AD=-AD45 871 ARMY ENGINEER WATERWAYS EXPERIMENT STATION VICKSBURG MISS F/G 15/4
ACQUISITION OF TERRAIN INFORMATION USING LANDSAT MULTISPECTRAL ==ETC(U)
SEP 77 H STRUVE: W E GRABAU, H W WEST :

UNCLASSIFIED WES=TR=M=T77=2=2 NL

el -‘ .....
ADADASET




TECHNICAL REPORT M-77-2

ACQUISITION OF TERRAIN INFORMATION

poy USING LANDSAT MULTISPECTRAL DATA
I_\. ( Report 2
o0 AN INTERACTIVE PROCEDURE FOR CLASSIFYING TERRAIN
169 TYPES BY SPECTRAL CHARACTERISTICS
e by

< Horton Struve, Warren E. Grabau, and Harold W. West
& Mobility and Environmental Systems Laboratory
— U. S. Army Engineer Waterways Experiment Station

P. O. Box 631, Vicksburg, Miss. 39180 D C
o D
<C P00 i

September 1977 t (':\
Report 2 of a Series A you 2 91
[‘Asoroved For Public Release; Distribution Uniimited | ; | \ UL“ =

Prepered for  Agsistant Secretary of the Army (R&-D)
Department of the Army
Washington, D. C. 20310

=
i under Project 4A161101A91D, Task 02

Work Unit 095
ag OBMEINAL CONTAINS COLOR PLATES: ALL DDC
4 REPRODUCTIONS WILL BE IN BLACK AND WHITE







-

(

Unclassified

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
P READ INSTRUCTIONS
( q REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
‘}' EPORT NUMBER At 2. GOVT ACCESSI "Q< 3. -

\ Technical jep:t:}M-T{—2 g \/4’/,- WES-TR=-M=77-Z~2
4, TITLE (and S beitle) . nean— S. TYPE OF REPORT & PERIOD COVERED
CQUISITION OF TERRAIN ;NFORMATION,USING LANDSAT/)
LTISPECTRAL DATA. Report 2. AN INTERACTIVE 2 Report 2 of a series

e

P2
J
—

ROCEDURE FOR jJLASSIFYING TERRAIN TYPES BY 1= 6. PERFORMING ORG. REPORT NUMBER

8. CONTRACT OR GRANT NUMBER(s)

SPECTRAL gHARACTERISTICS. H B S
HortonfStruve ‘;

Warren E. IGraéau
Harold W./West !

(2

[9-"PEAFORMING ORGANIZATION NAME AND ADDRESS 10. ::gczﬁfususnn PROJECT, TASK
A RK UNIT NUMBERS |

U. S. Army Engineer Waterways Experiment Statio 1
Mobility and Environmental Systems Laboratory 7 Project LtA;L61].0?LA91D,--4L—--—-—
P. 0. Box 631, Vicksburg, Miss. 39180 Tasﬁ B2i Work Unit 095

11. CONTROLLING OFFICE NAME AND ADDRESS e 12. BFM_,_
Assistant Secretary of the Army (R&D) 71/ Sep Ceatungs | 7 / g
Department of the Army l // 13. NUMBER OF PAGES
Washington, D. C. 20310 ' 138

4. MONITORING AGENCY NAME & ADDRESS(/f diffa from C 111 Oftice) 15. SECURITY CLASS. (of this report)

15a. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

P, Y
k/;?}/yz/" ) !f Unclassified
Lot

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public releasse; distribution unlimited.

5 ) :
Fois <
/ \\Q\\ "-i<\-\‘
18. SUPPLEMENTARY NOTES V\(/, i
\\.")“‘ o= \.,
A y ,
19. KEY WORDS (Continue on reverse side If necessary and identify by block number)
Data acquisition
Landsat (Catellite) , “ -
Multispectral data St
{ Spectrum analysis
\T@rrain classification
20. ACT (Contfnue en reverse sidw i neceesary and identify by block number)
Developed in the study reported herein was a semiautomated procedure for
classifying Landsat radiance data in terms of preselected land-use categories.

The procedure is an interim solution to the problem of mapping very large areas

in terms of relatively crude categories in very short periods of time.
Operation of the procedure requires an analyst to direct a computer by

means of interactive instructions to search for all the 3 by 3 pixel arrays

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Repor’ i ’ «?S S es \

(Continued) —

DD S EDITION OF ! NOV 65 IS OBSOLETE o
Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

{
Dot Jr

&




Inclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20. ABSTRACT (Continued).

exhibiting spectral signatures that conform to a selected criterion of homo-
geneity. The computer then retrieves these signatures from within the array
of Landsat radiance values and groups them into spectrally similar clusters.
The clusters are then displayed on a color coded map overlay from which the
analyst must provide the final interpretation and classification.

The area selected for study is centered approximately 4O km northeast of
Vicksburg, Mississippi. The area includes a representative section of loess
hills, forming the eastern wall of the Mississippi floodplain, and a section
of the floodplain, including an oxbow lake and a number of other floodplain
fea.t.ures.‘<5

{

Unclassified

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




THE CONTENTS OF THIS REPORT ARE NOT TO BE
USED FOR ADVERTISING, PUBLICATION, OR

PROMOTIONAL PURPOSES.

CITATION OF TRADE

NAMES DOES NOT CONSTITUTE AN OFFICIAL EN-
DORSEMENT OR APPROVAL OF THE USE OF SUCH

COMMERCIAL PRODUCTS.

ACCESS!ON far

.—-——-—’—“———__—.7 e %
NTIS W e on

poe B.f{ Seclioii
UNANNOUNC™D G
JUSTI ICATION

BY

DISTRIBLTION/AVA! ABIITY (C°ES 4
[N 50 GIAL
}

e e

|
|




PREFACE

This report is the second of a series dealing with the manipula-
tion and interpretation of Landsat digital data. The concepts and pro-
cedures reported herein were developed under the In-House Laboratory
Independent Research Program, Project 4A161101A91D, Task 02, Work Unit
095, "Feasibility of Using Landsat Spectral Data for Acquisition of

Terrain Information for Multiple Purposes."

The work was performed
during the period September 1975-June 1976 by personnel of the Environ-
mental Simulation Branch (ESB), Environmental Systems Division (ESD),
Mobility and Environmental Systems Laboratory (MESL), U. S. Army Engi-
neer Waterways Experiment Station (WES), under the direct supervision
of Messrs. H. W. West, Project Manager, and J. K. Stoll, Chief, ESB. The
study was under the general supervision of Messrs. B. 0. Benn, Chief,
ESD, and W. G. Shockley, Chief, MESL. Dr. H. Struve, ESB, was responsi-
ble for the development of the interactive procedure for classifying
terrain types by spectral characteristics. Special acknowledgment is
made to Mr. W. E. Grabau, Special Assistant, MESL, for his constructive
criticisms and encouragement throughout the study. Dr. Struve and
Messrs. Grabau and West prepared the report.

COL G. H. Hilt, CE, and COL J. L. Cannon, CE, were Directors of
the WES during the study and report preparation. Mr. F. R. Brown was

Technical Director.
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CONVERSION FACTORS, METRIC (SI) TO U. S. CUSTOMARY AND

U. S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

Units of measurement used in this report can be converted as follows:

Multiply By To Obtain
Metric (SI) to U. S. Customary
micrometres 3.937007 x 10_5 inches
millimetres 0.0393700T7 inches
centimetres 0.3937007 inches
metres 5.399568 x 1o'h miles (U. S. nautical)
metres 6.213711 x 1o'h miles (U. S. stavute)
kilometres 0.5399568 miles (U. S. nautical)
kilometres 0.6213711 miles (U. S. statute)
square kilometres 247.1054 acres
square kilometres 0.291553 square miles
(U. S. nautical)
square kilometres 0.3861021 square miles
(U. s. statute)
hectares 2.471054 acres
U. S. Customary to Metric (SI)
feet 0.3048 metres
degrees (angular) 0.017k45329 radians
4




ACQUISITION OF TERRAIN INFORMATION USING
LANDSAT MULTISPECTRAL DATA

AN INTERACTIVE PROCEDURE FOR CLASSIFYING TERRAIN
TYPES BY SPECTRAL CHARACTERISTICS

PART I: INTRODUCTION
Background

l. Modern military operations require vast amounts of terrain in-
formation, both for long-range strategic planning and quick-response
tactical planning. There is also a host of more prosaic needs for
terrain information, such as long-range planning for and monitoring of
militery facilities uses. The various agencies that supply the U. S.
Armed Forces with terrain information have used conventional air-photo

interpretative procedures for many years.l’2

Unfortunately, needs have
grown more rapidly than capabilities, and thus a requirement for faster
and less costly ways of acquiring the necessary terrain information is
urgent. One possible avenue is that opened by the Landsat satellites
and their proposed follow-ons.

2. There are (1977) two satellites (Landsat 1 and Landsat 2) in
orbit around the earth. Each satellite circles the earth every 103 min
and contains a multispectral scanner (MSS) that provides radiance mea-
surements of terrain materials for four spectral bands (0.5-0.6, 0.6-0.T,
0.7-0.8, and 0.8-1.1 um*) for each pixel area (=57 by 79 m) of the
terrain surface. Spectral data for an area on the ground are provided
every 18 days by each orbiting satellite, and the two satellites are

scheduled in such a manner that actual coverage (i.e. spectral data) is

* A table of factors for converting metric (SI) units of measurement
to U. S. customary units and U. S. customary units to metric (SI)
units is presented on page k4.
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obtained every 9 days.* Computer-compatible tapes (CCT's) of the spec-
tral data and imagery made from the tapes are made available by the Earth
Resources Observation Systems (EROS) Data Center¥** approximately 6 weeks

after an area has been scanned by the satellite sensor system.

Objective and Scope

3. The objective of the research described herein was to develop
a rapid and semiautomated method of classifying Landsat radiance data
in terms of preselected land-use categories or terrain types. The pro-
cedure is intended as an interim solution to the problem of mapping very
large areas (in excess of 100,000 km2) in terms of relatively crude
categories in very short periods of time. A major requirement was that
the procedure operate with a minimal amount of processing of primary
Landsat data. Ideally, it would operate by manipulating Landsat data as
it is recorded by the satellite, without data decompression, calibra-

tion, or other modification.

Rationale of the Procedure

k. Any semiautomated procedure must be somewhat anagolous to the
procedure(s) used by human interpreters; therefore, an understanding of
the various methods by which human interpreters identify terrain and
land-use information from images is necessary. There appear to be three
basic techniques:

a. Identification of features or materials by spectral
analysis. This process assumes prior knowledge of the
absorption and reflection characteristics of the feature
for which a search is being made. Identification is made

* At the time this report was being published, the National Aeronautics
and Space Administration (NASA) was rescheduling the Landsat coverage
intervals. After the proposed launch in 1978 of Landsat C, Landsat 1
will follow Landsat 2 six days later, and Landsat C will follow
Landsat 2 nine days later.

*% United States Department of the Interior, Geological Survey, EROS
Data Center, Sioux Falls, S. Dak. 57198.
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by matching the known spectrum with the spectrum as
revealed by the sensor system.

b. Identification of features or materials by pattern :
recognition. This process assumes that each feature or
material exhibits a unique pattern of colors or shades 4
of gray. Recognition is achieved when a pattern on an i
image can be correlated with an object or material on the !
ground. )

c. Identification of features or materials by association.
This seems to be the major process used by the human
interpreter. Despite the fact that it is widely used, it
is very poorly understood. In fact, it cannot even be
defined except by an example: A smooth gray area around a
residential building is almost instantly recognized by an
interpreter as a lawn, not because it is smooth and gray,
but because it is positioned in a certain way with respect
to the building. The precise same shade of gray associ-
ated with a building identified as a factory might well be
interpreted as a parking lot. An immense amount of time
is devoted by educational institutions to the development
of the photo interpreter's ability to make associations,
and an interpreter's skill is largely measured by the
number of associations he can reliably make.

5. The interactive procedure uses the developed skill of a human
interpreter; the human makes the primary interpretation and then speci-
fies to a computer program those combinations of spectral values that
are to be accepted as representing the terrain types of interest on the
ground. The basic reason for exploiting an interactive procedure is
that the human interpreter is capable of mrking subjective judgments on
the basis of all three of the techniques described above; whereas at the
present level of development, programmed interpretation can be based
only on the first of the three techniques (i.e. spectral composition).
The advantage is that classifications can sometimes be based on quite
subtle criteria, such as those that cannot be revealed or defined by
rigorous objective ahalysis.

6. The disadvantages, however, are compelling. Perhaps the most
important is that each image must be independently subjected to the
interpretative process. A classification made on the basis of an image

obtained on Monday cannot be reliably carried over to an image obtained

on Tuesday. Nor can classifications be reliably transposed to another




geographic region, even if close by. The reasons are many. The most
important are as follows:

a. BSpectral characteristics are changed by differences in
atmospheric composition.

b. Spectral characteristics are changed by differences in
reflectancc geometry.

c. Spectral characteristics are changed by time-dependent
variations in terrain coanditions.

T. The skilled human interpreter can often, somehow, sort out and
subjectively compensate for all of these things; but the basic digital
data, on which a computer program must base its decisions, may be quite
dramatically different from scene to scene. Writing a program that will
automatically make the necessary adjustments wnd accommcdations is well
beyond current capability. However, it is c.rear that the long-range
goal of programmed interpretation is a program that will make the neces-
sary adjustments. A portion of such a program is discussed in detail in

Reference 3.




PART II: DEVELOPMENT OF SEMIAUTOMATED PROCEDURE

Theory

Primary data versus processed data

8. In principle, the primary record stored on Landsat CCT's con-
tains all of the spectral data that will be available. The primary data
may be modified by calibrating them to references and thus converted to
true radiance values. They may be corrected for atmospheric transmit-
tance and other effects, but those processes merely change the absolute
values; they do not change the actual informational content. Therefore,
at least in theory, the primary CCT record is as useful for purposes of
terrain classification as those data after calibration and other forms
of processing. That is, if "natural" classes exist, they will be in-
herent in the primary data as well as in the processed data.

9. This suggests that correlations that relate natural classes of
CCT primary data with conditions on the ground (i.e. with terrain types)
are at least as valid as those obtained with processed data. If this is
so, then no advantages are to be gained by correcting primary data in
any way prior to classification. Thus, if interpretation is to be based
strictly on the establishment of correlations between spectral composi-
tion of pixels (i.e., values from each of four wavelength bands, if the
sensor is Landsat) and terrain types (not, be it noted, between spectral
composition of pixels and known spectral characteristics of the terrain
types), then the primary data are at least as good as any form of pro-
cessed data.

Determining spectral signatures

10. To simplify subsequent discussion, the primary Landsat data
defining the spectral characteristics of a pixel is called a "CCT value
set.” Thus, a CCT value set is an array of four CCT values, one for
each wavelength band.

11. Let it be assumed that the CCT value set reflected from a
particular terrain type always consists of four fixed CCT values under

any given set of conditions (i.e. of atmospheric transmittance and




reflectance geometry). Now suppose that a region including several dif-
ferent terrain types, each always exhibiting a set of four fixed CCT
values, is imaged by a multispectral scanner, such as that aboard Landsat.
If the CCT values of any one of the four spectral bands were assembled
into a histogram of the number of pixels versus the CCT values, the
histogram would consist of a set of discrete bars, each representing the
number of pixels exhibiting a particular CCT value. For example, a
portion of a Landsat scene consisting of 33,600 pixels might exhibit the

histogram shown in Figure 1.

1208 TOTAL SCENE: 210 x 160 PIXELS

NUMBER OF PIXELS x 102

60 (-

20 -

o e fio. it S l ]l = ) 1 | J
32 40

CCT VALUES
Figure 1. Idealized histogram of one wavelength band

12. However, experience has shown that CCT value sets for a given
terrain type tend to distribute themselves to either side of average
values rather than remain fixed values. Therefore, histogram sets of
several terrain types using real world data (Figure 2) will take the
form of a continuous curve rather than discrete bars. There are at
least three major sources that act randomly and in concert to cause
the CCT values to fluctuate.

a. The Landsat scanner has an internal error of about +2

10
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percent of total range. Thus, for example, a true
radiance value of 30 may be recorded as any value between
28.7 and 31.3. Since the recorded CCT values are always
integers, the values become 29 and 31l.

b. Local variations in atmospheric transmittance and terrain
conditions alter the amount of radiation reaching the
sensor.

c. Pixels that fall partly in one terrain type and partly in
another will yield CCT values that are somewhere between
the two. Thus, they belong to no "naturalistic" classes,
since they do not really represent a single set of ground
conditions. All Landsat images contain some of these
"spurious" pixels, and most contain very many.

13. Despite the "smearing" of the theoretical values, let it never-
theless be assumed that each peak represents a CCT value characteristic
of a terrain type. It might also be assumed that a distinct "shoulder,"
such as that at 38 in the band-U4 histogram (Figure 2a), would represent
a weakly developed peak, possibly because the area covered by the terrain
type is small. The obvious extension of this notion is to divide the
CCT value scale into classes, with the class boundaries at the valleys
of the histogram (or at a break in slope, leading to a shoulder). Each
peak or shoulder would then be, in effect, a modal value for that
spectral band for a terrain type. Table 1 illustrates the product of
such a process. The classes were chosen subjectively; others may choose
somewhat different class boundaries in some cases.

14. In consideration of the discussion above, a naturalistic sub-
division of the CCT values in one wavelength band is defined as a '"CCT
value class." Thus, a CCT value class is assumed to be characterized
by a normal distribution of CCT values around a specified modal value,
with the class limits some fixed standard deviation away on either side
of the modal value.

15. Since each pixel in a Landsat image is represented by four
CCT values (i.e. by a CCT value set), it is at this point easy to leap
to the conclusion that each terrain type is represented by a unique
combination of CCT value classes. However, the fact that not all wave-
length bands exhibit the same number of CCT value classes (e.g., band k4

has 7, and band 6 has 9) illustrates a critical point; namely, not all

12




of the CCT values in a set need be unique. Only the set as a whole is
unique. For example, one terrain type might be characterized by values
in classes 1, 1, 1, 1 (bands L4, 5, 6, and T, respectively), and another
terrain type characterized by classes 1, 1, 1, 2. Thus, at least poten-
'

'signatures" as permutations
of CCT value classes. In the example (Table 1), there may be 4032 (7

tially, there are as many unique spectral

x 8 x 9 x 8 = 4032) unique combinations of classes.

16. For future discussion, let an array of four CCT value classes
be called a "CCT class set." Hence, a CCT class set is assumed to be
the "spectral signature" of a unique combination of conditions on the
ground.

Relating spectral
signatures to terrain types

17. The central questions at this point are: Which of the possi-
ble combinations are "real" (i.e. originate from an identifiable terrain
condition or type on the ground), and how may the relation between the
spectral signature (i.e. CCT class set) and the terrain type be estab-
lished? The following two basic modes by which these questions can
be answered are dependent on the state of prior knowledge:

a. An "unguided" mode with no prior knowledge of the terrain
type spectral signature relation. In other words, the
analyst has no knowledge of the actual distributions of
terrain types on the ground or, indeed, of what types
actually exist in the region. Two major variants of the
unguided mode are known; these are discussed below.

A "guided" mode with analyst knowing what terrain types
exist and the geographic locations of some presumably
typical or characteristic examples of each.

|

18. Unguided mode, first variant. In concept, it would be pos-

sible to construct a map showing the geographic distribution of all
pixels characterized by any specified CCT class set. For example
(Table 1), all class 1 CCT value ranges (22-26, band 4; 15-18, band 5;
17-23, band 6; and 5-11, band 7) would be selected, and all pixels ex-
hibiting any set of values encompassed by these ranges would be located
in geographic space. These locations would then (somehow!) be examined

in the field to determine what terrain condition or type, if any, was

L
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the source. This process would be repeated for each of the possible
permutations. A situation such as that defined by the Figure 2
histograms would mean 4032 such exercises. In most cases, the sheer
magnitude of the task makes this approach impractical.

19. There is, however, a way of dramatically reducing the size of
the task. It depends on the intuition that not all possible permuta-
tions of CCT value classes represent actual conditions on the ground.
Thus, an obvious approach is to determine the number of pixels in each
permutation of CCT value classes. Since most (if not all) landscapes
incorporate only a very limited number of distinct terrain types, it
would be expected that the result would be a relatively small number of
CCT class sets having a very large number of pixels. It would also be
expected that a relatively large number of CCT class sets would show a
very small number of pixels. The latter condition would be expected be-
cause, purely by chance, spurious pixels (see paragraph 12c¢) will com-
bine CCT values in such a way as to meet the criteria uf one or another
of the possible CCT class sets.

20. At this point, an arbitrary minimum number of pixels could be
selected as a cutoff between presumed '"real" signatures (those deriving
from actual terrain types) and "false" signatures (those deriving from
spurious pixels). When this procedure is actually employed, the number
of CCT class sets exhibiting significantly large pixel numbers falls to
relatively small numbers, normally between 20 and 70. This is still a
comparatively large number to field check, but the number is much more
tractable than the original several thousand.

21. It is instructive to examine the reasons for the persistence
of such large numbers of CCT class sets. The basic reason is that the
sensor 'sees" and records only radiation, and any change in radiation
intensity is duly recorded. Therefore, any change in condition that
results in a change in reflectance is perceived as a new spectral signa-
ture. On the other hand, human perception of terrain type tends to be
based on intrinsic qualities of the terrain. A hardwood forest covering
all sides of a hill is perceived as "forest," uniform over the entire

hill. However, the satellite sees the slope away from the sun quite

14




differently from the slope toward the sun and thus records at least two
(and in practice, several) signatures from the same hill. The conse-
quence is that the sensor records several terrain types (i.e. different
CCT class sets) for the feature that human perception and experience
insist is a single homogeneous terrain type. Since it is the human needs
that must be satisfied, the problem is to determine which of the sensor-
perceived signatures are derived from each of the terrain types required
by the human analyst.

22. For example, suppose the analyst wanted to map the distribu-
tion of only three terrain types: open water, forest, and nonforest.

In effect, this means that the 4032 potential CCT value sets (see para-
graph 15) or the residual 20 to 70 CCT value sets (see paragraph 20)
must be allocated among only those three categories. In the absence of
any infermation on either the location of actual areas exhibiting the
three terrain types, or information on the probable signatures of the
three types, nothing further can be done. Further interpretation re-
quires some process by which the relations among terrain types and CCT
value sets can be established.

23. As described above, one of the major sources of multiple
signatures will be variations in reflectance geometry. This fact can be
exploited to assist in the assembly of signatures into groups or arrays
that derive from a single terrain type (as perceived by the human
analyst). When a terrain type such as a forest covers an entire hill,
the CCT value sets deriving from that terrain type will include examples
from all slope angles and aspects inherent in the relations among topo-
graphic configuration, sun zenith angle and azimuth, and sensor zenith
angle and azimuth. These signatures thus form a graded sequence, with
the constraint that the same reflectance geometry will always produce
the same CCT value set. A different terrain type will also produce a
graded sequence, but the CCT value set for a given reflectance geometry
will be different from that deriving from the first terrain type.

24, In theory, the procedure would involve careful placing of the
geographic locations of the various CCT value sets on a topographic map.

Any specific topographic slope degree and aspect would then be selected,




and all CCT value sets recorded from each occurrence of the specified
slope would be noted. If there are only two distinct terrain types, then
there will be two CCT value sets in the pixels deriving from that speci-
fied slope. If there are three terrain types, then there may be three
CCT value sets, but only if all three terrain types occur in all topo-
graphic expressions. In any event, systematic examination will result

in the assembly of the 20 to 70 CCT value sets into a very significantly
smaller number. Each aggregation of CCT values identified in this manner
can be regarded as a terrain type, and at this point a map of the dis-
tribution of those terrain types (which are actually only aggregations

of related CCT value sets) can be drawn. A minimal amount of field

checking will now establish the relation between ground condition (i.e.
terrain type) and aggregation of CCT values.

25. Unguided mode, second variant. Let it be assumed that the

analyst has no immediate way to establish relations among CCT value sets
and terrain types as they exist on the ground. Nevertheless, there are
circumstances in which the analyst would like to map the distributions
of the naturalistic CCT class sets. It should be recalled that the CCT
class sets are based on all four spectral values, hence no one image
(i.e. no one Landsat spectral band) can be used to properly identify a
class set. Even color composite images are not particularly helpful,
since the human eye is not a reliable spectrcphotometer.

26. The "unguided mode, second variant" procedure begins with the
selection of a number of sample sites, directly from a Landsat image.
The sites selected would normally be in areas of homogeneity. That is,
they would be in patches in which the gray level or tone of the image
(i.e. the CCT value) was reasonably uniform in all four Landsat bands
for at least several pixels in all directions. This minimizes (but does
not entirely eliminate) the possibility of inadvertently selecting a
spurious pixel.

2T7. The selected pixels would then be separated from the image
array, and all four CCT values for each pixel assembled into a CCT value
set. Since the various CCT value sets are all assumed to be members of

naturalistic CCT class sets, the remaining problem is to determine the
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compositions of the relevant CCT class sets. This can be achieved by

any one of several forms of "cluster analysis." A rationale for such a
procedure will be discussed in paragraphs 33-43.

28. The second variant is constrained by a critical problem: sam-
ple sites must represent all of the naturalistic classes of CCT values.
If they do not, then many pixels that exhibit CCT value sets will not
belong to any of the recognized terrain types and so cannot be classi-
fied. Thus, it seems better to err in the direction of abundance rather
than to select too few and have residual unclassified areas.

29. Guided mode. The guided mode (i.e. in which the analyst has

at least some prior knowledge of the terrain types in the region as

well as knowledge of the locations of at least some characteristic
examples of each) is a much more direct method of exploiting the natural-
istic CCT value classes. This mode depends on the fact that the analyst
can establish a direct relation among terrain types and CCT value sets

or CCT class sets. In principle, a pixel falling inside the boundaries
of a known example of a terrain type will exhibit a CCT value set that
will be characteristic of one of the naturalistic CCT class sets, as
defined by histograms of the type shown in Figure 2. For example, a CCT
value set of 25, 19, 39, 30 (bands 4, 5, 6, and 7, respectively) would
fall into CCT value classes (Table 1) 1, 2, 6, and 6. If the class
boundaries actually represent realistic natural divisions among terrain
types, the CCT value set is a member of a group of CCT value sets, each
value of which may vary within the limits of the stated classes. That
is, the value of band 4 may vary between 22 and 26, the value of band 5
between 18 and 21, etc.

30. When this has been done, several CCT value sets will be dis-
covered that are actually members of the same population (or CCT class
set), as defined by the naturalistic classes determined from the histo-
grams. Furthermore, since the sample sites were selected because they

represented the various terrain types of interest to the analyst, the

naturalistic CCT class sets associated with each terrain type can be
readily identified. For example, variations in reflectance geometry

might be found to result in five or six naturalistic CCT class sets
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being representative of the same desired terrain type. These CCT class
sets can now be used as numerical criteria by which all other pixels in
the scene can be quickly evaluated. In theory, every pixel in the
scene, the CCT values of which fall within the stated limits, will be
evidence of the presence of the terrain type on the ground. With the
identification of all pixels meeting the specified criteria, a map show-
ing their distribution can be drawn; and that map will, in effect, be a

representation of the areal distribution of the specified terrain type.

31. A variant of this method assumes the existence of naturalistic
CCT class sets but does not actually use the histograms. Instead, it
assumes that the CCT value exhibited by a sample pixel is the modal
value of a set of values that is normally distributed about that value.
An examination of the sample histograms (Figure 2) and the naturalistic
classes that can be derived from them reveals that the shapes of the
distributions could, in most instances, be generated by normal distri-
butions only four to six CCT values wide (i.e. two or three values on
either side of the "peak"). Therefore, it is not entirely unreasonable
to assume that the value of the sample point represents the modal value
of a normal distribution with a standard deviation of 1.5. The values
away from the mode represent system errors, as described in paragraph 12.

32. In effect, each CCT value set is assumed to define the modal
values of a CCT class set. However, if for no other reasons than the
system errors, CCT value sets from different sample areas within the
same terrain type may exhibit slightly different CCT value sets. These
closely related sets should clearly be assembled into an aggregation
that is, collectively, a CCT class set. This involves another aspect of
clucter analysis that is discussed in the following paragraphs.
Clusy » alysis

33. 'To be of maximum utility in meeting the objective stated in
paragraph 3, the cluster analysis procedure must be simple, rapid, and
under operator control during all phases. The primary reason for the
last requirement is that, in at least one context (see paragraphs 29-32),
the analyst will be trying to "force" the CCT value sets into a very

limited number of quite arbitrary groupings. For example, a region
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might actually display 20 or more "real" CCT class sets, but the analyst
might desire that his final product consist of a map with only three or
four categories. It is obvious, in such a case, that each mapped cate-
gory will contain several of the naturalistic CCT class sets.

34, In practice, a CCT value set obtained for a pixel that was
selected as representing a particular terrain type cannot be assumed to
consist of CCT values representing the modal values of the CCT class set
to which it belongs, since instrument errors and other causes can alter
the theoretical values to some degree. Further, the degree of variation
cannot be known a priori, and thus the assumption of a fixed standard
deviation (see paragraph 31) cannot be relied upon. Indeed, there is no
reason to assume that all terrain types will exhibit the same amount of
variability in their reflectance characteristics, and thus it may be
confidently expected that some naturalistic CCT value classes will be
broader than others. An examination of the subjectively selected class
ranges identified in Table 1 supports this expectation; some classes are
only two CCT values wide, and others ar= as much as nine.

35. Objective criteria could, in principle, be obtained by se-
lecting many pixels representing the same terrain type and considering
them to be members of the same population, with values arranged in a
Gaussian distribution. The simplest method of achieving this would ap-

parently be to select a sample pixel representing a known terrain type

and then to enlarge the sample to include an array of pixels neighboring
the sample pixel. If only the immediate neighbors are included, the
combined sample would consist of a 3- by 3-pixel array, which is enough
to provide a sufficient estimate of mode and standard deviation if the

population is internally homogeneous. That is, the assumption is valid
only if the variability results from such sources as instrument errors,
small and randomized variations in topographic slope, etc. If the sam-
ple areas are chosen with care, the assumption is likely to be
acceptable.

36. However, it is not necessary to proceed entirely on faith.
If the sample 3- by 3-pixel array is inadvertently positioned such that

some of the pixels are in one terrain type and the remainder in another,
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the CCT values of at least one of the spectral bands will show either
a bimodal distribution or a strongly skewed distribution. Thus, the
obvious step would be to subject the CCT values from each wavelength
band to a normalcy analysis. If the distributions of values in all
wavelength bands prove to be essentially Gaussian (i.e. normal), then
it may be safely assumed that all nine pixels represent a single terrain
type.

37T. If several sample 3- by 3-pixel arrays were selected in the
same terrain type, ideal theory would dictate that the CCT class sets,
as defined by the standard deviations of the 3- by 3-pixel samples,
should overlap perfectly. However, this cannot be expected in practice,
because of small local variations in ground conditions, random instru-
ment error, and the like. In view of the practical realities, simi-
larity was defined to exist between two CCT class sets if all CCT value
classes in the two CCT class sets overlap. For example, suppose that
three 3- by 3-pixel arrays have been selected in a region and that the
Landsat band-l4 mean and standard deviations and CCT class set limits

are as follows:

CCT Class

Site No. Mean Standard Deviation Set Limits
1 25.0 0.8 24.2-25.8

e 25.4 0.9 24.5-26.3

b 32.0 e 30.3-33.7

On the basis of the criteria for similarity previously defined, sites

1l and 2 are similar, because their CCT class sets overlap; but site 3 is
not similar and, therefore, is presumably a member of a different popu-
lation. That is, it is presumably representative of a terrain type
other than that designated by sites 1 and 2.

38. It should be noted that the establishment of similarity
between two sites may result in a broadening of the effective CCT class
set. For example, if only site 1 in the tabulation in the previous
paragraph, is considered, the CCT class set limits for the terrain type

represented by site 1 are 24,2-25.8. However, since the CCT class set




limits of site 2 overlap, the two sites are defined as denoting the same
terrain type. This means that the CCT class set limits representing that
terrain type have been broadened to include both sites 1 and 2 and are, b
therefore, 24.2-26.3. »

39. The implications of this are important. First, consider a
natural slope smoothly curved such that a part of it is at right angles i
to incident colar rays and thus is illuminated at maximum intensity,
while other parts are at progressively greater angles until the slope is
parallel to the incident rays. The result is that the reflected radia-
tion will exhibit a smooth continuum of values from maximum to minimum
in all wavelength bands. However, the radiance values in each band will,
for all practical purposes, retain the same relative ratios with respect
to each other. A pixel grid placed over the slope will result in a
series of CCT value sets that are generically related. If these CCT
value sets are treated in the manner described in paragraphs 36-38, the
product is likely to be a series of CCT class sets that sequentially
overlap and form a related series, all of which represent the same ter-
rain type. Thus, to some degree, the vagaries of reflectance geometry
are compensated for by the method of defining similarity.

40. The same situation will be true for other terrain types, of
course, but it must be recalled that it is the relative ratios of
radiance values that determine the uniqueness of each terrain type.
tnis attribute should allow a number of terrain types to be differ-
entiated, more or less independently of reflectance geometry.

k1. The second important implication is that it is entirely pos-
sible to have three CCT class sets, in which set 1 is related to set 2
and set 2 to set 3, but in which an independent comparison of sets 1 and
3 would not indicate a similarity. For example, suppose the analyst
selected four sample sites in a terrain type and obtained CCT class sets
for each (see paragraphs 36-38). Figure 3 illustrates a possible com-
bination. If a "similarity'" matrix is assembled (Figure 3), it will be
noted that CCT class set 1 is similar to sets 2, 3, and 4, but that set

2 is not similar to set 3. The reason is that the CCT class sets in

band 6 do not overlap in sets 2 and 3. Despite the fact that sets 2 and




Set CCT Class Sets
No. Band 4 Band 5 Band 6 Band T
1 2l 2-25 8 18.3-20.3 38.2-39.3 30.0-32.8
2 24, 8-26.7 18.6-20.1 39.0-40.4 30.0-33.0
3 23.6-25.0 17.8=-19.2 36.8-38.8 29.2-31.4
I 24, 5-26.7 18.1-19.8 37.2-39.6 30, T332
Similarity Matrix
1 2 3 4 "Stretched" CCT Value
B X X X X Set Ranges
R X Band U 24 ,2-26.7
Band 5 8L =2003
& - Band 6 36.8-L0.k
BT s R % X Band 7 29./2-33.0
Note: X indicates
similarity

Stretched CCT value ranges for
a similarity matrix

Figure 3.

3 are not similar to each other on a one-to-one basis, they are defined
in this study as similar by virtue of their mutual relationship to the
entire similarity matrix. To express analytically the type of similar-
ity shared by all four sample sites, the CCT value ranges of each site
must be extended or stretched in each band to the same limits. The re-
sulting stretched ranges (Figure 3) then represent the CCT class set of
the similarity matrix as a whole.

42. Finally, it will be recalled that the limits of the CCT class
sets were defined arbitrarily as being one standard deviation away from
the mean on either side. There is, of course, no reason in physics why
that value should possess any intrinsic merit. If the class ranges (or
boundaries) are set farther from the mean, the result will obviously be
that more CCT class sets will meet the similarity criteria. Thus, ad-
Jjustments of the position of the boundaries of the CCT class sets will

result in various degrees of "tuning" of the similarity categories.

Practice

43. The following discussion of the semiautomated procedure is
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based on the section on theory (see paragraphs 8-42) and on ground truth
data obtained in an 11- by ll-km study area centered approximately

40 km northeast of Vicksburg, Mississippi (Figure 4). The study area
was selected to include a representative section of the loess hills,
forming the eastern wall of the Mississippi floodplain, and a section of
the floodplain, including an oxbow lake and a number of other floodplain
features. Figure 5 is a mosaic made of conventional panchromatic air
photos of this study area. The soil type categories were transferred to
the photograph from the U. S. Department of Agriculture (USDA) Soil Con-
servation Service Soil Survey of Yazoo County5 (see paragraph 50).

LL, Plate 1 is a generalized flow diagram of the steps involved
in the procedure described below (see paragraphs 62-107 for a detailed
discussion).

45. Since the study area undergoes profound seasonal changes and
a general procedure that would be workable in any season was sought, the
intent was to use one data set (specifically the 13 October 1975 data)
to develop the procedure and then to apply that procedure rigorously to
the study area as represented by two additional Landsat images, one in
sumer (11 July 1974) and one in winter (21 February 1975). The July
1974 imagery data were obtained with Landsat 1, and the February and
October 1975 images with Landsat 2. All three scenes were carefully
selected to be free of both haze and clouds, thus providing optimum CCT
values. Table 2 gives the characteristics of the imagery data. Note
that all three data sets were of approximately the same overall quality.
The only obvious differences in the data sets are in terms of solar
zenith angle and azimuth. Figure 6 is an image formed from the October
1975 band-7 (0.8-1.1 um) data, indicating the location of the study area.

Description of study area

46. The study area (Figure 5) contained several different terrain
types, including agricultural lands (plowed fields, fields with crops at
different stages of growth, fallow land, etc.), forested land (deciduous
and mixed evergreen trees), grasslands (summer and winter pasture
grasses, fields with volunteer grasses and other weedy plants), water

features (rivers, lakes, canals, wetlands), and some low topographic
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areas that are frequently subjected to backwater flooding. It covers
small sections of two parts of the Coastal Plain physiographic province:
(a) the Mississippi Alluvial Plain and (b) the East Gulf Coastal Plain.6
The alluvial soils are primarily silts (ML, CL) and clays (CH) with some
sand; whereas, the soils in the East Gulf Coastal Plain are primarily
windblown silts (ML) with subordinate amounts of very fine sand and

clay (i.e. loess material).

47. The vegetation in the area consists of crops of soybeans,
cotton, and bermuda and rye pasture grasses; the forested areas contain
different plant densities of oak, gum, hickory, poplar, pine, cedar,
elm, pecan, and cypress.

48. The relative effects of the different terrain and climatic
factors on the transfer of incident radiant energy to energy that haé
been emitted or reflected by the in situ terrain materials (soil, rock,
vegetation material, and water) and man-made features (paved areas,
buildings, etc.) have not been quantitatively determined. Nevertheless,
there are some basic factors that almost surely act together in some
fashion and control this transfer process. These factors are extremely
critical to an overall procedure that will allow interpretation of ter-
rain conditions for different seasonal and climatic conditions.

49. Since terrain conditions change appreciably with time and are
affected significantly by local climatic conditions, it was necessary to
quantitatively describe the study area at the time of each respective
overflight. Data pertaining to soil, topographic and flood conditions,
rainfall, vegetation, and other features were obtained and mapped at an
appropriate scale for comparison with the conditions being interpreted
from the Landsat spectral data. The mapped data were portrayed on a
photomosaic at a scale of 1:4000 (Figure 5) that was made up from 1973
air photos obtained by the USDA.

50. Soil conditions. The soils within the study area were mapped

5

by the USDA Soil Conservation Service” and consist of silty loams (ML),
silty clay loams (CL), and clays (CH). A soil map for the study area is
superimposed on the photomosaic in Figure 5. The soils in the alluvial

plain (or cropland) are composed of patches of ML, CL, and CH; whereas,




the soils in the upland forested areas are primarily ML's.

51. Topographic and flood conditions. The relief within the

study area, as portrayed on a U. S. Geological Survey (USGS) 1:62,500-
scale map with 5-ft (1.52 m) contours, varies from about 85-115 ft
(25.9-35.1 m) above mean sea level (msl) within the cropland or agri-
culture region to about 115-130 ft (35.1-39.6 m) within the upland hills
that occupy the remaining portion of the study area.

52. The study area borders on the Yazoo River, a large tributary
of the Mississippi River, and a portion of the agricultural area is sub-
Jected to flooding during high river stages. The Corps of Engineers
stage records for the Yazoo River gage at Satartia, Mississippi, in-
dicate that flooding does occur within adjacent low-lying areas when
the stage of the river reaches approximately 95 ft (29 m) msl. The
river stage data from the Satartia gage for the period 10 January 197L4
through 30 October 1975 (Figure 7) indicate that flooding most likely
occurred within parts of the study area prior to and during two of the
three overflight times (11 July 1974 and 21 February 1975).

52. Since the Yazoo River at Satartia did attain stages that
would permit flooding (Figure 7) in low-lying areas during two of the
three overflight times, it was anticipated that a detailed topographic
map was needed in the event that it became necessary to delineate low-
elevation areas within the study area. The best available map was the
USGS 1:62,500~scale topographic map. The topographic map was constructed
from 1963 aerial photography and does not represent the small changes
and alterations that have been made to the area to make the low-lying
areas more useful for agricultural purposes. Ditches and canals have
been constructed within the area (Figure 8) to provide for drainage dur-
ing wet periods and irrigation during dry periods. Figure 9 shows the

section of the map covering the study area.

54, Rainfall. The daily rainfall records from Germania, Missis-
sippi (site in the middle of study area, Figure 9), show that the area
received some rainfall within 5-6 days of the July 1974 and February
1975 satellite overflights, and no rainfall within 13 days prior to the
October 1975 cverflight (Figure 10). This record is believed to be
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