1F.T1) GO TO 40

AL(IJ) = alll)
A2(1J) = A2(])

a1(IY = T1
A28 TP

Tl = Al(IJ)
T2 = Az(1J)

a0

GOT0 4C
Al(L) = A1(K)

A2(L) a2(KI
AL(K] EE]

40

A2(K) 1712
L=l-1]

IF (A1(L).GT.T1) GO TO 40
Tl = pYib)

50

TT2 = A2(L)
K=K+l

LE B LT YA R e

76
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[uMi=L

1=K
M=pel

GOTO 8C
AD TL(M) = K

TUIM)=J
J=L

M=M+]
cNIo 8¢

70 M=M-1
IE_IM.EELDY GN TO 75

IF (SL) RETURN

ND2 = _NDZ2

I3 = 11
12 = 4]

D2 110 I=1,ND2
11 .= A1¢11)

T2 = A2011)

AYELTY = XYL D)
A2(11) = A2(12)
21015 3 T1
A2(12) = T2
) b ORE ) < e |
110 F2 & L2''=1
RETLRY
75 I=1ILIM)
J=1U(M)

80 IFlJ-1.GE.I1) GOTO 10
[IF(I.EQ.1]) GOATO 5

I1=1-1
op I=1+1

IF({I.EC.J) GCTO 70
T1 = A1(I+1)

T = A2ikeT)
IE 1AL LECTY) GO 70 90

K=1
100 Al{(Kel) = AL(K)

A2(K+1) = A2(K)
K=K=1

IF (T1.LT.AL(K)) GO TO 100
AliKe¢1) = T]

A2(K+1) = T2
G010 9@
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APPENDIX B

Listings of the following data handling subroutines are given:

SETREE

CELILS

CLTREE

RETREE

selects training data from the feature vector file

determines the frequencies and feature vectors in the
four-dimensional histogram analysis

classifies trees according to the majority of pixels

reconstructs the tree templates at the match points

78



5 s o LR il
SUBRIUTINE SFTAEE (Xe Se %%, NWIECS, NSLUP, MYy UY)

3
€ SFLECT GaGui: TALTd TRLES
-

DIMEL SIEN X(Awallde SURHLSAsP), WICT(2), HTIC2)
INTEGFR SBIPQ SIZ:. 511
LOGICAL THPLTL£254+25,5)
100 FUF”AT (1G615)
lﬁl FURALT llzu. UCCJPIE £n CFLLS'-I!O: TGTAL'/)

oo EORYAT 4 Lx 2015
106 FORMAT (516)

L
N0 20 N=1,5
R2 = 8.0 % (RFL) 1 A 2GVET2ES
TARER = D
DO 10 I=1,NhK
Al = 1 - (WR#1)/2
ki DO 10 J=1l,iR
A = J = (knel)/f2
THPLT (L «dsn) = FALSE,
IF (Al=22+2)292,510, R2) GC 73 10
[AREA = [AxEa + 1
TEPLT(Tedon) = o TRUE,
10 CiikTINUE
<D PRINT 1C2, IAREA

— o — A ————— e et ]

NG 150 NL=1,4RECS

REED (1C) S
150 WRITE (SO'HL) §

3
DN 260 NC=1,2
NTGT(hC) = O
) NT{NC) = O g B iy P
KS = G
Y s IR s T U S e e NS RS e e
C
€ rFXTPACT CATA FIR A TREE el ]
3

250 RIAD (5410 TeEul= 2201 _LINE, SAKP, ST
HWTUNEY = BTINCY + 1
=TT s LIRE il 2 e, Gl CE Tk i o g [
T e b W« o oS TR T e e = T FWs v i Y VRS s
D. &f sLl=1l.41 ]
READ (9L 4] 5

TTTTTTTUG11 = SAMP - R/ 2
et __Day &4 NS1=1sMa e i 2
' 1E (ohOTToPLTANLI oHSYSIZEY) 67 T0 &4
=yl NI = #] -+ = ]
2 Y 6L NFl=l.6
8 60 _X(KFL1NL) = 5(NFE1,511) N SN ), L M L, S I -
“h 511 = S1Y |
5 B M B e au e R SR T TRt - e S L T PR oy W
NTOTINC) = NIGT(NC) + NI
= C 3
KRITFE (64105 AT(HC Y tiC LINE o S8, SIZF
S T eI T e o U B iemcs ki r oe oet
C DETERMINF CELL NUMBERS
2.0 c

- - ™ 5y PRODUCIBILITY OF THE
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KSQ & K5 2.1 PO N, % L -
& i SCALL CELLS s Ml KEs UCs KS» NN)
KSD = K5 =~ #89 . . .
PRINT 101, K3J, K$
P N T il e W Ly S G

220 CONTINUE
CALL SORTLS (T JCy. 19 ASY0

SRITE (8) KSs (MC(1)s JCITY, Is1,KS)
2560 CINTINUE

PRINT 102, NTJT i
RETURN

END o iy o
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SUBRNUTINE CFLLS [Xe %Sy MCe JCy KS» N

i)

%
_____“4______[_)1!"-_&‘{.'5!‘]”7 X{Mwel ) MCT1), Jf'l' AW L Y = - =
E LUGICAL®1 oYTE(&)
S s I FOQUIVALFNCF (+Cds o¥YTF(1D) ¥
. ¢
| e g NSi=1lewd e OB S el )
03 147 NF=l.NY
BAL 160 BYTECLNE) = XUNFaNSL1) - e e IS S . s L 1% Sl =i
3
C CHECK FOR CELL JTCUPA:CY e = sma et 0, SR ECoe gl DO
=5 C
D0 36 K=1.KS
e IF (HCUEG-JCUKY) 68 T8 3¢
36 CONTINUE
¢
€ START NEW CELL
G
K5 = K5 &1
JCI¥S) = NCO
MCIKS) = 0 LY
K = KS
€
37 HCUKY = MCIK) + 1
QETURN
-~ END 3
& . - 81
oy
L !
* )
_E_i_—_f i
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SURLUTINE CLTREE (S, ST, MK, "14CEA&), kopo,

-

RELS, ‘ISAMP)

C :
3 C__CLASSIFY DETECTEQ TREES ACLCACING TP THF_MAJL :ITY_GF PIXELS o TR !

C IF MiDE=1, READ COURDINATES FRIM TLPE UNIT 8

C LE_4DE22e KEAD CCuRDIMATES FEOA CARDS ik e T SO N < T L

c

DIMAELSIIN ISEA(5,30(), NCLASS(3), MCLASS(EN), PCT(50), KS(E,3)
INTEGER ST{1)s SUnzsl), FIXLIS), SAMP(S0), SIZE(S0), CLASS(2)
DOUSLE PRECISIIN CLASS1(Z) el |
DATA CLASS /*DCY, '0OKk', *SC'/, CLASS1 /' DZCLINE', ' HEALTHY', ¥
= SaIL'/
100 FOR4AT ('17,20%, FTREE CLASSIFICATIuN‘Ile.l°l'*‘1!/5x.'LINE NUMBER
«'25X, "SAMPLE, SI2ZE, CLASS, PERCENT'//)
191 FORMAT (315) i -
172 FORMAT ('1°',30X, *CLASSIFICATION SUMMARY'/31X,22('2')//20%," CLASS®,
«BXe'SIZE NUMBER',8X, 'SAMPLES", 10X, 'PERCENT */20X,5(787),8X,11('&1),
SBX s 70'81), 10X, 7('8))
103 FURMAT (/A26,113,117,F18,.2)
104 FORMAT (/6iX,'TOTAL;110/41%X,15(%¢*))
105 FCRMAT (112,7Xe6(1hs13,A6,Fbs1)) -
176 FORMAT (16X, 6(16,13,A6,F&,1)) . y
157 FARMAT (52Xs5(V=1)211X, T(V=V) 7156 F18.2752X,5( =71, 11X,7(7=7177)

C DETERMINE FIVE TcMPLATE SEQUENCES

DO 310 NT=1,5 :
R2 = (NT+1)oIAREA]l / 3.14159265
NSEQ = 0
DO 20 I=1.hR
II = I - (NK#l)/2
DO 20 J=1,NR
JJ = J - (NRel)/2
IF (1I=%2+JJ%%2,G6T.R2) GO TO 20
NSEQ = NSEu + 1
ISFOUNT,NSEQ) = NR2(J=1) + |
20 CONTINUE
210 PIXLINT) = NSEG

c e
e C INITIALIZF ARRAYS, RCAD_INITIAL COURDINATES e s
'8
L A _PRINY 100 i = oS Ero
DO IC L=1,5
DC 10 N=1,.3 5 .
10 KSILel) = O :
I e | e R B g0 (Y b SR s o e e e i e e E DO I o e
22 “EAF llu) lS(JnolrLiy TEL=1,NSAHP) :
et len e T S Dby R s =
IF (“"DE oEus 1) READ (8) FEEC, NT, (SA“PIII, SIZE(I), I=1,NT)
b1, JE ¥ O0E Ec.2) READ 155101) MREC, SAHPCL), SIZE(Y)
MIDRT W = 4R/2 + 1
= S NRECF e NRECS =~ NR e MIDROW-"L . e e =
C ' :
e g B R R Dy e e L W S S s e e
IF INRECJNFELMREC) 600 TO S5
SN 50 DO 75 A4T=1.01T :
C

—— € 'COUNT NUMBER uF PIXELS ASSIGNED IO EACH CLASS _ — S ntsent
c V5

DU_74 N=1,3 s e sl - e
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6 NICLASSIN) = 0
tarips = BEXLOSTEEMT D)
JS = RE(SAlPlaT)=1=.ix/2)

DT 16 HSFu=1y1AREn =
JJ = JS & ISEG(SIZA(HT) LSEN)
IC = ST(JJ)

Sn LT s NELASSTE) =

NCLASS(IC) + 1

DETEININE CLASS HAVILG 1A RITVY LF PIXELS

&
C
c
S 5. 2 M S et
DO 70 k=143
__JF (RCLASS(w).LT.HAX) GE TG 70

VAY = HCLASS(NY)
NC = N

70 ‘CONTINUE

KSISTZE(MTIWNC) = RSUSIZE(NMTIZNC) + 1

HCLASS(AT) = NC .

PCTUAT) = MAX * 1€0.0 / IAREA
75 CONT INUE : .

IF (MIDE.EC.1) WRITE

«I1=1.HNT)
If (NT.GT.€6) GO T0 80

(11) MREC, NT, (SAMP(I), SIZE(I

)y MCLASS(I),

F‘.‘\IIJT 1’.)5. l‘.’néC.
GO _TO 35

(SAUPLTI) o SIZE(T) ,CLASS(MCLASS(I)),PCT(I),

l=1.NT)

30 PRINT 105,
PRINT 106,

NF‘.ECU
(SAAP(1)sSTZE(I),CLASS(CLASS(I)),PCT(I),

(SARP(T),STZE(T),CLASSTFCLASS(T)),PCTII],

I=1,6)
[=T74NT)

85 NI = 1

IF (MIDE.EW.1) RCAD (3,FND=30) MFEC, NT,

IE (4IDE.EQ.2) READ (S,171,E0D=30) MREC, SAMP(1l), SI

(SAMP(I11,S1ZE(T),

I=1,NT)
ZEL1)

IF (MREC.EJ.NREC) Gu TO 50

35 DO 6 JW=2,HR
DO_6 IEL=1,NSAMP

6 SUJIn—-1e1EL) = S(J=.+IEL)
READ (10) (SCUIR,IEL) s IFL=1,N5ANHP)

130 CONTINUE
S

30 NTOT = 0
D3 2L NCaYe N

NCLASSINC) = 2
NN crn N=1,5

273 NCLASSIACE © ACLASSUUE) ¢ KSTENC)
210 STST = NTIT & NCLASSINC).

C

ORAAY NID o b e oy
D0 11C0 NC=1,3
DG_1110 N=1,5’

W AR L

PCTERCY = 10050 % KStd,0CY £ EFaY

b= 1110 PRIGT 103s CLaASSIINCYs Ny KSHLSRCY o PCTANC)

PCTINC) = 100.T * WOLADS(NC) / NTOT
1C7y RCLASSINCL)y PCTH(LC)
ORINT 104, NTIT

RETURN

FND
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€

SUBRLUTING RETREE

Sy 5T KRy

I

5

C

+CLASS(5C)
LOGICAL MATCHS

c

£ DETESMINE FIvE TEMPLAJE SECUFNCES

C

DO 2 NY=1.5

C__RECONSTRUCT TrHE TREE TEMPLATE AT _THF MATCH

ARFaly NFECS, MSALP)

RAEENES

INTEGSR. SUNReLl)s STE1), ISEQUS930%) ¢ PIXLUS)y SAMPUSC), SIZE(500, ,

R2 = (NT+1)*IAKEAl / 3.14159265

NSEQ = 0

00 [=1s0NR
Al I - (WR+1)/2

—

Do J=1NR
AJ o= CNR+]1 )42

o

IF (Al=22+4J2%2,G6T.R2) GO TO 1

NSCQ = NSEQ ¢ -1

1

ISEQ(NT o NSEQ) = NR®*(J-1) + |

CONTINUE

2
C

PIXL(NT) = NSEQ

C READ INITIAL CGORDINATES,

C

SET BACKGROUND TO CLASS

131

READ (8) MREC, NT, (SAMP(I), SIZE(I),

CLASS(I),

I=1,NT)

MATCHS = ,TRUE,
MIDROW = NR/2 + 1

MREC2 = NKECS - NR + MIDROW =

1

DO 7 J=1.NR
00 7 JEL=1,NSAMP

7
{ il

S(J.1EL) = 3

C WRITE OQUTPUT FILE OF RECCNSTRUCTED TREES

C

D3 10 NREC=MIDRDOW.NREC2

IF _(NRFC.NE,HIEC)

L0 710 S5

DN 180 MT=1,nT

IAREA = PLXL(SIZELMTY) __

JS = NRE(SAMP(AT)-1-NR/2)

M Js NSEu=1 TAREQ

JJ = JS + ISEJISIZE(AT)NSEQ)

75 STt3J) = CLASSIMT)

130
e C

CAONTINUE

a0

IF (MATCHS) READ (BoEND=33) "REC, MT, (SA4»(1), SIZE(I), CLASS(ID,

ad®befl) o
GJ Ty 95
MATCHS = ,FALSE,

C

S 9l N0 6 I NR ...

B leiea LErn )

Cd 6 IEL=1.N5AMP

EStUR=10ELY = StddelELY. = - <.

DN B8 IEL=1,NSANP
SINRLIFL) = 3

WRITE (11) (S(1.,IEL), IEL=1,NSEMP)

— 8
10

- C
S It U

DN 200 JW=1.iR

ARITE (11). USUS=1FEL) . RTELR) NSANPY

RETURIN
END
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APPENDIX C

The following subroutines were used in performing the supervised classi-

fications:

SUBLPC
PTEST
PCLASS
MALICA
EFFECT

SNOPAL
NTEST
NCLASS
NOPACA

Compute Gaussian statistics of training samples

Test maximum likelihood classification of training samples

Handle 1/0 for classification of the data

Maximum likelihood classifier

Determine class to be tested for linear classifier using
training samples

Compute discriminant function coefficients for one class
Test linear classification of training samples
Handle I/0 for classification of the data

Nonparametric (linear) classifier




c
——— SUBROUTINE SUSLPC (LC, MCy WSy CLASS, S, EM, EK, Be NN, MM)
c

| C SUPERVISED BATCH LEARNING 0OF _PARAMETERS
C

DIMFESICY Mollde NSURMe3)y EM{NNgMM), EK(NN,NN,MM), B(MM) S
DOUBLE PRECISICHN CLASS(I4), SUNM,NN), DET
LEGICAL®) JCEi'alY | e

64550 FORZAT ('1%/25X 'cSTINATED GAUSSIAN PARAMETERS'/20X,29('=')//5X,

o 'MEAN VECTLKS" 210X 'C:vARIANCS MATRICES') i
4554 FURMAT (Fl5.20(5%016F7.2)) ;
45°7 FURMAT (/25X *OSTERMNIJANT _=",1PELDL.3] .
4577 FORMAT (//1204A10el6," SAMPLES?)
&
C COMPUTE MEAN VECTORS AND COVARIANCF MATRICES
C el e ity PRTEN.
ARITE (£&£44550)
i s by o Vo B B T by KRN SR R e
NC11l = NS5(I3,c)
NC1Z2 3 N5(15,5) b
0C 9200 Il1=14ud

el sl x Ga s b SRS o —

DS 4500 N31=kCL1.NC1e
40CO EM(11e13) = CM(I1,13) ¢ MCINS1)*LCUT1eNS1) e
SCCO EMETL1.T13) = EAlLLs1a) / NSUI3:1)

C L s s

D0 Q200 [1=l.ui

I M ol A R W A e e T
FRlIlolceli) = 0.0
ool {7 o (910 B Eo ool B TP el KPS I 5 e | O S ey s
9170 FKOIl912412) = EA(IL1412,13) ¢+ MCINSL1) = (LC(I1,NS1)=-EM(I1,13)) .
; L (LC( I,d_ii"'n_S'K)_-_E:‘l___lLJI))’_ A = e N L3

_____ akileld) = ER(Idel2ed3V . . . = A
S11es1l) = Stlls12)
S2™"0 CONTINUE = A2 e
C

WRITE (6,6577) J3, CLASS(I3), NS(I13,1)
00 SN08 [1=1.NN
SPC3_PRINT 6554, EM(T1e03)e (FK{J1o02,03), 12=1,11) i)l

i
L C INVERT ZOVARIALCE MATRICES, COMPUTE _GAUSSIAN FUNCTICN CONSTANT TERMS AR
v = .

CALL CASIuV (54 Nag GET)

DD 10020 Ta=1.kN

DO 1C%0 J2=1,4N._ . . B M
JIEBRDCEKLILs12513) = $§11:12) :
. BUI3) = =),5 ® [NN®ALT5(2,0%3,14159265) + ALOG(SNGL(DET))) e AT
1110 wRITE (6,4557) DET

REIURY

END
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SUEPCUTINE PTEST (LC,y “Cy NSy CLASS, EM, EK, €, NN, %¥)

C CUASSIFIES KrilwN_DATA SAMPLES - PARA4STRIC CLASSIFICATION

C
Tl S _DIHENSION MCE1 by H5CEEGSYy WAZ5) s FFL1)y D)5 2(l)y «5t22)
DUEDALE=PRECISTL R CLASS(Aim)

LoGICAL«] L Ut el)

174 FORMAT (/730X 15HAVIRAGL ACCURAGCY =,F&.1,8H PERCENT/Z3 X o32(1H))
208 FURMAT ('10/30%pc3( V%0 ) /23X, %8 FTSULTS OF CLASSIFICATICN 39 /39X,

s TRAINING SAMPLES BU/RANKG2C( W 0?)/ f/14X 4 "NUYBER [OF NUMBER
. PERCENT NUMGER TF SAMPLFS CLASSIFIED AS'/6X,'CLASS SAM
i .PLES CORKELT ConRECTY ,1.A%/(43X,10A9))
2009 FUGRMAT (/14,39,17,115,F12.1,1C19,(/62%,1019))

C
PRINT 2008, CLASS

TE = £.0
DO_1301 NC = 1,.,HM

DC 1221 Nd=]1,MM
1221 KS({HK) = O

iwnSC = NSINC,.1)
WC1]l = NSINC,2)

NCld = NSINC,3)

DS 14GO MNS51=NC11,NC12
DO 1570 NF=1.,NN

15C0 X(KF) = LC(WF,NST)
CALL MALICA (X, ICLASS, KS, EM, EKy P, 1, AN, MM)

1400 KSEICLASS) = KSUICLASS) + MCI(NS1) - 1

EFF = 100.0 ® KS(LC) /7 MSC
PRIMT 2003, NCo CLASSINC), NSC, KS(NC), EFF, [KSINC1), NC1=1,MM)

1201 RE = TE ¢ IEEF
AVF = TE / FLJATI(MM) _

PRINT 104, AVE
RETURN

END

L f1q,~\ ';,¥';in 1Y N .
v e POUR
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C
SURRJUTIME PCLASS (S .MCLASS.CLASS,EM.EK,B,NRECS ,NSAMP,Nh,MM)

C

C CLASSIFIES UyKNJuwN DATA SAMPLES - PARAMETRIC CLASSIFICATION
C
__DIMENSIIN S{NN,NSAMP), MCLASS(NSAMP), EM(1), EK{1), B(1}, KS(20)

—

DCUBLE PRECISION CLASS(HM)
2010 FORMAT ({'1'/3GXe27(">*)/20X,'* RESULTS OF CLASSIFICATION = /30X,

120, 7X, 'DATA SAMPLES'y2X, ' ®1/30X,29('87)/7/20X, 'CLASS ' 415X, 'S AMPLE
_o5'el5Xs *PERCENT /20X 050 2220),2(15X,200e0)))

2011 FGRMAT (/118,A9,120,F21.2)

2012 FORMAT (/16Xel3HTOTaL SAMPLES.[20/16X,13(1H®))
C

DN 1415 NC=1.8M
1415 _KS(NC) = 0

-~ NTOY = NSAMP & NRECS

C
e N2 NREC=1GNRECS e
CALL MALJCA (S, MCLASS, KS, EM, EK, B, NSAMP, NN, MM)
1o WRITE {11} MCLASS
C

PRINT 2612 i
DN_1301 € = ] .MM

PCT = 102.0 * KSINC) / NTOT
1531 _PRINT cGlilys HC, CLASS(HC)s KS(NC), PCT

PRKINT 2012+ NTOT

“RETURN
END
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= s
SURRCUTINE “ALICA (X1, KPAX, KSy Emg EXKy By NSSy Nhy M4)
L
G PFAXTaUN LIRFLIHLRD CLASSTEICATICN
C

e DIMFNSETN XLANN LSS)y KMAX(NSS)y SMINKMY)y EKINN NN, M 4D, B (¥ 4),

«DX020)s KS(1)
DATL GMAXX fZFFFFFFFF/

C

Sl DL ZDE0 NSI=1eNSS o
GMAX = GMAXX

ot DO _190Q_I=1,0M

E 1 ' ' : St 89
T A

G = 8I1)
DI _63CO [1=1,NN
DY(I1) = X1(I1,N51) = EM(IL,I)
e s SUM_= 0,0
DO 6200 JJ=1,11
P A= DX(JJ) * EK(JJoI10a1)
6200 SUM = SUM - A
630C G = G & (SUM + 0,5%A) # CX(II)
IF (G.LT.GMAX) GO TO 1900
' KMAX(NS1) = 1
GMAX = 6
1900 _CONTINUE
2000 KS(KMAXINS1)) = KSUKMAX(NSI)) + 1
. RETURY
END




[ —————— R —_— e — e R e = =

SUBRCUTINE EFFECT (LC, MC, M5, CLASS, MuCy DSy WWl, Khy M)

EFFECTIVE FIGURE OF AERIT FEATURF_SELECTICN CrITERION

lalialla]

PISENSITY "CULbg NSUAY 3)o DE(HP o  Molli)y MICUMM) g CEM{27), FCL(22)

LCGICAL®=]1 LC(nde1)
DCURLE PRECISIUN CLASS(YF)

100 FORMAT ("19/20X,'EFFzCTIVE FIGURFS OF MERITY/20X,26(%%1)/7)
143 FOEMAT (15,49, 5K916F7.4/113X416FT7.24))

15C FORMAT (/20X *COMSINED FIGLKES CF MERITY/2CX,25('*%)/)
151 FORMAT (125,A9,F10.5,5%,1315)

CIMPUTES INTER-CLASS AND INTRA-CLASS DISTANCES

(o) (o le]

PRINT 100

IF [NWl1.NE.1) GO TO 20C0
DC_ 1005 NF1=1,NhN

00 2 I1=1,MM
NC11 = NS({I1,2)

NC12 = NS(I1,3)
Lo 2 12=1,11

NC2l = NS(1I2,2)
NC22 = NS(]2,3)

DE(I1,I2.,NF1) = 0.0
DO 2 LK1 = NC1l1l,NC1l2

IR {11.FE0. 12) NCe2i=TLK]l — 1
DO 3 LK2 = NC21.,NC22

3 DE(I1412,HF1) = DE(I1,12,NF1) + TABS(LCINF1,LK1)=LCINF1,LK2))
SEMCILKI)®MCILKZ)

2 DE(I2,11.NF1) = DE(ILls12,NFI)
1005 CONTINUE

DO 11C9 NC=1,MM
1109 MOCINC) = NC

C
C CIMPUTES THE NORMALIZED FIGURE OF MERIT OF ALL REMAINING PATTERN

C CLASSES ALONG EACH OF THE FEATURE DIRECTIUNS
C ;

2000 DG 10C0 J3=Nwl.MM
CFHM{J3) = 1.0

[3 = MiC(J3)
Al3 = NS(I15,11)

DD 3CCO I=1.NN’
EEMIN = ], 0O F 60

NST = 0
SUM] C.0 =0

SuM2 = (.0

CCMPUTE SUMI - TOTAL OF INTERCLASS DISTANCES FROM CLASS I3 TO ALL
QEMAINING CLASSES

al alalal

DT 6 Jo=NwleghM

IF (J4.EQ.J3) Gu TO 6
Ry ) e e

Al4 = NS(lasl)
NST = NST + NS({I4,1)

SUM]1 = SUM]1 + DE(I3,16,1)
[ o)

€ COMPUTE SUM2 - TLTAL OF DISTANCES BMONG ALL REMAIMING CLASSES,

i : # 90

— € FOUIVALENT T0 INTRACLASS DISTAMCE GF_ALL SESAJNING CLASSES CONSIRDERED __ . _ . .

¥




bk JsAS

JWE CLASS

C
B JS=iyleds 4 8 0" 2 kg IR
e P T
o I€ = 4NCLJE) : Al O AN i Wy 1
SUP2 = SUM2 ¢ DF(1&415,1)
PEENEIGUEE ST 2 58 e RS S I o e D g, s = =
c 4
C__COMPUTE MINIMGUA FIGus: GUF “ERIT FO% INDIVIDUAL CLASSES 13 AND 14 e R
c -
_S1 = DEL13sl4sl) £ (ALS * Al&) 7 L AN h SR
$2 = CEf{l3el3.1) / (Al5%(A13-1.7)) « DE(14,14,1) /7 (Al&*({Al4-1.0))
i e TR S : LM 2
IF (FLT.FCMIuw) FCMIi = F
s CONTINUE . x
C
ANST & RS T Ay i B A ) Y
SUMT = SuMl / (AI3%X.5T)
SUM2 = DFECTse0300) /7 (A13%(AI3=-1,7)) ¢ SUM2 / (ANST®(ANST=1.0)) __ )
FCLI) = FCMIN = 3041 /7 Sum?
FCLI) = EXP(=1.0/eCUD)) A -
C
€ CTFPUTE CFM, COMRINED FIGURE (F MERIT, AND ORDER BY CFM TO CETERMINE o)
C THE MLST SEPanAocLE LLASS
€
360 CEMITR) = CRMIU3Y = FCLTY.
CFMIJ3) = CFN(J3) #¢ (1.CG/NN) Pt
WRITE (6,143) I3, CLASS(I3), (FC(iF), NF=1,NN)
{Che roNTINGES . UL = ot - i
CALL SORTYLS (CFiie MOCe NWL, MM
C
WRITE (64150)
.00 1251 NCi=hwleMM
NC = MOC(WC1)
1351 WRITE (64151) NC, CLASSINC), CFMINC1) i el
CALL SORTSL (MGCe MUCe Nwl®l, dM)
£l 0" D L RETURN . S, ) s A 3
END

91



http:NCI=tk1.ll
http:CANST*(ANST-I.0l
http:OE113.14.1i
http:J5.ES.J3

SUBROUTINE SNOPAL (LCoMCoMSsCLASSyhoMCCoSeYoRoNWI NNyMM/KNLMM1)

SUPERVISED NON- PARAHET&IC LEARNING

DIMENSTON MCU1)e WSEEM, 3Dy WIHMILANT), MCCOMMY, Y(1D, S(1)_

TLRGICAL®*Y LCTiH. 1)

COUPLE PRECISION CLASS(MY), S(MNI.LM1D, CFT

LCGICAL TEST
CATA il /1C0/

99
170

FORMAT (/1P6ELS.4)
FCGREAT (184111,18,4X,1P7E14.3/(31X,1P7F14,3))

101
152

FURMAT (/113,A1C,10Xs1PTt14.3/(334,1P7E14,3))
FORMAT (/2/722X+22(%¢%)/22%+"> CLASS',13,A10," =0/22%,22(2a0)//" 1TE

SRATIUN NKO. '95Xs "ERRGRS "9 10X, '"LINCAR DISCRIMINANT CO EFF]CIENTS'I
«A22+" CTHER'/)

216

ECRMAT (71 '/10X, VUORDERED CLASSES',20X, "ELEFENTS NF THE DISCRIMINAN
T VECTOR'/10Xs 150 % %1) 420X, 25(*81)/)

220

FGRMAT (/7X,'TUTAL ERRURS',I%)

C

IN

ITIALIZE Ws Yo AND @ ARRAYS

MW = MOC(NWL)
NSwl = NS(HW.2)

hNSWwe = NS(NWs3)

" hK2 = NW1 + 1

DELTA = dAn/4CU.0
NDC 1112 NFA=1,NN1

1352

W{NW1NFA) = 0.0
J =0

NST2 = O
DC_ 1110 NC1=Nals,MM

NC = MGCINCI)
NST2 = NST2 + NS(NC,1)

NS11 = NS(NC.2)
N§12 = KSINC,3)

Do 1110 NS1=NS11,HS12
J z J ¢ 1

1110

YiJ) ==1.0

CCMPUTE INVERSE GUF A{TRANSPLSc) A WHERE *a' IS5 AUGMENTED

MATRIX OF SAMPLES

8(J) = 1.0 e 10 g

Q.0

Ueil _ s Shis Pt s e e s it i 5 B i S A it i i et . i

rc1-n»1.nh

NE e LM N e e et

LS11 = NS(wC,e2)
1§12 = KS(UC,e3)

L0 13) NSi=NS11eNSle
s LCPlaNSYY . o L e il

IF (JoNE.hnl) K1 = K1%LC(J,NS1)

S RTINS e

130

S(Jel) = S(14J)
SIMN],NNT) = NSTZ

ad C

CALL GASINV (S. NNl DET)

£

(TS NEEAIIGE BY LESS Toal DELIA = ANG BERCENT

.E-EI

NT TTERATI NS TF THE HU~KASHYAP ALGORITHMy "UNLESS ALL CGEFF ICIENTS
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TEST = +TAUE.

D3 11C1 I=1,:n1
al = H\_!_’.h_l_o!_,_____
J = 0

£33 2101 HS1=h35aletiSn2

J=J + 1

Agls SUEgNNLY " .
DO 147 K=1 v

140 A2 = A2 ¢ S(1.K)*LC(K,%S1)

2171 wihwlel) = winwlel) + 4C(NSLI202%ABS(Y(J))
DE 2000 JC 1=hW2,MH

NC = MIC(nNCL)
MS11 = NS(NC.2)

N§12 = NS(InC,43)

J =) e ]
42 = S(ILEND)

DD 141 K=1,NN
141 Az = A2 % SU1sR)*LCIKoNS1)

2700 WHN141) = wlHwlel) = AC(NS1)=A2=ARS(Y(J))
IF_(ABSlallewly1)=ad).CT.325(DELTA®w0)) TEST = .FALSE.

1131 CONTINUE
¢

C COMPUTE NEW DISCRIMINANT VALUES AND CLASSIFICATION ERRORS
C

NERR1 = 0
1 =0

DO 1CC4 NS1=N5W1.NSW2
[ =1 + 1

IF (Y(1).CT.0.0) 8(1) = B(I) + 2.0=Y(])
Y(I) = WINAl,NN1)

DO 1141 NFc=1.NN
PEet Y ELE e IO e WENRIANERYRECENE2NSTY, . o vde D e L e e e

IF (Y({T).LE«DeN) KLERK1 = NFFR1 ¢ NC(NS1)
EE A X)) = YAT) = BT}

C
h .’.FL: é e uJ A,
DO 1005 Ll L= d2,ifN
NC = PUCINCL)
NS1i = NS(NC,2)
NER D R NN D
OO 1CCS N5S1=hSal.NS1lZ
o B Sk SRR : !
IF (Y({1).6T.0.0) B(1) = BLI} + 2,0Y(L1}
YOI) = WNWI,NNDD
DO 145 NF2=1.HY
145 YLI) = YUL) + \.-.(?'nu'l--‘-_F_?_I__’-‘L_Clh‘_}:,_hﬁll

PSR T R R s R T SR e LR S et et e o el

IF (YUI1.GT.0.00 wEkk e = fIFRRZ + 4C(HS1)
T 37105 v(1) = =¥(1) = BI]) i ) o SR NS O R L T

4

1FOEVESTY Gd T4 1910
1740 COGNTINUF

PRINT 100, ILDEXs NERW1, MFRR2, (H(LVLI,HFAD, NFA=1,KN1) _

12710 KERK = NEnKR]l + HERRZ
B PRINT el GERKL.

C
IF (W]l gNE.441) RETURN
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HRJ_T__E_ (Eeclib)

DO 1220 Na=1,i41]
NC = MuCl4a)

120

PRINT 101y NCo CLASSUNC) s (W(NW,NFA), NFA=1,NN1)

‘RETURN

PRINT 1C1, MUC(MM), CLASSIMNICIEM))

END
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SUBRGUTINE NTEST  (LCs MCy M5, CLASSy We HLC, NN, M4)

IFTES KNCah DATA SAMPLES = NONPARAFETRIC CLASSIFICAT IuN

DIMENSIEN =Cl1)e NSENMs2)s X(2C)y wlldy MiCL1)s KSL20)
LEGICaL®=1 LCCiv, 1)
BoUBLE PxeClST id CEALS{Yv) i et
126 FGRMAT (//735Xe13AAVEAAGE ACCURAACY =4F6.14RF PERCINT/37Xp32(1H?))
T 2708 FORMAT (91 0/5uX429('2%)/237%, %% RESULTS OF CLASSIFICATICN 2'/30X,'s
. TRalhilte SAMPLES SUf30),29( 40 ) /7160, *HUMBERK OF NUMBER
» ___PERCEWT ~ ~ NUMBER ‘CF SAMPLES CLASSIFIED ASO/6X,"CLASS . SAM
«PLES CORKECT CURRFCT" ,1"A9/(43X,170A9))
2009 FCORMAT (/144A3+17+111,F12.1,1C19/(£1%,1019))

C
NA1 = NN ¢ 1

MMl = FM - ]
PRINT 2rC3. CLASS

TE = 0.0
DN 1301 HC=1,MM

D4 1109 I=1.MM
1109 KS5(1) = C

NSC = NSINCs1)
NC11 = NSINC,2)

NCle = NSUNCo3)

DO 14C0 NS1=nC11.0C12
DG 1500 NF=1,NN

1500 XINF) = LCINF,NS1)
C‘LL NGP.CA (lo ICL__A_.‘»S! Wy PDC!AID NN. NNI. HHI'

1400 KS(ICLASS) = KS(ICLASS) + MCINS1)

EFF = 100.0 * KSINC) / NSC |
PRINT 2(09., NCo CLASSINC), MSC. KSUINC), EFF, (KS(NC1), NCl=1,HM)

1300 TE =" TE & EFE
AVE = TE / FLJAT(MM)

PRINT 10&, AVE

RETURNM

END
ry L e % . .QDUCIBILITY OF THE
L . (INAL PAGE IS POOR
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e metel —— e b e e e iy

¢
SUBROLYINE WolASS (S, MCLASS, CLASS, W, MOC, NRECS, NSAMP, NN, MM)

C

C_NONPARAME 1 1C CLASSIFICATICN i .

C CLASSIFIES DATA SAMPLES ALD STCRES CLASSIFICATION RESULTS CN TAPE

C ME

DIMENSION S(NN NSAMP),

MCLASS(NSAMP), W(1), MOC(1), KS(20)

DNUBLE PRECISIGN CLASS(MM)

2010 FORMAT (*1'/30X429(%#%)/30X, "% RESULTS OF CLASSIFICATICN *'/30X,

ekt W 25 !‘“-*__TA._._S.L\“P_L_ St

BX ' ®0/3CX29("% ") // /20X 4 'CLASS * 315X, *SAMPLE

SV 15Ke "PERCEUT /20X oS50 %1) ,2(15X,7(%27)))
2011 FORMAT (/117.,A3, 120 1F22,2)

2012 FORMAT (/43XeloHTUTAL SAMPLES,120/13X,13(1H*))
C

NN1 = NN + 1

MKl = MF = 1
DC_1CC9 NC=1,4M

1009 KSINC) = 2

C
PO 12 NREC=1.,NRECS
READ (1G) S s T =
CALL NCPACA (S, MCLASS, KS, W, MOC, NSAMP, NN, NN1, MM1) — .
12 WRITE (11) MCLASS
C
_NIOT = NSAMP_* NRECS ‘s e
PRINT 2010 =
DO _1221 NC=1,MM . o
PCT = 1C0.0 * KS(NC) / NTOUT
1L PRINY g01) . NG CLAS SINC ) RN ) Py e Al R
. PRINT 2012, NTOT
RETURN g PRSEN
ENDoR. 0 0 o o A S I
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SUBROUTINE NUPACA (Xy MM, KS, we "0C, NSS, NN, NN1, MM1)

C

C_NON-PARAMETRIC CLASSIFICATICN_CF & STRING OF NSS FEATURE VECTORS s S

C USING POE-LEARNED LINFAR DISCRIMINANT FUNCTIONS

C AN, Sl ool LT )2 e S : Lo
DIMENSION X(NN.iiSS)y Rul%SS), WINNI,MM1), MOC(1), KS(1)

¢ M

DO 20 NS1=1,155
DO_1 Nwl=1,M41

G = WihNlotnl)
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