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I Introduction

This research was undertaken in an effort to aid the Forestry Application
Project on Timber Resources. Mission M230 of the C-130 aircraft was flown over
the Sam Houston National Forest on March 21, 1973 at 10,000 feet aititude. The
Bendix 24 channel multispectral scanner collected the data. Four forest scenes of
this data set were selected for study. They were edits 3, 6, 9, and 14, The cate-
gories of timber classes and subclasses are shown in Table 1.1.

The application oriented research was to apply and document the capability
of existing textural and spatial automatic processing techniques at the University of
Kansas to classify the MSS imagery into specified timber categories. The ground
truth for the study was supplied by the Forestry Applications Project.

Over a hundred classification experiments were performed on this data
using feature selected from the speciral bands and a textural transform band. The
textural transform band is an image whose resolution cells have grey tone intensities
which indicate one parameter of local neighborhood texture. The textural transform
concept is discussed in Section IIl. The classification was done by equal interval
quantizing the images to 32 levels and using a non-parametric table look-up rule
discussed in Section II. The various spatial pre= and post-processing options are
discussed in Sections IV and V. Sections VI through IX discuss the results using
only spectral features. Sections X through XIII discuss the combined spectral tex-
tural results.

The results indicate that

(1) spatial post-processing a classified image can cut the classification
error to"1/2 or 1/3 of its initial value.

(2) spatial post-processing the classified image using combined speciral
and textural features produces a resulting image with less error than |
poéf-processing a classified image using only spectral features.

(3) classification without spatial post processing using the combined
spech‘al‘ textural features tends to produce about the same error rate

“as a classification without spatial post processing using only specfra‘
features.



TABLE 1.1 THE TYPE (CLASSES) AND CONDITION CLASSES (SUBCLASSES)

OF FOREST FEATURES OF INTEREST IN SAM HOUSTON NATIONAL FOREST OF TEXAS

Type No.

Type (Class)

Subclass No.

Condition Class (Subclass)

1

Shortleaf pine

Loblolly pine

Laurel oak -
willow oak
Sweetgum - nuttal

oak = willow oak

Post oak = black oak

Loblolly pine -
hardwoods

Cut-over land

—c g

1.1
1.2
1.3
1.4
2.1
2.2
2.3

2.4
2.5
2.6
3.1

4.1
4.2
4.3
5.1
6.1

7.1

7.2

Plantation - 3 years old
Poletimber = immature
Sawtimber = immature
Sawtimber ~ mature
Plantation = 1 year old
Plantation = 3 years old
Seedling and Sapling -
adequately stocked
Poletimber - immature
Sawtimber = immature
Sawtimber - mature

Sawtimber = immature

Sawtimber = low quality
Sawtimber = immature
Sawtimber ~ mature
Sawtimber ~ immature

Sawtimber = immature

Site prepared and
windrowed

Not site prepared




These results mean that regardless of how the image is classified, spatial post~
processing should be used to reduce the error rate. Furthermore, the best

post processing results can be obtained if textural features are used; but, if no
spatial post-processing is going to be utilized, spectral bands only will give about
the same results as the combined spectral textural bands.

These conclusions are based on classification into all timber subclasses using
large training sets averaging more than 25,000 points per image. Because the
training sefs were orders of magnitude larger than the number of categories times the
number of features, the statistics must be considered as large sample statistics and
we used, justifiably, the training data as the test data.

Tables 1.2 and 1.3 summarize the basis of our conclusions. The results of
each experiment can be summarized in three ways: by average error, by average
misidentification error, and by average false identification error. The average
error is defined as the total number of incorrect category assignments divided by
the total number of assignments. The average misidentification error is defined as
the equeally weighted average over all categories of the number of times the category
is incorrectly assigned divided by the total number of times the category occurs in the
ground truth. The average false identification error is defined as the equally weighted
average over all categories of the number of times an incorrect assignment is made fo
the category divided by the total number of times an assignment is made to the category.

When the ground truth has each category occurring with equal frequency, the
average misidentification error will equal the average error. When the number of
assignments to each category is the same, the average false identification error will
equal the average error. If the prior probability for a category is high and the cate-
gory has a high misidentification error, then all other things being equal, the average
error will be higher than the average misidentification error. If the prior probability
for a category is low, and the category has high misidentification error, then all
other things being equal, the average error will be lower than the average misiden-
tification error.

From Tables 1.2 and 1.3 it is readily apparent that both the use of textural
features and spatial post processing tends to increase and equalize the average mis-
identification error and false identification error while cutting the average error

fo less than half its initial value.



I.1 Contingency Tables of Classification Results

All results are reported with a complete contingency table. The contin-
gency tables are all organized in the same manner. The title for the contingency
table tells which images are being compared. The first nine character file name
is the name of the ground truth image file. The number following it is the sym-
bolic band number used from that multi-image file. The second nine character
file name is the name of the classified image file. The number following it is the
number of the symbolic band used from that multi-image file. The row label
UNKWN means unknown true category identification. The column label R DEC
means reserved decision.

The contingency tables have a column labeled ERR. This column designates
the number of the resolution cells in each category misidentified. The next column
is labeled % ERR and it d esignates the percent of misidentification error. The con-~
tingency tables have a row labeled ERR. This row designates the number of resolu-
tion cells in each category falsely identified. The next row is labeled % ERR and
it designates the percent of false identification error. The label % SD stands for
the percent standard deviation of the error estimates. The entry whose row is
labeled TOTAL and whose column is weighted % ERR is the equally weighted
average of the misidentification error percentages. The entry whose column is
labeled total and whose row is weighted % ERR is the equally weighted average of

the false identification error percentages.



Average Average
Average | False | 1 Average False
Misidenti= | Identifi- i Misidenti- | Identifi~
Average | fication | cation Average | fication cation
t Error ~ Error - Error Error ¢ Error Error
N :
Edit6 | 22% | 30% 5% 22% | 23% &%
Edit9 | 26% ! 9% . 9% 28% | 8% 1%
. i ; ;
Edit 14 | 30% ; 13% 9% . texture band not selected by feature selector
Edit 3 i 2% | 14% 5% . 40% | 25% 29%
. i i
Table 1.2 summarizes the error rates obtained from the spectral versus the spectral=
textural classification using 3 band pairs and no spatial post processing.
Spectral Spectral~Texture
! Average 'l Average
‘ Average | False Average False
! | Misidenti- | idenfifi—‘ Misidenti- | Identifi-
! Average | fication § cation | Average | fication cation
| Error ! Error ' Error i Error Error Error
t : f
‘ i :
Edit6 | 9.3% ; 34% i 33% | 6.8% 38% 37%
Edit9 | 19% 1 25%  182%  15% | o7% 33%
Edit 14 % 12% : 32% I 31% , texture band not selected by feature selector
B W
Edit 3 | 24% % 35% [40% § 12% 40% 44%
Table 1.3 summarizes the error rates obtained from the spectral versus the spectral-

textural classification using 3 band pairs and spatial post processing.



1 Table Look-Up Decision Rule

Brooner, Haralick and Dinstein (1971) used a table look-up approach on
high altitude multiband photography flown over Imperial Valley, California to
determine crop types. Their approach to the storage problem was to perform an
e qual probability quantizing from the original 64 digitized grey levels to ten
quantized levels for each of the three bands: green, red, and near infrared. Then
after the conditional probabilities were empirically estimated, they used a Bayes
rule fo assign a category to each of the 108 possible quantized vectors in the 3-
dimensional measurement space. Those vectors which occurred too few times in
the training set for any category were deferred assignment.

The rcfﬂi@r direct approach employed by Brooner et al. has the disadvantage
of requiring a rather small number of quantized levels. Furthermore, it cannot be
used with measurement vectors of dimension greater than four; for if the number of
quantized levels is about 10, then the curse of dimensionality forces the number of
possible quantized vectors to an unreasonably large size. Recognizing the grey
»_level precision restriction forced by the quantizing cog;}‘ening effect, Eppler,

: Melmke, and Evans (1971) suggest a way to maintain greater quantizing precision by
defining a quantization rule for each category - measurement dimension as follows:

(1) fix a category and a measurement dimension component;

(2) determine the set of all measurement patterns which would be

assigned by the decision rule to the fixed category;

(3) examine all the measurement patterns in this set and determine

the minimum and maximum grey levels for the fixed measurement
component;

- (4) construct the quantizing rule for the fixed category and measurement
dimension pair by dividing the range between the minimum and maximum
grey levels for the category into equal spaced quantizing intervals.

This multiple quantizing rule in effect determines for each category «
rectangular parallelepiped in measurement space which contains all the measurement
patterns assigned to it. Then as shown in Figure 1.1, the equal interval quantizing
lays a grid over the rectangular parallelepiped. Notice how for a fixed number of

quantizing levels, the use of multiple quantizing rules in each band allows greater



grey level quantizing precision compared to the single quantization rule for each
band.

A binary table for each category can be constructed by associating each
entry of the table with one corresponding cell in the gridded rectangular parallel-
epiped. An entry is a binary 1 if the decision rule assigns a majority of the measure-
ment patterns in the corresponding cell to the specified category; otherwise, the
entry is assigned to be a binary 0.

The binary tables are used in the implementation of the multiple quanti-
zation rule table look-up in the following way. Order the categories in some
meaningful manner such as by prior probability. Quantize the multispectral
measurement pattern using the quantization rule for category cq- Use the quan=
tized pattern as an address to look up the entry in the binary table for category <y
to determine whether or not the pre-stored decision rule would assign the pattern
to category c;. If the decision rule makes the assignment to category <y the entry
would be a binary 1 and, all is finished. If the decision rule does not make the
assignment to category ¢y, the entry would be a binary 0 and the process would
repeat in a similar manner with the quantization rule and table for the next category.

One advantage to this form of the table look-up decision rule is the flexibility
to use different subsets of bands for each category look-up table and thereby take
full advantage of the feature selecting capability to define an optimal subset of bands
to discriminate one category from all the others. A disadvantage to this form of the
table look-up decision rule is the large amount of computational work required to
determine the rectangular parallelepipeds for each category and the still large amount
of memory storage required (about 5,000 8 bit bytes per category).

Eppler (1974) discusses a modification of the table look-up rule which enables
memoi'y storage to be reduced by five times and decision rule assignment time to be
decreased by 2 times. Instead of pre-storing in tables a quantized measurement space
image of the decision rule, he suggests a systematic way of storing in tables the
boundaries or end-points for each region in measurement space satisfying a regularity

condition and having all its measurement patterns assigned to the same category.

~Let D=D; x D, x...x D be measurement space. A subset

RC Dy x D2 XawoX DN is a regular region if and only if there exists constants



L] and H] and functions L2, L3,. cey LN’ H2~, H3, cees HN
(ks DyxDyxeeax D 1+ (-%,=); H : Dy xDyx.0ux Dy~ (-o2,)
such that

R= {(x],...,xN)€D|L]<x]<H1
L2(x1)<x2<f H2(x])

. | \
LN(x], x2,...,xN_])<_xN <HN (x], Xoreasrs xN_.I))»

From the definition of a regular region, it is easy to see how the table look~up
by boundaries decision rule can be implemented. Let d= (d] yeens dN) be the measure~
ment pattern to be assigned a category. To determine if d lies within a regular region R
associated with category ¢ we look up the numbers L, and H; and fest to see if dy lies
between L, and H] . If so, we look up the numbers L2(d]) and H2(d]) and so on, If
all the tests are satisfied, the decision rule can assign measurement pattern d to category
c. If one of the tests fails, tests for the regular region corresponding to the next category
can be made.

The memory reduction in this kind of table look-up rule is achieved by only
storing boundary or end-points of decision regions and the speed-up is achieved by
having one~dimensional tables whose addresses are easier to compute than the three
or four-dimensional tables required by the initial table look-up decision rule. However,
the price paid for by these advantages is the regularity condition imposed on the decision
regions for each category. This regularity condition is stronger than set connectedness
but weaker than set convexity.

Another approach to the table look-up rule can be based on Ashby's (1964)
technique of constraint analysis. Ashby suggests representing in an approximate way
subsets of Cartesian product sets by their projections on various smaller dimensional
spaces. Using this idea for two=dimensional spaces we can formulate the following
kind of table look-up rule.

‘ Llet D= D'l X D2 XaooX DN be measurement space, C be the set of categories,
and JC {1, 2,..., N} x {1,2,..., Nlbe an index set for the selected two-dimensional



spaces. Let the probability threshold o be given. Let (i,j)eJ; for each (x] , x?_)e'Di X Dj
define the set Sij(xl' XZ) of categories having the highest conditional probabilities
given (x], x2) by

Sij(x1’ x2) = {c:«sClPx],x2 (c) = aij)}, where OLij is the largest number

which satisfies
P (c)=a
c€SiJ.(x],x2) Xy1%9
Sij(xl’ x2) is the set of likely categories given that components i and j of the

measurement pattern take the values (x] , x2).

The sets Sij’ (i,j)ed, can be represented in the computer by tables. In
the (i,j)fh table Sij the (xq, xz)t‘h entry contains the set of all categories of

sufficiently high conditional probabilities given the marginal measurements
(x], X'R) from measurement components i and j, respectively. This set of categories
is easily represented by a one word table entry; a set containing categories C1r S7v
Co/ and o for example, would be represented by a word having bits 1, 7, 9, and
12 on and all other bits off.

The decision region R(c) containing the set of all measurement patterns to

be assigned to category ¢ can be defined from the Sij sefs by

R(c) = {(d], s nns dpg)eDy x Dyxe..x Dyl e} = i Sij(di,dj)}
i,ed

This kind of a table look-up rule can be implemented by using successive pairs of
components (defined by the index set J) of the (quantized) measurement patterns
as addresses in the just mentioned fwo-dimensional tables. The sef intersection
required by the definition of the decision region R(c) is implemented by fcking the
Boolean AND of the words obtained from the table look-ups for the measurement to be
assigned a cdfegory. Note that this Boolean operation makes full use of the natural
parallel compute capability the computer has on bits of a word. If the ki_'h bit is the
only bit which rémqins on in the résul’ring word, then the measurement pattern is
assigned to category c) - If there is more than one bit on or no bits are on, then

- the measurement pcn‘fern‘ is deferred its assignment (reserved decision).



Thus we see that this form of a table look-up rule utilizes a set of "loose”
Bayes rules in the lower dimensional projection spaces and intersects the resulting
multiple category assignment sets to obtain a category assignment for the measure~
ment pattern in the full measurement space.

Because of the natural effect which the category prior probabilities have
on the category assignments produced by a Bayes rule it is possible for a measure=
ment pattern to be the most probable pattern for one category yet be assigned by
the Bayes rule to another category having much higher prior probability. This
| effect will be pronounced in the table {ook=up rule just described because the

elimination of such a category assignment from the set of possible categories by
one table look-up will completely eliminate it from consideration because of the
Boolean AND or set intersection operation. However, by using an appropriate

combination of maximum likelihood and Bayes rules, something can be done about

bability threshold R, we can construct the set of Tij (c) having the most probable
pairs of measurement values from component i and j arising from category c. The

set Tij(c) is defined by

|
| this.
For any pair (i, j) of measurement components, fixed category c; and pro-
T30 = 40, x)eD; x Dy 1Pk, x9)> 8,00,
|
|

where Bij(c) is the largest number satisfying

i- | 2 Pxyxy) =8
| (x] ,x:Z)eTij (c)
Tables which can be addressed by (quantized) measurement components

can be constructed by combining the Sij and Tij‘sefs,, Define Qij(x'l’ x2) by

Qij(xl’ x2) {cGCI(x], x2)€Tij(c)}Usij(x]’ x2)

The set Q‘i‘j(x] , x2) contains all the categories whose respective conditional pro-
babilities given measurement values (xy, x5) of components i and j are sufficiently
high (a Bayes rule criteria) as well as all those categories whose most probable
measurement values for components i and j respectively are (x;, x2) (@ maximum

likelihood criteria). A decision region R(c) containing all the (quantized) measure=

ment patterns can then be defined as before using the Qyij sefs:
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R(c) = {(d],dz,...,dN)eD] xDye.v x Dy (e} = . ;j)&l Qij(di,dj)}

A majority vote version of this kind of table look-up rule can be defined

by assigning a measurement to the category most frequently selected in the lower

dimensional spaces.
R(c)={(d],d2, s A )eD] x Dy e ix Dy |
#1, j)echeQij(di,dj)} = #{(i, Dedl ceQ (dd)
for every ceC - {c }}

Classification results were run with B = .07a and o chosen to minimize the
number of reserved decisions. Figure I1.2 illustrates a graph of the number of

reserved decisions versus probability threshold o.
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Figure II. 1 illustrates how quantizing can be done differently for each category:
thereby enabling more accurate classification by the following table
look-up rule: (1) quantize the measurement by the quantizing rule
for category one (2) use the quantized measurement as an address in
a table and test if the entry is a binary one or binary zero, (3) if it
is a binary ene ossign the measurement to category one; if it is a
binary zero, repeat the procedure for category two.
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Figure 11.2 illustrates a graph of the number of reserved decisions
versus probability threshold a.
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I Texture

Spatial environments can be understood as being spatial distributions of
various area-extensive objects having characteristic size and reflectance or emissive
qualities. The spatial organization and relationships of the area-extensive objects
appear as spatial distributions of grey tone on imagery taken of the environment. We
call the pattern of spatial distributions of grey tone, texture.

Figure 1I1.1, taken from Lewis (1971), illustrates how texture relates to
geomorphology. There are some plains, low hills, high hills, and mountains in
the Panama and Columbia area taken by the Westinghouse AN/APQ 97 K-band
radar imager system. The plains have apparent relief of 0-50 meters, the hills
have apparent relief of 50-350 meters, and the mountains have apparent relief of
more than 350 meters. The low hills have little dissection and are generally smooth
convex surfaces whereas the high hills are highly dissected and have prominent ridge
crests.

The mountain texture is distinguishable from the hill texture on the basis of
the extent of radar shadowing (black tonal areas). The mountains have shadowing
over more than half the area and the hills have shadowing over less than half the
area. The hills can be subdivided from low to high on the basis of the abruptness
of tonal change from terrain front slope to terrain back slope.

There have been six basic approaches to the measurement and quantifica-
tion of image texture: autocorrelation functions (Kaizer, 1955), optical transforms,
(Lenddris and Stanley, 1970), digital transforms, (Gramenopoulos, 1973; Hornung
and Smith, 1973; Kirvida and Johnson, 1973), edgeness (Rosenfeld and Thurston,
1971), structural elements, (Matheron, 1967; Serra, 1973), and spatial grey tone
co-occurrence probabilities, (Haralick et al., 1973). The first three of these
approaches are related in that they all measure spatial frequency directly or in-
directly. Spatial frequency is related to texture because fine textures are rich in
high spatial frequencies while coarse textures are rich in low spatial frequencies.,

An alternative to viewing texture as spatial frequency distribution is to
view texture as amount of edge per unit area. Coarse fextures have a small number
of edges per unit area. Fine textures have a high number of edges per unit area.

The structural element approach uses a matching procedure to detect the

spatial regularity of shapes called structural elements in a binary image. When
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the structural elements themselves are single resolution cells, the information
provided by this approach is the autocorrelation function of the binary image.
By using larger and more complex shapes, a more generalized autocorrelation can
be computed.

The grey tone co—occurrence approach characterizes texture by the spatial
distribution of its grey tones. Coarse textures dare those for which the distribution
changes only slightly with distance and fine textures are those for which the dis-

tribution changes rapidly with distance.

II1.1T  Optical Processing Methods and Texture

Edward O'Neill's (1956) article on spatial filtering introduced the engineering
community to the fact that optical systems can perform filtering of the kind used in
communication systems. In the case of the optical systems, however, the filtering
is two~dimensional. The basis for the filtering capability of optical systems lies in
the fact that the light amplitude distributions at the front and back focal planes of
lens are Fourier Transforms of one another. The light distribution produced by the
lens is more commonly known as the Fraunhofer diffraction pattern. Thus, optical
methods facilitate two-dimensional frequency analysis of images.

The paper by Cutrona et al. (1960) provides a good review of optical pro=
cessing methods for the interested reader. More recent books by Goodman (1968),
Preston (1972), Shulman (1970) comprehensively survey the area.

In this section, we describe the experiments done by Lendaris and Stanley,
Egbert et al., and Swanlund using optical processing method: in cerial or satellite
imagery. Lendaris and Stanley (1970) illuminated small circular sections of low
altitude aerial photography and used the Fraunhofer diffraction pattern as features
for identifying the sections. The circular sections represented a circular area on
the ground of 750 feet. The major category distinction they were interested in
making was man—made versus non man-made. They further subdivided the man-made
category into roads, road intersections, buildings, and orchards.

‘The pattern vectors they used from the diffraction pattern consisted of 40
components. Twenty components were averages of the energy in 9° wedges of the

diffraction pattern. They obtained over 90 percent identification accuracy.
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Ulaby and McNaughton used an optical processing system to examine the
texture of ERTS imagery over Kansas. They used circular areas corresponding to a
ground diameter of about 37 km and looked at the diffraction patterns for four
different physiographic regions in Kansas. They used a diffraction patterri sampling
unit having 32 sector wedges and 32 annular rings to sample and measure the diffrac-
tion patterns. (See Jensen (1973) for a description of the sampling unit and its use
in coarse diffraction pattern analysis.) They were able to interpret the resulting
angular orientation graphs in terms of dominant drainage patterns, roads and fields
but interpreted the spatial frequency graphs in terms of stress patterns, rough
terrain and field patterns. Their results indicated that the spatial frequency in-
formation was highly correlated with physiography.

Swanlund (1969) has done work using optical processing on aerial images
to identify species of trees. Using imagery obtained from Itasca State Park in
northern Minnesota, photo interpreters identified five (mixture) species of trees
on the basis of the texture: Upland Hardwoods, Jack pine overstory/Aspen under-
story/Upland Hardwoods understory, Red pine overstory/Aspen understory, and

Aspen. They achieved classification accuracy of over 90 percent.

II1.2 Texture and Edges

The autocorrelation function, the optical transforms, and the fast digital
transforms (FFT and FHT) basically all reference texture to spatial frequency.
Rosenfeld and Thurston (1971) conceive of texture not in terms of spatial frequency
but in terms of edgeness per unit area. An edge passing through a resolution cell
is detected by comparing the values for local properties obtained in pairs of non-
overlapping neighborhoods boarding the resolution cell. To detect microedges,
small neighborhoods must be used. To detect macroedges, large neighborhoods
must be used.

The local property which Rosenfeld and Thurston suggested was the quick
Roberts gradient (the sum of the absolute value of the differences between diagonally
opposite neighboring pixels). Thus, a measure of texture for any subimage is obtained
by computing the Roberts gradient image for the subimage and from it determining the
average value of the gradient in the subimage. Triendl (1972) uses the Laplacian

instead of the Roberts gradient.
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Sutton and Hall (1972) exiended Rosenfeld and Thurston's idea by making the
gradient a function of the distance between the pixels. Thus, for every distance d

and subimage 1 defined over a neighborhood N of resolution cells, they compute

o= 2o {lG,5)=1G+d, ) + 1G,5) ~1G-d,5)]
(i,)) N

+ (16,0 = 16,3+ d)] + 16,5 - 16,5 -}
The graph of g(d) is like the graph of the minus autocorrelation function translated
vertically.
Sutton and Hall applied this textural measure in a pulmonary disease
identification experiment using radiographic imagery and obtained identification

accuracy in the 80 percentile range for discriminating between normal and abnormal

lungs when using a 128 x 128 subimage.

11I.3 Digital Transform Methods and Texture

In the digital transform method of texture analysis, the digital image is
typically divided into a set of non-overlapping small square subimages. Suppose
the size of the subimage is n x n resolution cells, then the n2 grey tones in the

2

subimage can be thought of as the n“ components of an n2-dimensional vector.

In the transform technique, each of these vectors is re-expressed in a new coor-
~dinate system. The Fourier Transform uses the sine-cosine basis set. The Hadamard
Transform uses the Walsh function basis set, etc. The point to the transformation

is that the basis vectors of the new coordinate system have an interpretration that
relates to spatial frequency (sequency) and since frequency (sequency) is a close
relative of texture, we see that such transformation can be useful.

Gramenopoulos (1973) used a transform technique using the sine-cosine
basis vectors (and implemented it with the FFT algorithm) on ERTS imagery to
investigate the power of texture and spatial pattern fo do terrain type recognition.
He used subimages of 32 by 32 resolution cells and found that on Phoenix, Arizona
ERTS image 1940-17324-5 spatial frequencies larger than 3.5 cycles/km and
smaller than 5.9 cycles/km contain most of the information needed to discriminate
between terrain types. The terrain classes were: clouds, water, desert, farms,
mountains, urban, riverbed, and cloud shadows. He achieved an overall identifi-
cation dccuracy of 87 percent.

Hornung and Smith (1973) have done work similar to Gramenopoulos but

with aerial multispectiral scanner imagery instead of ERTS imdgery. Maurer (1974)
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used Fourier series analysis on some color aerial film to obtain textural features to
help determine crop types.

Kirvida and Johnson (1973) compaied the fast Fourier, Hadamard, and
Slant Transforms for textural features on ERTS imagery over Minnesota. They used
8 x 8 subimages and five categories; Hardwoods, Confiers, Open, Water, City.
Using only spectral information, they obtained 74 percent correct identification
accuracy. When they added textural information, they increased the identification
accuracy to 99 percent. They found litile difference between the different frans=

form methods.

111.4 Spatial Grey Tone Dependence: Co-occurrence

One aspect of texture is concerned with the spatial distribution and spatial
dependence among the grey tones in a local area. Darling (1968) used statistics
obtained from the nearest neighbor grey tone transition matrix to measure this
dependence for satellite images of clouds and was able to identify cioud types on
the basis of their texture. Read and Jayaramomurthy (1972) divided an image into
all possible (overlapping) subimages of reasonably small and fixed size and counted
the frequency for all the distinct grey tone patterns. This is one step more general
than Darling but one that requires too much memory if the grey tones can take on
very many values. Haralick (1971) and Haralick et al. (1972, 1973) suggested an
approach which is a compromise between the two. He measures the spatial depen-
dence of grey tones in a co-occurrence matrix for each fixed distance and/or
angular spatial relationship and uses statistics of the matrix as measures of image
fexture.

The co-occurrence matrix P = (pij) has its (i,j)fh entry Pij defined os the
number of times grey tone i and grey tone | occur in resolution cells of a subimage
having a specified spatial relation, such as distance 1 neighbors. The textural
features for the subimage are obtainable from the co-occurrence matrix by measures

2
X X Py X X Bylery
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such as
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Haralick et al. (1973) list 14 different kinds of measures.

Using statistics of the co~occurrence matrix, Haralick péfformed a number
of identification experiments. On a set of aerial imagery and eight terrain classes
(old residential, new residential, lake, swamp, marsh, urban, railroad yard, scrub
or wooded), he obtained 82 percent correct identification with 64 x 64 subimages.
On an ERTS Monterey Bay, California, image, he obtained 84 pércenf correct
identification using 64 x 64 subimages and both spectral and textural features on
seven terrain classes: coastal forest, woodlands, annual g’mss!ands, urban areas,
large irrigated fields, small irrigated fields, and water. On a set of sandstone
photomicrographs, he obtained 89 percent correct identification on five sandstone
classes: Dexter-L, Dexter-H, St. Peter, Upper Muddy, Gaékel.

The wide class of images on which they found that grey fone co~occurrence
carries much of the texture information is probably indicative of the power and

generality of this approach.

111.5 A Textural Transform

Each of the approaches described for the quantification of textural features

had the common property that the textural features were computed for subimages of
typical sizes such as 8 x 8, 16 x 16, 32 x 32, or 64 x 64 resolution cells. To
determine the textural features for one pixel we would naturally center a subimage
on the specified resolution cell and compute the textural features for the subimage.
If we had to determine the textural features for each pixel in an image we would
be in for a lot of computation work and would significantly increase the size of our
data set. Thus, the usual approach has been to divide the image into mutually
exclusive subimages and compute the textural features on the selected subimages.
Unfortunately, this procedure produces textural features at a coarser resolution
than the original image.

In this section we generalize the grey tone co-occurrence textural feature
extractor to the textural transform mode and show how by only doubling or tripling
the computation time required to determine the grey fone co~occurrence matrix it
is possible to produce a resolution perserving textural transform in which each
pixel in the transformed image has textural information about its own neighborhood
derived from both local and global grey tone co~occurrence in the image. This

kind of textural transform is in the class of image dependent non-linear spatial filters.
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Let Z_x Zc be the set of resolution cells of an image 1 (by row~column
coordinates). Let G be the set of grey tones possible to appear on image 1. Then
I: Zr X Zc+ G. Let R be a binary relation on Z x Zc pairing together all those
resolution cells in the desired spatial relation. The co-occurrence matrix
P, P: G x G ~=[0,1], for image I and binary relation R is defined by

.o _ * {((a,b), (c,d))eR|i(a,b) = i and I(c,d}=j}
P@i, ) R

The textural transform J, J: Zr X Zc (-=,), of image I relative to function f, is
defined by

=1
69 = Ry (a,m‘:;R(y,x) fIPA(y, ), (o, b))

Assuming f to be the identity function, the meaning of J(y,x) is as follows.
The set R(y, x) is the set of all those resolution cells in Zr X Zc in the desired spatial
relation to resolution cell (y,x). For any resolution cell (a,b)eR(y,x),
P(I(y,x),1(a,b)) is the relative frequency by which the grey tone I{y,x), appearing
at resolution cell (y,x), and the grey tone I(a,b), appearing at resolution cell
(a,b), co-occur together in the desired spatial relation on the entire image. The
sum

2 P(I(y, ), Ka,b))
(a,b)eR{y,x)

is just the sum of the relative frequencies of grey tone co-occutrence over all

resolution cells in the specified relation to resolution cell (y,x). The factor

W;]_x) , the reciprocal of the number of resolution cells in the desired spatial

relation to (y,x) is just a normalizing factor.
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v Spatial Pre—Processing

Spatial enhancement processes can be implemented before or after the
classification of the original images. One spatial averaging process which can
be used before classification of the original image is rectangular convolution.

A 2 x 2 rectangular convolution, for example, is the process that replaces the
left upper resolution cell of each 2 x 2 window by the average of the grey tones
in the 2 x 2 window. A 3 x 3 rectangular convolution replaces each grey tone
with the average of the grey tones in a 3 x 3 window centered around it. The
process of rectangular convolution can be implemented before or after texiure
transform. The window size for the rectangular convolution process can be as
big as required.

Figure 1V illustrates how the rectangular convolution can enhance the
textural transform processed images. Notice that the rectangular region on the
left lower corner is not easy to distinguish on the image with no rectangular
convolution before or after texture transform, Figure IV a, but it is distinguishable
oni Figure IVd, the image with 2 x 2 rectangular convolution before texture
transform and no rectangular convolution after texture transform, as it is on
Figures IVe to IVi. The two strips on the middle of the image are not easily
distinguished on Figures IVa to IVf, but they are easily distinguished on Figure
IVg, the image with 3 x 3 rectangular convolution before texture fransform and
no rectangular convolution after texture transform. They are also distinguishable
on images IVh and IV i which have been processed with a 3 x 3 convolution after
the textural transform. For distinguishing rectangular region and the two strips
on the image, Figure IV i, the image with 3 x 3 rectangular convolution before

and after texture transform seems best.
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\Y% Spatial Post—Processing

Spatial post processing the classified image can be used to reduce image
complexity and achieve seme degree of spatial simplification and generalization.
Two post processing techniques are region filling and shrinking. A region filling
operation assigns an unassigned resolution cell to the category assignment of one
of its neighboring resolution cells.

A resolution cell can be defined to have the four resolution cells above,
below, to the left, and to the right of it as neighbors or to have those plus the
resolution cells diagonally neighboring it as its neighbors. The first set of
resolution cells is called its 4-neighbors and the second set of resolution cells
is called its 8-neighbors. The concepts of 4-neighboring and 8-neighboring is
illustrated in Figure V.1,

A region filling operation which assigns an unlabeled resolution cell to
the category assignment of one of its four nearest neighbors is called a 4-fill
operation. A region filling operation which assigns an unlabeled resolution cell
to the category assignment of one of ifs eight nearest neighbors is called an
8-fill operation. A region filling operation which iterates first filling using 4
neighbors and then 8 neighbors then 4 then 8 etc., until all resolution cells are
labeled, we shall for simplicity call region filling.

Figure V.2 illustrates the advantage of region filling alternating between
4-neighbors or 8-neighbors. A labeled resolution cell in an area of unlabeled
resolution cells would grow as a diamond region under repetitive 4-fill operations.
It would grow as a square region under repetitive 8~fill operations. And it would
grow almost as a circle under repetitive 8-fill and 4-fill operations.

Region shrinking is the opposite kind of operation from region filling. A
region shrinking operation assigns a labeled resolution to "unassigned" if its
neighbors have different labels from it.

A region shrinking operation which assigns a labeled resolution cell to
"unassigned" if k of its four nearest neighbors have labels which are different than
its own label is called a 4~k shrink operation. A region shrinking operation which
assigns o labeled resolution cell to "unassigned" if k of its eight nearest neighbors

have labels which are different from its own label is called and 8-k shrink operation.
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Figure V.1a illustrates the 4-neighborhood
of a resolution cell and

Figure V.1b illustrates the 8-neighborhood
of a resolution cell.
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Figure V.2 illustrates the effect of 4 and 8-filling
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In Figure V.3 we illustrate the effect of the filling and shrinking operations
on a classified image. Figure V.3a is a classified image. The black areas represent
unassigned resolution cells. (The decision rule leaves unassigned those resolution
cells having multispeciral signatures which do not provide enough information to
make a reliable assignment.) Figure V.3b shows the classified image of Figure V.3a
after a complete region filling. Notice that after a complete region filling, all
resolution cells have a label. Figure V.3 c shows the classified image of Figure V.3a
after a 4-0 shrink. Notice that it has more black area than the image in Figure V.3a
due to the effect of its relabeling labeled resolution cells to "unassigned”.
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Example showing that convex sets are regular

Example of a non-convex set which is regular

Examplé of a non-convex set which is not regular

Figure 3 illustrates the relationship between set convexity and regularity
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V1 Spectral Analysis: Edit 6

Of the 6 best spectral bands on edit #6, .40 - .44, .588 - .643, .65~
69, 72~ .76, .981 = 1,045, and 2,10 = 2,36 micrometers, the feature selection
procedura selected band pairs .40 - .44 and .65~ ,60 with .40 - .44 and 2,10 -
2,36 micrometers as the best 2 band pairs for the table look-up rule., Figure V1.1
shows the .72 -~ ,76 micrometer band and Figure V1.2 shows the g‘lv'ound truth
training data overlay on this band. The alpha=beta thresholds were set at .3 and
.021, This threshold selection was too low for of the 159,500 points to be
classified, 67,323 were reserved assignments because of incompatible assignments
between the first and second band pairs and 6, 928 were reserved assignment because
there was more than one possible assignment common to the two band pairs. Figure
V1.3 shows the resulting classification. The contingency table, Table VI.1 shows
an equally weighted misidentification error rate of 36% and equally weighted false
identification error rate of 34%, The largest cause of the misidentification error
was category 2.4, immature poletimber loblolly pine, being assigned to category
1.3, immature sawtimber shortleaf pine, and category 2.6, mature sawtimber
loblolly pine being assigned to category 2.5, immature sawtimber loblolly pine
ansl being assigned to category 2.3, seedling and sapling loblolly pine.

If the classified image is filled so that all resolution cells whose category
assignment was reserved is assigned to the category of ifs spatially nearest resolution
celi neighbor which is assigned, the error rate remains substantially the same, about
a 36% misidentification and false identification error rate (Figure VI.4 and Table
V1.2). This implies that for those resolution cells whose assignment was reserved
because of the low probability of corsi:ct assianment, category assignments,
almost as good as those originally assigned, can be made using the spatial in-
formation carried by the initially classified image with the reserved decisions.

Perhaps what is even more surprising about the amount of spatial information
the classified image has is that by performing spatial operations on it, the classifica~
tion accuracy can increase. For example, if the completely filled image is shrunk
for one iteration with a simple 4-shrink opeiator and then filled up again, Table VI.3
shows an accuracy increase: 33% misidentification error rate and 35% false
identification error rate. Comparable results are also obtained by using the initially

classified image with reserved decisions and performing a 4-fill iteration followed
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by an 8-fill iteration followed by a 4=shrink iteration and then completely filled
(Figure V1.5 and Table VI1.4),

The best (percentage wise) 2 band pair results came from starting with the
initially classified image with reserved decisions and doing a 4~fill, an 8-fill, a
4-shrink, an 8-shrink, and then a complete filling up. This yields a 31% mis-
identification error rate and 7% false identification error rate (Table V1.5 and
Figure VI.6). Notice, however, that all the points in category 2.4, poletimber
immature loblolly, have been misidentified as category 1.3, sawtimber immature
shortleaf pine, and all the points in category 2.6, mature sawtimber loblolly pine,
have been misidentified as categories 1.3, 2.3 and 2.5, Furthermore, no points
were assigned to categories 2.4 and 2.6, This suggests that the tree stands in
those areas of immature loblolly and mature sawtimber loblolly pine had a sub-
stantial number of trees spectrally similar to those in categories 1.3, 2.3, and
2.5. Areas predominantely in categories 2.4 and 2.6 would have some resolution
cells initially assigned to categories 2.4 and 2.6 plus wrong assignments to
categories 1.3, 2.3, or 2.5, Hence, a context sensitive shrinking operation on
the 4-fill and 8-fill image which would leave alone any resolution cell assigned
to category 2.4 if it neighbors a resolution cell of category 1.3 and which would
leave alone any resolution cell assigned to category 2.6 if it neighbors a resolu-
tion cell of category 1.3, 2.3 or 2.5 has the possibility of permitting a higher
probability of correct identification.

If instead of doing only one 4~shrink then 8=shrink iterations, two such
iterations are made before a complete filling, then the results are not quite as
good: 34% misidentification error rate and 6% false identification error rate,
(Table V1.6). |

The use of additional spectral bands can sometimes increase identification
accuracy. In the case of the edit 76 data, this did not seem to be the case. The
three best band pairs were:

(1) .40- .44 and .65 - .69 micrometers
(2) .40- .44 and 2.10 - 2,36 micrometers
(3) .72- .76 and .981 - 1,045 micrometers
The alpha-beta thresholds were set ot .6 and .042, respectively. The resulting

number of reserved decisions due fo ho common category assignment was 51,794
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and the number of reserved decisions due to more than one possible category
assignment was 19,706 (Figure V1.7 and Table V1.7), Higher thresholds would
have been better.

After a complete filling, there was a 34% misidentification and 33% false
identification error rate (Figure V1.8 and Table V1.8), If the completely filled
image had a 4-shrink operation and then another complete filling, the misidenti~
fication error rate improved to 31% and false identification error rate improved
to 16% (Figure V1.9 and Table VI.9). If before the complete filling is done an
iteration of a 4-fill followed by an 8~=fill and a 4-shrink followed by an 8=shrink
is done, the misidentification error rate improves to 30% and the false identifica-
tion error rate improves to 5%, the best 3-band pair result (Figure VI.10 and
Table VI.10), As in the two band pair case, doing two iteratiors of the 4-shrink
followed by the 8-shrink instead of one iteration, does not provide as much
improvement: a 36% misidentification error rate and a 6% false identification
error rate (Table VI,11). The best 3 band pair result confused the same categories
as the best 2 band pair result. Category 2.4, poletimber immature loblolly was
assigned as category 1.3, immature shortleaf pine. Category 2.6, mature saw-
timber loblolly pine was assigned to categories 2.3 and 2.5, seedling and

sapling loblolly and sawtimber immature loblolly pine.
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Figure VI.1 The .72 - .76 micrometer band

Figure VI.2 The ground truth training data overlayed on the .72 = .76
micrometer band.
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Table VI.T  The contingency table of the best 2 band pairs for alpha-
beta thresholds of .3 and .021.
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Table V1.2 The contingency table of the best 2 band pairs after a complete
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Table VI.3  The contingency table of the best 2 bar pairs after complete
filling, 4~shrink, and complete filling operations.
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Table VI.4  The contingency table of the best 2 band pairs after 4-fill,
8-fill, 4=shrink, and complete filling operations.
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Figure V1.5 The classified image of Figure V1.3 aofter 4.-fi|l, 8-fill,
4-shrink, and then complete filling operations.

Figure VI.6 The classified image of Figure V1.3 after 4-fill, 8-fill,
4-=shrink, 8-shrink, and then complete filling operations.
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Table VI.5  The contingency table of the best 2 band pairs after 4-fill,
8=fill, 4-shrink, 8-shrink, and complete filling operations.
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chle VI.6 The contingency table of the best 2 band pairs after 4-fill,

8-fill, 4-shrink, 8-shrink, 4-shr|nk 8-shrink and complefe
flllmg operations.
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Figure VI.7 The classification of the three best band pairs for alpha -
beta thresholds of .6 and .042.

Figure VI.8 z'l;le classified image of Figure V1.7 after a complete
illing.
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Table VI.7  The contingency table of the best 3 ba
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beta thresholds of .6 and .042,
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Table V1.8  The contingency table of the best 3 band pairs after a
' complete filling.
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Figure VI.? The classified image of Figure V1.8 after a 4=shrink
operation and then a complete filling.

Figure VI.10 The classified image of Figure VI.7 after 4-fill, 8-fill,
4-shrink, 8=shrink and complete filling operations.
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Table VI.9?  The contingency table of the best 3 band pairs after
complete filling, 4-shrink, and compiete filling operations.
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Table VI.10 The contingency table of the best 3 band pairs after 4-fill,
8-fill, 4-shrink, 8-shrink, and complete filling operations.
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Table VI.11 The contingency table of the best 3 band pairs after 4-fill,
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VIl  Spectral Analysis: Edit 9

Using the same initial six spectral bands to select features from, the
feature selector chose band pairs .40 =~ .44 and .65 - .69 with .72 - .76 and
«981 = 1,045 micrometers as the best 2 band pairs for the table look-up rule.
Figure VII,1 shows the .72 - .76 micrometer band and Figure VII.2 shows the
ground fruth training data overlayed on this band. The alpha-beta thresholds
were set at .3 and .021.

The contingency table (Table VII. 1) for the best 2 band pairs classification
with an alpha threshold of .3 and a beta threshold of .021 gave a misidentification
error rate of 22% and a false identification error rate of 32%. There were 79,670
reserved assignments because of incompatible assignments between the first and
second band pairs and 2,357 were reserved assignments because there was more
than one possible assignment common to the two band pairs. The raw classified
image is shown in Figure V1.3, The main cause of error is the confusion between
category 1.3, shortleaf pine, and category 2.5, loblolly pine. This error is due
to assigning category 1.3 when the true category is 2,5. A look at the timbker
stand map for edit #9 shows a patch of category 2.5, which is surrounded by
category 1.3, in the lower right—hand corner, It is this area that gets mis-
assigned the most.

If the classified image is filled so that all resolution cells whose category
assignment was reserved is assigned to the category of its spatially nearest
resolution cell neighbor which is assigned, the error rate remains substantially
the same, about a 25% misidentification error rate and 32% false identification
error rate (Figure VII.4 and Table VII.2) If we do 6 iterations of 4~fills and then
do a 4—ishrinkband fill up, the resulting contingency table is Table VII,3. The
misidentification and false identification error rates of 21% and 26% are lower
than before, but the misidentification error rate category 2.5 went from 43% to
44% with category 1.3 still the problem.

The best 2 band pair results were obtained from doing a 4-shrink following
the original classification and then filling (Figure VI1.5). Table VII.4 shows a
misidentification error rate of 14% and a false identification error rate of 17%,

“but still the misidentification of category 2.5 is the main cause of error. The
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shrinking first does eliminate a significant amount of error between category 3.1,
laurel oak, and category 4.2, low quality sweetgum. Neither procedure has
trouble classifying category 2.5 on the left~side of the timber stand. Only on
the right side where category 2.5 resembles category 1.3 spectrally is there
confusion. This confusion could be ultimately due to sun angle.

The three best band pairs were:

(1) .40 - .44 and .65 - .69 micrometers

(2) .72 - .76 and .981 = 1.045 micrometers

(3) .40 - .44 and 2.10 - 2.36 micrometers
Figure VIIL. 6 shows a plot of the alpha threshold versus the number of reserved
decisions. For the three best band pairs, the alpha and beta thresholds that
minimized the number of reserved decisions was .6 and ,042, respectively.
The raw classified image is shown in Figure VII.7. The contingency table
indicates a misidentification error of 24% and a false identification error of
30% (Table VIL.5).

After a complete filling, there was a 25% misidentification and 32%
false identification error rate (Figure VII.8 and Table VII.6). If instead, our
post processing consisted of a 4-fill, 8-fill, 4-shrink, 8=shrink and then a
complete filling the misidentification error rate was 9% and the false identi-

fication error rate was 9% (Table VII.7 and Figure VII.9).
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76 micrometer band.

Figure VII.1 The .72 -

ter band.

Figure VII.2 The ground iruth training data overlayed on the .72 - .76
microme
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" Table VII.1  The contingency table of the best 2 band pairs for alpha -

beta thresholds of .3 and .021.
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The contingency table of the best 2 band pairs after a
complete filling.
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Figure VII.3 The classification of the best two band pairs for alpha -
beta thresholds of .3 and .021.

Figure VII. 4 Thle classified image of Figure VII.3 aofter a complete
filling.

45
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_ Table VII.3  The contingency table of the best 2 band pairs after complete —

filling, 4-shrink, and complete filling operations.
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Table VII.4  The contingency table of the best 2 band pairs after 4-shrink,
_ and complete filling operations.
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Figure VII.5 The classified image of Figure VII.3 after 4=shrink and
complete filling operations.
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Figure VII.7 The classification of the three best band pairs for alpha =
beta thresholds of .6 and .042.

Figure VII.8 }'i;cl-: classified image of Figure VII.7 after a complete
illing.
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CONTIMGENCY TAELE FOR  IAMHR G0DT - 1 SMH2F7EO4 - 1 SCALE FACTOR 10## O
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Table VII.7  The contingency table of the best 3 band pairs after 4-fill,
8-fill, 4=shrink, 8-shrink, and complete filling operations.
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Figure VII.? The classified image of Figure VII.7 after 4-fill, 8~fill,
4-shrink, 8-shrink, and complete filling operations.
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VIII  Spectral Analysis: Edit 14

The same six spectral bands were chosen from edit #14 as were taken from
edit 76 and edit 9. Figure VIII. 1 shows the .72 = .76 micrometer band for edit
14 and Figure VII1.2 shows the selected ground truth training data. The selection
procedure chose .40 - .44 and 2.10 - 2.36 with .588 - .643 and 2.10 - 2.36
micrometers as the best 2 band pairs for the table look-up rule. The alpha and
beta thresholds were set at .3 and .021 respectively. The thresholds were too low
and resulted in 56,320 reserved decisions in the contingency table for classifica-
tion (Table VIII.1). The resulting misidentification error rate was 28% and false
identification error rate was 29%. The result on the best 2 band pairs with 4-fill,
8-fill, 4-shrink, 8-shrink, and compiete filling operations (Table VIIL.2), was a
misidentification error rate of 15% and a false identification error rate of 17%.

The feature selection procedure chose band pairs .40 ~ .44 and .65 - .69
micrometers, along with the best 2 band pairs for the best 3 band pairs. Using
alpha and beta thresholds of .6 and .042, respectively, the number of reserved
decisions was 43,236, with 25,794 points reserved because no assignment was
possible and 17,442 reserved due to possible multiple assignments.

The largest cause of error for best 3 band pairs (Table VIII.3) was the
confusion between categories 2.3 and 2.5, different ages of loblolly pine, and
the confusion of each of these with category 4.1, low quality sweetgum. The
misidentification and false identification error rates (46% and 48%) for category
4.1 are high but the number of points whose true category is 4.1 is small. Figure
VIII.3 shows the resulting classification. There was such a small area of swe etgum,
category 4.1, on the timber stand map that the ground truth may not be adequate
to allow good spectral estimation,

The first post processing procedure we used was a complete filling (Table
VIIi.4 and Figure VIII.4). The errors were increased by the procedure, so one

4-shrink operation was performed on the image and this reduced the misidentifica-

tion error to 9% and false identification error to 4% (Table VII1.5 and Figure VIII.
5), but the low error rates were helped by the fact that there were 84,828

reserved decisions. Table VIII.5 does show that the confusion with category 4.1, was

almost eliminated, though the misidentification error rate caused by assigning
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2.3 10 2.5, 21% was still high. Completely filling the image resulted in a mis-
identification error rate of 17% and false identification error rate of 13% (Table
VIII .6 and Figure VIII,6).

If on the raw classified image we do one 4-fill (Table VIII.7 and Figure
VII1.7) and then one 8-fill, the resulting contingency table (Table VIII .8 and
Figure VIII,8) is almost identical to Table VIII.3. The error rates on each are
exactly the same. Then doing a 4-shrink (Table VIII .9 and Figure VIII.9) we find
a contingency table almost identical to Table Vill.4, But if instead of filling
we do an 8=shrink, we almost totally eliminate error (Table VIII 10 and Figure
VIII,10). Only 2 points are incorrectly identified. Now if we completely fill
the image we get our best results (Table VIII.11 and Figure VIII,11): 13%
misidentification and 9% false identification error rates, Visual comparisons
show the closeness of the two operations, Following the fills with a 4-shrink
produces Figure VIII .5, Figure VIII 6 is the final classified image after complete
filling, a 4~shrink and then a complete filling, while Figure VIlI 11 is the final
result of a 4-fill, 8~fill, 4-shrink, 8~shrink, and complete filling. From the
figures, we can see that the extra shrink allowed the categories to be more dense.
The contingency table of the image should show better results since the categories
on the timber stand map tend to be dense, which is the case.

The results of the shrinking operations indicate that the errors that did
occur were sparse enough to be wiped out with the shrinking. The reason that
a shrink operation is not performed first on the image is that it tends to eliminate

small area categories, even though caorrectly assigned, on the image.
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The .72 - .76 micrometer band.

Figure VIII. 1

Figure VIII.2 The ground truth training data overlayed on the .72 = .76
micrometer band
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CONTINGFNCY TABLE FOR  SAMHG GDT = 1  SAMH4 ROS = 1  SCALE FACTOR 10#s O

COLes = ASSIGM CAT ROW = TRIIE CAT

R NFC 247 245 bel Te2 TOTAL FRp FRR SO

NAYWMB 1893 B41A 19886 13565 29402 123134 n 0 0
247 1999 15513 739 515 209 4975 1464 49 0
75 958 196 3567 193 64 4978 451 11 0
hq] 765 233 147 594 10 1749 39n 40 o]
Te? 745 a1 158 75 1855 2914 314 14 0
TOTAL561320 10481 2464667 14942 31540 137750 2620 28 o}
FPR n 510 1044 781 287 2670 ##EEy RAEEE HEEEN

FRR 0 25 23 57 13 29 HEREy HEERF REREE

Table VIII.1  The contingency table of the best 2 band pairs for alpha -

beta thresholds of .3 and .021.
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Table VIII.2  The contingency table of the best 2 band pairs after 4-fill,
8-fill, 4-shrink, 8-shrink, and complete filling operations.
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CONTINGENCY TABLE FOR SAMH& GNDT = 1 SAMHA BO6 = 1 SCALE FACTOR 10¢e O

COLs = ASSIGN CAT ROW = TRUE CAT
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Table VIII.3  The contingency table of the best 3 band pairs for alpha -
beta thresholds of .6 and .042.
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Table VIII.4 p;f contingency table of the best 3 band pairs after a complete
illing.
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Figure VIII.3 The classification of the three best band pairs for alpha-
beta thresholds of .6 and .042,

Figure VIII.4 The classified image of Figure VIII.3 after a complete
filling.
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Table VIII.5 = The contingency table of the best 3

he band pairs after complete
filling and 4=shrink operations. i P

!
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Table VIII.6 The contingency table of the best 3 band pairs after complete
filling, 4=shrink, and complete filling operations.
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Figure VIII.5 The classified image of Figure VIII.4 after a 4=shrink
operation.

Figure VIII.6 The classified image of Figure VIII.5 ofter a complete
filling.
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CONTINGFNCY TARLF FOR SAMH4 GNT = 1 SMH4r3806 = 1 SCLLE FACTOR 10*¢ O
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Table VIII.7  The contingency table of the best 3 band pairs after a 4-fill
operation.
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Table VIII.8 The contingency table of the best 3 band pairs after 4-fill,
and 8-fill operations.
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Figure VIII.7 The classified image of Figure VIII.3 after a 4-fill

operation.

Figure VIII.8 The classified image of Figure VIII.3 after 4~fill
and 8-fill operations.
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Table VIII.9  The contingency table of the best 3 ba

nd pairs after 4-fill,
8-fill and 4-shrink operations. patrs affer &7
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Table VIII.10 The contingency table of the best 3 band pairs after 4-fill,
8-fill, 4=shrink, and 8-shrink operations.
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Figure VIII.? The classified image of Figure VIII.3 aofter 4-fill,
8-fill, and 4=shrink operations.

Figure VIII.10 The classified image of Figure VIII.3 after 4-fill,
8-fill, 4-shrink and 8=shrink operations.
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Table VIII, 11 The. confinge.ncy tabie of the best 3 band pairs after 4-fill,
8-fill, 4=shrink, 8-shrink and complete filling operations.
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IX Spectral Analysis: Edit 3

As with the other edits, the same 6 spectral bands were chosen, .40 - .44,
588 - .643, .65~ .69, .72 - .76, .981 - 1.045, and 2.10 - 2.36 micrometers.
Figure IX.1 shows the .72 = .76 micrometer band of edit 3 and Figure 1X.2 shows
the selected ground truth training data.

The feature extractor chose bands .40 - .44 and .588 - ,643 with ,588 -

.643 and .65 = .69 micrometers as the best 2 band pairs. To minimize the total

number of reserved decisions and to try and equalize the number of reserved
decisions due to more than one assignment and no assignment, classification for
the two best band pairs was done using a variety of alpha and beta thresholds.
Figure IX.3 is a graph of the thresholds versus the number of reserved decisions.

Table IX.1 is the contingency table for best 2 band pairs with .3 and .021
alpha and beta thresholds, respectively. The resulting error rates of 36% mis-
identification and 38% false identification arg better than the corresponding
error rates of 37% and 41% for the classification with alpha, beta thresholds
of .4, .028 (Table IX.2) and the corresponding error rates of 37% and 40% for
the classification with alpha, beta thresholds of .5, .035 (Table IX.3). But
the total number of reserved decisions for the .3 and .021 thresholds is
47,749. This is the highest number of reserved decisions and the lower error
rates could be caused by lack of assignments. In this case, the fill operations
would tend to propagate the error. Therefore, we chose .5 and .035 thresholds
to work with. The raw classified image was post processed with 4-fill, 8-fill,
4-shrink, 8-shrink and complete filling operations. The resulting contingency
table (Table IX.4) indicates an 18% misidentification error and 27% false
identification error. The major confusion was poletimber immature shortleaf
pine being classified as sawtimber immature shortleaf pine or poletimber immature
loblolly pine.

The three best band pairs consisted of the two best band pairs plus band
pair .40 - .44 and .65 = .69 micrometers. To minimize the fotal number of
reserved decisions and to try to equalize the two causes for reserved decisions,
classification was done for the three best band pairs using a variety of alpha beta

thresholds. The resulting graph (Figure IX.4) indicates good alpha beta thresholds
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are .5 and .035. Contingency table (Table IX.5) shows a 34% misidentification
rate and 38% false identification rate with 48,475 reserved decisions. Figure
IX.5 shows the resulting classification. Category 1.2 was the largest cause of
error. It was confused with category 1.3, sawtimber immature shortleaf pine
and categories 2.4 and 2.6, two kinds of loblolly pine.

A 4-fill and an 8-fill operation reduces the misidentification error rate
but propagates the false identification error rate (Table IX.6 and Figure IX.6).
Doing a 4-shrink reduces the error rates to 18% and 23% for misidentification
and false identification, This is as expected since fewer assignments are made
to spatially uncertain categories but the misidentification error rate for category
2.1 was not reduced (Table IX.7 and Figure IX.7). The final 8-shrink and
then fill all the way up results in a misidentification error rate of 14% and a
false identification error rate of 25% (Table IX.8 and Figure 1X.8). Most of
the error is due to category 1.2 being confused with categories 1.3, 2.4, and
2.6, Thus, category 1.2 has a misidentification error rate of 60% compared to
6% for the next most highly confused category. Most of the confusion is
between subclasses in the same class rather than between classes. Contingency
table IX.9 shows the resulting classification when categories 1.2 and 1.3 are
combined and categories 2.4 and 2.6 are combined. The misidentification

error rate is 10% and the false identification error rate is 14%.
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Figure IX.1  The .72 = .76 micrometer band.

Figure IX.2  The ground truth training data overlayed on the .72 = .76
micrometer band.
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Figure IX.3  Number of reserved decisions as a function of
probability threshold algha for best 2 band pairs,
spectral only for edit #
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FOMTaCNAY TARLE FDY TA'HY ANT = 1 BAMHY ROT - 1 SOALF FACTOR 10e¢e
CRLe = ASSIGM CAT ROW =  TRUF CAT
NONFE 147 le? Dot 2.6 Tel TOTAL FRR FRR s
e imanRLD g, Y BNAl Y 4e @ WINAR 7011 707258 0 0 n
1.0 CARGL ann Y2hn 1t w61 299 12rgn 1778 61 0
1,7 L ) AN 537 n2 17 o 18An 41a 44 9]
A nane &) A7y 473! [ 24n 297~ 1140 19 0
2.6 2587317 200 €1 1h0% 1676 &7 64U 1772 82 o]
7el 377 23 ta 36 3547 4L1&n 250 7 0
I TALGLTTGN 7 T T26A 2760 T07a 1215+ 104832 7754 26 0
PR ELTRY Y& R Y142 709 7264 HEFES FEARE  HRN AR
ron 17 I8 0 41 16 2P W HEEE KEEEE REERE
Table IX.1

The contingency table of the best 2 band pairs for alpha -
beta thresholds of .3 and .021.

COMTIMGENCY TARLF FCR - “A™HY ANT = | SAMHY B1l = 1 SCALF FACTOR 10%% 0
COLe = ASIILHM CAT ROY = TRuE CAT
R NEC 162 Ja2 200 2.6 T.1 TOTAL  FRR FRR sD
HeYNDTT22 5882 €774 17n0h 9128 0 9454 7015k 0 0 0
t.? e AR B R I A R I B 6 S B 4 486 120Fa . 5281 &4 0
17 s78 271 as sy 81 U 186 541 42 1
26t PIuH 116 527 5 a4 1164 243 9975 2160 an o]
2.6 1499 29 78 1A 2777 136 6408 - 21313 413 0
Tel 172 - 27 281 f6 2653 - 414N Wy 9 0
TATA 2 47 - Q%6 QOYD D2RICT YARAA V40T 104832 10459 27 n
Fre o TRT 27274 - 30 PIY ] GOHEB JOACA HHFHER EEXEE EXANE
L 21 76 W2 49 21 41 FRFEX EAKEE KEKENR
Table 1X.2 The contingency table of the best 2 band

pdirs for alpha -
beta thresholds of .4 and .028. :
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COMTINAPLAY TARLT FOR - CAYHY 60T = 1 SAMHY R21 = 1 SCALF FACTOR 10nes O

rCle = A77 11 CAT ROY a2 TROF CAT
R NEC 12 1a3 ?els 2,6 11 TOTAL FRR FRR Sn
A el A2 5114 17582 ARSPEA B157 7nse 0 0 0
le? 76 2 - 6 124670 Y149 TEYS 441 YD A0 4247 68 0
le 93 L84 539 10 96 0 1862 62 40 0
Dot 1774 161 173 &ne1 521 298 au7e 1342 19 o]
2.6 2180 26 87 17178 2+49 107 6408 2187 51 0
7ol 247 r 41 277 17 3577 4160 145 9 0
TCOTALMIRTG 72T 7RGT 2722% 1Nn119 125R0 104832 8434 37 o]
rog RA ' 1744 280 16R4 Bafi By REFEN EXREE XEAEE
cop o 2 76 ) 47 19 LA HEHEE KEXEFE ERHNE

Table IX.3 The contingency table of the b

est 2 band pairs fi -
beta thresholds of .5 and .035 and pairs for alpha

.

CONTINGENCY TABLE FOR 'SAMH1 GDT - 1 SMHIF3BO1 - 1 SCALE FACTOR 10%# (

COL. = ASSIGN CAT ROW = TRUE  CAT

R DEC 1.2 1.3 2.4 2.6 7.1 TOTAL #ERR % ERR % SD

UNKWN O 11586 ©018 25376 3425 21950 70355 ) 0 o
1.2 0O 6041 2853 1727 612 8235 12068 6027 S0 0
1.3 0 44 1740 59 0 0 1863 103 & )
2.4 o o 0 9476 0 496 9972 496 5 )
2.6 0 968 0 269 44632 536 6405 1773 28 0
7.1 o 0 0 124 0 4045 414y 124 3 o
TOTAL O 18639 12631 37031 8669 27862 104832 8523 18 )
#ERR 0O 1012 2853 2179 612 1867  £523 #aans HEnEE HEEER
% ERR o 14 62 19 12 32 27 #4%RE KEEEE SEERR
Taoble 1X.4 ghe contingency table of the best 2 band pairs for alpha -
eta thresholds of .5 and .035 dofter a complete filling.
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Figure IX.4  Number of reserved decisions as a function of
probability threshold alpha for best 3 band pairs,
spectral only for edit #3
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(nuy‘llr'"-ufy TALtLF FQI crrly Y - SArHY PO? -1 SCALF FZ\CTOR 10‘. 0

e = AGIOM 2T RO = TRIIF CAT
R DFC 142 1e7 2els 2ef 7.‘ TOTAL FRR #RR SN
I LR N LR 8244 1AP1F  T4fS  RRAHL T006e 0 o (o]
Vel 672 vant 10 1R 470 G4 Y27AR 400N 7% 0
e RED LA 71 ar 70 1 1R 270 78 n
Nt Bl ra R4 42464 AT 302 997 159D 27 0
Mok Y Th 161 64 Y717 2ukd 76 6405 1263 Els 0
7.1' 42 P 14e 72 1539 4160 ?22R b 0
TOTALLSLTS  27an  ALTY 1GHED 11215 1086 104832 764 14 0
i) o AR 2167 P51~ 14FS BLa  Tahy FEREE RXERE RRLFE
PR [ 1R Te 27 45 18 qp HERER FEEKE S EFEN

Table 1X.5 The contingency table of the best 3 ba

nd pairs for alpha -
beta thresholds of .5 and .035. P Phe

CONTINGENCY TABLE FOR SAMH1 GDOT - 1 SMHIF2B0Z - 1 SCALE FACTOR 10##% (

COL, = ASSIGN CAT ROW = TRUE CAT
R DEC §.2 1.3 2.4 2.6 7.1 TOTAL #ERR % ERR X SD
UNKWN 400 4172 11323 257236 15022 11702 70353 o) (o] [s)
1.2 36 3EY 3295 2503 1943 ¢02 120468 8343 &9 (o]
1. 3 (o2 265 1267 149 140 2. 1843 596 32 1
2.4 0 90 1032 7227 1146 457 9972 2745 23 (]
2.6 [») 259 147« 1921 3216 162 6405 2489 39 0
i .

7.1 0 0 36 247 132 3754 4149 415 10 0

TOTAL 436 10475 17100 37803 22339 16679 104832 14588 35
#ERR (o] 614 4510 4840 3401 1223 14588 #%#%k #ikkk FEXER

% ERR 0 14 78 40 46 25 Q0 HUHER FEHRE BHEXKW

Table IX.6 The contingency table of the best 3 band pairs after 4-filf

and 8-fill operations.
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Figure IX.5  The classification of the three best band pairs for alpha -
beta thresholds of .5 and .035.

Figure IX.6  The classified image of Figure IX.5 after 4-fill and 8-fill
operations.
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CONTINGENCY TABLE FOR SAMH1 GDT - 1 SMHIS1BO2 - 1 SCALE FACTOR 10#s o

COL. = ASSIGN CAT ROW = TRUE CAT
R DEC 1.2 1.3 2.4 2.6 7.1 TOTAL #ERR X ERR X SD
UNCWNSO1E2 1053 3338 7257 2358 6167 703595 0 [} (o]
1.2 8421 1073 14468 623 210 213 12042 2574 71 [o]
1.3 1189 13 &£59 [o] 2 O 1843 1S 2 (o]
2.4 &350 (o] 1Y 3455 29 82 9972 147 S [o]
2.6 5080 4 1 157 1161 2 6405 164 12 o]
71 714 [o] 0 52 10 3393 41469 &2 2 o
TOTAL71936 2143 5522 11604 3770 9857 104832 2982 18 (s}
#ERR s} 17 1525 892 251 297 2982 REHXE EEREE HEENE
% ERR 0 2 70 21 18 8 23 REEEE EEEEE FEEEE
Table IX.7

The contingency table of the best 3 band pairs after 4-fill,
8~fill and 4-shrink operations.

CONTINGENCY TABLE FOR SAMHI GDT = 1 SMHIF3B02 - 1 SCALE FACTOR 10w#e« O

COL. = ASSIGN CAT ROU = TRUE  CAT
R DEC 1.2 1.3 2.4 2.6 7.1 TOTAL #ERR X% ERR X% SD
UNKWN 0 5027 11407 23738 12077 18106 70E55 0o 0 o
1.2 0 4785 3780 1427 1241 835 12068 7283 60 0
1.3 0 0 1863 o o 0 1663 0 0 0
2.4 0 0 192 9346 4 430 9972 626 6 0
2.6 0 0 0 397 6008 O 6405 397 6 o
7.1 0 0 o 84 0 4035 4169 84 2 0
TOTAL 0 9812 17242 34992 19330 234!36 104832, 8390 14 0
#ERR 0 0 3972 1908 1245 1255 B3390 #4##% #Ek#E REksE
X ERR o o 68 17 17 24 20 HEERE REAES SERE
Table 1X.8 Th?’ conzinge.ncy table of the best 3 band pairs after 4-fill,
~ 8-fill, 4=shrink, 8-shrink, and complete filling operations.
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Figure IX.7  The classified image of Figure IX.5 after 4-fill, 8-fill and
4~shrink operations.

Figure IX.8  The classified image of Figure IX.5 ofter 4-fill, 8-fill,
4-shrink, 8-shrink and complete filling operations.



Col. = Assign Cat.

Row = True Cat.

I

1 2 7 Total | #Err | % Err
Unknown | 16434 | 35815 | 18106 | 70355 | O 0
i 1 10428 | 2668 | 835 | 13931 | 3503 25
2 192 | 15755 | 430 | 16377 | 622 4
1 0 84 | 4085 | 4169 | &4 2
Total | 27054 | 54322 | 23456 |104832| 4209 | 10
#Err 192 | 2752 | 1265 | 4209
% Err Z 15 24 14

Contingency Table Created by Combining
Subclass Types of the Same Class

Table IX.9
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X Spectral-Textural Analysis: Edit 6

We began the spectral-textural analysis of the edit #6 data by using five
spectral bands and two texture bands and letting the feature selection procedure
pick the best two and best three band pairs for the table look-up decision rule.
The five spectral bands were:

.40 - .44 micrometers

.65 = .69 micrometers

.72 = .76 micrometers

.981 - 1.045 micrometers

2.10 - 2.36 micrometers
The textural transform was done on a 3x3 convolution of the .82 - .88 micrometer
band. A second textural information band was created by doing a 3x3 convolution
of the initial textural transform image.

The feature selection procedure selected the two best band pairs consisting

of:
(1) .40 - .44 micrometer band with the 3x3 convolution before

and after the textural transform of the .82 -~ .88 micrometer
band
(2) .65~ .69 and .981 - 1.045 micrometer bands.

The alpha~beta thresholds were set at .3 and .021, respectively. This threshold
selection was too low for of the 159,500 points to be classified, 74,326 were
reserved assignments because of incompatible category assignments between the
first and second band pairs and 1,904 were reserved assignment because there
was more than one possible assignment common to the two band pairs. The
resulting contingency table, (Table X.1 and Figure X.1) shows a misidentification
error rate of 36% and a false identification error rate of 37%. After filling the
classified image to remove all reserved assignments, the misidentification error
rate was 38% and false identification error rate was 39%, Table X.2 and Figure
X.2. This is worse than the best t wo band pair spectral results indicating that
either the alpha-beta thresholds used created such a high number of reserved
decisions that the classification accuracy was lowered or that a feature selection
procedure which minimizes a lower bound on the error rate does not necessarily

produce the features of the best classification.
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Spatial processing can improve the identification accuracy of the
initially classified image. For example, if the completely filled image is shrunk
for one iteration with a 4-shrink operator and then filled again, the misidentifi-
cation and false identification error rates improve to 33%, Table X.3 and Figure
X.3. The biggest cause of errors was category 2.4 being assigned to category 1.3
and category 2.6 being assigned to categories 1.3, 2.3 and 2.5, A still
greater increase in identification accuracy results if the initially classified image
with reserved decisions is operated on with a 4-fill, then 8-fill, then 4-shrink,
then 8-shrink operations and then filled up completely (Figure X.4). The rewlting
contingency table, Table X.4, shows a 32% misidentification error rate and 7%
false identification error rate. This is about the same as the best two~band
spectral results.

Doing two iterations of a 4=shrink followed by an 8~shrink (Figure X.5)
instead of just one iteration as described for the previous classification produces
not as good results. Table X.5 shows a 34% misidentification error rate and 7%
false identification error rate.

Repeating the 2 band experiment with an alpha threshold of .5 and a
beta threshold of .035 reduces the number of reserved decisions to 42,226
with 25,173 reserved decisions due to no assignment and 17,053 reserved
decisions due to multiple assignments. The resulting classification (Table X.6
and Figure X.6) gives a misidentification error rate of 37% and a false identi-
fication error rate of 38%.

A complete filling of the image (Table X.7 and Figure X.7) gives a
misidentification error rate of 38% and 39%. The main cause of error is
assigning category 1.3 when the true category is 2.4 and assigning 2.5 when
the true category is 2.6. If we do a 4=shrink on the filled image and then
completely fill it again (Table X.8 and Figure X.8) we get a misidentification
error rate of 32% and a false identification error rate of 36%, but now categories
2.4 and 2.6 are completely misidentified. If instead we do a 4-fill, 8~fill,
4-shrink, 8-shrink and then completely fill up the raw classification (Table
X.9 and Figure X.9) we get a misidentification error rate of 30% and a false
identification error rate of only 5%. This improvement over the (.3 and |
.021) result is due to better thresholding. So, even though the raw classifica-
tion using an alpha threshold of .3 was a few percentage points better than the
raw classification using an alpha threshold of .5, the large number of reserved

decisions hindered classification accuracy with the fill and shrink operations.
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We also did a 4-fill, 8-fill, 4-shrink and complete filling (Table X.10
and Figure X.10) on the raw classification using alpha threshold of .5 to see if
we were doing too much shrinking. The resulting misidentification error rate
of 32% and false identification error rate of 36% indicates that we were not.

The best 3 band pairs results did significantly increase the accuracy
over the two best speciral band pair accuracy and the two best spectral~textural
band pair results. The band pairs selected by the feature selection procedure were:

(1) .40 - .44 micrometer band with the 3x3 convolution
before and after the textural transform of the .82 ~ .88
micrometer band
(2) .65 - .69 and 2.10 - 2.36 micrometer bands
() .72~ .76 and .981 - 1.045 micrometer bands.
The alpha-beta thresholds were set at .7 and .049, respectively. This resulted
in 25,590 reserved decisions due to no common category assignment and 43,889
reserved decisions because of more than one possible category assignment. The
thresholds were set just a little too high.

The contingency table of the initially classified image with reserved
decisions is shown in Table X.11. It indicates a 35% misidentification error
rate and 37% false identification error rate. Completely filling the initially
classified image with reserved decisions yields a misidentification error rate
of 38% and false identification error rate of 37%. This identification accuracy
(Table X.12) is just below the best 3 band pair spectral results.

If the completely filled image is operated on with one iteration of a
4-shrink operation and then completely filled, the misidentification error rats
improves to 29% and false identification error rate improves to 30% (Table X.13
and Figure X.11). The results indicate that almost all resolution cells originally
assighed to category 2.4 were neighboring resolution cells of a different category.
Hence, the 4-shrink operation eliminated most of the assignments to category 2.4.

The basically scattered assignments to category 2.4 was manifest in the
next experiment in which we did a 4-fill, then an 8~fill, then a 4-shrink, then
an 8-shrink and a complete filling of the initially classified image with reserved
decisions. The contingency table (Table X.14 and Figure X, 12) shows a 23%

misidentification error rate and a 6% false identification error rate. These results
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are definitely better than the corresponding three best spectral band pair results.
The main reason for the identification accuracy increase is that most of category 2.6
was assigned to category 2.6; only some of category 2.6 was assigned to category
2.5 and hardly any at all to category 1.3. All of category 2.4, however, was
misidentified as category 1.3.

Following the pattern of the previous results, if a double 4-shrink and
then 8-shrink operation is applied instead of a single 4-shrink and then 8-shrink,
the classification results are not quite as good: a 39% misidentification error
rate and 12% false identification error rate. As shown in Table X.15, category
2.4 is misidentified as category 1.3 and category 2.6 is misidentified as category
2.3 and category 2.5.
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CONT INGENCY TABLE FOR SAMH22GDT ~ 1 . SAMH2BB03 - 1. SCALE FACTOR 10#*x_0

- - COLe » ASSIGN (AT ROW_s __TRuE CAT

— e+ e

TR DEC 143 | leb 243 244 245 246 7.2 TOTAL ERR ERR

UNKWN63115 12915_10822 12152 1057 _14605__188a 10467 127021 0 0
1.3 3721 2409 166 199 79 215 - 8¢ 82 695& B26 26
1e4 981 14 1605 22 14 19 ___ 6.9 2670 ___ B4__ 5 _
263 4333 59 14 3000 23 157 114 28 7727 394 12
244 305 222 9 15 42_ 25 8_____ 3 629 282 87
2.5 1847 273 49 7171 16 1198 69 11 4034 589 25
2.6 666 88 16 145 O 441 6A&__ 10 1434 700 __ 91
7.2 1372 60 181 15 77 1 27 3917 75625 336 8
TOTAL76140 16040 12862 15719 1308 17261 2239 14527 154096 13211 36
ERR 0 716 435 567 209 858 T 283 143 3211 Hwsus wkuss
ERR 0 23 21 16 83 32 81 4 37 REREE KEENE

Table X.1 The contingency table of the best 2 band pairs for alpha -
beta thresholds of .3 and .021, o

CONTINGEMCY TABLE FOR SAMHZ2GPT = 1 SMH2F7803 ~ 1 SCALE FACTOR 10%+ 0

COLs = ASSIGN CAT ROW = TRNE CAT

R DEC 13 .le4 2e73 2e4 2e5 246 7.2 TOTAL ERR ERR

VMUY 0 7914° 22028 2810 2397 24512 4%y 16400 127021 0 0
1.9 0. 5153 432 S0 144 476 17a 170 6956 1903 27
o4 0 38 2463 586 20 50 26 17 2672 207 8
2¢1 0 128 37 6720 115 322 297 108 7727 1007 13
2o g, 417 16 27 89 53 10 - 8 629 540 86
745 n.. 519 133 4n9 37 2712 1664 38  401& 13272 33
746 o 216 a1 319 0 711 144 23 Y434 1290 g0
7.2 0 137 416 78 107 3 A 4931 5675 €94 12
TOTAL N 35667 25556 36771 20009 28840 5350 21695 156096 6963 38
ERR ¢ 1465 1065 1341 423 1615 690 364 6963 REEAE XFNNK

FRR () 22 30 17 83 37 814 7 39 FEHAE FRERD

Table X.2 The contingency table of the best 2 band pairs for alpha -
beta thresholds of .3 and .021 after a complete filiing.
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Figure X.1

The classification of the best 2 band pairs for alpha -
beta thresholds of .3 and .021.

Figure X.2

The classified image of Figure X.1 after a complete filling.
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COMTINGEMCY TABLE FCR  SAMH22GDT =~ 1 SMH2F8B0O3 = 1 SC/LE FACTOR 10##

COLe = ASSIGM CAT ROW = TRIIE CAT

R NFC 1la3 let 201 2els 2e5 206 7.2 T0TAt ERR ERR

N 0 20668 20874 30615 995 27226 990 16714 127021 0 0
143 0 6291 1843 231 0 160 n 91 6956 665 10
lets N 3D 2499 48 0 84 a 0 2670 171 6
7e1 0 9 N 7342 93 201 4 37 1727 385 5
Pets N 550 0 o 70 1 A 0 629 559 89
245 N oae 79 290 12 3145 47 17 4034 889 22
246 0 188 1 s07 o 727 R 3 1436 1426 99
7.2 “ 26 3.7 0 0 0 0 5294 5625 331 6
TATAL ¢+ 37184 23873 39033 1190 31544 111k 22156 156096 4426 33
FRR 61225 570 1976 125 1173 100 148 4426 *EEe# NEEws

FRR n 16 19 13 64 27 94 3 33 REERE EERRF

Table X.3 The contingency table of the best 2 band pairs for alpha -
beta thresholds of .3 and .021 ofter complete filling,
4-shrink, and complete filling operations.

CONTINGENCY TABLE FOR - SAMH22GDT - 1 SMH2F9BO3 = 1 SCALE FACTOR 10%% 0

COLe = ASSIGN CAT  ROW = TJRUE  CAT

R DEC 1.3 le4 203 2eb 25 246 7.2 TOTAL ERR ERR

LN ~o3104™ 18187 33949

0 26251 37 16637 127021 0 0

1e7 o 6709 o ) 247 n 0 6956 247 4
led 0 8 2499 163 0 0 n 0 2670 171 6
2.7 0 0 o 1727 0 0 0 0 1727 0 0
2e4 N 629 o 0 0 0 0 0 629 629 100
2% n - 351" 0 48 0 3635 n 0 4024 399 10
?2eh B 1 0 824 0 609 n 0 1434 1434 100
7.2 o 17 2390 n 0 0 N 5378 5625 207 4
TOTAL " 39675 27916 42711 0 30742 37 22015 156096 3127 12
FRP noo1nrg 230 1038 0O 85 . 0 D 3127 EREIE KEERE
Fen g 12 8 12 0 19 n 0 T REEE EEERE

Table X.4 The contingency fcble of the best 2 band pairs for alpha -
beta thresholds of .3 and .021 ofter 4~fill, 8-fill, 4'shnnk,
8-shrink, and complete filling operations.
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Figure X .3 The classified image of Figure X.1 after complete filling,
4=shrink, and complete filling operations.

Figure X .4 The classified image of Figure X.1 after 4-fill, 8-fill,
4=shrink, 8=shrink and complete filling operations.
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CAMTINGEHCY TAPLE FOR QAMH22GNDT - 1 SMH2F3P03 -~ 1 SCALE FACTOR 10%# 0

CCLe = ASSIGN CAT ROW =  TRuE CAT

R DFC 13 let 23 2e4 245 26 7.2 TOTAL ERR ERR

Vit an N 282817 15512 421RN

0 20077 n 20769 127021 0 0
o 0 e986 c n 0 0 n 0 6956 0 0
- Tai n 2 2459 169 0 0 n 0 2670 171 6
707 ¢ o no7121 0 0 .0 o 7727 0 0
200 a 629 ¢ 0 0 0 n 0 629 629 100
745 2 28 no1aye 0 2596 o 0 4034 1438 36
246 ) N o 825 0 609 0 0 1434 1434 100
7.2 o n 19 0 0. 0 n 5606 5625 19 0
TTAL 6 15898 18930 52511 0 23282 A 26375 156096 3691 34
FUR 0 659 19 2406 0 609 ) 0 3691 sHxxs w¥wux
rop n 9 1 24 0 19 n o 7 ARENR RERES
Table X.5 The contingency table of the best 2 band pairs for alpha -
beta :rhresholds of .3 and .021 after 4-fill, 8-fill, 4-shrink,
8-shrink, 4-shrink, 8-shrink, and complete filling operations.
v CONTINGENCY TABLE FOR SAMHZZGDT - 1 GAMHZ BIS - 1 SCALE FACTOR 10%+ 0
COL. = ASSIGN CAT ROW = TRUE  CAT
RIEC 1.3 1.4 23 24 25 26 7.2 TOTAL ¥ERR ¥ ERR
UNKWNZST03 24414 13567 18099 1339 19459 2848 11772127021 ¢ 0
1.3 1706 4328 273 140 59 276 M4 110 6956 9L 18
14 & 19 (894 25 23 5% 10 22 2670 1Y 8
2.3 1875 110 12 5165 29 296 187 53 7727 447 12
2.4 177 3%y 6 4 2 11 3 629 A 95
295 1044 A4S A4 190 26 2106 131 8 4024 864 29
“ 26 S0z 197 {1 155 5. 834 &0 10 1434 672 94
S22 718 1Ry 200 29 43 1 S 4363 5425 4T 9
TOTALAZ226 30037 §6022- 22209 1948 22757 2225 1436b1560964387 - 37
. $ERR 0 1290 551 945 18D 1192 408 206 4337 s #redd

KERR O 23 23 10 8 3% 8 4 3B s S

Table X.6 The contingency table of the best 2 band pairs for alpha -
beta thresholds of .5 and .035. '
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Figure X.5 The classified image of Figure X.1 aofter 4-fill, 8~fill,
4=shrink, 8=shrink, 4-shrink, 8-shrink and complete
filling operations.

Figure X.6 The classifcation of the best 2 band pairs for alpha -
beta thresholds of .5 and .035.
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CONTINGENCY TAELE FUR SAMH22GDT = | SMHZFIBOS - | SCALE FACTOR 10+¢ 0

COL. = ASSIGN CAT RU# = TRUE CAT
RDEC1.3 14 23 24 25 26 7.2 TOTAL SERR X ERR

UGN 0 33796 19622 24926 1979 27212 4298 14928127021 0 0
1.3 0 5629 390 220 77 S 95 170 &9% G719
1.4 0 31 242 45 20 79 17 32 270 734 b
2.3 0 159 19 6483 48 443 295 70 7721 (44 14
24 0 489 24 9 B 4 19 S &9 9% 9%

295 0 475 70 285 39 2816 186 13 4034 1218 30
26 0 6 2 N0 7 784 99 17 1434 135 93
7.2 0 265 724 37 462 { 7 4949 5675 t56 12
TOTAL O 41747 23066 37515 2277 31741 5016 202141560966398 38
#ERR 0 1842 805 6456 263 1713 619 307 6578 sid¥ wHkd

XERR 0 25 B i1 88 38 8 6 39 i HE

Table X.7 The contingency table of the best 2 band paifs for alpha -
beta thresholds of .5 and .035 after a complete filling.

CONTINGENCY TAELE FOR SAMH2ZGDT - 1 SMHZF2BOS - § SCALE FACTR 104+ 0

COL. = ASSIGN CAT ROW = TRUE CAT

RIEC1.3 1.4 23 24 25 26 7.2 TOTAL #ERR X ERR

BeWN 0 33077 18718 77493 227 32230 206 15032127021 0
1.3 0 6849 53 24 0 15 & IS5 &9 107

0

2
L4 0 12 2458 & 0 12 0 1 670 172 b
23 0 20 0 741 3 20 13 0 77 % A&
24 0 &% 0 0 0 0 0 0 &9 629 100
25 0 337 10 154 0 WB 0 0 4034 55 14 @:,‘»%
26 0 1% 0 320 0 94 0 0 1434 1424 100 > \}3}6
120 12 13 0 8 0 05m S M 4 P
TOTAL 0 41216 21410 35479 235 37074 259 20420156096142 %2 '3?:\’6 A
ERR 0 1250 196 555 11 1361 13 16 3442 s wen et

XERR 0 16 7 7 100 28 100 0 35 ess wee
Table X.8°  The contingency table of the best 2 band pairs for dl'plﬁdv—
beta thresholds of .5 and .035 after complete filling,
4=shrink, and complete filling operations.




Figure X.7 The classified image of Figure X.6 ofter a complete filling.

Figure X.8 The classified image of Figure X.6 after complete filling,
4=shrink and complete filling operations.
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CINTINGENCY TRELE FOR SAMH2ZODT - 1 SMHZFSBCS - 1 SCALE FALTOR 10+ 0

COL. = ASSIGN CAT ROW = TRUE CAT

RIECL3 1.4 23 24 25 26 7.2 TOTAL §ERR X ERR

NN 0 32495 17737 33754 0 26624 0 16623127021 ¢ 0
1.3 0 69% 0 0 0 0o -0 0 6%3% 0 0
1.4 0 0 2499y 140 0 31 0 0 2670 1Mt 6
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Table X.9 The contingency table of the best 2 band pairs for alpha -

beta fhresholds of .5 and .035 after 4-fill, 8-fill, 4-shrink,
8-shrink, and complete filling operations,
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Table X.10  The csnﬁngven.t:y table of the best 2 band pairs fo.l" alpha -
beta thresholds of .5 and .035 after 4-fill, 8-fill, 4-shrink,

and complete filling operations.
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Figure X .9 The classified image of Figure X.6 after 4-fill, 8-fill,
4=shrink, 8-shrink, and complete filling operations.

Figure X.10  The classified image of Figure X.6 aofter 4-fill, 8-fill,
4=shrink and complete filling operations.
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Table X.11  The contingency table of the best 3 band pairs for alpha -
beta thresholds of .7 and .049. -
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Table X.12  The contingency table of the best 3 band pairs after a
complete filling.
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Table X.13

The contingency table of the best 3 band pairs after complete
filling, 4-shrink, and complete filling operations.

.
1T eA e, T ani [ .
TONTINGINCY. TADLE FOR SAMH22GDT =

»-
n
=
T
(Y
bt |
0O
{0
D
-
]
(]
wn
[}
e
-
m

FACTOR 10%% 0

COLe = ASSIGN CAT ROW = TRUE CAT

R DEC 1e3  leb 243 244 245 246 7,2 TOTAL ERR  ERR

Uty N 0 31125.16788 29548

0 26088 6792 16680 127021 © 0 (¢}

le? ) 6956 9 0 0 0 0 0 6956 0 0
let . 0 2499 67 0 0 104 0 2670 11 6
2e7 I 4] o 7727 0 0 n 0 77127 o} 0
2e8 O 629 ¢! 0 0 0 0 0 629 629 100
2eb & 351 C 0 0 23683 . 0 0 4034 341 9
2eb % 1 C 2 0 609 827 0. 1434 6.2 43
7.2 3t 169 52 v 0 0 0 5404 5625 21 4
TOTAL 139231 19339 37344 0 30380 771R 22084 156096 19u4 23
ERR 1154 52 69 0 609 104 0 1984 RERER EEEE

FRR 4] 14 2 1 0 - 14 11 0 6 HEE-ER RENRE

Table X.14  The contingency iable of the best 3 band pairs after 4-fill,
8-fill, 4-shrink, 8-shrink and complete filling operations.
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Figure X.11  The classification of the best 3 band rairs for alpha - beta
thresholds of .7 and .049 ofter comple
and complete filling operations.

te filling, 4=shrink,

Figure X.12  The classification of the best 3 band pairs for alpha - beta
thresholds of .7 and .049 ofter 4-fill, 8-fill, 4=shrink,
8-shrink, and complete filling operations.
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Table X.15  The contingency table of the best 3 band pairs after 4-fill,
8-fill, 4-shrink, 8-shrink, 4-shrink, 8-shrink, and complete
filling operations.

ORIGINAL PAGE IS
OF POOR QUALITY



X1 Spectral-Textural Analysis: Edit 9

With this edit we experimented to find the best texture transforms. The

.82 - .88 micrometer band was chosen as the band having the most spatial in-
formation (Figure XI.1). Figure XI1.2 is a 2x2 rectangular convolution of the
.82 - .88 micrometer band and Figure XI.3 is a 3x3 rectangular convolution of
the band. Each of these bands were used as inputs into the texture transform.
The resulting textural transform images are shown in Figures X1.4, XI.5 and
X1.6. Each of these were convoluted with a 2x2 window size (shown in Figures
X1.7, X1.8, X1.9). Finally the textured transforms were convoluted with a
3x3 convolution window giving us 3 more texture images (Figures XI1,10, XI. 11
X1.12). Using our own visual discretion we chose the textural transform with a
3x3 rectangular convolution after and the 3x3 rectangular convolution before
transforming with a 3x3 rectangular convolution after transforming as the two
texture bands with the most information (these are shown in Figures XI.10

and XI1.12).

We combined these 2 texture bands with the spectral bands and the
feature selector chose band pairs .40 - .44 micrometers and the 3x3 rectangular
convolution before and after the textured transform with .65 - .69 and 2.10 -
2.36 micrometers as the 2 best band pairs for classification. Band pair .72 = .76
and ,981 = 1.045 micrometers was selected with the other two for the best 3
band pairs, Figure XI.13 and X1.14 show the grdphs of the threshold alpha
against the number of reserved decisions. For best 3 band pairs the best alpha
threshold was .7 with a beta threshold of .049.

To check the choice of thresholds we checked several results using different
thresholds. The best 3 band pairs classification with alpha, beta thresholds of .3
and .021 gave us a misidentification error rate of 20% and a false identification
error rate of 20% (Table XI,1 and Figure XI.15), The error rate was low but the
total number of reserved decisions 104,531 is high. Only 89 of these points were
reserved due to more than one assignment, while 104,443 points were reserved
because of no assignment. The largest cause of error was due to misidentification

of category 2.6 as category 2.5, both subclasses of loblolly pine.
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Post processing with a 4=shrink and then a complete filling we obtained
misidentification and false identification error rates of 36% and 20%. Both
category 2.6 and category 3.1, laurel oak, had misidentification error rates
of 100% (Table X1.2 and Figure X1.16). Though the shrink operation usually
reduces error, if a sparse category is assigned correctly, the shrink operation
here tended to wipe out the category. Table XI.2 shows us that this happened to
category 2.6 and category 3.1. If instead of a shrink we first did a 4-fill, then
a 4-shrink and then a complete filling, the resulting contingency table is Table
X1.3 (Figure X1.17). The misidentification error rate was 18% and the false
identification error rate was 16%, but the misidentification error rate for
category 2.6 was still high at 41%. The main cause of error is the confusion of
2.6 and 2.5. The only way left to eliminate the confusion is to change thres-
holds. |

Values of .6 and .042 for the alpha, beta thresholds resulted in a mis-
identification error rate of 25% and a false identification error rate of 28%
(Table X1.4). The misidentification error rate for categories 2.5 and 2.6 were
31% and 34%, respectively. If .7 and .049 are chosen for the alpha and beta
thresholds we get error rates of 25% and 31%, but the misidentification error
rate for category 2.6 is only 24% and the misidentificction error rate of category
2.5 is 31% (Table X1.5). The number of reserved decisions is 71,919 with
43,045 points being reserved because of more than one assignment and 28,874
points reserved because of no assignment. With thresholds for alpha and beta
of .8 and .063, the misidentification and false identification error rates were
28% and 32%, respectively (Table X1.6). Though the misidentification error
rate for category 2.6 has been reduced to 19% and for category 2.5 it was
reduced to 21%, the misidentification and false identification error rates for
category 3.1 have grown to 62% and 62%, and for category 4.2 the rates have
gone up to 52% and 45%. In addition the number of reserved decisions has
risen to 121,716 indicating that the thresholds have gotten too high.

Since the error rates for Table X1.4 and Table XI.5 were almost the
same, the results from the classification with thresholds of .7 and .049 should
be better for post processing. The main cause of error had been with categories

2.5 and 2.5 and this classification showed lower arror rates for these categories.
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If we fill up the image with alternating 4-fill and 8-fills we get a misidentification
error rate of 27% and a false identification error rate of 33% (Table X1.7). This is
no improvement on the raw classification so the shrink operation is needed fo
eliminate incorrect assignments. Post processing with a 4-fill and an 8-fill so the
shrink operations do not wipe out sparsely populated categories, then doing a
4~shrink and 8-shrink and finally a complete filling, we obtain a misidentification
error rate of 8% and a false identification error rate of 11% (Table X1.8 and Figure
XI1.18). The misidentification error rate for category 2.6 was reduced to 0 and
the confusion between category 3.1 and 4.2 was small. As was the case with the
spectral analysis the misidentification of category 2.5 with 1.3 is the main cause
of error. Though the texture analysis gives better overall results, it cannot over~
come the inability of the decision rise to separate categories 2.5 and 1.3 in the
lower right hand corner of the timber stand map.

The results of the best 2 band pairs classification were not as good. The
contingency table resulting from alpha, beta thresholds of .3 and .021 resulted
in a misidentification error rate of 25% and a false identification e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>