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FOREWORD

This report is a product of a cooperative effort between the U. S. Geological

Survey of the Department of Interior and the Willow Run Laboratories of the Institute

of Science and Technology of The University of Michigan. Investigations are designed

to determine the feasibility of using multispectral techniques to solve problems re-

lated to the water resources of the nation. These studies are part of the EROS pro-

gram (Earth Resources Observation Satellites), aimed at gathering facts about the

natural resources of the earth from earth-orbiting satellites that will carry sophis-

ticated remote-observation instruments. Project EROS is being carried out by the

U. S. Geological Survey with NASA, universities, and other institutions.

Multispectral imagery and video data are collected over scenes of interest from

an airborne platform. Multiband images are analyzed and interpreted using conven-

tional photographic interpretation techniques, and the spectral characteristics of

targets and background objects are analyzed to determine how to electronically

process spectral information from a scene (using both analog and digital techniques)

for improved remote sensing. The program is designed to develop methods of im-

proving and extending current aerial survey capabilities; improvements are sought

in the kinds and quantity of data obtainable and in the quality and economy of imagery

interpretation. The electronic processing of the spectral information portion of the

program was initiated and is being guided by Marvin R. Holter, Head of the Infrared

and Optics Laboratory of Willow Run Laboratories.

The multispectral aspects of the report were prepared under a U. S. Geological

Survey contract, "Investigations of Multispectral Discrimination of the Earth Surface

Features." The principal investigator for the multispectral discrimination research

was J. E. King, head of the analysis group of the Infrared and Optics Laboratory.

The field determinations and environmental interpretation aspects of the report

were prepared by the Water Resources Division of the Geological Survey under the

general direction of C. S. Conover, Chief, Florida District, and T. J. Buchanan,

Chief, Miami office, as part of the remote sensing research program directed by

C. J. Robinove, Chief, Office of Remote Sensing, Washington, D. C.



Aaron L. Higer, Hydrologist, U. S. Geological Survey, Miami, Florida served as principal
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activities for the project team. Fred J. Thomson, Electrical Engineer, University of Michigan,

operated the analog computer program, Norma S. Thomson, Research Ecologist, University

of Michigan, and Milton C. Kolipinski, Aquatic Biologist, U. S. Geological Survey, Miami,
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ABSTRACT

Multispectral data collection and processing techniques were used to map tree

islands, emergent aquatic grassland vegetation, surface water of two different

depths, and exposed limestone in a portion of the Everglades National Park in south

Florida. Before multiband scanners, photographic techniques were the only practi-

cal way to inventory hydrobiological features in the park. Mapping with multiband-

scanner data was tried here for the first time on a strip of park land 8 miles long

and 2000 ft wide, in September 1967. The recognition maps were produced by elec-

tronically processing selected combinations of video signals in the narrow spectral

bands between 0.4 and 1.0 pun. The computer recognition maps were printed in

different colors and superposed to provide a color-composite recognition map of the

area. Periodic data collection and processing in this form would yield quantitative

data concerning the direction and extent of plant successional changes in the park.

This in turn would provide more accurate information for water management prac-

tices in the park.
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APPLICATIONS OF
MULTISPECTRAL REMOTE SENSING TECHNIQUES

TO HYDROBIOLOGICAL INVESTIGATIONS

IN EVERGLADES NATIONAL PARK

l

INTRODUCTION

1.1. RESEARCH OBJECTIVES

For the first time, the advanced techniques of remote sensing and data processing (using a

multispectral scanning system) have been applied to mapping aquatic vegetation and determining

areal extent and general ranges of depth of water for a natural area. Similar techniques have

been applied to the mapping of crop species by groups supported by the U. S. Department of

Agriculture, and have resulted in successful identification of many of the common food plants

in the Midwest [1, 2].

The broad objective of the cooperative research effort between the U. S. Geological Sur-

vey's (USGS) Miami office and the Willow Run Laboratories (WRL) of the Institute of Science

and Technology of The University of Michigan has been to determine the capability of multi-

spectral data collection and processing systems to provide means for classifying and mapping

landscape site units in the Everglades National Park in south Florida. The purpose of the re-

search reported herein was to determine the feasibility of classifying and mapping vegetation,

substrata, and water as indicators of surface-water supply conditions. Rapid, wide-area, water

supply inventory techniques are needed in the Everglades National Park for two major reasons:

(1) to better assess the effects of seasonal and annual fluctuations in surface water levels on

the stability of the glades' ecosystem; and (2) to predict the consequences of water management

practices on the biological populations within the park. The success of this study indicates

that the multispectral scanning techniques employed in the Everglades may be profitably used

in other hydrological situations.

Remote sensing with a multispectral scanning system has certain advantages over conven-

tional aerial photography previously used for inventories of water resources. Instead of a

multilens camera, it employs an optical-mechanical scanner. The spectral range of the scan-

ner system extends from 0.35 to 14.0 /im. Of the 18 spectral bands spanning this range, four

groups are in spatial and temporal registry. These groups consist of 12 bands in the range

from 0.4 to 1.0 /im, four bands from 1.0 to 5.5 (im, and one each in the ranges from 0.35 to

0.38 jum and 8.0 to 14.0 /im. Instead of the variety of films and filters necessary in photog-



raphy to cover most of the spectrum of radiation from ultraviolet to infrared, the spectrometer

and array of detectors in a multispectral scanning system cover a wider range of wavelengths

in narrower bands without gaps in spectral coverage in the interval from 0.40 to 1.00 urn (see

fig. 1). Instead of unwieldy sets of photographs in several regions of the spectrum, which are

difficult to interpret, the multispectral scanning system simultaneously records the full range

of radiation signals in the range from 0.40 to 1.00 /im on magnetic tape in a form which can be

interpreted automatically by a specially designed computer.
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FIGURE 1. THE 50%-SENSITIVITY POINTS OF VARIOUS FILM-FILTER COMBINATIONS
AND OF THE 12-CHANNEL SPECTROMETER

1.2. THE EVERGLADES SITUATION

The Everglades National Park in southern Florida (fig. 2) encompasses a relatively flat

fresh-water marsh with tree is/lands that often shelter alligator holes. The alligator holes, im-

portant to the ecological balance of the glades, are ponds excavated and inhabited by alligators.

As water levels decline in the dry season, each alligator hole serves as a vital "last-ditch"

water refuge for the fish and other animals in the adjacent open glades. Toward the coast, the

fresh-water marshes merge into brackish-water marshes. These marshes, in turn, merge into

dense mangrove forests along the shoreline.

For centuries, alternate dry and wet seasons have created and maintained the ecological

balance in the Everglades. However, water developments north of the park since the turn of the

century have altered the natural surface flow of water. Water still enters the park, but part of
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the water that formerly flowed naturally southward is now impounded in large diked areas and

directed by canals to the southeast Florida coast to sustain the aquifer system, and to inland

agricultural areas.

The Geological Survey, in cooperation with the National Park Service, has been investigating

the water supply in and adjacent to the park since 1959. In 1964 the program was expanded to

include ecological studies, in order to obtain additional facts on water needs of the plant and

animal life. Knowledge of water needs is essential to the management and preservation of the

park in perpetuity as a biological sanctuary. One objective of this program is to determine

what vegetation changes may occur or have occurred within the Shark River Slough (fig. 2), a

shallow, slowly flowing river whose average width is 6 miles. The area of this slough within

the park is about 125,000 acres. Selected parts of the slough have been studied in terms of the

major vegetation types present, the general patterns of their distribution, and the broad charac-

teristics of the habitats occupied by the vegetation types. The major plant communities which

have been identified (fig. 3) are: (1) tree- island communities, i.e., heads and hammocks; (2)

sawgrass communities; and (3) wet-prairie communities. Each vegetation type (characterized

by a particular species composition) occurs in a habitat relatively uniform in substratum com-

position, elevation above mean sea level, period of inundation, and fire history.

Previously, conventional photographic interpretation techniques have been used to delineate

the boundaries of the three major plant communities, using panchromatic, color, color infrared,

and multispectral photographs (fig. 1). In September, 1967, in cooperation with the National

Aeronautics and Space Administration, data were collected with The University of Michigan's

multispectral scanner along the Shark River Valley Loop Road, a well-defined area of the Shark

River Slough (fig. 2). Descriptions of the collection and processing of these data, a discussion

of the results, and recommendations for future investigations follow.

2

MULTISPECTRAL DATA COLLECTION AND PROCESSING

Every object on the ground reflects solar radiation and emits long-wavelength infrared ra-

diation in a particular pattern called a spectral signature. The spectral signature is character-

istic and may be used to identify a particular object. In the visible region of the spectrum, the

spectral signature may be thought of as the color of the object. To identify objects or collec-

tions of small objects too small to be resolved by the scanner, data about the spectral signatures

of these objects are collected. The data are then processed to determine when a particular spec-

tral signature, representing an object of interest, is present.

Spectral- signature data are collected with the multispectral scanning system. The scanning

system samples the spectral signatures of objects being spatially scanned, converts the samples
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FIGURE 3. TYPICAL VEGETATION TYPES IN THE SHARK RIVER SLOUGH. Annotated dia-

gram of the major plant communities in Shark River Slough. Note relation of communities to

the position of the water surface and thickness of the soil.

into electrical signals, and records the signals on magnetic tape. The spectral sampling is ac-

complished through the use of various optical filters or by a combination of a spectrometer and

a fiber-optic bundle and must be fine enough to preserve the distinctions between spectral sig-

natures of different objects. After the radiation has been sampled by the filters or spectrometer,

it is converted to electrical signals by detectors. The detector signals are amplified and re-

corded on magnetic tape for ease of storage and for compatibility with data processing devices

described below.

The tape-recorded data are processed in the laboratory by special purpose analog, digital,

or hybrid computers to determine when a particular spectral signature selected by the operator

is present in the data. Before the advent of computer-implemented processing, human interpret-

ers decided when a particular spectral signature was present in the data. This was very ineffi-



cient because the amount of information that had to be recorded to adequately define a spectral

signature was too much to handle. In computer-implemented processing, an operator selects a

section of multispectral data known to contain the object of interest. The identification and loca-

tion of the object are obtained from ground-truth information. The computer stores the sampled

spectral signature (training set) of this area, and is programmed to recognize all areas with a

similar spectral signature in other data presented to it for processing. From the data supplied

by the computer, a recognition map, which is a filmstrip or paper image of all areas having the

same spectral signature as the training set, is generated.

Automatic data processing does not replace human interpretation; the investigator interacts

with the computer by deciding which spectral signatures he wants it to recognize. He presents

these data to the computer in the form of a training set, and the computer responds by reducing

the data on any tape to a recognition map, which is more suited to human interpretation.

2.1. MULTISPECTRAL DATA COLLECTION

2.1.1. GENERAL DISCUSSION

The multispectral data collector consists of an optical- mechanical scanner mounted in an

aircraft. As the aircraft flies over the terrain to be mapped, a rotating mirror scans the field

of view of a parabolic-mirror telescope across the ground perpendicular to the direction of

flight. This action, in conjunction with the aircraft motion, covers a strip of terrain centered

under the aircraft with a continuous scan (see photo in fig. 4). Two telescopes and one double-

sided (the two sides are rotated 90° with respect to each other) rotating mirror comprise the

scanner used by WRL. Two scanners are employed in the C-47 aircraft operated by WRL. Fil-

tered detectors convert the radiation from the ground into electrical signals, which are amplified

and recorded on magnetic tape along with synchronizing signals necessary to reconstruct the

images.

In the WRL scanner system, multiple filtered arrays of detectors, filtered single detectors,

and a spectrometer-detector combination are used to cover the visible and infrared spectra

from 0.4 to 14 /im in as many as 18 different spectral bands. In the visible and near-IR region

(0.4-1.0 jum), the entrance slit of a prism spectrometer is placed at the telescope focus (see

diagram in fig. 4). Photomultiplier detectors, coupled to the exit plane of the spectrometer by

fiber optics, convert radiation from the scene (in narrow spectral regions defined by the prism

dispersion and fiber-optic bundle width) into electrical signals (fig. 5). The spectral regions of

the spectrometer operation are shown in the lower part of figure 1; these may be compared with

the spectral sensitivity of black and white, color, and multispectral photography which appear in

the upper part of figure 1.

In order to get the spectral signature by which the processor recognizes distinctive objects

on the ground, the scanner must collect simultaneous spectral information. As the scanner looks
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at each ground point, any spectral information about the point must be obtained instantaneously.

The spectrometer-detector combination does this with 12 different photomultipliers which con-

tinuously convert radiation in narrow spectral bands into electrical signals. The spectral signa-

ture of a ground point, which is the spectral radiance of the point seen by the scanner, may be

constructed by sampling the 12 photomultiplier voltages at the instant of time that the scanner

views the point. Signals from the other detectors in the system are not synchronized with the

spectrometer data and cannot be processed with current technology.

A final remark on scanners concerns spatial resolution. The spatial resolution of the scan-

ner is poorer than photographs on film for two reasons. Because the detector size is many times

8



larger than the grain size of film, scanner spatial resolution in those wavelength bands covered

by the filtered detectors is poorer than with photographic film. Similarly, because the entrance

slit of the spectrometer must be large enough to pass a detectable amount of energy into the

spectrometer, scanner spatial resolution for radiation in those wavelength bands covered by the

spectrometer is also poorer than with photographic film.

The spatial resolution of the WRL scanners is 3 mrad. Although the scanners have poorer

spatial resolution than photographic film, the statistical accuracy of recognition maps made by

computer is superior to manually interpreted photographs, because the computer defines bound-

aries between objects on a quantitative and unbiased basis, whereas human interpreters do not.

2.1.2. DATA COLLECTION FOR THE EVERGLADES EXPERIMENT

Flights were made over the Shark Valley Loop Road (fig. 3) at approximately 0930 hours on

7 September 1967, at altitudes of 500, 2000, and 5000 ft. Data were collected in 10 of the 12

spectrometer bands as follows:

leter Band Wavelength Sensitivity (/im) Characteristic Co

1 0.40-0.44 UV—violet

3 0.46-0.48 Violet

5 0.50-0.52 Blue

6 0.52-0.55 Green

7 0.55-0.58 Green— yellow—or

8 0.58-0.62 Orange

9 0.62-0.66 Bright red

10 0.66-0.77 Deep red

11 0.72-0.80 Deep red— infrared

12 0.80-1.0 Infrared

Supplementary data were collected as follows: a three-element array of indium-arsenide

detectors operating in the 1.0- to 1.4-/im, 1.5- to 1.8-/im, and 2.0- to 2.6-/jm regions. In addi-

tion data were collected by a three-element array of indium-antimonide detectors operating in

1.0- to 1.4- jum, 2.0- to 2.6-/im, and 4.5- to 5.5-jum bands, and by a filtered, mercury-doped,

germanium detector operating in the 8- to 14-/Ltm band. Photographic data collected included

panchromatic, color, and color infrared photography.

2.2. MULTISPECTRAL DATA PROCESSING

2.2.1. GENERAL DISCUSSION

The processing of scanner data depends upon the automatic recognition of objects by their

spectral signatures. A spectral signature consists of the spectral radiance of an object, which



is a continuous function of wavelength. The airborne spectrometer samples parts of the spectral

signatures, and detectors convert the spectral samples to electrical signals proportional to ra-

diance. The entire process of data collection consists of sampling the spectral signatures of

ground objects, converting the data into electrical form, and storing it on magnetic tape. The

spectral signatures of objects on the ground may be represented as sets of 12 video voltages,

one from each of 12 spectrometer-detector channels.

The processing procedure consists of three steps:

(1) Selection of a decision rule which states in mathematical terms the criteria to be used

in determining the nature of the scanned objects.

(2) Training of the computer by presenting it with a sample of data from the object to be

mapped— a training set. The parameters of the decision rule are adjusted to this

training set to optimize the detection process.

(3) Presenting the computer with new data and asking it to recognize all objects similar to

those in the training sets.

The data may be displayed in various forms, the simplest of which is a recognition map.

This is a conventional black-and-clear filmstrip transparency. The black tones represent the

objects recognized by the computer as having spectral characteristics similar to those of the

training-set objects. The clear areas of the recognition picture represent the objects which are

considered by the computer to have spectral characteristics which are not similar to those of

the training-set objects.

The flow of processing operations is summarized by figure 6. Tape-recorded data from

the aircraft are edited by the operator to define the training set. The computer has previously

been programmed to implement a particular decision rule. Unknown data are processed by the

computer. The computer output, an electrical signal, is printed on a cathode-ray-tube-camera

filmstrip printer to yield a recognition map. A repetition of this process with different training

sets yields printouts of different object classes. These printouts are called recognition maps.

Each recognition map is color coded and combined photographically with the others, producing
!

a composite map in which each object class recognized appears in a different color.

2.2.2. THEORETICAL DISCUSSION OF AUTOMATIC PROCESSING

Deciding whether a sample of data contains the same object class as a training set may be

done automatically, using various decision rules. A simple yet effective decision rule is the

weighted Euclidean distance rule. This rule has also been referred to as the miss-distance or

spectrum-matching technique [2, 4],

A sample of spectrometer data known to contain a particular object is required for imple-

menting the weighted Euclidean distance rule. This sample typically covers l r to 2% of the

10
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FIGURE 6. BLOCK DIAGRAM OF MULTISPECTRAL DATA- PROCESSING OPERATIONS

total data to be processed. From this sample, also called the training set, the mean value (V )

and standard deviation (a ) of the electrical signal in each spectrometer channel are determined.

These data comprise the spectral signature of the training set. To decide whether data outside

the training set contain the same objects as the training set, spectrometer voltages in each

channel are compared to those of the training set. This is done by a special purpose analog

computer which computes a discriminating function L(t) defined by:

L(t)

n=12

L
n=l L-

V (t)
n v V

-i2

11



where V (t) = video voltage in spectrometer channel n. This is a time-varying function, ob-

tained from scanning the terrain.

V = mean value of voltage in spectrometer channel n for the area to be mapped. This

is obtained from the training set.

a = standard deviation of voltage in spectrometer channel n for the area to be mapped.

This is obtained from the training set.

The equation shows that L(t) will be small when the scanner sees an area similar to the

area to be recognized, because each V (t) will be close to V . The division by o weighs the& > n n J n &

influence of spectral channels on L(t) in inverse proportion to the variance of the signal from

the training set. This variation may arise from two sources. First, all training- set areas in

natural environments have some variability in composition, on a scale too small to be resolved

by the scanner. These variations in composition produce variations in the spectral signature.

For example, variations in the percentage of cover of vegetation will produce changes in the

spectral signature. Since individual plants usually cannot be resolved by the scanner, this vari-

ation appears as "noise." Second, the process of detection of radiation is noisy. This electrical

noise is a source of variation added to the signals recorded on tape. Dividing by the standard

deviation, cr , reduces the influence on L(t) of noisy channels or channels where variation in the

training- set signature occur. Thus L(t) will be small when the area being scanned looks like

the training-set area, and large when it does not.

A threshold detector can be used on L(t) to decide whether or not the area to be mapped is

present. The threshold is represented mathematically as:

L(t) £ K:^> target object is present

L(t) > K~^> target object is absent

where K = threshold level.

The selection of the threshold level, K, is crucial to processor performance. If K is made

too large, areas which closely resemble the target area will be recognized. If K is made too

small, not all occurrences of the target will be detected. In practice, the threshold is set to

recognize 90% of the training set.

Trial runs are made through the data to verify that the choice of threshold level is adequate.

Upon examination of results, the threshold may be modified to give better results.

Not all spectrometer channels are used for forming L(t); only those channels are used for

which the target-object radiance is different from the radiance of other objects to be mapped.

A selection of these channels can usually be made quite easily from an examination of single-

channel imagery of each of the spectral channels. With some care, the selection may also be

made from an examination of color and color infrared photographs. As with the threshold-level

12



choice, the success of a selection of a preliminary set of channels is determined from trial

recognition maps. If persistent confusion of two objects occurs at all threshold levels, additional

channels are used to form L(t). The additional channels are selected by noting on the imagery

those channels in which the contrast between the target object and the interfering objects is

greatest.

2.2.3. PROCESSING OF THE EVERGLADES DATA

Previous studies in the Everglades have demonstrated that specific relationships exist

among the ground elevation, mean period of inundation at a given site, and the type of biotic

community which the site supports [3] . Although the recording of data at numerous locations

throughout the Everglades would be a desirable approach to the study of fluctuating water sup-

ply, it would be impractical because of the size of the area, the restricted mobility within the

area, and the time and manpower involved in handling recording instruments and analyzing the

data.

Because ground elevation and mean period of water inundation are characteristics of the

Everglades environment which cannot be remotely sensed by present scanning systems, selec-

tion of suitable indicators of water level conditions and ground elevations was necessary. From

both a remote sensing and an ecological viewpoint, the three basic components of the glades'

ecosystem which seem to be most relevant as indicators of surface water conditions are: (1)

depth of water, (2) vegetation and (3) substratum type. The purpose of the data processing was

to delineate sites relatively uniform in water, plant, and substratum characteristics.

The 2000-ft data were selected for processing as the best compromise between high resolu-

tion (which is obtained at low altitudes) and broad area coverage (which is obtained at high alti-

tudes). Only the spectrometer data collected simultaneously were used for processing because

such data permit rapid processing by implementing the decision rule on a special purpose ana-

log computer, SPARC (Spectral Processing and Recognition Computer). After initial setup,

data may be rapidly processed; that is, data that took one minute to collect may be processed

in one minute.

Ground-truth observations made on 8 September 1967 and aerial photographs and multispec-

tral imagery collected on 7 September 1967 were studied to determine the probable number of

sites which could be differentiated by automatic processing, suitable areas for location of the

training sets representative of each of the site types, and suitable spectral channels for pro-

cessing. Training sets for two different water depth sites, for a limestone site, and for five

vegetation classes were selected for processing. Each training set was located in an area

which appeared to be typical of the type to be mapped, was relatively uniform in composition,

and was at least 20 ft in diameter, in order to insure an adequate number of data samples.

13



The water depth training sets were located in two areas of known water depth: (1) an area

downstream from a water control structure representing the deepest water in the scene, 5-15 ft

deep; and (2) an area adjacent to a borrow pit representing shallow water of 3-5 ft in depth. A

pile of excavated limestone located near a borrow pit was selected for the limestone training

set.

Training sets for five different vegetation classes were selected using the criteria of physi-

ognomy, dominant plant species, vegetation coverage, substratum type, and water depth. Physi-

ognomy is defined as the gross external appearance of vegetation, determined chiefly by the life-

form of the dominant plants. A classification of vegetation based solely on physiognomic criteria

would group all vegetation types, regardless of species composition or structure, into units

based on the dominant life-form of the vegetation; e.g., all vegetation types having grasses or

grasslike plants as the dominant life-form would be classified as grassland. The three differ-

ent physiognomic types observed from the imagery were forest, emergent semi-aquatic scrub,

and emergent aquatic grassland.

A dominant species is here defined as a plant which occupies the most space within a site

(50% or more of the plant cover). The criterion of dominant plant species was used to select

two different grassland vegetation training sets. One training set had sawgrass as the dominant

species, and the other had spikerush as the dominant species.

Vegetation coverage is defined as the area of the ground covered by plants of onevor more

species, as viewed from above the plant canopy. The degree of cover for each physiognomic

unit was estimated from the imagery within broad classes as follows:

Cover Class Coverage Description

1 5%-25%, vegetation very sparse

2 25%-50%, vegetation sparse to medium dense

3 50%-75%, vegetation medium dense to dense

4 75%- 100%, vegetation dense

Two broad categories of substrata occurred within the scene: one type composed of peat,

marl, or limestone and covered With a benthic algal mat (periphyton), and the other composed

of peat but not covered by periphyton. Vegetation cover and substratum were used as the crite-

ria to select training sets representative of two different categories of sawgrass vegetation.

One training set had an estimated cover range of 60% to 90% with a peat substratum, and the

other had an estimated cover range of 35% to 45% with the bottom type covered by a periphyton

mat.

Two different categories of spikerush grassland (wet prairie) were selected, using coverage

and water depth criteria as follows: (1) spikerush grassland having 25% to 35% cover, and

14



water 3 in. to 6 in. deep; and (2) spikerush grassland having 5% to 15% cover, and water 6 in.

to 18 in. deep.

Different combinations and numbers of channels were selected for processing each site unit.

Trial recognition maps were produced to verify that the choice of channels and threshold levels

was adequate. A final recognition map for each site type was then printed on film. Each black

and white recognition map was exposed on color print paper through a different color filter,

yielding a color-composite recognition map with unrecognized areas rendered in black (fig. 7).

3

ANALYSIS OF THE EVERGLADES DATA

3.1. INTRODUCTION

The purpose of the data analysis was to determine how well the processor could delineate

sites which were relatively uniform in water depth, vegetation, and substratum type. Eight

recognition maps were selected for producing the color-composite recognition map given in

figure 7. The display colors in each recognition map were chosen arbitrarily. The limestone

recognition map was excluded from the color-composite display because of the small size and

number of areas of limestone which were mapped. Areas of limestone therefore are rendered

in black in figure 7.

Evaluation of recognition success was made on the basis of the following data:

(1) Color infrared photographs obtained at the time of the multispectral flight mission (7

September 1967); and

(2) Ground-truth observations made along the Shark Valley Loop Road on 8 September 1967

and on 17 February 1969.

Because of time and funding limitations, quantitative ground survey techniques were not used to

determine the total area covered by each general site type, or to determine the boundaries of

each specific site unit. The degree of accuracy of the processed recognition maps, therefore,

was determined only in a qualitative manner, based chiefly on a comparison of the areas of each

site type interpreted from color infrared photographs with those delineated on the recognition

maps.

Using conventional photographic interpretation techniques, the boundaries of each site unit

were drawn on mylar overlays of the color infrared photographs. The criteria used for delineat-

ing each site type are listed in table 1 under the heading "Criteria for Classification of Land-

scape Units." Each descriptive element (i.e., water depth, substratum type, physiognomic type,

etc.) for each site type was correlated with limited ranges of color, texture, and pattern on the

color infrared photographs.
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N

Mile 2

Map Unit 1

fife' fi!Sk,r m
Map Units 5 and 6

FIGURE 7. COLOR -COMPOSITE
RECOGNITION MAP OF HYDRO

-

BIOLOGICAL FEATURES IN A
PORTION OF THE SHARK VALLEY
SLOUGH IN THE EVERGLADES NA-
TIONAL PARK. Numbered leaders
point to areas illustrated by ground

photographs.

Map
Unit

No.

Map Units 3 and 4

Map
Unit

Color

Violet

Cyan
Orange

Description of Recognition -Map
Units

Water deeper than 5'

Water shallower than 5'

Sparse spikerush grassland in

deep water sites (6" to 3')

4 Dark blue Sparse to medium dense spike-

rush grassland in shallow water

sites (3" to 1')

5 Yellow Sparse to medium dense saw-
grass grassland in shallow

water sites

6 Red Medium dense to dense saw-
grass grassland in shallow

water sites

7 Green Head and hammock islands

composed of trees and shrubs

8 Black Features not recognized
(sparse sawgrass grassland in

shallow water sites with ex-
posed limestone, roads)
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The areal distribution of each site type (as defined from color infrared photographs and

ground observations) was compared with the areal distribution of the recognition-map units for

each of the eight recognition types. The following is a discussion of the recognition results.

The locations of the training set areas described below are indicated on the color-composite

recognition map (fig. 7) by black outline boxes. Although some of the ground photographs illus-

trated in figure 7 were taken outside the training- set areas, they illustrate the typical appear-

ance of the site types recognized.

The flight line chosen for this study covered a part of Everglades National Park centered

on the Shark River Valley Loop Road. This road traverses a transitional region between the

open Everglades at the north end and the Shark River Slough at the south end. The Shark River

Slough is aligned in a northeast-southwest direction and intersects the flight line at a point very

near the observation tower at Mile 7. Because the flight line covers this transition from the

open Everglades to the slough, water conditions at the north end of the run are quite different

from those at the south end. In general, the water at the south end is deeper by 1 or 2 ft than

the water at the north end of the run. The water depth pattern is complicated by the presence

of deeper water in borrow pits and the water control canal running east-west at Mile 0. In the

canal and borrow pits, the maximum water depth was 8 ft, and the maximum water depth at the

control gate (Mile 0) was estimated at 15 ft at the time of flight.

3.2. DISCUSSION OF THE RECOGNITION RESULTS

3.2.1. DEEP WATER (MAP UNIT 1)

The deep water training set was located at the water control structure at Mile 0. The maxi-

mum water depth in the training set was 15 ft. Water less than 5 ft in depth was excluded from

the training set. The deepest water in the moat at Mile 7 was detected with this signature. The

deep water north (upstream) of the control structure (approximately 5 ft deep) was also detected.

No other deep water measurements were available to permit verification of other deep water

detections. The ground photograph of map unit 1 in figure 7 shows an alligator in a deep part of

the moat at Mile 7.

Numerous small areas within the boundaries of tree islands and on their western sides

were detected as deep water. In some cases, these detections of small areas were due to the

presence of deep water in limestone-solution holes or in drainage channels within the tree

islands. In other cases, tree shadows were detected as deep water. The false detection of tree

shadows as deep water constituted approximately 1.5% of the total deep water recognition. The

tree shadows occurred on the west sides of the tree islands because the data were collected

early in the morning. In the spectral channels used for processing, tree shadows closely re-

sembled deep water since both had very low radiance values.
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3.2.2. SHALLOW WATER (MAP UNIT 2)

The shallow water signature was obtained from a training set at Mile 4.50 having water 3

to 5 ft deep. The typical appearance of shallow water areas is illustrated by the water in the

foreground of the ground photograph of map unit 2 in figure 7. The light-colored substratum

can be seen at the 3 ft water depth. Overlapping detections of shallow water occurred in some

areas having dense sawgrass cover and sparse sawgrass cover (table 2). The former areas

are pink on the color-composite recognition map, and the latter are light yellow or white.

These areas of overlapping detection had deeper water than was typical for the sawgrass vege-

tation classes.

3.2.3. TREE ISLANDS (MAP UNIT 7)

The tree-island signatures were derived from two different training sets of known species

composition. One set, at Mile 0.5, was a young, even-aged stand of nearly pure willow (Salix

amphibia); the other, at Mile 1.0, was an uneven-aged stand of mixed tree and shrub species,

e.g., gumbo limbo
(
Bursera simaruba ), strangler fig ( Ficus aurea ), cocoplum (Chrysobalanus

icaco), dahoon holly (Ilex cassine), and myrtle (Myrica cerifera). The ground photograph of

map unit 7 (fig. 7) was taken south of the moat at Mile 7 and shows willow as the dominant spe-

cies of the tree island. Both sawgrass and spikerush grasslands can be seen adjacent to this

tree island in the background.

Two separate recognition operations were performed, one on each training set, and the re-

sults were combined in a logical "OR" circuit before printing. The resultant recognition pic-

ture showed tree islands present when either of the two training- set signatures was matched by

the data signature.

The boundaries of the tree islands, as observed on the ground and from aerial photographs,

were more distinct than those of the other vegetation classes in the scene. Therefore, verifi-

cation of the accuracy of the tree-island recognition-map units was much simpler than for the

other map units. It appears that all tree islands were detected. The boundaries of some tree

islands delineated by the automatic processor were found to be more precise than could be

delineated on the color infrared photographs.

Areas characterized by small scattered detections of tree and shrub vegetation within a

matrix of another vegetation type represent transitional regions of vegetation. Examples of

tree and shrub vegetation mixed within sparse sawgrass grassland (yellow) and within dense

sawgrass grassland (red) occur between Miles 1 and 2, and between Miles 5 and 6 on the color-

composite recognition map. The subtle boundaries of such transitional areas are difficult to

determine by ground survey techniques. It was not possible to differentiate these transitional

areas on the color infrared photographs. However, even if the boundaries had been distinguish-
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able on the color infrared photographs, accurately drawing the small scale boundaries by hand

would have been impractical. The precision with which the transitional boundaries were mapped

by the processor indicates that this technique may serve as a very sensitive tool for assessing

slight vegetation changes induced by changes in surface water conditions.

3.2.4. MEDIUM DENSE TO DENSE SAWGRASS GRASSLAND (MAP UNIT 6)

The training set for the dense sawgrass signature was located at Mile 6.75, in an area typical

of the medium dense to dense cover of sawgrass (Mariscus jamaicensis). The ground photograph

of map unit 6 (fig. 7) shows dense sawgrass in the background and a deer running through sparse

sawgrass in the foreground. The photo was taken during higher water conditions than prevailed

during the flight. The detection of medium dense to dense sawgrass throughout the scene was

accurate. No detection failures were evident from the color infrared photographs and ground

spot checks. However, field observations revealed that scattered small stands of dense herba-

ceous vegetation (e.g., solid stands of pickerelweed and cattail) were falsely detected with this

sawgrass signature (table 2). This false detection constituted less than 1% of the total dense

sawgrass detection. Other false detections occurred in areas having overlapping recognitions

of dense sawgrass and shallow water (table 2). The water in these sawgrass areas was deeper

than was typical for this sawgrass type. The dense sawgrass areas between Mile and Mile

0.25 are a darker red than the other dense sawgrass areas on the color-composite recognition

map. This color difference occurred because the original black-and-white recognition filmstrip

was a darker shade of gray in that area.

3.2.5. SPARSE TO MEDIUM DENSE SAWGRASS GRASSLAND (MAP UNIT 5)

The signature for sparse sawgrass grassland was obtained from a training set at Mile 6.5,

in an area having approximately 40% sawgrass cover and 60% periphyton cover. The water in

this portion of the slough was approximately 2 in. deep at the time of the flight. Areas in the

scene having similar sawgrass cover, periphyton cover, and water depth were detected with this

signature. The photograph of map unit 5 (fig. 7) shows sparse sawgrass in the foreground. The

photograph illustrates a higher surface water level than existed at the time of the data collection

flight. The only apparent false detections for this signature occurred in light yellow areas,

where overlapping detection with shallow water occurred (table 2).

Spot checks on the ground between Miles 6.00 and 6.25 revealed that the unrecognized area

coded in black in the color- composite recognition map (fig. 7) was sparse to medium dense saw-

grass grassland that had been burned in the recent past. The periphyton cover in the area was

thus less than for the training set, and a darker peat substratum was exposed. The water on the

east side of the road was a few inches deeper than on the west side of the road (table 2). A

small area located at Mile 6.75 on the east side of the road (map unit 8 in fig. 7) also is coded
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black (unrecognized) in the color- composite recognition map. Field observations in this area

showed that the vegetation consisted of sparse to medium dense sawgrass in clumps, interspersed

with limestone outcrops too small to be resolved by the scanner. Sufficient exposed limestone

was present, however, to affect the spectral signature of the area so that it was not recognizable

as sawgrass grassland (see ground photograph of map unit 8 in fig. 7).

3.2.6. SPARSE TO MEDIUM SPARSE SPIKERUSH GRASSLAND (MAP UNIT 4)

The training set for sparse to medium sparse spikerush grassland was located near Mile

1.25 in an area having approximately 30% plant cover, 70% periphyton cover, and water 3 to 6

in, deep. Three species of Eleocharis were predominant in the training-set area. The fore-

ground of the ground-truth photograph of map unit 4 (fig. 7) shows a typical sparse spikerush

grassland with both floating and submerged periphyton. A small clump of sawgrass appears in

the right mid-foreground, and very sparse spikerush grassland appears in the background.

Ground spot checks of this map unit type in the vicinity of Mile 4.50 indicated close agreement

of plant cover, periphyton cover, and water depth in that area with those of the training set area.

3.2.7. VERY SPARSE SPIKERUSH GRASSLAND (MAP UNIT 3)

The training set for very sparse spikerush grassland was located near Mile 1.60. The sig-

nature for this map unit was based chiefly on the integrated spectral radiance of the periphyton

substratum (approximately 90% cover) and water ranging in depth from 6 to 18 in. The plant

cover varied within the training set from 5% to about 15%. Observations in the field near Mile

4.50 indicated that the computer recognition of this unit was correct. The ground-truth photo-

graph showing sparse to medium dense spikerush grassland in the foreground shows very sparse

spikerush grassland in the mid-background.

RECOMMENDATIONS

Larger areas should be mapped with these techniques in future studies. This will require

improvements in three phases of the effort: airborne data collection, ground-truth data collec-

tion, and processing operations. More specifically, these improvements are:

A Airborne Data Collection

1) Fly at 6000 ft over terrain to achieve wider coverage. Some processing of 5000-ft

data indicates that automatic processor performance is not seriously degraded. If this is also

true at 6000 ft, data collected at this elevation would give a map scale of 1:12,000, or 1 in. to

I 1000 ft. A reduction of this map scale to half size, 1:24,000, would produce a scale equivalent
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to that of the U. S. Geological Survey topographic quadrangle sheets, and would be a useful map

size for the Everglades as well as for other investigations.

2) Measure aircraft attitude at time of flight (particularly yaw or crab angle) to permit

partial rectification of images or recognition maps.

B. Ground- Truth Data Collection

1) Collect and interpret aerial photographs prior to the multispectral data flight to

select training sets for the processor.

2) Concentrate ground-truth measurements in the training-set areas. These measure-

ments, which are taken at the time of the multispectral flight, should include parameters likely

to influence the spectral signature of the training set, e.g., quantitative species composition,

water depth measurements, and substratum composition.

3) Study methods of using data from existing ground instrumentation (reflectance panels,

color panels, spectrophotometers, radiometers, etc.) to assist in interpretation of the multispec-

tral data.

C. Data Processing Operations

1) Evaluate a prototype processor for removing the geometrical distortion inherent in

all scanning systems. When operational, this processor will produce a rectified image of the

scene from raw scanner data.

2) Study the use of hybrid computers (combination of CDC 1604 digital and SPARC ana-

log computers) to process data. The division of the processing work load should be defined

since there are tasks which the digital computer can do more efficiently than SPARC and vice

versa. The design criterion should be maximum processing speed.

3) Consider the use of a computer program, atmospheric-illumination and transmission

model, developed by WRL for the Air Force. This program simulates the theoretical attenuation

of energy reflected or emitted from a recognized target, given different altitudes.

D. Satellite Data Collection

1) Evaluate the potential of using a multispectral scanner in an Earth Resources Tech-

nology Satellite.

2) Determine the types of ground-truth measurements that would be necessary for in-

terpreting scanner data from a satellite.
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