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-ABSTRACT

A three part qu.ant@i\rc; study of multispectral photography of
the earth obtained from the SO65 experiment carried aboard Apollo 9 has
been performed.

. Part 1: '

An anzlysis -of the multispectral camera array , which consisted
of four 70mn Hasselbald cameras aligned in a common rack and attached
to the Apollio command module window, showed that there existed: (a) suf-
ficient spectral separation 6f each band, (b) balance of. photographic
e.{'posure, and(c) relative spatial acauracy to allow additive coloxl analy-
sis c}f the imagery to be pefformed., - This analysis indicated that thére
was a small amount of photographic réspc;nse to red-infrared radiation
in the éreen band. A photographic reprocessiné techl;ique was 'develope-d
for use in conjunction with additive color viewing of the 5;065 malti-
spectral photography in crder ;:o give good chromati-c image sig;latures. .
This photoéraphic repfocessing,; technique utilized an-internegative step
to increase the density range and gamma while decreasing the miniimm

density of the positive transparencies.

‘Part 2: .

A quantitative.colorimetric study of ‘additive color renditions
of the 8065 space multispectral imagery and the underflight multiband
photography using the Long I;land University additive color viewer

showed :
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1)'Agricultura1 land use catagories of‘vegetétion, soil, and water
could be identified 100 per cent of the time with good statistical reli-
ability, '

2) crop type.was found to Be related to multispectral image color
67 per cent of the time on the basis of éﬁpost facto knowledge of ground
truth, |

3} a comparison of the information content of multispectral addi-
tive color and subtractive color infrared £ilm based on the c‘apaﬁ‘ility
to chromatically identiﬁyztegetatioﬁ types showed that multispectral co-
dor space phetoegraphs were significantly superior to color ihfrar%d films,

- 4) a comparison of space and underflight_multispéctral photcéraphy
Showed‘that per cent ground cover is quantitativelf.relateé to image color,
implying that ground resolution is an impprtant factor in the ability to
_correctly claséify crop ‘types using space imagery, |

5) upper layér and bottom effect in coastal waters of the Colorado
River-es'tuary qwere quantitativgly imaged In the green and red band respect-
ively. No information relating to the water depth was found to be exhi- .
bited in the infrared spectral band,’ '

6) a comparison of similar images on infrared color film and on
additive color renditions of SO65 photographs indicated that multiband
additive color presentations had at least 10 times greater‘capahility
in discriminating subtle water detail. E;tremc care was used in repro-
cessing black-and-white photograrhy to insure that water detail was

not an artifact of the photographic pracess,
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7) a photogrzphic density slicing process was applied to multi-
spectral imagery. This photographic technique 1s capable of uniquely
separating agricultural vegetation from all other 'image detail. The
results demonstrate the feasibility of semi-automatic vegetation map-
ping from space multispectral photographs,

8) an isoluminous (constant brightness) photographic technique
was applied to the underflight multispectral color photography demon-
strating the ability to correct for image color changes due to dif-
ferential illumination of terrain siopes.

Part 3:

Spectroradiometric measurements of. incident solar radiation and
radiation reflected by the Willcox Playa were made apd related to the
" 8065 multispéctral‘photography taken at the same time. Computer'analysis
of the spectral data indicated that it is possible to obtain a quantita-
tive relationship of "sg;ectral brightness" of terrain objects and it
band photographic exposure. This e;nalysis indicated f:.hat it is feasible
to obtain quantitative relationships between the per cent directional
reflectance of terrestial obj e:té in order to predict filter character;

istics for optiwum image formation from space sensors.
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PREFACE

Most modern scientific endeavors are team activities of a
great number of people. The S065 Miltispectral Terrain Photographic
Exper.iment is no excéption. Thé three astronauts who flew in the
Apollo 9 spacécraft and took the photograﬁhy, James Mc Divott, James
Scott; and Russ Schweichert, were the spacebo.rne hands of a team of
scientists at the Manned Spacecraft Center who were making real time
and decisions as to areas best photographed while the spacecraft was
"in orbit. A;‘: the operational control center for the experiment, °
_ Dr. John Dornbach, Assistant Chief of the Earth Resources Division,
sefved as Proj ec1‘: Scientist along with Dr. Paul Lowman , of the NASA
) -(';odd_a;r‘d SI-J;:IC.G-CI‘aft Center, wh‘o-was Prﬁlcipal In\fes*t;igator for the ex-
periment,

The S065 inul’cispectrai I‘)h(;tog‘raphic eqﬁipment was incorporateci
in the Apollo 9 flight on very short notice through the vigérou_s sup-
port'of Leonard Jaffee and his staff at NASA headquarters. Chief of
the Earth Resource; Prégram, Robert Piland, had the basic reéponsibili
ity in getting the multispectral camera system aboard the sﬁacecraft ,
seeing that the exﬁeriment was performed, and coordinating the subse-
quent data reduction and scientific investigations that were carried
" out, Alan Grandfield, Project Engineer fbr the experiment, performed
an outstandiﬂg job in designing the multispectral camera system on
very short notice, performing the necessary logistics in gétting it

aboard the spacecraft-and in briefing the Apollo 9 astronauts on the
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use of th; equipment.

In addition to the author, three other co-investigators for the
experiment are performing complementary studies. Dr. Philip Slater of
the University of Arizona, Dr. Robert Colwell, University of California
at Berkeley, and Mr. Herbert Tidemann of the NASA Manned Spacecraft
Center.

-Personnel of the University of Michigan, in conjunction with
the United States Department of Agricultufe, obtained and made available
) significant ground truth in ﬁhe Imperial Vﬁlley area durino the experi—
ment.. It is a pleasure to acknowledge the 3551stance of all. these in-
d1v1duals and.organlzatlons as well as the Department of the Interlor
and the Naval Oceanographic Office for the 1nf9rmat10n supplled during .

the data reduction phase reported herein.

-10-~
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SECTION 1

INTRODUCTION AND SUMMARY

The 5065 experﬁnent, "Multispectral Terrain Photography'', was
surprisingly successful, At a minimum éxpense and in a short period
of time, with great éffort the first multispectral space photographic
-'%xperiment was flown on Apo}_lo 9. From a scientific staﬁdpoill;.t , the
results have beeﬂ impreséive. It is the purpose of this report to
”pr'esent some of these results, -
For purposes of exposition, this &chment ha;s been divided into
three parts. The first part consists of three sections which deal with
- a-quantitative arialysis of the multispectral camera array, additive co-b
ior methods of data reduction and the .photographic techniques used to
reprocess the imagery. The second part of this co-investigator's report
is devoted to an analysis of. the I:esults of th.e expei‘ﬁment, particular
attention being given to associating measurable image characteristics.
with quantitative ground trutéi This second part also deals with newer
methods for the extraction of information from multispectral photography
such as density slicing and iscluminous techniques., The problgm of 1.:he
measurement of spectral fadiation and the effects of the spectral dis-

tribution and intensity of reflected radiation on multispectral image

quality is treated in the final part of this document.

The S065 Maltiband Camera

The S065 multispectral photographic experiment provided the .

«]13-
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scientific community with the firsti simuitaneous 'satellite photography
of the earth's surface in three distinct spectral bands. These spectral
bands cover the visible and néar infrared part of the electromagnetic
spec‘i:rum.' The photography con"sist:; of four sets of photographs of. iden-
-tig:al surface locations, all of which were taken simultaneously. This
set of four spectral photographs, three black-and-white aﬂd one color

infrared, is tabularized below,

. Rand o R Mean wavelength Nominal
(NASA designalion) Film and {ilter of sensitivily bandpass
A nfrared Ektachrome,|Green, red, | Total sensilivity
“* .- - |. S80-180, Photar 15 and infrared of all dye layers,
- o ) R . 510 16 900 millimi-
~ . o o . crons
" B " 7+ | Panchromatic-X, 525 millimicrons,| 460 to 610 millimi-
. type 3400, Photar 58 green . crons -
- c - | Infrared Aerographici800 millimicrons,{ 700 to 900 millimi-
R iype S0-246, infrared | eroms
Photar 89B . . o
"D Panchromatic-X, 645 millimicrons,| 580 to 700 millimi-
. - _iype 3400, red crans
T Photar 25A - T

©  FIGURE 1: BASIC PARAVETERS OF THE S065 MULTIEAND CAMERA ARRAY

The multispectral camera array used to f.ake $065 photography con-
sisted of four llasselblad cameras arranged in a singlé fixture and fired
by a common intervalometer. This instrument was affixed to the Ap'ollo 9
Command.Module hatch window during flight by the astronauts. Vertical
photography was obtained by orienting the entire'spacecraf-t in order

to place the optical axes of the camera array at the nadar point, By,

-12- -
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use of the flight attitude indicat.or, the astronaut piloting the sppace-
craft was ‘ablé to maintain Ver'ti-cality c-f the spacecraft hatch winddow
with respect to the earth while in orbit.

Photographs were taken during five passes over North Americza
betwee_n March 8 and it\farch 12, 1969, Complete sets numbering 127 simul-
taneous four camera exposures were obtainéd. Photography was takeni-over
the Southwestern United States (south of 34° North L‘at"titude) northa-
western Mexico, the south central and gouﬂleastem United States ,.
southern Mexico, and the Carribean Atlantic region between Trinidadi
.and the Cépg Verde Islands.

) - The an"a{)gement oi; four Hasselblad cameras,in the comnion framre
and, iffixed to the interior of the Apollo ¢ Command Module hatch wi'mﬂm%
proved to be a- piausible way to obtain multisfaédtral space photio-
graphy. Three of the four S065 photographs tal_cén on black-and-whites
film w:i-th appropriate film-filter combinations resulted in photogramhy
primarily in the green, red, and infrared bands. Spatial-fidelit)r W8S
sufficien:t to allow additive co-J;or analysis to be performed at a lev&l
of spatial resolution comparati’ve. to the color infrared photograph I
the fourth camera. The exposures were sufficiently well balanced so
. that I.ay using special photographic processing techniques in the datz
reduction phase, it was possible to obtain quanti.tative results of
significant scientific interest.

_ During the period time tha‘% the S065 experiment was in obbit,

the Long Island University four lens multispectral camera was used to

-13--
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‘imderfly certain test sitcs.- This multispectral camera provided éuppo:rt
photography in approximately the same sfectfal ban&s as recorded'by the
3065 camera in space. These photographs are of considerable use in com-
paring the relative merits of airborne and spaceborne mu-ltispectra} pho-

tography.

Additive Color Analysis of Multispectral Photography

The primary tool used in data reduction was the additive color
viewing technique. The Long Island University multispectral additive
color viewer was used for tlils purpose., This instrument is used for
. gualitative photographic interpretation- as well as to obtain quantified
colorimetric measurements, This technique of additive color nultispec-
tral photograﬁhy permits a scientist to select a particular set of bands
within the visible near infrared spectrum to obtain imagry and to inter-
pret the results from a single color i)resentation. It aiso permits the
_scientist to alter the color of the presentation and to enhance the par-
ticular relationships he may bg seeking. Tundamentally, the additive '
color multispectral data reduction technique allows a scientist to create
a color "film" specifically for the purposes of his discipline and in- ’
terests. In this way the 200 discernable shades of gray in a conventlonil
‘ black-and-white photoérap}; are expanded into 10,000,000 color.combinations.

The color of an image which appears on the screen of an additive
color viewer depends upon the densities of the positives which are pro-

jected. When the three positives have equal densitics, and each is -

-4
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_.illuﬁinated by an équal energy‘light source, the image on'ihe screen

. will be a shade of gray. When the densities in‘ the black-and-white
photographs are not équal ,, the eye will see the romposite color in

the image. The greatest ﬁossible color discrimination is achieved -
when the densiy lies between zero and unity. Above a density of oﬁe,
in the Long Island University color viewer, no perceptible color effect
will be presented.

The requirements for positives to be used in additive color viewing
are: a low base plus fog density, the lowest possible minimum imsge
_density to achieve good screen briéhtness, the density range of areas
of interest to be relatively high, the overall image density, density
rangé and gamma of the positives should be matched to eacﬁ other as.
closely as pos'sib‘le, subject to the constraint impos.ed by the log ex-
;;osur-e' rapgé of each band. - F . ‘

. - The S065 released g;ositiveé required phbtograp-hic reprocessing
before they could be used for additive color analysis. A sequence of
- special reprocessing tec:hni'qué’:; wer;a developed which allowed a high
degree of accuracy to be maintained in producing posiéives through an
internegative step—whilé achieving the necessary photographic charac-
teristics for additive color projecfion. Analy.sis of the pho.tdmetric

fidelity was cé)nducted to compare t]';e NASA released posi‘tive with the

reprocessed positives used for additive color analysis,

Results of The S065 Multispectral Experiment

Four distinct geographical areas in the Sduthwest were used as

-15-
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test sites.for the evaluation and quantitative analysis of the S065
multispectral imagery. Thé location of these sites, which are shown -
in Figure 1, were: Imperial Valley, California; Phoenix, Arizona;

Willcox-Fort Nuachuca, Arizona-and the Célorado River estuary, Mexico.

Agricultural Land Use in The Imperial Valley

The ability to extract agricultural land use classification in-
formation from the S065 multispectral photography by making quantitdtive
‘c-olor'imetric: measurements of both additive color and subtractive color
£ilm .images was established. The Imperial Valley, California. was used
- as the control test site. ‘ Not only was excellent ground truth of the
area available at the time the Apollo 9 was ‘in- orbit, but also this
agricu(ltural unit is of great economic significance having a yearly -
-g‘ross' value of crop aJ;d livestock production “in excess -of $232,000_,GGO.'

‘Pre_t-:ision phdtographic; techniques were used to reproduce enlarge-
ments 0‘;':- the Imperial Valley S065 black-and-white frsme mumber 3799.
Enlargements 45 times - that of ""the original S065 photography were utilized
lfor this purpoée. The six possible. primary color spaces were colori-
.metIfica.lly analyzed. 7 Over two hundred 'CI.E color coordinates were com-
puted from per cent transmission measurements made from reproductions
-‘of the additive color viewer screen 1-)y.using computer programs specific-
. ally developed for the purpose. 'Ihirtyjthrée differeht fields were
measured: nine barley fields, ninie sugar beet fields, six alfalfa,

eight bare soil, and four measurements of surface water.

-16-.
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The results of this analysis sl.lowed that on a pc;st facto ba‘{sis,.
classification of vegetation, soil, and surface water could be accurately
made 100 per cent of the time with the associat;ad statistical alpha and
beta errors approaching zero. An analysis of the chromaticity of the
imﬁges of three crops (alfalfa, bérley, and sugar beets) on a similar
a posterari classification of crop type and image color indicated a
67 per cent probability of correct classification. Thus, image color
was quantitatively associated with crop type two-thirds of the time.

No signifiéant relationship was found between image brightness
and either land use or crop type classifications. It was found that
in general the images of soil varied much more in brightness than tlie
images of vegetation. The greatest Vat‘ig.bil_ity in crop image brightness
was exhibited ‘in the infrared band,

A Comparison é)f Tile Infomatiofl -Conteﬁt c-)f I\Mltispectral'(:ol-or and él:lb-
-tractive Color Films ’ .

Again using the Imperial Valley test site, a comparison was made
between the chromatic charactgristics of current state-of-the-art sub=
tractive false color films and additive color image forming techniques.
Over two hundred images of soil, water and crops (aifaifa, barley, and
sugar .beets) were measured using three distinctly different image pro-
ducing.g techniques. _ The focus of attention of this analysis was on the
capability of additive and subtractive color methods to uniquely associate
image color withf land use categorizations of ‘vegetation, soil, and water

as well as the ability to color differentiate between images of individual
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LONG ISLAND UNIVERSITY ) Technlcal Report SERG TR-13
SCIENCE INGINERFRING RESEARCH GROUP 15 January 1970

crops within the vegetatlon category, ~ The three image forming techniques
wele i) enlargement of 8065 multispectral additive color rendition in

. a color space -similar to color infrared photography, 2) a four times
enlargement of color iﬁfrared 8565 photo, 3) color separations made
from the S065 color inffaxed phdfo enlarged and reconstructed in the
additive color viewer. -

For each of these three renditions, unique chropatic separation
of soii, water, and vegetation was acﬁieved. That is, the convex sets
of CIE chromaticity coordinates for these general categories were dis-
joint, implying a 100 per cent post facto correct classification. ‘The
ability to separate three crops of alfalfa, barley, and sugar beets, in
the three renditions {additive color, color infrared, separation posi-
tives from color infrared) showed thet in general the greatest uniqueness
of correct classification was achieved in the multispectral additive co-
lor rendition. Separation positives made from the color infraréd Film
were a close second in their abjlity to correctly clgssify these three
- crops on a post facto basis. Cglor infrared f£ilm placed third in ability
to estabiish a unique reiationship of image color to crop tyﬁe.

An analysis of image brightness in the three col&r réproducing
techniques reinforced the previous observations that it is difficult,
if not impossible, to uniquely identify objects based on brightness{or
density) measurements of the photographic images. A comparison of the
color variations of additive color multispectral images and subtractive

color films indicated that the image color of vegetation with 80 per

cent or less ground cover is primarily related to per cent ground cover
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and only secondarily related to crop type.
A Comparison of Space and Underflight Multispectral Photography

A comparative "colorimetric _aﬁal'ysis of the S065 space multispec-
tral photography.and the Long Island University underflight m;lltispectral'
‘ photo‘graphyxwas also performed. The results showed that when the images

of the fields in the Imperial Valley were of sufficient size and homo-
geneou's' in appearance, the per cent, ground covered'by t}-le \}eé;etation

was reiate& to in;age chromaticity.- “The underflight niultispectraﬁ color
.photocraphy showed however, that the‘ relationship Be‘txveen per cent
- ground cover and 1mage color was affected by the Varlatlons between

‘and within fields. Therefore, it appears that ground resolutlon 15 an
‘mporta.nt factor in relatmg measurable characterlstlcs of multispectral
images for 5011 and.vegotatlon categorization, The larcest varlatlon
in brightness_of‘vegetation image on the underflight photography existed.
in the infrared band and the Fast Variaf,ion 1n the red band, There
existed a definite non-uniqueness of. image brightness and image density -

of crops and soils appearing on the underflight multispectral photography.
Land Use Information on Conventional. Subtractive Color Films

Chromat.icity measurements of the-images of soils and vegetation
appearing on c:onventlonal color £ilm, taken durlnrr the Apollo 9 fllght
showed that these two 1and use catagorles could not be unlquely estab-

lished on the basis of image color. The convex: sets of vegetation
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chromaticity coordinates was found to overlap the set of soil colors.
The-comparisoﬁ of this conventional color photography from space with
underflight Eolor photography duéing the Apollo 9 orbit showed that

the space and aircraft imagery produce significantly different colors
for the same classes of soil and vegetation. A comparison of identical
objects on the S065 infrared color film and on color film takep by the
aircraft during the uﬁderflight indicated irregular variétions in image
saturation.accompéhiéd by increase in hue in the space color infréred .
images., The differences in image color between space and aircraft co-
. lor photography is prooably due to the inherent var1ab111ty in the sub-
jtractlve image formlng process as well as the time difference between

obtaining the space and undelfllcht phoLographJ
Information Extraction in Estuarine Coastal Environments .

An aﬁalysis of the relative information content of the reprocessed
green, red, and infrared bandﬁéof the.SQ§5 bands for imaging uppef'layer
phenomenon and bottom effect in the Colorado River estuary was perébrmed.
The regults gﬁowed considerable image detail in the red and green bands.
No information relating to water mass was contained in-the infrared baﬁd.
Correlation of the gréen and red band log exposure with nominal chart
depths was apparént to about 40 feeﬁ of water depth. Additive co}or
reconstruction of the SO65 multiband imagery showed that it was pessible
to selectively emphasize upper léyer ﬁhenomenon.and bottom effect by
‘color enhancement.

The blue sensitive dye layer of conventional film showed no rela-
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tié%ship whatever with water depth altﬁough both the green and red sensi-
tive layers did indicate correlation of image density with mean low water
soundings on hydrograﬁhic charts of the estuary. A comparative analysis
of similar images on infrared calor film and on multiband additive color
renditions indicated that the-multibénd additive color presentation had
at least ten times more capability in discriminating subtle detail in

the water. Conventional colorimetric analyses using CIE coordinate trans-
formations showed no significant correlation of image color and water

depth as recorded on hydrographic charts of the area,

Information Extraction From Multispectral Photography Using Density Slicing

-~
-

Additive color analysis of muitispectral photograp.h}; taken over
Phoenix, Arizona was performed by reprocessing the release positives
to correct for the high'minimum density and low contrast in the green
band, Using a sequence of Precise photographic techniques, the differ-
" ential density anrd ga:mﬁa relati_gnships in all three bands were n:,'orrected.
These reprocessed posit-ive transparencies proved to bhe excellent for
additive color projection and analysis of the mult?‘,spectral photography.
A photographi-c density slicing technique calied the 'density cut-
off" process was developed, In this process it is possible to uniquely
classify vegetation appearing in a set of multispectral phot.ographs'.
This process allowed rapid production of vegetation mapé i)y color identi-
fication of those images in multispectral photography which —rcflected

energy only in the infrared band. The procédure-demonstrated the feasi-
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bility of the "density cut-off" technique: to reproduce. unique classi-
fications of vegetation using strictly photographic process. The re-
sultant classification, which can be produced at any scale, can readily

be compiled.on a conventional map sheet.

Tnformation Extraction from Multispectral Photograp'hy Using Isoluminous
Technique

‘ . A constant brightness (isoluminous) technique for preparing wulti- |
spectral presentations was applied to the_'Apoll-o 9 underflight photo-
_graphy. This _tedmique'has the advantage in that it iS’- capable of em-
phasizing subtle spectral differences between bands and- also é:apable

of eliminating the effects of brightness caused by sloping .terrain and

_ shadews. The isoluminous process is useful in ée_te:cting subtle environ-
mental dif-ferences U.I.IdBI' dynamically’ changing' conditions of illumination
such as -often encountered in vegetation and soil mapping. in areas where

topography is variable.

The Role of- Spectroradiometric Measurements

In order to perform a quantitative analysis of the relationships
between incident solar radiation, terrain reflectance, and the exposure
of the 8065 multiband images, ground truth measurements of the incident
solar spectra at the Willcox Playa, Arizona test site were conducted
during the course of the S065 experiment, Simultaneous spectroradio-

metric measurements were obtained of the solar radiation reflected by
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the*Playa as well as large plowed fields and grass areas adjacent to —
it., The per cent directional reflectance of homogeneous terrain objects
large enough the be imaged in the space photograph was obtained through
computer processing of these data. By making density measurements of

the images of the Willcox Playa that appeared in the green, red, and
infrared black-and-white SO65 photographs obtained simultaneously with

the spectroradiometric measurements, it was possible to relate the

spectral brightness of ground ojects with their apparent density on

the multispectral photographs. These data are helpful in quantifying

the relationships between energy reflected by terrain objects and their

resultant photographic characteristics as seen from. space perspective.

~
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SECTION 2

THE CHARACTERISTICS OF THE APOLLO 9 MULTIBAND CAMERA
AND SUPPORTING 5065 UNDERFLIGHT PEIOGRAPHY —

The arrangement of four Hasselblad cameras in a common frame
resulted in an effective multiband camera arrmy with which to obtain
multispectral terrain photography. The thre= T065 green, fed, and
infrafed bands which were recorded on black-amd-white film.wéfe of.
sufficient spatial fidelity to allow additionzd color analysis to be
perfomed at a level of spatial resoclution comparable to the colo?
jnfrared photograph in the fourth SOG5 camerz. Not withstanding a
Iaék of ﬁerfection within the camera-systmn,'&he exposures were ef-
-fECtively balancea to take multigpectral photazraphy which is of sig-
nificant quantitative scientific content.

At the same time the SO65 experiment was being conducted from
the Apollo 9 command module, the Long Island Uéiiversity nultiband four
lens camera was being used to underfly certain test sites. This air-.
craft mounted camera provided -r::ultiband photography in approximately
the same spectral bands as recorded by the space camera. In addition,
color and color infrared photographs were obtained simultaneously with

the underflight nultiband photography.‘

Nominal Characteristics of the SQ65 Multiband Camera System

A four camera system was used as the space borne sensor in the

NASA S065 experiment. This multiband system censisted of four 70mm
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fo;mat Hasselblad cameras, each with 80mm focal length Zeiss Planar
lens. The 9ptical axes of the four cameras werce aligned so as to be
parallel. All four cémeras we;e actuated simultaneously by a common
intervalaneéer. The intent of the design was to arrange the cameras
in such a way that the spatiél location of the imoges appearing on :
on the four photographs would be identical with respect to their prin-
ciple points (the intersection of the optical axis with the camera
focal plane). o

Figufe 2 shows the arrangement of the cameras in the mounting
ring, The object at the bottom of the photograph is the comron inter-
valometer used to actuate the cameras, In Figure 3 the multiband
camera is shown mounted to'éhe-Apollo 9 hatch window. Note that the
relative orientation of the four cameras is different. This 90° ro-
tational positlon between each camera resulted in a different direction
of film transport during the experimenf. This in turn caused_a dif-
ferent orientation of each image with respect to the film edge for each
photograph in the set-of multiband photos. Due to a vignetfing caused
by insufficient window diameter relative to the diameter of the multi-
band camera array, a diffsrent corner of each photo in any given set
of multiband photos was vignetted (See Figures 26 , 28 , and 30 ).

The nominal parameters of the S065 multiband camera are shown
in Table 2 , The nominal bandpass for the green, red, infrared
black-and-white bands is shown along with the‘fihn~filter combinations

used, the lens aperture, shutter speed and focus. The lens aperture
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N G NP FIGURE 27 1 S065 MULTIBAND SYSTRM

harti” g, : CONSISTING OF FOUR 70Md
FORMAT HASSELBLAD CAVERAS

‘ EACH WITH AN 80MM ZEISS
o - . PLANAR LENS.,

FIGURE 3 : SO65 MULTIBAND CAMERA
MOUNTED IN THE APOLLO
9 HATCII WINDOY.
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and shutter speed were chosen such that-a uniformly refle.cting spectrally
flat object would image the same density on each spectral negative. It
is one of the purposes of this secticn to investigate the accuracy with
which this desired result of equal film density for a uniformly reflecting

object was achieved.

TARLE 2
NOMINAL S065 MULTIBAND CAMERA PARAMETERS
CAMETA
NCAINAL FOCAL & EHUTTER
BANDPASS F LENGTH “SPEED
BAND (D) FIIM | FILTER (M) | APERTURE (SEC) | FOCUS

GREEN 460-61.0 3400 58 80 ° 4 1/125 JINFINITY
RED - E‘;SO-?O(L 3400 254 80 4 l/ZSG INFINITY
INFRARED '.’bO—QOG 80246 89B 80 16 1/250 {30 FT
COLOR 3 layer
INFRARED sensitiv. | ) ’

510-9060 S0180 15 80 8 1/250 {50 FT

e

Ideally, the S065 nm-ltiband camera system should have produced

three black-and-white spectral photographs which were spatially identical.

This would require a perfect system which of course is not cbtainable in

practice., In theory, this implies that there would be no differential dis-

tortion in the camera lenses used, and that each photograph would have the

same scale, The latter requirement infers that.the focal lengths of the

cameras be closely matched for the wavelengths of light transmitted. In

addition, in the event that appreciable angular motion is present, each
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_ camera musi': be exposed at exactl}f the same time to prevent image displace-
megt. The nominal sychrqpization of exposure times was accomplished in
the S065 multiband camera by the common actuating intervalometer. It
should also be mentioﬁed in péssing that £ilm shrinkage has been found
to result in a differential reiétive location of the images between
miltispectral film formats. B

‘The photo-optical characteristics of the S065 Hasselblad cameras-
were determined prior to flight (NASA/MSC, 1969). A more complete anal-
ysis was performed after the experiment which resulted in data more
relavent to the actual situation that existed at the time the photo-
graphy was obtained(Slater, 1968). These latter empirical tests indic-
ated that there was considerable differential distortion present in the
four S065 camera lenses. These data show that the :Focal. iengths were
as much as one millimeter different one from the other.  The resolutiocn
of the four lenses was found to range between 42 lines for thq_black -
and-white infrared camera to 59 1ines per millimeter for the black-and-
white green camera. A postflight analysis performed on the relative
borésighting accuracies of the cameras indicated that the aﬁgular dif-
ference between the four cameras existed., The maximum value reported
was that the green and red cameras possessed boresighting accuracy of
boresighting errors in excess of one degree (Dornbach; 1969).

Figure 4 presents a schematic of oﬁe of the Hasselblad cameras
used in the S065 experiment., The purpose of such a schematic is to

show the salient photo-optical parameters which should be investigated
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in orderito determine the effect of-eadh on the spectral distribution

of the density of thé image formed on the film; In this schematic the
reader will see that radiatio;l(reﬂected by the terrain) passes th‘rough
the spacecraft window, through the filter and lens and is imaged on the
film. The shutter time and aperture opening;of coufse, effec:"t the quan-
tity of ra(_iia:tion(ergs/ cmz) which impinges on the _film. Thus, the char-
acteristics of the radiation which photochemically interacts with the
silve):: halide molecules ;:ausing a density on the black"gnd—\~{11i’ce film jis
affected by: 1) the spacecraft window, Zj -the filt‘er . 3) the ieng(includ~
:ing shuttér speed and aperture opening), 4) film resﬁoﬁse(under.prescribed

processing conditions). - ' C
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In this section we will investigate cach of the preceding .- fourn
components of the system. At the very top on‘g Figure 4 , a planned view
of the film format shows the approximate 54mm dimension on each sides of
the square f£ilm format. The approximate maximum field angle as determined
by the diagonal distance of 76mm across the format is approximately -

25 and 1/2 degrees for the nominal 80mm focal length,

The Spectral Characteristics of the S065 Multiband Camera System

The pre-flight spéctral transmission characteristics of the
Apollo 9 spacecraft window through which the S065 photographs were taken
is shown in Figure ° . Removal of _thg infrared coating fyrom the win-
dow allowe-d- good transmission of infrared radiation throughout the pho-
tog‘raphic infrared. It is also interesting to note that in the wave-
length region of the experiment(460-900nm), although there is a slig]fc
reduction in percentage transmission with field angle, no significant

differential transmission at any wavelength is apparent through the

spacecraft window. .

After passing through t-;le spacecraft window and being attenuated
as shown previously in Figure 5 , the radiation must next pass through
the camera filter‘. The percentage transmission characteristics of the
three filters used with the black-and-white films are shown in Figure 6
From this Figure the reader can see that both the green Photar 58 and

red Photar 25A filters transmit infrared radiation beyond that which

is detectable by the human eye(i.e., 700nm). The passage of infrared
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FIGURE 5 : PRE-FLIGHT SPECTRAL TRANSMISSION G‘IAIU\CTERIéTICS OF T-HE
APOLLO 9 SPACECRAFT WINLCOW THROUGH WHIGH THE SG65 MULTIBAND
“ PHOTOGRAPHS WERE TAKEN, . .
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FIGURE 6- : SPECTRAL TRANSMISSION OF THE T{REE FILTERS USED WITH TIE
- S065 BLACK-AND-WHITE MULTISPECTRAL PHOTOGRAPHS.
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radiaticn by the green filter resulted in & certain "leakage' of infra-
red radiation onto the green band which is discussed in subsequent ﬁara-
graphs.,

The spectral transmission of the Zeiss 80mm Planar lens used in
the experiment is shown in Figure 8 ., These data were obfained on axis
at the full gperture opening. As can be se;en from these curves, there
is only a 8light decrease percentage transmission of the radiation in
the infrared region beyond 700mm comparsd with the visible region. It
is conventional to cempensate for this by adjustment of the aperture
and/or shutter speed. The quantity and spectral- distribution of radia-
tion striking the film plane will of course depend on the angular dis-
tance off axis. Preliminary date indicated that the éeductién in illu-
mination as a function of field angle in the fécal-pléhe of the camera
was not preferentially sélective(Slater; 1970). Thus, the off-axis
amplitude of the curve shown in Figure 8 would decrease tut not change
in shape. A reduction in the lens transmission is also affected by the.

apsrture setting, Perﬁaps more #ignificant from a photographic stand- '
‘point, the radiation per unit time falling on the film plane(ergs/cmz)

is controlled by the shutter speed of the camera. This ability to con-
trol the total quantity of radiation falling on the filmiby a combination
of shutter speed and apertufe-settings is one of fhélgreat advantages

of multiband photography. This degree of freedom atlows one to compensate
" for preferential transmission of the optical.sfstem, selective spectral

attenuation of the atmosphere as well as the relative distribution of
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the solar illuminant as a function of waveleﬁgth.‘
The log sensitivity of the two black-and-white films used in the

S065 experiment are shown in-Figure 7 . These curves were prepared_
_by the mahufacturer-(Eastman Kodak éo.) using equéi energy sources of
;adiation ét.each wavelength, and computing the log sensitivity.from
the image formed at a density of .3 on the film. In addition to the
non-uniformity in sensitivity of the filﬁ as a functipn of wavelgngth;
one can see from these curves that the'iack of sensitivity of fhe Pan~-
aéomic X-3400 film above'approximatelyjYOOnﬁ seemed to cuﬁ-off infra-
-red radiatién. The lack of sensitivity of 50246 infrared film beyond
.920nm served as fhe upper limit on the infréfed sensitivity of the
infrared band since the 89B Photar filter transmits radiafion'weil_be—
yoﬁd IOOOnm_waveléﬁgth. It is'imporﬁant for the reader to note that
=th§ log sensitivity curves asisupplied by the manufacturer are nominal
values and were not determined from the particular emulsion batch used
in the experiﬁent._ Generalfy, there is‘a slight,'and only sometimes

| significant, variation between emulsion batches. It is also note-
worthy that the y axis of the curve shown in Figure 7 presents'a
logarithmic value of sensivity. These values are determined from the
reciprocal of the exposure in-exgs/cmz required ta produce a density
of .3 above base p}us fog level of the film., For both the Panatomic
X type 3400 and black-and-white infrared film type S0246, these data
were derived by development of-the film in D-19 type developer for

eight minutes at 68°F, Perhaps the significént function of these.curves
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is the fact that it gives one an idea cf the energy required to exnose
the film at any particular wavelength. A more sensitive film would
result in a greater value of log éensitivity and, of course, the curve

would be higher.

The Relative Response of the S065 Multiband Images

Tl_le relative response of tl_le gl:een, red, and infrared black-and-
white bands has been calculated. The spectral distribution of the log
TESPonse was de’cenniped by taking an equal enérgy source of radiation
and multiplying it by: 1) the effects of the on—e;xis window transmission
(Figure. 5 ), 2)‘ the appropriate filter transmission (Figure 6 )_,

3) the lens on-gxis transmission at full aperture (Figure 8 }, 4) the
: log spectral sensn.lvlt)f of the film used (Figure 7). I‘1gure 9 pre-
sents the nominal spectral log response of the S065 multiband camera
system. The reader should note ca'refully that these are nominal values
in that the data pKresente'd'in the .figure _relate not only to the on-axis
image but also the lenses atgfull aperture with no differential shutter
si)eed.

.- The actual log spectral response of the SO65 system, which takes
into account the differential aperture‘settings of the cameras used .
as well as an appropriate correction factor for the different shutter
speed of the green came-ra,is shown in Figure 10 | 1In the opinion of
thé author, these curves represent the most. reasonable post facto data
on the absolute spectral characteristics of the image fomming energy

in the three black-and-white bands used in the 8065 expeﬁmeut.
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it is particularly significant to note the aﬁount of infrafed
radiation which is present'in the green spectral image. The rela-

tive linear regponse of the étéen, red, and infrared spectral bands
"_have been calculated. These vﬁlués, anmalized to unity for each of
the bands and presenteﬁ on a linear y axis, are shownt in Figure 11 ,
The point of maximum transmissionhas arbitrarily been placed-at 100%
for each of the bands. Upon examination of these curves, one can see
that the ﬁsak transmission of the green band occurs at approximafely
550nm,and that in addition a relative response of approximately 10%
occurs at 700mm due to ”ieakaée” of infrared radiation. This is caused
by a combination of cxtended red sensitivity of the Panatomic: X 3400
£ilm and an opening of the Photar 58 filter to infrared radiation,

The relative response of the red band shows a double peak, This effect
is primarily due to non-linear log sensitivity of the Panatomic . X
3400° £ilm., In the case of the infrared-band the unifomm functional
relationship between havelenéEh and relative response exists with.the

peak approximately at 800 nanometers.

Resolution of the 8065 Mul tiband Photégraphy

. The NASA first génerafion released positives were analyzed in
order ‘to obtain a realistic idea of the.operational iﬂflight resolving
capability of the S065 multiband pﬂotdgraphy. Frame number 3799
(Tmperial Valley, California) ,a vcrticalvphotograph obtained while the

spacecraft was at 129 nautical miles, was selected-for analysis, The
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red band imagery showed that it was possible fo detect division; between
fields which were known to be 80 feet apart on the ground. Analysis
of the green and infrared bands indicated that it was possible to dis-
~ cern lineal objects of 120 feet in cne dimension. These data thus in-
dicate that the inflight lineal resolution (not .to be confused with
the Military Standard Specification 150A Bar Target Resolution) was
as follows:
1)} Green band--~41 lines,'[nun
2) Red band---62 lines/mm

3) Infrared band---41 lines/mm

~

The multispectrél composite color iﬁage was andlyzed on the ad-
ditive color screen (to be discussed in subsequent Sections of this
report)l 1t was found that it was possible to discern objects of 340
feet in one lineal dimension., Analysis of the color infrared photo-
graph taken on S0180 film.in%}cated that it was also possible to dis-=
cern objects of 340 feet in é single lineal dimension, All measure-
ments were taken 5n S065 frame number 3799. The resultant computation
indicated that a co@parative 14 line pef millimeter lineal resolution
was achieved in both the composite additive color imagé and the associ-
ated infrared color image.

Analysis of the scale error showed that the infrared band was

approximately 1% larger in relation to the grecn and red spectral baﬁd.
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f’u

The Long Island University Maltispectral Camera

During the orbit of Apoilo 9, Long Island University conducted

a number of underflights, prﬁﬁarily over the Willcox-Tuscon~Fort Hua~
‘chuca.Triangle and the Imperial Valley.- These flights occurred between

8 March and 12 March 1969. |

This airborne multispectral equipment used in support of the S065
experiment consisted of the Long Islarid Univérsity four lens multispectral
camera and ‘two auxilarf caméras of the X-24 type which were used to
obtain supplementary color and color infrared photography. The multi-
spectral camera utilized black-and-white infrared‘aerographic film
(emulsion #5424): Thé camera was equippea.with filters constructed

on a combination absorption and interference optical principles, cov-

ering the following four spectral bands:

Band 1 Blue GEQS-GlOnm)
Band 2 " Green (480-590rm)
Band 3 ﬁ;d {(585-715mm)
Band 4 . Infrared  (700-900nm)

The log sensitivity of the film as well as the transmission of
the filters and camera lenses as a function of wavelength is shown in
Figure 12. The reader shoulé particularly note that the three filters
used for the visible spectral bands were specially designed to block
the transmission of all infrared radiation. ?his blocking of infrared

" radiation was achieved by:interfereﬁce_coatings placed on the surface

of the filters.
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The bands used in the camera were chosen to approximate the
spectral sensitivity of conventional and color infrared films. The
green, red, and infrared bands closely matched those in the S065
multispectral array of cameras. The two auxilary cameras utilized
aérial Ektachrome (emulsion #8442) and aerial Ektachrome infrared
(emulsion #8443). These films are of the color reversal tyﬁé producing

positive transparencies.

FIGURE 13: MULTISPECTRAL CAMERA: SIMULTANEOUS SPECTRAL

PHOTOGRAPHY
IN SPATTALLY IDENTICAL FORMATS CAN BE TAXEN IN ANY FOUR

SPECTRAL BANDS BETWEEN 360 AND 900 NANOMETERS WITH THE
CAMERA AND ASSOCIATED CONTROL EQUIPMENT.

The four lens multispectral camera shown in Figure 13 is of the

frame type. This instrument has been designed so that the single pho-

GRAPHIC NoT REPRODUCIBLE
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.
tographic £ilm is exposed by the four individuél lenses, each cne of
which can be filtered to covef any desired wavlength above 360nm. In
wavelengths less than this, tﬂe radiation is absorbed by the glass
elements of the leﬁs. The upper limit of radiation which is capable
of being sensed is established by the film emulsion which is currently
at about 920 nanometers,

-The camera is designed primarily to use a single film inx;hich
four exposures are obtained on one piece of 9 1/2" wide film. However,
_the capability to use four different films each 2 1/4" wide has been
incerporated into the design. The magazine capacity is 400 feet of
standard thickness base film. The camera has been equipped with image
motion compensation devices to allow the use of long exposure times
at low altitudes and high aircraft velocities without céusing excéssive
image blur. A single focal plane shutter is employed to expoéer% all
four photographs at preciéely the same instant of time. This'feature
assists in accurate registrat;on of multible image in the gssociated.
additive color viewer by éliminating image displacemént between the
four images which might result from the aircraft.angular motion during .
exposure,

Figure 14 is-a.schematic of the arrangement of the multispectral
camera and two auxilary cameras in the Long Island University aircraft.
This diagram shows the interconﬁection of the cameras and electron@c
conterol system. The éystem.opcratés utilizing standard 24 volit IC air-

craft.power.
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SECTION 3

ADDITIVE COLOR ANALYSIS OF MULTISPECTRAL PHOTOGRAPHY

. Maltispectral additive éolor viewing devices provide a practical
method for extracting meaningful information from sets of multiband pho-
tography. However, the photography must be of exéeptional quality in
that the spatial positioning of all images with respect to their princi-
pal points must be accurate., In addition, there must be a good corres-
pondénce between the iﬁage densities on all the multispectral photography
and the quantity of radiation reflected by an object in that pafticular
spectral band. -

Introduction

A multispectral additivé color viewer is an instrument for use in -
-the intrepretation of mltiband '"black-and-white" photoéraphy‘ Using
two or more spatially identical photos, the device produces a single
color presentation by projectiag the image of one photo on top of the
other, using different color light sources. This technique of Temote
sensing pmrmits a scientist to select a particular set of hands within
the near yltraviolet, visible, and near infrared spectrum and.intcrnret within
results from a single color preseptation. In addition, a multispectral ‘
viewer provides the scientist with the capability of altering the Eolor
of the presentation in order to enhance the particular relationships
hc may be seeking. fpndamentally, the multispectral technigue allows -

the scientist to create a color film specifically for the purpose of
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his discipline and interests. (Yost and Wenderoth. 1967, 1968, 1969}

There are three catagories of problems associated with multispec-

tral photographic techniques which have been distinguished. These are:

The existance of instrumentation errors in multi-

band cameras which can seriously affect the accuracy
of the image reconstituted by the multispectral viewer.. -

The most important of these sourges of error is lack of

‘good quality image registration resulting from differential

positioning of the samekhnage on the set-of multispectral
positives used in projection. Such lack of good regis-

tration in the. composite color image can be caused by:

differences-in focal length and differential distortion

of the lenses in the multispéétral‘camepa array; angular
variation.of fhe optical axes of the cameras with respect
to each oiher; diffegences in shuffer actiation of the

individﬁal cameras when the camera platform is undefgoing

rapid angular motiomns.

There is an absence-of accurate spectral reflectance

" data taken in situ correlated with the dynamic environ-

mental variables such as variation in solar illumination,

‘atmospheric scattering and absorption of radiation. As

a consequence, it is difficult to predict if subtle chro-

matic differences will be exhibited in the multispectral
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3
!

additive color image for the same earth resource phenomena

photogrsphed at different geographical locations at differ-

ent times of the year,

There exist relationships in the processing and printing

Qf photography such as the dependence of image density on
wavelength of radiation, variation in gamma and reciprocity -
failure which are not fully understood in relation to the
resultant chromaticity of'tﬁe édditive color image. It also
;hould,not be overlooked that,in theory, Qh{ie a unique
refiectapce spectra exhibited by an object will produce a
unique\colpr; the inverse is ﬁot true, Identical image colors

may be produced by an infinite numbér of different reflec-

_ tance spectra, Miltispectral photégraphic.techniques have

been remarkeably successful at circumventing this physical

law of nature,

Additive Color Techniques

For the puroses of analysis of the operation of multispectral

additive color viewers, let us assume that we have a set of three nega-

tives taken in different bands of the spectrum; each negative being

taken at the same instant by cameras having matched lenses, the optical

axes of which weré normal to the £ilm plane producing four spatially iden-

tical negatives. Thus, all images will be in identical coordinate posi-

tions as measured from the principal point of each negative (the inter-
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section of the optical axis with the film plane). When the film is pro-
~cessed énd viewed on a 1igh£ table, the set of spectral negatives will
appear to be identical except that the densities of the same image may
differ between them.‘ This density difference is caused primarily by
the sclective spectral reflectance of ground objects{ a féct which, in
the visible spectrum, accounts for their apparent color.

Color is an effective means of discriminating density differences
between similar images which appear on sets of multispectral negatives.,
This can be accomplished using additive color techniques first demon-

" strated by Clark Maxwell over 10C years dgo. By projecting positives

of each spectral-negative on to a screen in such a fashioﬂ'that one is
registered.upon the other (using a different colored primafy light source
for each), a compoéifé color renditiQn of the scene is fbrmed.

Conceptually, coler may be defined as that conscious sensation
which is exhibited when 1ight of a specific spectral energy distribu-
tion enters the eye. It has Been experimentally shown that differcnces
in this energy distribution cause variations in the observed response
-of the eye and may be described in terms of three distinct psychophysical -
variables, The first is hue which is basically that duality~of color
which leads to the definition of an object as béing'fed, green, yellow,
etc. As white light is dispersed by a prism, it is broken up into a
multitude of hues each one of which may be rélated to a corresponding
value of wavelength producing a so-called dominant wavelength which in
turn enters the eye to produce the sensatgon of "hue. Satura;ion, the
second quality of color, is described as the amount of white in a given

hue., It may be also considered as the concentration of the color. For
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instance;'it is the difference between red and pink. As the amount of
saturation in a color‘decreasc§; it approaches pure white., Brightness,
which is the third variable of color, is described as the amount of_
visible energy contained in a ;értain hue which is saturated to a speci-
fic value. For example, the coior royal“blue, is identical to the color
navy blue except that navy blue has a lower brightness value.

It has been estimated thét thé human eye can differeﬁtiate between
7,500,000 and 10,000,000 coleor differences over its smnsitivity range.
{Judd. 1955, Nickerson and Newhall 1943) For scientific purposes, it
is impossible to use subjective terms for the unambiguous description
of a color. The human eye is a relativeiy insensitive instrument when
. used to uniquely describe the appearence of an'object-with'respect to
its color.. It is for this reasén that a mathematical cohception of the
three variables defined above has been employed to describe that response
{(by the eye or any other recording instrument) to the stimulus kpown
as color. We may en&ision thase three variables of hue, brightness and
saturation with the aid of a three dimensionsl color solid shown in
‘Figure 15, It consists-essentially of a solid cone stan@ing on its
apex with the hue positioned around the periphery of the solid, the
saturation existing somewhere. along the line connecting the center or
white point with a particular hue and the brightness varying with.posi-
tion along the vertical axis. More precisely, the color solid is not
cone, but rather a rounded triangle. A horizontal slice through this

solid, perpendicular to the brightness axes is.known as a chrematicity
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FIGURE 15 : THREE DIMENSIONAL COLOR SOLID INDICATING THE THREE VARIABLES
i OF HUE, BRIGITNESS AND SATURATION.

diagram andris shown in Figugg 16 , in which cértain colors have been
identified. In order to pictorially describe the exact hue, brightness
and saturation levels of a color, it is first necessary to detemmine
the'brightness level, place an 6rthogonal plane through the color solid
at that level and determine the hue and saturation in’ this plane.

1t should be emphasized that the mathcmatical study and descrip-
tion of color, which is known as colorimetry, only indicates the specific

values of hue, brightness and saturation which are being measured and
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not the eﬂergy distribution of the color as é_function o’-f wavelength.
The theory of colorimetry is based upon the concept that any color can
be matched by some combination of three given colors or primaries,
However, it has been demonstrated that there does not exist a single
set of primary filterswhich can yield every color. In multispectral
photography, a judicious cheice of (camera) filters must be selected
depending upon the spectral reflectance and the geheral’ domain of colors
which are to be reproduced. For the 'reproduction of true color using
additive methods, the primary colors 5hown in Figure 17, which are red,

green and blue, have been selected for two distinct reasons. First,

p.a

FIGURE 17 : COLOR.TRIANGLE, ALL COLORS WHICH LIE ON THE BORDER OR INSIDE
THE TRIANGLE CAN BE REPRODUCED BY-THE PRIMARIES AT ITS APICES.
SATURATED CYAN (TO TIIE LEFT OF TIE, I‘RIA\‘GLE) IS RARELY, IF EVER,
ENCOUNTERED IN NJ\TURE.
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iéﬂis desirable to maxim@ze the arez of the inscribed triangle since
only those colors within‘ that. triangle may be reproduced by a combina-
tion of the three pri.maries. -:Secondly, the triangle is conventionally
positioned so that one side~1iéé close to the locus of the pure spectrum
of the green-yellow-red colc;rs'since these colors appear in nature but
the pure spectrum colors in the cyan portion of the chrcmatic_ity diagram
do nof. ‘ v

The trichromatic system of color definition is a calculation of
the’ fractional component of spectraily defined red and green primaries
(referred to incolorimetryas the tristimulus val_{xes)’ for a given color.
Tﬁé}r are des ignaj:ed as x and y respectively and are known as trichromatic
cocfficients. These. represent the percentage of standard red-and green
primaries fequiredfto produce a hue and saturation match to the color.
A third value, Y represents the iuminance or brightness level of the
color. The standard chromaticity diagram -is a plot of the color in terms
of x and y. The dominant wavglength of a color is determined by the
intercept of the spectrum locus with the line which connecés'the illuminant
point (the white point) and the color itself. The relative distance
betweeﬁ the white point, the color, éqﬁ the spectrum locus is the sat-
-uration,

When analyzing the image reproduction characteristics of a multi-
spectral viéwer, colometric measurement is a useful tool particularly
in removing any anomalies -associated with the visual respbnse of the

observer. The visual perceptibility of differences in the C.I.E. chroma-
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ticity diagram are shown in Figure 18 , Generally, colors which appear

identical on a viewer.screen to an observer will not exhibit the same
energy.&istribution and may indeed be‘quite differéqt spectrally. The
advantage in using z trichromatic measurement of an imaée is that the
resultant color measure is completely dependent upon the psyfho~physics
of the situation without any side effect‘:-s of thehuman eye such as simul-
taneous contyast enhancement, |
Often, the chromaticity of an image and the background in which
it is embedded lie reasonably closej when-plotted in the ;:olc')r solid.
When this ‘is the case, it is often judicicus to employ a set ;)f color
) prcjéction filters which bear no resemblence to the taking .fil‘teljs in
the multispectral camera array, but which have the eff;act of increasing
the apparent chromatic difference betwcen the imaée and its background.
This so-called false color space can be made as distinct as the image
densities on the transpareﬁcies permi%. The use of broadband filters
5.1; the .Camera,whic}; overiap along the wavelehg‘ch scale, may make it
impossible to chromatically séparate an ima;ge from its background.
Frequently in such cases, a set of narrow band filters in the multfispec-
tral camera array, which are spectrally non-over]_appir.ig, produce image
densities of sufficien't. difference to give a marked CO].;JI‘ difference

when recomstructed on a nultispectral viewer.

Long Island University Viewer

*

The miltispectral viewer shown in Figure 19 is a hardware embodi-
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FIGURE 18 APPRONTIATE PERCEPTIBILITY OF GIROMATICITY DIFIERENCES. 0N TilR
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BOUNDARY OF BEAQI BLLIPSE TO THE INDICATED POIXT WITHIN IT ALL
CORRESPOND APPROXIMVITLY TO ONB IUNDRED TIMES, B CIRNIWFICITY
DIYEERENCE JUST PLERCEPTISLE WITH CL]U:\I\H’Y U\ID‘ZI MNERATELY G30D
"OBSERVIXG CONDITIONS. -
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ment of these additive color pfinciples. It is a console which displays
a rear projection screen to the operator. Optically, the viewer is an
analog of the multispectral cé:mera array. The basic principle of this
device is the utilization of pre-registered sets of multispectral posi-
tives on a single roll of film.‘ Iﬁ‘this way registration is maintained
as the operation proceeds from one multispect;al'presentation to the
next. The four multispectral film images, each with its independent
illuﬁinafion system, are superiﬁposed-onto the viewer screen at a three
times magnification and in precise regiﬁtration, using the optical de-
sign shown in Figure 20:‘ Misregistration of one image upon the other,
vhen -projected on the viewer screen, 1s not greater than .1 millimeter
anywhere in the presentation, so that no blur will be discernable at
a viewing distance of 18 inches, The fixed magnification projection
system utiiizes four, five inch focal length, £/4.5 lenses. These
lenses are critically matched so that their equivalent back fbéus dimen-
sions are within a few thousandths of an inch of each other. The dif-
fefential distortion of the ﬁ;ojection'lens is matched in a unique way.
As shown in Figﬁre 20, a different part of the field anéle of each
viewer Jens is used to project the image. “This requires that the dis-
tortion of the lenses be different across theif whole field but matched
for ailbfield angles'associafed with conjugate image;. .

‘ Each of four images projected onto the viewing screen has its own
dual illumination system which is also shown in Figure 20. This viewer

utilizes 3200 degréé Kelvin lamps which have the advantage of being quite
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FIGURE 19:

ADDITIVE (DLOR VIEWER REAR
PROJECTION VIEVER SUPER-
IMPOSES FOUR SPECTRAL PIDTOS
TAKEN BY THL CAMERA CREATING
A COMPOSITE PRESENTATION IN
COLOR '
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FIGURE 20:

VIEVER OPTICAL SYSTEM. THE OPTICAL
PROJECTION SYSTEM OF THE VIEWER GIVES
IN REGSITERED SUPERIMPOSITION ALL FOUR
SPECTRAL PHOTOGRAPIS ON A REAR PROJEC-
TION SCREEN.- THE ILLUMINATTON SYSTEM
ALLOYS THE INTERPRETOR TO CONTROL THE
BRIGHTNESS, HUE, AND SATURATION OF THE
IMAGE ON THE SCREEN.
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bright with the appropriate filament configuration to best fill the ap‘e—
ture of the projection lens., The briglﬁness illumination passes through
a neutral density filter; a spectral filter, a beam-spli‘tter and a condens-
ing lens to illuminate the positive spectral photo. The greatest loss
in energy throughout the system occurs through the specéral {or color)
filter. The second half of the illuminari:.ion system is set at S0 degrees
to the brightness lamp and is employed for purposes of desaturation.

Its illumination is reflected from the beam splitter znd is added to

the brightness illumination as modified by the color filter. The filters
associated with the brightness illumination system controls tl;e hue and
brightness while the addition of a desaturation selection provides the
photo-interpreter wif;h complete control over the displayed color.

Film flattening is 'provided by two op-tically polished glass plates,
one of which is fixed to the viewer itself and is considered the focal
plane or object plane of the viewer optical system. ‘The other is mountad
off the: carriage through a si)ring loaded cam mechanism. This moveable
plate is raised off the fixedglass platen by means of a foot pedal dt.iring
the transport of the film, This mechanism insures separation of the
plates and avoids film scratching, A film guide is alsé provided to ‘in-
sure an even transport of the unitary film con’éaining the four -individual
forma:ts in the horizontal plane, thus maintaining the registration.

The ability of the device to maintain registration of the imagery, as
the interpreter progresses from one multispectral image to the next,

is completely dependent on pre-registration of the set of associated
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mﬁltispgek:tral photos on a single 9 1/2 inch roll of film. In order to
utilize the S065 photography, mechanical disassembly of the platteﬁ and
grid arrangement was' necessaﬁ to accommodate the individual frames
of 70mm Hasselblad photograph}-f’".f-

‘ Experience has indicated that the most satisfactory screen material
for general rear projection—viex-:ing 1s a white Polacoat Lenscreen., Al-
" though other screens provide a somewhat brighter image, the fall-off
with J:.ncident obliquity is more pronounced and the resolution capability
is somewhat less. It was moticed however, ‘that with the type Lenscreen
used, considerable colorlinfidelijcy existed when -photogr.aphic:—reproductions
of the multispectral viewing screen were attemptéd. A recently develéped
type of plexigla%s Lenscreen, which is designed specifically for exposing
’ ac;:uratel color photografhs of rear prdj ected scenes has been used for
photographic reproduction of the scréen‘ime}ge. .

- The multispectral viewer projects féur multib;.md images contained
on a_sil-lgle piece of £iln' (each one of which has a resolution of -45 line
p_airs per millimeter) at a ma.gnification of 3 times, this results in a
scr‘een’resolution of about 15 lines per millimeter. 'Since‘the average
eye- resolves scven lines'per millimeter at a normal 18 inch *)iewing dis-
tance, a permissible misregistration which does not exceed..0056 inches
has-been specified and desigﬁed into the viewer system. Each
- projection lens ‘has its own brightness 1amp and filter set which illum-
inates one of the spectral records as well as a desaturation lamp. By.
placing various combinations of projection filters into the opticéll

path and by linear transportation of a filter rack, the scene on the
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viewing screcen appears in color. An important feature of the system
is that it frequently enables, through proper choice of camera and
viewing filtration, the detection, recognition and identification of

objects by color differences which would not otherwisc be visible.

General Effects of Photo Processing on Image Color Characteristics

Tﬁe‘dar_omatié characi;eristics of the multispectral image formed
in additive color on the viewer screen are significantly affected by_
the photo pr&)cessing techniques used. The re-latioﬁship of éxpos.'.ure (or
its radiometric equivalent) to densli_ty on both the negative film used
- in the camera-and the positive transparency printed for prdj ection in
the viewer is a critical consideration: Also a signif_icant paraméter,
often-overlooléed, is the ma_).cimum and minimum ‘;iensi‘ty of .the duplicated
positive image.

The fundamental relationships of the additive color image are
ez'camine-d in some detail in order to present .to_ the reader the significance
of phot-o processing and how errors associat;ed with processing may be

reduced or eliminated.

When a multiband negativé is properly e;xposed and processed to
a gamma of 1.0, a one to one. correspondence will be .created on the
linear portion of the characteristic curve between the radiation re-
flected by an object and the corresponding dens ity.of the imge 0;1

the film. Frequently however, as will be demonstrated, a gama consid-
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erably greater than unity is necessary. to chfomatically differentiate
objects whose spectral signatures are nearly s:imilar. |

" An. ideal set of multiband negatives will reproduce a gray scale
farget having uniform spectral reflectance and which is illumina%ed by
a uniformly distributed source of radiation so that the image density
of each gray scale is the same on every one of the individual multi-
band negatives. This exact matching of exposure and émmna in the dif-~
‘ferent spectral bands which are used is very difficult and frequently
" not possible. -

The difficulty in egactly matching the expoéure density relation-
ship (the characteristic curve) is due partially to the effect of the
wave length of radlatlon which strlkes the photographlc emulsion. When
one film type is used to expose all four spectral ‘bands of dlstlnctly
different wavelengths; in general the characterlstlc curve aSSOC1ated
with.each band will be dlffgrent. This condition is unf01tunaucly en-
countered even in panchromatic emulsions. This effect is shown in
" Figure 21, in which fhe chafzcteristic curves for Infrared Aerographic
filﬁ (5424) eﬁposed with the filters transmitting blue (395 to 510mm), .
green (480 to 590mm}, red (585 to 715nm) and 1nfrared (70? 900nr)

The Aerial Exnosure Index {or speed) of nhotocraphlc emulsions
used in nultiband photography also varies depending on both the spectral
sensitivity and the filtration used. Thg-Aeyial ﬁxposure Index is de-
fined as .5 divided: by the éxposure (meter candle secends) at the point ‘

where the slope of the characteristic curve is .6 times the gamma (the
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3,0 -LEGEND
2.9 NO FILTER .. GCAMMA 1.14
®l BLUE FILTER T GAMMA 1,67 -
GREEN FILTER GAMMA .98 -
26 RED FILTER..... GAMVA 1.85
I.R. FILTER .. GAMMA 1.15

24

DENSITY

) 3 .b 9 J2 5 18 2.1 2.4 257 3.0
RELATIVE 10G EXPOSURE

FIGURE 21: CHARACIERISTIC CURVES FOR INFRARED FIIM (5424). EXPOSED WITII
FILTERS USED IN THE EXPERIMENT AND MATCHED AT .6 GAMYA.
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tangent pf the angle made by the linear part of the curve and x axis).
Figure 22 shows the absolute relationship of the characteristic curves
and the differences in photographic speed for Aerographic Infrared
f£ilm (5424) using filters similar to those used in the experiment.

The careful reader will note that cxposurc is measured in photo-
. matric units (meter candle seconds) and hence is defined only for the
visible spectrum. The exposure of the infrared band contains no.visible
light and is really not capable of definition in terms of photometric
exposure. It has been therpractice in infrarcd and uitravioiet aerial
photography to use the fiction t.hat the exposure in this non-visible
. 'reﬂioh consists of the meter candle seconds of a s'tandaj‘d CHergy Source
(Ltmmant C) which has a predefined spectral distribution of hoth v151b1e
and 1nfrared radiaiton. This practice has the effect of n"aklng exposure
calculations for thoyinfrared bands extremﬂly difficult to detemme be-
cause of deviations of the spectral dlstrlbutlon of solar radiation from*
thls standard. Acc:ura.te and unambiguous exposure can be obtalned in
multiband photography by using#absolute radiometric units (such a§k:rgs
per centimeter squared) in each spectral band.

It should be noted that the intensity of the energy which forms
the image on the photogréphic emulsion of an airborne multispectral
camel;a does not depend on the distance between the object anc'l the lens
of the sensor, That is, when an object is at sufficiently large distance
with respect to the focal length of the camera, the intensity of the

radiation which forms the image is:
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I=Brg
4
there: B = incident intensity of radiation

.times the reflectivity of the
object

£ = £/number of the!lens

In obtaining actual multispectral photographs, the experimenter must
also include the actual lens and filter transmission charactersitics

in the above equation.

Photographic Tone Reproduction

In order to accurately represent to the human eye the reflccted
light from a ﬁarti;:uiar ground scene, there rust exist a one to one map-
ping of the object luminance iﬁto the density on the positive. Assume
that the negative has been well exposed and processed to a pa;'ticular
gamira, A tone reproduction curve may be constructed to represent the
fidelity with,which,combination}yegative and positive transpa?encies
reproduce the brightnesé of the original ground scene. A typical tone '
reproduétion curve is shown in Figure 23, which represents the fidelity
with wﬁich the red Jspec:tral band reproduced the five step gray scale
under noon illumination. Quadrant I of this figure shows the character-
istic aurve of the spectral negative, The densities on the nega’cive.
of the di-splayed gray scales in the scene were measured and the target
brightness in relative units related to the photogréphic exposure on -

the negative film, The corresponding characteristic curve of the posi-
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FIGURE 23: TONE REPRODUCTION DIAGRAM. THIS DIAGRAM SHOWS 110W WELL THE
RED SPECTRUM NEGATIVE AND DUPLICATED POSITIVE REFRODUCED TIE

ORYGINAL SCENE BRIGHINESS.
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tive transparency was cbtained through similar mea._suremeni: of the gray
scale densities of quadrant II. Vertical lines from several points con-
necting the negative and positive characteristic curves are made to in-
tersect a 45 degree transfer: line in quadrant III. By extending hori- .
zontal lines from quadrant 111 to intersect vertical lines from the
original negative curve of quadrant I, and indication of reproduction
process is obtained. Thus, the locus of all intersected points from
the negative and positive characteristic curves yield the tone repro-
duction of quadrant IV. For exact reproduction, the curve in quadrant
IV should appear as a straight line, An indication of the reproduced
departures from this norm are made iay comparing the curve A with the

curve B.

How Image Density is Related to Color

in order to create an additive color présentation from a set of
black and white multiband phhétos, each photograph must be projected by
an 0pti‘cal system, each using '5 different colored light source, onto a
screen in such a way that the images are accurately registered withl re-
spect to each other. -A different proportion of light will be present
in the screen image depending upon the densities of the' image .oh each
nultiband photo which is projected.

In establishing the relationship between density of individual
" black and white Images and the ;:olor dlaracter.istics of the correspond-

ing recombined image that is projected on the screen, consider three
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prjinary téking filters, blue (395 to 510nm), greeﬁ' (480 to 590nm), and
red (585 to 715mm). When each multiband negative is exposed through
one of these filters and processed to obtain a specific characteristic
curve, the slope being the aamma, a positive image is then made by ex- _
posing the negative onto duplicating film and processing to obtain a
specific relationship between the brightness of the ground scene and
the éensity of the image on this pc;sitive transparency. |

By projecting each of thése multiband positives using similar
) primary blule, green and red filters -to form the additive color present-
ation on a viewing screen, a ‘'true color" renditign of the ground scéne
is created. The fidelity of the colors of the image compared to the
object is not Perfect. In dyder for the image to bhe a peffect TEePTO-
duction of the color of the objéct, it would be necessary to photograph
the images exactly as would be recorded by the stimulation of the visual
résponse mechanism of the human eye, shown in Figure 24 . Toﬁ date, it
has not been poss:.ble to consiruct with complete fidelity, filters whose
transmssmn could be duplicated by the response of a photo sensitive
material and the illuminant falling on the scene such that curves are
exactly reproduced. Due to the necessity to create a less than zero
exposure, it is usually-assumed that it is theoretically impossible to
obtain absolutely perfect photographic color reproduction. These facts
not withstanding, a very close true color reproduction of a ground scene
is possible with the‘ priméry blue, green -and red filters noted above,

As discussed previously, not all colors can be reproduced using
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;3D8 particular set of filters due to the shape of the célor triangle
created within the chromaticity diagram (See Figure 17}.- No difficulty
036 i U%A\ —
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FIGURE 24 ;: SPECTRAL DISTRTBUTION CURVES FOR THE CIE "STANDARD
OBSERVER' AND MCONOCHROMATIC PRIMARIES AT THE WAVE-
LENGIHS 700, 546.1, and 435.8 Nof (NEGATIVE VALUES
INDICATE THAT CCLOR }UST BE ADDED TO THE COLOR BEING
MEASURED TO OBTAIN A COLORIMETRIC MATCH.)
will be encountered in reproducing colors whose dominant wavelengths
lie close to the transmission peéks of the taking filters. However, in
order to reproduce the colers -of objects which reflect only dominant
wavelengths associated with secondary colors yellow. and cyan, it is
necessary that there exist a wavelength overlap between the taking pri-

maries as shown in Figure 25. That is, the overlap region between the
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red and the green filter will yield the yellows and in similér manner,
the overlap region between the blue and green filter will yield cyan
color, The amount of overlap (in nanometers) indicates the spectral
regibn” in which the secondary colors can be reproduced. -Fortunately,
for true color rabroduction, most colors iﬁ nature are composed of
broadbands which cover a considerable wavelength range extending into
wavelengths where the primaries transmit considerable mmounts of rat
diation, ‘

The reproduction of such secondary colors is also dependent on
‘the camera exposure. Since the region of overlap does not possess the
amplitude of transmission which the primary colors:hq,{oo ghort'an
exposure will render only the primaries visible. As the exposure time
is increased, the secondary colors will become apparent.‘

In view of the foregoing,the image dens?ty on each of the muléi—
band pos%tives can now- be related to the additive coior image which
they produce. ‘ - | ‘

- Where the densities on gll the multiband positives
are équal,-a condition of zero saturation exists.

" The image is a shade of gray {achromatic). This is
due to the fact that the human eye sees equal amountg
of blﬁe, green and red, which are combined in the
image as beinétwhite. The brightness or luminosity
.of the white color which-is perceived depends on the '

total energy combined in the image.
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OVERLAP IN SPECTRAL TAKING FILTERS TC ACCURATELY REPRODUCE, SECONDARY SPECTRUM COLORS OF
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LONG ISLAND UNIVSRSITY Technical Report SERG TR-13
SCIENCE ENGINEERING RESEARCH GROUP 15 January 1970

\

-The color of the J'_m'age is a function of ‘t‘he ratio
of the three colors which are projected to form it.
Since the densities on each multiband photo are a
logarithmic relation of the image forming’energy,

the chromaticity obtained is the weighted average of

the threce densities.

" The additive color image will faithfully reproduce
the color of an object at-a gam"na' of one, Increase
in gamna above unit)-f will increase the saturation of
the ;ijnagg color above that ;)f the object‘. Converseiy,
a gasmnef less than unity will <glecreasé the saturation

~of the additive color image.

- The magnitude of the minimum density multispectral image

establishes the brifhtness of the additive color image.

~The
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SECTION 4

REPRICESSING OF S065 MILTISPECTRAL PHOTOGRAPHY

In an additive color projection system, the color of an image
appearing on the screen depends upon the image densitics of the posi-
tives which are projected. When densities are equal in three positive
images, and each is illuminated by an equal energy primary light source'
(blue, green,red), the screen image will be a shade of gray. This is
due to the fact ﬁat the human eye sees equal amounts of blue, green and
red light which are combined in the image as white. The brightness of
this achromatic {colorless) image is dependent upon the magnitude of the
t]ﬁ*ee densities apd the brightness level of the projection system.

When the densities in the three black-and-white images are unequal,
the eye sees the composite screen image as a color. This color is a
function of the ratic of the three densities. .The hue, or dominent wave-
length, is determined by the two lesser densities, and its saturation,
is therefore increased by inc;:!gasing the density differences existing
between the black-and-white images which are projected.

The greatest ppssible color discrimination is achieved by expanding
the density range of the areas of in-tereét in e-ach black-and-white image
to correspond to the density range accommodated by the projection system.
Investigation has shown that in the Long Island University Additive Co-
lor Viewer, densities over approximately 1.0 in one image will have no

preceptible effect upon the color of the composite screen image which
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is produced by the lower densities in the other images {Anderson 1963},
This does not mean that all areas of interest in all three bands must
have a density of less -than 1.0, nFor example, in a photograph that
incluées both land and a water mass, the infrared negative will generally
have very low density in the image of water, due to the absroption of
infrared radiation by water. The density range in the land image of
well processed green, red and infrared positives will result in a water
image density of over 1.0 in the infrared positive. In this case, any
detail in the water image,as it appears on the screen, will come from

the green and red positives.  The color of the water image will‘generally
be tnaffected by ‘the infrared positive.

' While it is true that féithful.color reproduction in-an additive
color projection system requires the gamma and density range.of the three
ﬁosifives match each other, it assumes equal log exposure faﬁges in the
three positives. "As will be seen in the foliowing analysis of a frame
of miltispectral phgtographf, this assumption does not necessarily hold
true in multispectral photograpﬁ; taken from orbit., As was ev.rident.~
from the-previous example, the absorption of infrared radiation by ;a-
ter when combined with the large amount of infrared radiation reflected
by most vegetation, results in a greater log exposure range in the infra-
red than either the green Sr red bands, The green band? on the other
ﬁand, typically has a shorter ldg exposure range than the red band, 0One
possible explanation for this.experimental fact is the increased atmospheric

scattering of shorter wavelength radiation which is recorded in the
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gl
green bandsx.
In view of the.foregoing facts, the gener:al requirements“ for S065
posifives to be used for addiféye color projection are as follows:
1) a low base plus fog density, and the lowest possible
lminimum image density is necessary for the greatest
possible scfeen brightness;
2} the density range of areas of interest within the
image area must be relatively high, within the 1i-
mitations of the projection system, for fpll_ color
: di'scr:'_Lmination ‘and saturation;
. 3) the overall image density, density range, and‘ gamma,
of the t};ree positives s]_10uld be matched to each' i
- other as closely as possible subject to the con-
straiqt imposed by log exposure range of each band.
The best possible compromise should be achieved in .
view of the interprttative purpose of the additive

color image.

The S065 release positives,a; Teceived,wefe not suitable for ad-
ditive color projection because: .
1) the image densities were too high, being usually
above the usable range of the Long Island University

additive color system;

2} the image densities were not matched to each other
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"in magnitude;
3) the density ranges were generally too small for full

color discrimination and saturation,

Reprocessing Techniques

-“Selected frames of 5065 :multispectral photography were repro-

cessed. The steps taken in the reprocessing of each frame were as fol-

lows:

- the master positive of each band was contac:t printed, elong

- w1th the pre fllght frlsket exposed through the approprlate
fllter, to produce an 1nternecat1ve Exposure and develon-
_. ment were controlled to increase the dens 1ty range of the
. areas of 1nterest A twenty-one step neutral density wedge_
was also-included as a processing control,
- the internegative, including the negative image of the
p‘1:e-flight frisket ,J was contact‘printed to prodl.ice a
finel‘ positive transparency. Again, e;cposure and develop-
‘ment were controlled to produce a frallsparency meeting the
. previously listed requiremeﬁts , and a wedge was included as
a process control .. In some of the- cases discussed elsewhere
" in this report, the internegatives and/or final positives
‘were enlargee't rather ﬁan contact printed. In these cases,

scale was corrected to insure registration of the three

images.
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Each frame was individually reprocessed so that an additi\'re color
image optimized for an interpretative purpose would be produced, The re-
processing of frame number 3726,discussed below, is typical of the methods
used for all the réprocessed 8065 multispectral photography.

Figures 26, 28 and 39 show the original trelease' positive, interne-
T gaﬁ.{re-, and final posi-tive along with the corresponding pre-flight fris-
ket reproductions, for frame number 3726B (green band), 3726D (red band),
and 3726C (infrared band). Because these iméges are in.a different me-
dium than the originals (paper prints rather than film transparencies),
they have bc;en'printed in such a manner as to convey the.visual appearance
_, of the transparencies. |

- The graphs shown.-in. Figure 27 , 29and 31 are the den.sity v‘ersus
original photometric log exposure of the pre-flight friskets (green,
red and infrared) as reproduced in the méster positives, internegatives,

~and final positives. The simulation filters (mmber 58, 25, and 89B)
were not included in the calcuiation of these log exposure values, "I‘}'le
conventional assumption of composite film and filter was used in pre-
paring this data {Data Corp. 1969). The wedge step numbers are indi-
cated on the .log exposure scale in each case. The gamﬁa;. values indicated
in each figure are system gammas (that is, the g-amna of the original
wedge as it is reproduced in each generation) rathier than process ganmas
(the gamma to which each generation is proces'sed). The pro;:ess ganma
values of the three ‘internegatives and final positives are listed in
Tab_le 3.
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FIGURE Z6A: SO65 FRAME 3726B(GREEN BAND) AND CORRESPONDING PRE-FLIGHT
FRISKET AS RECEIVED.

FIGURE 26B: INTERNEGATIVE STAGE OF REPROCESSED S065 FRAME 3726B AND
CORRESPONDING PRE-FEIG!T FRISKET .

FIGURE 26 C: FINAL POSITIVE STAGE OF REPROCESSED S065 FRAME 3726B(GREEN
BAND) AND CORRESPONDING PRE-FLIGHT FRISKET.
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FIGURE 28A: SO65 FRAME 3726D(RED BAND) AND CORRESPONDING PRE-FLIGHT
FRISKET AS RECEIVED .
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FIGURE 28E: INTERNEGATIVE STAGE OF REPROCESSED S065 FRAME 3726D AND
CORRESPONDING PRE-FLIGHT FRISKET. g
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FIGURE 28C: FINAL POSITIVE STAGE OF REPROCESSED S065 FRAME 3726D
AND CORRESPONDING PRE-FLIGHT FRISKET(RED BAND) .
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FIGURE 29 : PRE-FLIGHT FRISKET EXPOSED WITH |~ st -

#25 FILTER AS REPRODUCED WITIH fRf= e been TREE s e ks LR !
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REPROCESSED POSITIVES OF S065 |-ttt

FRAME #3726D (RED BAND) B s

......

.....

- ~—=—-4N1f.n NEGATNE:—T-*Z ‘io

I
REfRo cess zufosruvz_‘e' 12 Gﬁ

- .._,-j-.i.JRIGINAL Po:n‘wt-:. Y"ITS' =,

Ak DENSITY

T |:

T

—STerd o

-—-._....l’

TR | T

' | 1 e 5.?"5:;5- 4-{=3iza

o i
Td-te

g-¢

g%

i 4 ?He'l‘oncr.'fﬂu toe Exrosuua (m

Inz

AR 5L s




LONG ISLAND UNIVERSITY " Technical Report SERG TR-13

SCIENGE ENGINEERING RESEARGH GROUP 15 January 1970

-

.,..._.I. !; ' ! m

. FIGURE 30A S065 FRAE 3726C{I\1FRARFD BAND) AND CORRESPONDING PRE-FLIGIT
FRISKET AS RECEIVED .
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FIGURE 30B: INTERNEGATIVE STAGE OF REPROCESSED S065 FRAME 3726C AND
CORRESPONDING PRE-FLIGHT FRISKET

FIGURE 30 C: FINAL POSITIVE STAGE OF REPROCESSED -SO065 FRAME 3726C AND
OORRESPONDING PRE-FLIGHT FRISKET (INFRARED BAND).:
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PROCESS Y OF ‘ PROCESS Y OF
BAND INTERNEGATIVE FINAL POSITIVE
GREEN B (#58) 2.4 2.%
RED D (#25) 1.9 2.8
INFRARED C (#89B) 17, 2.8

TABLE 3 : PROCESS GAMMAS OF INTERNEGATIVE AND FINAL POSITIVE STAGES OT‘
REPROCESSING S065 FRAME #3726.

Seven comparatively uniform areas of frame number 3726 were chosen

.for density measurements. These areas vary in brightness from compara-

tively deep water to relatively bright land areas. These areas aré shown
in Figure 32. All areas of interest are assumed té lie within the log
exposure range represented by these areas. Brighter areas undoubtedly
exist within the photograph, but they are too small or non-uniform to
be read with the available one millimeter aperture Densitometer (Mac-
Beth model TD 102). L '
The densities of these seven areas were measured in the master
positive, internegativé and final positive of each of the three bands.
Each density was then located on the appropriate characteristic curve
(Figures 27, 29and 31) in order to determine the log exposure value
that was required originally in order to produce that density in each

generation. The density and corresponding log exposure values are

listed in Tables 4, 5, and 6. Also included in these Tables are the

-86-




LONG ISLAND UNIVERSITY Technical Report SERG TR-13
SCIENCE ENGINEERING RESEARCI GROUP 15 January 1970

density range of areas of interest (AD), the'correspondiﬁg log exposure
range (Alog E) of these areas, and the degree bf movement along, the log
exposure axis, of cach area, between the‘master positive and the final
positive (log E shift). This data is shown graphically in Figure 33.
There the portion of the curves ocaupied by the areas of interest are
shown for the master positive and final positive.of each spectral band.
The significance of this data may be examined in several ways.
An examination of Figure 33 graphically demonstrates the need for repro-
cessing the original S065 positives when additive color projection is
to be used. In the green band, the magnitude of the image densities
of areas of interest has been lowered to the usable range of the pro-
jection system (from minimum density of 1.35 to 0.41), and the density
range has been expanded from 0.17 to 0.55. In the red band, the image
minimun density has been lowered from 1,38 to 0.21 and the density |
range expanded from 0.58 to 0.89. In the infrared bénd, the image mini-
mum density has been lowered from 0.70 to 0.26, and the density range
expanded from 0.95 to 1.36. ﬂﬁile the density ranges do not match numer-
ically, it must be remembered that the upper density area of the infra-
red record represents water areas. It means merely tha; the additive
image color of the water detail produced by the red and green.bénds will
not be desaturated by the infrared record. It is significant that when
only the land areas are considered (areas 4, 5, 6 and 7) in Figure 32,

the density range becomes 0.23 for the green band, 0.34 for the red, and
0.38 for the infrared.
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FIGURE 32: AREAS OF INTEREST (HOSEN ROR DENSITY MEASUREMENT IN SO065 FRAME 3726

Some possible reasons for the difference in magnitude of the log
exposure range of the areas of interest between the bands and any given

generation have been discussed previously. These are:

- the compression of the log exposure range at shorter -
wavelengths, due to greater atmospheric scattering of -~
the light at the shorter wavelengths,

- the expansion of the log exposure range in the infra-

~ red, due to the high absorption of infrared radiation
’ | by water, coupled with the high reflection of the in-

frared radiation by many types of vegetation.

The variation in log exposure range between generations of any

one band, and the amount of log exposure shift of any area from original
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1 N
DENSITIES LOG EXPOSURE (-10)
“ MASTER | INTER- | FINA ¢ MASTER INTER- | FINAL IOG E
POSTITVE| NEGUTTVE | PoSTT. ‘YEIPOSITIVE |NEGATTVE | POSITIVE | SUIET
AREA 1 1.52 1,04 96 10.44 10,53 10.54 +.,10
2 1.36 .1 1.40 .49 10.62 10.67 10,760 | +.08
3 1.35 1.44 .41 10.63 10.69 10.72 +,09
.4 1.38 1.38 .49 10.60 10,66 10.70 | +.10
5 1.44 | 1.27° .64 10,54 10,62 10,64 | +.19
. 6 1.36 1.49 Al 10.62 10,70 10,72 | +.10
Sy 141 1 43 “a4 10,57 10.68 10.71 | +.14
AD Y, .45 55 alog B .19 A9 - L .18 _
TABLE 4: TMAGE DENSITIES AND CORRESP(:-ING LOG EXFOSURE VALUES OF AREAS OF
. INTEREST IN SO65 FRAME #37267-1%58, GREEN BAND) . :
DENSITIES . 10G EXPOSURE (-10)
MASTER | INTER- FINAT, MASTER . INTER- | FINAL .| IOGE
POSITTVEl NmeATTVE | postry £ POSITIVE |NDGATTVE | POSTTIVE | SHIFT
JAREA 1 1.96 .31 1.10 # - 9.40 - 9.45 9,38 -.02
2 1.68 .66 . .39 9.45 9.71 9.74 +,00
3 1.38 1.12 .21 9.83 9.89 9,87 +.04
4 1.52 .65 .34 9.75 9.71 9,77 +,02
5 1.74 .56 .68 9.60 9.66 9,64 +.04
6 1.54 .82 .35 8.74 9.79 9,95 +,01
7 1.50 .81 .36 {  9.76 9.78 9,74 | . -.n2
AD .58 .81 8y [0z E .43 .44 .49
TABLE S : TMAGE DENSITIES AND CORRESTtr##ING LOG EXPOSURE VALUES OF AREAS OF

INFTEREST IN SO65 FRAME #3726 M

(#25, RED BAND).
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DENSITIES - LOG EXPOSURE (-10)
MASTER  INTER- FINAL | MASTER INTER-  FINAL L0G F
POSITIVE NEGATIVE  FOSITIVE [POSITIVE NEGATIVE. POSITIVE  SHIFT
AREA 1 1.65 .16 1.62 8.14 3.34 8.35 +.21
2 1.60 .18 1,59 8,24 8.40 8.38 +.14
3 1.24 .38 1.12 8.56 " 8,62 8.63 +.07
4 .88 .77 .46 8.82 8.86 8.88 +.06
5 .97 .66 .64 8,75 8.79 8,81 +,06
6 .70 .98 .26 8.95 8.99 9.01 +,06
7 .89 .70 . .56 8.81 8.82 8.84 +.03
AD .95 .82 1.36 AlogE .81 .65 .66

TABLE 6: IMAGE DENSITIES AND CORRESPONDING LOG EXPOSURE .VALUES OF AREAS OF
- INTEREST IN SO65 FRAME #3726C(#89B, INFRARED BAND)

positive to final positive in a given spectral band, may be considered
to be aﬁﬂéasure of the.@hotometfic fidelity of reproduction during the
reprocessing cyclé., Perfect pho%ometric fidélity would require that
the log exposure range of each band 5e the same in the final positive
as in the original positive,;;nd that log exposure point of each area
be the same in the final positive as in the original positive. Some
possible causes of error which may be responsible for the deviations
from this, other than the non-linearity limitations of the phétp—
graphic process are as follows: -

- any error in locéting the same gepgraﬁhical area for

density measurement in each image could lead to in-

accurate density values;
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Ef high density areas in the positive images, such as
(deep water in Figure 32) in the reé and particularly
in the infrared bands, would have occurred near the
base plus fog ievel of the original negative, The
accurac} of corrésponding iog exposure values is qﬁes—
‘tionable in this region, as a large log ‘exposure dif- -
ference results in a small density difference. It is’
significant to note that the log exposure range of the
infrared band varies from 0.81-in the original positive
‘to‘b.66 in the final posifiveiwhen 511 se&eﬁ areas of
inééres; are considered. If; however,-only the land
areas are considered (areas 4,5,6 and 7 in Figure 32},
the log exposure range is a constant 0.20 in‘the'originél
positive;.the intemnegative and tﬁe-fiﬂal‘positive.
Similarly, the log exposure range of the red band varies“
" from 0.43 in the original ﬁositive to 0.49 in the final
positive wheg ail ;;ven éreas_afe considered. When tﬁe
'deep-water‘area (area 1 in Figure 32} is exluded from
consideration, the log exposure range is a constant 0.23

in all three generations.

- This anlaysis of photometric'fidelity is concerned only with the
reprocessing cycle, from the original positive received from NASA,
through the final positive used for additive color projection. An analysis
of the photometric fidelity to the original negative would require density

- readings of these areas- in the original negative.
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SECTION 5

ANALYSIS OF MULTISPECTRAL ADDITIVE COLOR PHOTOGRAPHY FOR DETERMINING -
AGRICULTURAL LAND USE IN THE IMPERIAL VALLEY, CALIFORNIA

The Imperial \failey of California was used as a controlled testJ
site in order to evaluate the utility of mu—_ltislaectral additive color
photography for land use classification. Not only was excellent ground
truth of the area available during the time of the Apollo 9 flight but
also this agricultural unit is of considerable economic sig-nificaﬁce.

The gross value of .c:rop and livestock production exceeds $232 miilion
of which $92 million are represented by field crops.

. Two areas of_the Valley were chosen for detailed analysis. Ground
‘ tm‘gh was available for both. Colorimetric anélysis of 45 times enlarge-
ments of th_'e S065 multispectral additive color images showed that the -
classifications of vegetation, soil and surface water could be reliably
made, ]

An analysis of the chromajicity of images of three crops (alfalfa,
barley and sugar beets) on a post facto cross classification of crop type
and image color indicated a 67% a'posterari probability of correct class-
ification. That is, image color was quantitatively associated with cron
type two thirds of the time,

No significant relationship was found Hetween. image brightness
-and these land-use classifications. In general, the images of soils

varied much more in brightness than vegetation, The greatest variabhility

-93-



LONG ISLAND UNIVERSITY Technical Report SLERG TR-13
SCIENCE ENGINEERING RESEARCH GROUP . 15 January 1970

in crop brightness was exhibited in the infrared image,

b

Some Geographical, Aericultural and Economic Characteristics of Imperial
Valley, California

" The Imperial Valley is an impressive monument fo man's ingenuity.
In just sixty years, a once dry and desolate desert has been turned into
a half million acre agricutural axea, This has been accomplished by
diversion of water from the Colorado River in a network of canals. Sev-
eral dams on the Colorado River provide a well controlled flow of water
in the 80 mile long All-fmerican Canal and through some 300 miles of
smaller canals, = Imperial Yalley is now the largest single irrigated
acreage in the Western Memisphere. The gross value of crop and live
stock productibn in 1968 exceeded $232 million.

The Imperial Valley, located some 220 miles southegstlof Los Angeles
and 60 ﬁiles west of Yuna, Arizona, was once partially submerggd under
the Gulf of California. In time the flow of éhe Colorado River built
a vast dam of 511t between the Gu1£ and the Valley creating the desert,
A large portion of the Imperial Valley is below sea level, the Salton
Sea being 235 feet below the Pacific fcean. The mean temperature of the
valley is 72.8°F with a mecan January temperature 6f.53.4°F. The average
humidity is 26%.

Today no single area in tﬁe world of comparable size prﬁduces'as
many beef-pounds as the Imperial Valley. The latest figures indicate

that some 750,000 head of cattle pass through the feedlots and fields.
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!
- of the Valley annually producing a cash flow of more than $73 million,
Alfalfa, the richest of all livestock feed plants grows‘ well on the
jrrigated farm land of the Valley all year long, Barley and milo (sor-
ghum) are used.as; alternates to alfalfa, The value of all field"crops
- (which inclu-des sugar beets and cotton and a sprinkling of other crops)
was valued at $92 million in 1968, -

During certain parts of the winter, from 75 to 90% of all the

4 ” e s rarecn g
vegetables Americans eat come from the Imperial Valley. Most of the
PRI - y

E;alley‘s produce is grown for immediate consumption--only a small por-
tion is -frozen or canned. Lettuce is the largest veg'etal.)le in\}estnent
with more than 40,000_acres planted in 1968-which had a %éiue of $34
million; Thi; was more than one half the $66 million-total value of

- a1l the Valley's vegetable crops in 1968.

‘ Irrigation; of v_eget_ables was almosf totallyv by the furrow metho;i
until the fall of 1965 when an estimated 1,500 écres‘ were treated with
sprinklérs. The next season 7,060 acres were sprinkled and in 1968 an
estimated 15,000 were unlier sprinkler irrigatior;. However, most all
irrigation is still accomplished by either constant or intermittant .
flooding. - )

The problem of excess salt accumulation in the soil, which re-
stricts the growth and germination of many crops, arises from the saline
water table and from concentration of salt in the irrigation water,
Control of the salinity in the soils of the valley is maintained by a

network of sub-surface drainage tiles which facilitates leaching. More
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salt is removed from the soils per unit-time Qy.constant floxling, a
’ practice which is used in the higher land vdlued areas. IHowever, since
ifrigation water is expensive, the usual practice is to achieve the maxi- -
mﬁm salt removal per gallon of water applied by using intermittant flood-
ing techniques., ' - ‘

'puring the period from March 8 through March 14, 1969, extensive
“"oyound truth" was collécted in certain sections of the Imperial Valley
by a jgint University of Michigan and Department of Agriculture field
team. The stated objéctives of the ground data collection effort were

to obtain identification of fields as to crop (or other éondition) as
. well as per cent cover, height, row direction énd other conditions which

miéht affect-the ﬁultispectral'experiment. Because of the limited time
'available for ground dété collection, every field was not visited. T?K!
ground - truth data contains the disclaimer that vegetatlon heights and
cover estlmates were obtalned from one observatlon p01nt'w1th1n each
field and "may not be representative of height and ground cover .conditions
throughout each field", Intefgretation of selected ground truth areas
from low level aircrafé_photography showed that the ground truth apneared
regsonabl& accurate, gross errors appearing in only a few iﬁ§tances
(such as per cent cover in field 73). The-reader is referred ﬁﬁ Univer-
sity of Michigan Report 2264-7-X{1969) for the details of the groun@

-

truth (Spansail, et.al,, 1969).
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~

’ \»
Characteristics of Apollo 9 Spacc and Underflicht Multispectral and
Color Photoeraphv--The Techniyue ot Analysis

The cloud free condiiic;:@ that existed at the time the set of
four S065 photographs (frame. #3.’/99)' was obtained on 12 March 1969 at'
0828 Pacific Standard Time (1628""\1"1‘) afforded an excellent opportunity
for the quantitative analysis of multispectral space photography.

Since the Imperial Valley--Salton Sea area of California was covered in
the photographs, the focus of attention was on agricultural land uses.
These spaée borne multispe;tral and infrared color photographs were
taken at an altitude of 1-29 miles whi;e the sun angle was 30 degrees
above the hc;rizdn. “

In addition ;co the space -photography, the foilowing additional
sources of data were available: 1) S065 color photog-raphy, 2) Long‘ Island
Univers-i_‘ty underflight coler, color infl;are:d and maltispectral photography, -
3) University of Michigan -ground ‘émth.

The SOS"‘ photographic 5xperiment coverage of -this arca was obtained
on March 9, 1969 atl100ZPST(1802GMT) using Kodak color emulsion, spec:ial
order 368(frame #3287), vMultispectral photography was taken_ on 8 March
1969 at 1536 Pacific Standard Time(2336GIT) at ‘an altitude of 14,000
feet above mean ter;r-ain level using the Tong Tsland University multispectral
camera. The,ground truth was taken continuously during the orbit t‘Z)f
Apollo 9 (Spansail, 1969).' Figure 34 is an enlargement of the red
frame of the set of multispectral pho:.oqranhs showing the Tmperial-V: 1ley,

All-American Canal, Mexican Border, Salton Sea, .Chocolqte Hountains, and
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\
other geographic featurcs of %:h‘e area.

‘The first stela performed in evaluating the suitability of the
S065 photography for the determinaticn of agricultuwal land use was to
make enlargements of the two areas shown in Figure 35. These-are denoted
as Area I and Area II.' Area I appoaring"i_n the thr‘ee multispectral
photographs was enlafged using a precision apparatus to obtain 1§ .times
enlargements il positive fofm. Precis.e control was maintained over the
reprociuction of the density-exposure relationships in-thé images. These
enlargements ware made from reproc:esaed and photographically balanced
‘multispectral photos (see Section 4. 'I‘hese fifteen times'enlargements
wvere placed in the additive color viewer.  Since this instrument has a
fixed three tmes enlarging capablllty, the resultant image on the viewer
© screen was 45 times the original photo scale..

A varlety of false color renditions were created by manipulating
‘the hue brlahtness and saturation controls of the viewer. The resulting
screen images were photographgd in color transparency form. Selected .
images of fields were densitometrically measured on the color transparency
and the chromaticity coordinates computed using two computer programs
developed for the purpose. A similar technique was used for .Area II ex-
c:ept in order to obtain images of sulficient size, twenty-five enlargements
were used. This produced a seventy-five times enlargement on the vi_ewer
screen, which was photoéraphed and subsaquently colorimetrically analyzed.

The 5065 color infrared photograph and 505 color photograpls were

enlarged four times the original photo scale. They were, of course, pro-

98-



LONG ISIAND UNIVERSITY Technical Report SERG TR-13
SCIENCE ENGINEERING RESEARCH GROUP 15 January 1970 ‘

L i I
L & s Vi V
a - o . ";g‘
" /
ST, - ¢ ) e
:* o ‘T'Jf"i 1 f
5 e=Ts l' o .
5 Ny Tt
' “ } \'&. L
k. LA 4
'y ™ 5 & - ]
£ 3 -
L2 oy
s i e
e - e et
b f A 3
» ‘ ¥, > ’
F > Ay
- LY - - . d’i
- - 2+,
S &5
R

§ 1
' L
5 ] e % g %,
R : FTa X
¢ :
2 - W7 . | : :
PR - AT ik K 4
Tt 5 i} g Lk
L T : 2
4o .—-E, | ’ - e
te - Ll et " < 3! : s
i | oo .' 3K opd | ]
"1 ¥
i o 1 a3
b - Ej.,__ Y ii -1"'
# g i ' 5 b
. G ey Ex 1 ‘i b .
T » = i §3 » '-l - ‘_
T = ﬁb-‘ j; 3 \ 35
* . i
* ¥ L - f & A

ki
e

FIQURE 34: SOG5 RED BAMD MULTISPECTRAL PHOTOGRARIT (FRAME #3799) SHYING
THE IMPERIAL VALLEY--SALTON SEA AREA OF CALTFORNIA. AMALYSIS
WAS CONDUCTED 1IN THE ANNOTATED AREA, ENLARGED AREA SIFYIN IN
FICURE 35. s e

-

GRAPHTC oy REPRONTICOTRY "

-99-




LONG ISLAND UNIVERSITY Technical Penort SERG TR-13
SCIENCE ENGINEERING RESE AR("[ CROUP : 15 T‘mua‘ry 1970
ST mw.ﬂv .

b ¥y

—m'm '-:g.

S Bandi|

Sy
e

i
:
% il
A £y 14
,% 1!
oy b
- | :
g R o
. a‘.— s
e
.g;_.
tk,'
nir
. |
B |
S i)

4
‘ﬁm:;
!
1

ik 2y

FIGURE 35: INLARGED SECTION OF S065 MJLTISPECTRAL FRAME #3799 SIOWING
THE TWO AREAS OF THE T}PERIAL VALLEY WiICH WEPE ANALYZED.

GRAPHIC NOT REPRODUCIBLE
-100-




g

gin AND UNIVERSITY Technical Report SERG TR-13
’ T ;r.:. INEERING RESEARCH GROUP 15 January 1970

2. al in color transparency form. The highest precision was used in the
roraduction process with the state-of-the-art. This procedure insured
i~ :c units of sufficient size on the reproduced imaf;e to be measurable
with the requisite spatial precision. |
The Long Island University multispectral imagery was cd]orimetrically

woilyzed in the same manner as used for the S065 multiband photography.
{nlor transﬁarcncies were:reproduced from the viewer screen, densitometrically

rcasured and chromaticity values determined using computer prorvrams
Hea JI‘C“CRtS of the underfllght color a.nd color 1nfrared 1magery were
obtained by densitometric measurement in the duplicate photography supplied -
by NASA. | |

. _In all, over one thousand image measurements weré made. In gen-
eral, the samﬁle size on each photographic rendition for each of the land
usc categories was bétween six and nine. The convex set containing all
the measurenients in each land use cateéory was computed in the interna-
ticaal Standard CIE chromaticity diagram/ Tﬁe image catagoriés were
c€lissified on the basis of the 1005 ground truth. Such a convex set
(=ore properly called the convex hull) is a set of points such that when
& line is drawn between any pair of points in the set, the entire line
will also be in the set-(Hadloey, 1964). -

The rcader should note that the color space used is of a mathe-

Batical form based upon colorimetric theory. The distance between any
WO points in this space is not ‘a measure of the perceivahle color dif-

ference, The existance of a color space in which equal distances repre-

-101-

Y ™

Bame

B FT




LONG ISLAND UNIVERSITY Technical Report SERG TR-13
SCIENCE ENGINEERING RESEARCGI GROUP 15 January 1970

sent equal units of perceivable color is the subject of much debate in
the literature (Mac Adam 1967).
The purpose of these measurements and associated computations
is to define the relative capability of currently available color pro-
ducing photographic techniques for classifying land use, crop type, soils
and the presence of surface water. The intention ig to determine the
uniqueness of chromatic image characteristics in relation to the énviron—
ment. : |
Figure 306 shows a multispectr'al c01-01; rendition of the Appllo 9
S065 multigpectral photograph #3799. This area covers the Imperial
Valley--Salton Sea region of California, This photographic rendition
was made from the additive color viewef screen; thé_green band was vro-
jected as red, the red band projected as greenrand the infrared band
as blﬁe. Color measurements of images of fields for which one hundred
per cent ground truth was available-were made using similar color space
as shown in Figure 36, These measurements_afe plotted in the chromaticity

diagran in Figure 37, Note that the location of image colors relating

to crop, soil and water categories plot in entirely different parts of

the diagram. This indicates a unique association of image colors with
these land use classifications. The data shown represent the convex

hull of all points in each of the three catagories, vegetation, soil

and water.

The second reproduction of a multispectral additive color image

is shown in Figure 38, The green band has been projected as red, the
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IIG7T 36: ADDITIVE QOLOR RENDITION OF APOLLD 9 5065 MULTISPECTRAL

PHOTOGRAPH #3799 SHOWING THE IMPERIAL VALLEY--SALTON SEA
AREA OF CALIFORNIA: ¥ :

GREEN BAND PROJECTED AS RED

RED BAND PROJECTED AS GREEN

INFRARED BAND PROJECTED AS BLUE :
SIGNIFICANT COLOR DIFFERENCES IIAVE BEEN ACHIEVED BETWEEN
CROPS AND PLOWED FIELDS AS SHOWN BY IMAGE CHROMATICITY
VALUES.
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FIGURE 38 : AN ADDITIVE COLOR’ RENDITION OF S065 MULTISPECTRAL PHOTOGRAPI

#3799. THE PROJECTION COLORS HAVE BEEN ADJUSTED SO THAT:
GREEN BAND PROJECTED AS RED, RED BAND PROUJECIED AS BLUE,
INFRARED BAND PROJECTED AS GREEN. THE COLOR DIFFERENCE
BETWEEN VEGETATION, SOIL AND WATER IS SIGNIFICANTLY ENHANCED
SO THAT NO COLOR OVERLAP EXISTS BETWEEN THESE LAND USE CATA-
GORIES. ;
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red band has been projected as blue, and the infrared band as green.
Again, as we would expect, the transformation of the color space yields
categorizations of crop,' s0il and water which are unique for these three
land use categories. As for the previous muitispectral rendition, the
convex hull of all measurements is' shown in Figure 37. Note that there

is large color separation between these three land use catagories.

Additive Color Analysis of Reprocessed SOG5 Photography--Area 1

It was seen in the preceding paragraphs that land use classifications

of soil, vegetation and water could be readily differentiated on a post
facto basis. The wide chromatic separation evidenced by the chromaticity
coordinates shown in Figure 37 showed that the aervors (identifying
two images as belonging to different classificatioﬁ when actually thef
represent the same class of object) and gerrors (saying two images re-
late to objects of the same classification when the cbjects are of dif-
ferent class;cs) would approach zero. This excellent ability to make
these three land use categories is based on multispectral color as the
only identifying image characteristic.

In all six additive color renditions constructed from the photo-
graphy, these three land use categories were.widély separated in image .
color. This, of course, implies that there exists. separation of the
density vectors in three dimensional space. Thus, on the reprocessed

black-and-white S065 multispectral photography there exists density data

in the images which allows soil, water and separation classification
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using either photographic techniques or photometric techniques such as
film scamning and computef processing of the resultant data.

A detailed colorimetric analysis was conducted of all the multi-
spectral additive color renditions. One of these is shown in Figure 40 .
In this rendition, the green band was projected as red, the red band as
blue and the infrared band as green.- This analysis showed the following:

1) There exists significant chromatic separation
between crops, soil and water in the repro-

cessed SN65 multiband photography when recon-

structed in additive color.
There exists overlap between crép types alfal-
fa, barley and sugar beets in all additive

color multispectral renditions.

The a posterari probability that these three

Erops growing on fields with 80% or greater’
ground cover will be correctly classified
is 67%. Th;; probability of correct classi-
ficdtion is based upon a post facto defini-
tion of the convex sets containing image

colors which are related to a unique crop

type

The convex sets of each crop type and the overlap of these sets,

as well as individual image chromaticity coordinates, are shown in
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F:'Lguit‘e 39, The ability to correctly identify crop type as a function
of multispectral image color is shown in Table 7 . | This classification
is based upon a tabulation of the location of each image point in each
set. The correct identificatic;r_l_ of barley, alfalfa and sugar heets is
based only on the chromaticity of the multispectral image. The defin-
ifion of colors which pertain exclusively to a particular crop were made
on a post facto basis.

The image colors which fell in each sub-set of the convex set
of all crops is tabulatéd in Table 7 . For instance, sixty-seven per
cent of fields containing barley fell in the convex set of all barley
" fields. Twenty-two per celnt of barley was misclassified as alfalfa and
eleven per c'ent WE;S misclassified as sugar beets. The same analysis
is shown for alfalfa and sugar beets. ‘

Tiwage Brightness Ma;zs es

The brightness of the additive color _image; aré shown in Figures
41 and 42. 'i*hese analyses show that for any rendition:

1) No sir-lgle correlatich exists between jjﬁage brightness
and: any crop or soil.

2) In general, the image brightness of soils is much
more varied than the image brightness of crops
{80% or better ground cover}.

3) The greatest var;lation in image brightness of
crops exists in the infrared band. This cr;ln
-be seen when the infrared band is projected as
green, which is shown in Figure 41 and 42, T}‘lis'
Co;xdi.tion is generally | |
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TOTAL

NOMBER | RATIO | A POSTE~
NUMBER | IN EACH | TOTAL # | RARI
OF TMAGE SET TO # IN | PROBABIL-
EACH SET ITY
ALFALFA IMAGES IN THE
FOLLOWING SETS: : 6 -- -- .- --
ALFALFA (OMLY) . a- | 4/6 .67  |CORRECT
BARLEY . 1 1/6 .17 {INCORRECT
SUGAR BEETS “- 0 0 0 TNOORRECT
BARLEY -§ SUGAR BEETS -- 1 1/6 17 IINCORREC
" BARLEY IMAGES IN THE -
_FOLLOWING SETS: 9 . . - .
BARLEY (ONLY) - 6 6/9 .67  |CORRECT
ALFALFA S -- 2 2/9 -1 .22 lincormect
SUGAR BEETS =" 1 1/9 11 INCORRECT
ALFALFA & SUGAR BEETS -- 0 0 0 |INCORRECT
SUGAR BEET IMAGES IN THE
FOLLOWING SEIS: 9 - .- - -
SUGAR BEETS (ONLY) # 6 6/9 .67  |CORRECT
ALFALFA “- 0 0 0 INCORRECT .
BARLEY . 1 1/9 1 L\ECORRECJf
ALFALFA § BARLEY - 2 2/ 9 .22 TNCORREC

THE A POSTERIORT PROBABILITIES OF CORRECT CROP CLASSIFICATION BASED OMLY
ON .IMAGE CHROMATICITY CHARACTERISTICS--S065 \IULFISPECT RAL ADDITIVE COLOR
RENDITICN OF IMPERYAL VALLEY.

TABLE 7
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attributed to the variation. in the meso-
phyl reflection of leaves., The data

in F.igures 41 and.42 show that greez-i and
red. sensitive bands display much less-vari-
ability in the image brightness of vegeta-
tion.

4) The infrared band exhibits the -great'est =
averagc image brightness., The green band
exhibits the next gfeatesf: brightess - with
the red band the least., The reduced bright-
ness of crops in the red band is undoubtedly

" due to the chlorophyll absorption at 68Cnm,

Recapitulation of The Techniques Used

Precision photographic techniques were used tc; reprodu&e the
enlaxgements of Area I of the Imperial Valley using S065 black-and-
white Trame #3799, A specialli adapted Omnega enlarger was used to
make the necessary positilfe transparencies. Special photographic sen-
sitometric controls were used to insure that high fidelity tone repro-
duction was maintained in the enlarging process.. Color transparencies
were made of the additive color image as it appeared on the viewer screen.
Since a three times enlargement e;cists in the additive color Viexx’ér,

the photo scale on the viewer screen was 45 times that of the original

S065 photography.
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'I‘hc; coior mpro;luctions' made with high speed Ektachrome Type B
wére s—ensitomei-:rically controlled in processing to produce the best
colox transmfe:zcies within the state-of-the-art. In the photographic
reproduction, the scale was reduced to twenty times the scale-of the
original 5065 Dhotocrraphy. -

'I‘he six possible primary color spaces were analyzed in terms of
their CIE coordinates, three of which are reproduced in this report."‘
These color values were computed from pex cent transmission measure-

" ments made ,01_1 the transparencies by using two computer programs devel-
oped specially for this iaurpoée. ’Ihi%ty«three fields were measured:
R:'m.e barley fields, nine sugar beet: fields, six alfalfa and e::Lght ‘bare
. soil, one water (four measuremeﬁts) .. The fields were chosen based on
the homogenous qualif_:ybf their image on the ccllor_transparencies. The
mmbers of the fields exhibiting a homogenous image for which gron;nd
truth was available are shown in Figure 40. -

A detailed examination S:E the color_énd brightness of t.he thirty-

70 fields was performed. Brightness is the third vaiable of color.
The brightness of cach- of the three renditions (not ground object bright—l
ness) was analyzed using the green band approximation to the brightness
function. The green filter used in making these measurements. approxi-
mates quite well the brightness function of the human eye as can be seen
from the graph on the following page. The distribution of approximate

image brightness of -each crop and bare soil is givén in Figure 41 - along

#There are 3! permutations of the blue, green and red primaries,
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with a histogram of the distribution of brightness values (Figure 42).
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SECTION 6

COMPARATIVE COLORIMETRIC ANALYSIS OF S065

MJLTISPECTRAL ADDITIVE (DLOR AND INFRARED

SUBTRACTIVE (OLOR IMAGES

A colorimetric analysis was undertaken to compare the chromatic
‘characteristics of current state-of-the-art additive and subtractive
false color image forming tec}mi‘ques.' Tmages of soil, water a;‘id cTops
(alfalfa, barley and sugar beets) appearing on S065 frame #3799, lIm-
perial Valléy, California, were measured using three distinctly dif-=
ferent methods of producing color images. The focus of attentit-)n was
nc;t only the capabilify to uniquely associate image co‘10r with vegeta-
tipn, soil and water land use catagorizations but also the ability to
differentiate between individual crops.

The first image analyzed was an additive color enlargement of
S065 frame number 3799 wit_h the green band projected as blue,-the red
band projected as green and tl}e infrared band projected as red, Area
I of the Imperial Val-ley was selected (see Figure 35). The choice ’of
vie;f:ing filters used in projection simulated the response of colof in-
frared £i1m. The image on the viewer screen was forty-five times the
scale of the original S065 photography. The:crop, soil and water images
were.then compared with a four times enlargement of the associated SO65
color infrared photograph, The "chird comparison made was conducted
using a set of black-and-white separation positives made from the‘SOGS

color infrared photo and placed in the additive color viewer; the chro-
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i
maticity ‘measurements were made from a photographic reproduction of the
additive color image as it appeared-on the viewer screen.
T};irty~seven_different images were meas;ured 01:1 cach of these three
renditions. Identical replications were made-(i.e., the same images
were measuréd on each rendition). ‘Iwent'y—fc;ur different fields of crops
were meééured c:oﬁsisting of six (6) alfalfa, nine (‘9) barley and nine
{9) sugar beet fields. Nine (9) different plots of bare soil we‘re mea-
sured. . .The one large ground area which contained water was measured in
four (4) locations. ‘
) fIhe_rea_der ShOL;ld noté that identical areas. vere compared on:
-, 1) an'enlarg_emfant of the S065 multispectral additive -
color rendition with the glleeﬁ Ijoand .proj‘ectehd as
blue, the red band-projected as ‘gre_ein and the infra-
- red_ ﬁand projected as red; )
- 2). a four times ¢olor eﬁlargement of the‘color infrared
of S065 frame #3799%,; '
: 3) color separations made from the S065 color infrared :
. photo enlargéd four times and ,feconstmcted on the

additive color viewer screen.

" .The largest convex sets containing each of the four different
land use categories was determined for each of the three crops as well
as for soil and water, The numbér of image points in each set and in-
tersection of se;ts was detefn'lined graphically. These convex sets re-

nEesent an after-the-fact (a posteriofi) classification of alfalfa,
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barley, sugar beets, bare soil and water. It will be seen by examining
the associated chromaticity diagrams, that for é_@_@l of the three rendi-
tions analyzed, unique separation of soil, water and crops was achieved.
That is, the convex sets of chromaticity coordinates for. these general

catagories were disjoint. This implies 100 per cent (a posteriori) cor-

rect classification of crops, soil and water.

A measure of the separation of the soil, crop and water convex
sets ;_s given in the large chromaticity diagram associated with each
of the three image producing techniqueé which have been analyzed. 'I-he
significant chromatic separation which exists implies that it is pos-
sible, and indeed highly probable, that correct classification based

- upon before--the-fact (a priori) definitions of image color can be a-i
chieved. That is; an area of the chromaticity diagra.m can be as-signed
to the image color of'all objects of a particular class, say bare sqii.
When an.image falls in this area of the CIE diagram, it is classified
as bare soil. The effectiveness of this methodology of classifying ob-
jects by image color of course;ﬁepends on the precision reproducibility

of the color by the'image forming systems used,

Color Analysis of the S065 Additive Color Rendition

Figure 43 graphically depicts the wide color separation between
crops, soil and water in the multispectral additive color rendition
" shown in Figure 44. Figure 45 shows the convex sets of the images of

individual crops,- aifalfa, barley, and sugar beets. These data were
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obt“é‘ined by computation from density measurements of a color transparency
made of the multispectral ‘additive color image which appearad on %he
viewer screen. This reproddct@on is -shown in Figure 44, . Note there
. is an overlap between the c:rop‘- types. In general, it can be seen that
a.saturation differenée'exists between sugar beets and barley. Barley -
is the more saturated, with a dominant wavelength of 612nm, Alfalfa
Nhats a slightly higher dominant wavelength approximately 616mm and an
intermcdiéte'saturation between £he|other two crops. -

" The possibiliity of correct classification based on an after—ﬂae»
fact definition of image color has been computed and is shown in Table g .
This tabulatgon indicates‘that there exists a 50%-a posteriori probability
_ of correct classﬂ ication of alfalfa and a 78% probablllty of correct
classﬁmatmn of both sugar beets and barley ThlS c1a551£1cat10n is
based upon the number of image measurements fallu_lg in the various con-
vex sets shown in Figﬁre 45 whi;h has been ésfabl_ishe& post facto based
on knowledge of;the object represented by the image. Achievement of
such high probabilitigas of cofrecit classification before—the~fact,ta
priori) by image color requires_ a high degree of color reproducibilii.zy

in the image forming process.

(ﬂlaractc{‘i.stics of The 5065 Subtractive Color Infrared Imasce

' Figure 47 shows the reproduction of the S065 color infrared frame
#3799, Measurements of the same images discussed above again indicate

that the color catagories of soil, crops and water are uniquely separated
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95 FIGURE 43: CHROMATICITY COORDINATES SHOWING
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FIGURE 44; ENLARGEMENT OF S065 ADDITIVE COIOR MULTISPECTRAL RENDITION OF
S065 FRAME #3799. GREEN BAND PROJECTED AS BLUE, RED BAND AS
GREEN AND INFRARED AS RED. (FOR LEGEND OF F IELDS MEASURED SEE
<3 PAGE 109)
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FIGURE 45: COLOR \&:ASU!{E. ENTS OF IMAGE OF ALFALFA, BARLEY AND SUGAR BEGETS
FROM THE ABOVE MULTISPECIRAL COLOR l’lIOI‘O
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FIGURE 47 ENLARGEMENT OF S0G5 COLOR INFRARED FRAVE #3799, IMPERIAL
~—  VALLEY, CALIFORNIA. (FOR LEGEND OF FIELDS MEASURED SEE
PAGE 109) :
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FIGURE 48 GIROMATICITY MEASUREMENTS OF CROPS: ALFALF}‘L, BARLEY AND SUGAR
BEETS ENLARGED FROM TIHE ABOVE COLOR PHOTOGRAPH.
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FIGURE 50: ADDITIVE COLOR RENDITION OF SEPARATION POSITIVES MADE FROM BLUE,
T GREEN AND RED IMAGE FORMING LAYERS IN COLOR INFRARED FRAME #3799,
e (FOR_LEGEND OF FIELDS MEASURED SEE PAGE 109) __
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FIGURE 51: QIROMATICITY MEASUREMENTS OF IMAGES OF ALTALFA, BARLEY AND
SUGAR BEETS FROM TIE ABOVE (DIOR RENDITION
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TABLE 8

. OOMPARISON OF THE A POSTERIORI i’ROBABILITIES OF CORRECT CROP CLASSIFICATION
BY IMAGE COLOR USING ADDITIVE AND SUBTRACTIVE IMAGE PFORMING TECHNIQUES

MULTISPECTRAL
ADDITIVE COLOR

. COLOR INFRARED
FILM

SEPARATION POUSITIVEY{
FROM COLOR IR FTLM
PIGJECTED ADDITIVELY

ALFALFA IMAGES IN .

r ‘of alfalfa images

- 6)

THE FOLLOWING SETS: (Total numbe] .
ALfalfalonly) 3 3/6=.50 | 2 2/6=.335 ] 3 3/6=,50
Barley 1 - 1/6=.16 1 1/6=.16 1 1/6=.16
Sugar Beets 2 2/6=.33 1 - 3 3/6=,50 "2 2/6=.33
Barley § Sugar Beet 0 0/6=0 0 0/6=0 0 0/6=0
BARLEY IMAGES IN ;
THE FOLLOWING SETS: (Total numbet of barley images--19)
Barley{only) 7 7/9=.78 | 1 1/9=.11 4 4/9=,44
Alfalfa 1 1/9=.11 1 1/9=.11 2 2/9=,22
Sugar Beets 1 1/9=.11 7 7/9=,78 3 3/9=.33
Alfaifa & Sugar Beed 0 0/9=0 (4 0/9=0 0 0/9=0

. '& .
SUGAR BEET IMAGES IN :
THE FOLLOWING SETS: ‘(Total numbep of sugar beet images--9)
Sugar beefs(only) | 7 7/9=.78 | 4 4/9=.44 6  6/9=.67
Alfalfa 1 2 2/9=.22 3 3/9=,33 0 0/9=0
Rarley : -0 0/9=0" 2 2/9=,22 3 3/9=,33
Alfalfa § Barley 0 0/9=0 0 0/9=0 0

0/9=0
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chromatically. A closer examination of the crop colers ﬂowever,sﬂxmﬁ
1925 separation of chromaticity coardinates then was evident on the ad-
ditive color reproductioﬂ of the separate multispectral photographs.

The dgta presented in Table 8: shows that the a posteriori probability
of correct classification of alfalfa in the color infrared film image

is reduced to 33%. Similarly, where the correct classification of sugar
beets is 78% in multispectral additive-color rendition, it is only 11%
using color infraréd film, Likewise, where the a posteriori ﬁrobability
of correct classification of suéar beets is 78% in mulitspectral photo-
graﬁhy, it is reduced to 44% using the color infrared film, This de-
créase in color separation of individual crops is depicted by‘the small
size of the convex sets of individual cfop types ;howﬁ,in Figure 438 as

~

well as the intersection between the various crop convex sets,

Separation Additive Color Images from S065 Color Infrared Photogranhy

Similar measurements were made using separation positives obtained
from the blue,-green and redjpnage forming layers of the 8065‘color infra-
red film. These black-and-white enlargements were precision processed
to achieve faithful tone reproduction ané placed in the additive‘color
viewer. The same color space as used for the multispectral ;endition
was ﬁsed. Again, the bare soil, crop and water categories were uniquely
distinguished. However, the individual crops (alfalfa, barley and sugar
beets) were not unique. The probability of a posteriori correct classi-

fication based on the non-overlapping nature of these convex sets of
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the three_ crop types shows mtcfmediate improvemenf compared to the s&b—
tractive color infrared image. This ca.n be seén f;*om TableS8 , Figure
51 also shows the general spreading out of the colors which is evidenced
by the increase in the dominant wavelengths associated with each crop
class. The color image of barley is s%illamost saturated of the three

- Crop t)fpés. The dominant wavélength of all crops is between 585 and

605nm. Saturation differences however, predominate.

_Average and Range of The Color Space Associated with Crops

B Figufes 52, 53and 54 show graphically the average value and_
range of the chromaticity coordinates for.all measurements of .the three
crops in each of.the three renditions. Note that all three methods
used for produciné color ?'results in overlal;pmg of the image colors
c‘b;f'thése three crops. This joint intersection of _the three crops, is -
smallest in .the mltispectral rendit;ldn. The- choice of filters in the
S065 Hasselblad c:am.eras' m.ade 11; impossible to give a unique a priori
definition of image color Wl:li-éh would result in 100% correct crop classi-

fication.

Probabilities of Correct Crop Classification. -

" Table 8 presents the relative capability of each image forming
technique for correct classification of crop type based on the probabil-
istic notion of convex sets, The number of correct responses is deter-

mined by the number of image measurements falling in each convex set.
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FIGURE 52: SO065 COLOR INFRARED IMAGE CHROMATICITY DEFINED BY THE RANGE OF
BARLEY, ALFALFA AND SUGAR BEET CROP IMAGE (OLORS,
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FIGURE 53: MULTISPECTRAL RENDITION COMPARABLE TO THE APOVE SHOWING AVERAGE
VALUE AND RANGE OF COLORS OF CROP IMAGES DEFINED IN CIE DIAGRAM,
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FIGURE 54: AVERAGE AND RANGE OF IMAGE COLORS ;;\PPEARING'ON SEPARATION
POSITIVES MADE FROM THE CYAN, YELLOW AND MAGENTA DYE LAYERS
OF SO 65 COLOR INFRARED PHOTOGRAPHY
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For instance, dnly three of the six measurements of theimage of alfalfa
fell uniquely in the convex set identifying alfalfa; therefore, the ratio
of three divided by six or 50 per cent-correct classificaticn is assigned.
Note that one alfalfa image fell in the barley and therefore a one sixth
or 16 per cent incorrect classification is assigned to barley. Similarly,
where two alfalfa plots fell in the convex se:t of all sugar beets, there
exists a two sixths or 33 per cent misclassification of alfalfa as sugar
oets. |

These tabulations are shown in Table 8 and give a graphical mea-
surc of the uniqueness of image color based upon.not-onl'y the overlap of
the convex sets of all measurements in each crop c.ategory but also the
number of image colors falling in each convex set.

- While the émall sample size may leave open the question of the
relative accuracy of these measurements, it is clear that the magnitué!e
of the difference between correct classification using multispectral
photogri—lphy vis a vis color infrared photography is ;')robably indicated.
Apparently ‘multispectral addiiive color imagery leads to a greater prob-
ability of correct classification than does subtractive color infrared

£ilm.

Image Brightness

Figure 55 presents measurements of image brightness in the three
color producing renditions. Ilere the per cent transmission of the green

image is placed on the Y axis. Since the green filter in the color

~-131-
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dénsitomégi:er rather well approximates the brightne§\s function of the
human eife, it has been used as ;':Lmeasure of image brightness,

Note that the magnitude and range of image br‘ightness for each
ez.ttegoxy shown is much. greater in both the multispectral additive color
‘renditions than in the subtractive color ﬂinfrared image. From-the histo-
gfain on the bottom of the page, it would seem that the multispectral
additive coior transformation of the individual color infrared dye layers_
has the effect of strfc:hing out the.'image brightness values. It is in-
terestiﬁg to note that the range of brightness valiles_ asﬂsoc-iaitted with
bare soil are greatest in all ‘three renditions but pa’rticula_rly in the ]
‘additive color renditions. These da1':ai reinforce the obs_ervation that
it is difficult, if not impossible, to uniquely idéntify objects based

on brightness (or density) measurements of photographic jmages.

Comparative Variations in Chromaticity of Additive Color Multispectral
Images and Subtractive Color Film Images

_'. 'The variability of i;nag% chrozﬁaticity }w_f_:_L_t_]_l_}_n_ three- alfalfc;i fields
is ‘shoz-m graphically in Figure 57." Therein are plotted the convex sets
associated with the range of chromaticity coordinates for the fn%llowing
- underflight photography;: : |
T A multispectra_xl additive; fallse color rendition;

'(-green band projected as blue,- red Eand as
green, aﬁd infrared .as red.)

B) aerial ektachrome {emulsion 8442) subtréctj.ve

true color, -
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C) aerial ektachrome infrared (emulsion 8443)

subtractive false color,

These data emphasize t;ﬁe sensitivity of multispectral additive
color methods of analysis t-o the variation in the ground cover of vege-
tation, The variation in color is. far greater than that exhibited by
color infrared film. - .

The data and associated illustration (Figure58 indicate that
for these trus and false color emulsions as well as for this set of
mﬁltispéctral camera-viewing filters, image color of vegetation is pri-
marily related to per cent ground cover and only secondarily rclated

to crop type.
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FIGURE 58 : AN ENLARGMENT OF UNDERFILGHT PHOTOGRAPH SHONING THE GREAT
VARIABILITY IN IMAGE COLOR CAUSED BY VARIATION IN PER CENT
GROUND COVER OF VEGETATION.
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Variations In Image Color Among The S065 Space Photos

As part of Long Island University's on-going activity in space
photography, the color characteristics of selected photographs, from
the Gemini through the Apollo flights, are being colorimetrically

evaluated. This evaluation has as its purpose establishing the unique-

ness and reproducibility of the color images of various ground objects.
This includes analysis of color films (emulsion numbers S0217 and

$0121), ‘color infrared films (emulsion number S0180) as well as multi-

l spectral additive color rendition constructed from the S065 black-and-

white multiband photography.

In order to make a meaningful comparison of the chromatic accuracy
between the subtractive and additive techniques of obtaining color images,
as well as among the individual color films, a standard test object must

be used. Such a physical object must, of course, exist naturally in

Ry

the environment. The scale of typical space photography in the past

A

(in excess of 1:1,000,000) necgssitates a very large and relatively

I

natural homogenous features be used as the 'standard object'.

. ~The area to the east and west of the Imnerial Valley is currently
being used as the standard target area. This portion of the Imerial
Valley contains numerous large.and rélatively homogenous semi-arid
areas and mountains which appear to ha\_re relatively uniform spectra.l
characteristics over most of the solar day. These areas are also free

from glaring variations in spectral reflectance with seasonal changes.

SRy e TR DS I A e
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FIGURE 59 : STANDARD TARGET AREAS IN THE VICINITY OF THE IMPERIAL

VALLEY, CALTFORNIA USED TO EVALUATE THE IMAGE COLOR
REPRODUCIBILITY ON SPACE COLOR PHOTOGRAPHS.

2  TABLE 9
o

GEOGRAPHICAL DESCRIPTION OF TARGET AREAS USED AS STAN-
DARDS TO MEASURE REPRODUCIBILITY OF COLOR IMAGES

ANNOTATION NUMBER - DESCRIPTION

1

wnH NN

Desert cast of Amos, Calif. in foothills
of Chocolate Mountains.

Desert west of Amos, Calif.

Desert west of Westmoreland, Calif.

Chocolate Mountains north of Quartz Peal.

Chuckawalla Mountains

Palo Verde area, Trigo Mountains,

GRAPHIC NOT REPRODUCIBLE
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_The specific locations of the six target areas in the Imperial
Valley are shown in Figure 59, The reader will nc;te, there is great
diversity in topography between these areas. The géographical loca;
tion and associated comventional names of these standard target areas
are tabularized in Table ¥ . ALl the areas shown are essentially
achromatic, fhat_is colorless, wif:h whatpappears to be uniform spectral
reflectance out to QbOnm. One would expect then that the color of these
objects would be essentially neutral, varying from one to the other only-.
in brightness.

The following two chrematicity diagrams indicate the rgprdducibili{:y
*of color on two geographical locations. Area 1, which is ﬂ:le.desgart
area east of Anos, California in the foothills of the Chacolate Mamtains,
exhibited the most wniform color characteristics on all the media
used, These media aze tabulated in Table 10., The reader will note
. that the imagéry used varies from éefnini color photography througil
the Apdilo additive. color multispectral photc;s. The Trigo Mountains,
near the Palo Verdes on t.:he Colorado River; exhibited the greatest
image vériability in color as shown in Figure 61 . Here it is apparent -
" that image -color is greatly affected by; the topography and slope, The
lack of reproducibility in the two areas may be ascribed not only to
the media on whicﬁ the color image is recorded but also changes in ‘the

apparent color of objects due to diffefent illumination conditions.
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TABLE 10

SIX RENDITIONS OF COLOR IMAGES ANALYZED FOR
CHROMATIC VARTATIONS OF STANDARD TARGET AREAS

RENDITION TYPE REMARKS
A . S065 Multispectral additive |Green band projected as green
color frame #3799 Red band projected as blue
IR.band projected as red
S065 Multispectral additive |Green band projected as red

color frame #3799

Red band projected as green
IR . band nrojected as blue

C 5065 Multispectral additive [Green band projected as red
color frame #3799 - JRed band projected as blue
IR band projected as preen
D S06S Color Infrared Color Infrared emuision number]
frame #3799 S0180
E Gemini V frame #5~65245747 [Multispectral Ektachrome
color emulsien #S0217
P)

Apollo.VII frame #AS7-11-2025Color emulsion #S0121

. ~140-
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. SECTION 7

A OOMPARISON OF S0O65 SPACE MULTISPECTRAL PIIOTOGRAPHY AND LONG ISLAND
ONIVERSITY ONDERFLIGHT FIULTTSPECTPAL PIFYTOGRAPIY

Colorlmetrlc: analysis of the additive color renditions of repro-
cessed and enlarged multispectral space photography of the Imperlal
Valley (8065 frame #3799) and underflight imagery obtained using the
long Isiand Unlver51ty multlsﬁectral camera were performed. The results
indicated that when the images of fields were of suff1C1ent size and
homogeneous in appearance, the per cent of the ground covered by vege-
tation was related to image chromaticity.

Analysis of underflight multispectral photography indicated that
the rélationship between the per cent ground cover and iﬁage color was
affected by variations between-and within fields, For this réason, it
appears that greund resolutio?;is an important factor in relaéing mea-
sureable characteristics of a-multispectral image for soil and vegeta-
tioq mapping when accuracy relative to the ground trﬁth and precision
among the measurements are required. | .

The largest variation in Brightness of vegetation imaged on the
underflight photography was found to exist in the infrared band and the
least &ariation in the red band. Great overlap exists between the bright-
ness (and'of course, density) of crop and soil catagories in the under-

flight multispectral photography.
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SO65 Multispectral Image Chromatic Characteristics

Figure 62 presents a photo reproduction of the additive color
&deéwer screen on which was projected, inf:color, the. 5065 mult-ispectral
;'}hotogfaph}t. (frame #3799). In order to simulate the sensitization of
color infrafed film, the green band was projected as blue, the red band
projec_ted as green and the infrareci band as red. The area o_f the Imperial
Valley covered by this photograph is showﬁ in Figure_.SS— on page 100 ,
.'I‘he' 25 tim;as enlargemerit;', of .the oricinail S065 mageé used to f(-)rm the‘
additive color image were processed to obtaln prec:l.smn tone reproduction

in the-:unaue when projected. The screen :unage was 75 times the scale
of the original photography. ‘

) Color:unetrlc analyses of V;.TIOUS flelds wer;: performed the pur-
" pose being to determine if any 51gn1f1cant repeatable chromatic charac-
teristic could be discerned from space. Fields were selected on the
basis of size and image homoggnity. . Colofﬁnetric transformations were-
made by 'conq)uter p_rogram_ from the dye layer densities ‘of color trans-
parency reproductions made from the screen 1mage. ‘ '

It should be en1pha512ed that only fields which exhlblted homo-
geneous image quality were measured. For instance, fields 65, 70, 97
and 99 were not measured because oflapparent imaée moftling. Fields
_which were too small (sﬁch as 63;, 64 and 67) were not possible to dif-
ferentiate even on the seventy-five times_enlargement of the S065 pho-

“tography.
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FIELD FTELD

ROW EST. " EST.
NO, COBE DIR, AVE. AVE, FIELD TREATMENTS PRIOR TO
(ROP % AND DURING FLIGHTS, AND -
HEIGIT GROUND OTHER GROUND OBSERVATIONS
fin.) COVER
40 Sugar beet NS 18424 80 20% weed cover
45 -Bare soil Bedded for cotton
48 Baxrley NS 18-24 90
60 Barley NS 24-36 100
61 Bare Soil
63 Sugar beet NS 15-18 a0
64 Barley 12-18 .80
661 Sugar beet EW 18-24 100
67 Onions EW 20-30 60
68 - Carrots Bv 10-12 80
69 . Rye . By 2-4 70
71 Alfalfa " NS 4-12 80
72 Alfalfa EW ~ 3-8 90
73 Alfalfa EY 4-6 80
74 Sugar beet NS 14-18 90
75 Barley NS 18-24 95
76 Bare soil .
77 Bare soil--
78 Bare soil NS Bedded for cotton
93 Idle 80% weed cover
95 Idle . ¥ 80% weed cover .
98 Alfalfa § NS’ 60 large patches of bare soil
rye . in SE portion of field
99 Alfalfa EW 10-12 100 .. :
100  Barley NS.  24-30 -100 .
102 Alfalfa NS 3-4 80 - -Recently cut.
103 Bare soil NS . Bedded for cotton -
122 Bare soil EBY Bedded for cotton
123 Bare soil Recently plowed

GROUND TRUTH FOR PART OF THE IMPERTAL VALLEY MC CABE ROAD AREA) OBTAINED
. DURING APOLLO 9 MISSION MARCH 1969

“TABLE 11 -

*Source: .
N. Spansail, et.al.,

”ImDerlal Valley, Ground Truth for Apollo 9
Overflight of March 1969, University of

Michigan.
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AREA COVERED IN MULTISPECTRAL UNDERELIGHT : f
PHOTOGRAPH 3
3
|
3
y1asE 62: I'PERIAL VALLEY AREA IT FALSE (DLOR REPRODUCTION OF SO65
"ULTISPECTRAL FRAME #3799 OBTAINED AT 0828PST(1628GMT) 03
12 MARQI 1969. ENLARGEMENT IN ADDITIVE COLOR VIEWER WIT:H
GREEN BAND PROJECTED AS BLUE, RED BAND AS GREEN AND TNFRA-
RED BAND AS RED.

Bage Sow. B s A el g Y fercenT _ Grors NITH ‘80% 3
1y, P UL e S R GKOUNDCCNER Crops Og. BE TTER GRoUMo COVER SETade
i A e iR e [ = =i
045 (et Ay moR s : ! qs
Sl e e eg’q' T _e?i‘s X g‘a"’"‘-‘o""?
R S i S B q? Moo . @"5
; ErgEatis o) ra .. @60 ! ,
i o : == i o - - 66— et
e b l R R a e AP G R R SR SR e e ey
e % x -5

Y

FIQIE 63: ENLARGEMENT OF ODLOR COORDINATES OF CROPS APPEARING IN API)VE
S065 MULTISPECTRAL COLOR PHOTOGRAPH,

.
. ~T '\'1
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The results of these measurements are shown in compact form in
Figure 03, While there is not sufficient data to clompute probability
measures for the various crops based upon the mathematical notion of con-
vex sets, the data clearly do depict a-significant colorimetfic effect.

The chromaticity coordinates plotted in Figure 63 on the bottom
of page 146 show the distinct soil and vegetation classes of chromaticitv
depicted in the preceeding section. However, note the position of crops
with low percentage ground cover. These crops lie among a line segment

connecting bare soil with "high density' ground cover crops. This sug-

gests that reasonably accurate method of computing per cent ground cover

of fields in a particular area may be devised. Measurenent of image
chromaciticity of a few known bare soil areas and a few known 1003
covered vegetated areas could be used as a reference for determining
the percentage cover of the remaining unknown fields: It is obvious
that the precision of such a technique depends greatly on the accuracy
of the photographic tone reprdﬁuction in the image as well as on the
choice of spectral. filters in the camera and colorimetric presentation

in the viewer.

Chromatic Analysis of Underflight Multispectral Photography

Three additive color renditions of Long Island University milti-
spectral photographs obtianed during the Apollo 9 mission are shown in
Figures 64, 66 and 68. Thesc photographs were taken four days prior -

to the Apollo 9 space photo shown in Figure 62. The photography was

-147-.
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obtained in the afternoon (1536PST) while the comparison SN065 photography
was taken in the morning (0828PST).

This elapsed time of four days and different sun angle not with-
standing, significant insight can be gained by the comparison of these
photos with the SO65 overflight photography. The chromatic separation -
of bare soil, intermediate cover crops (idle fields and fields with 60%
or less ground cover) and crops with 80% or greater coverage is apparent
from the data in Figures 65, 67 and 69 . One must remember that deter-
mination of ground cover was made on the ground and while generally appears
to be quite good is, in some cases, in error(for instance, field 73).

The underfiight photography clearly shows the great variability
in pef cent ground cover between fields and within fields. The effects
of variable ground cover tend to integrate the pcrceiyed chromaticity
of the space image. However, not Qithstanding- this.integrating effect
and the comparative desaturation of the space image,(perhaps due to at-
mospheric effects) a,functioné; relationship is seen to exist between
per cent ground cover and image chrdmaticity.

The greater seﬁaration of the CIE coordinates. achieved in some
additive color renditions strictly results from the internatioﬁal stan-
dard transformations used in colorimetric analysis. It is not dué to

any alteration of the black-and-white positives which are projectéd.

Image Brightness of ‘the Underflicht Multisnectral Photocraphs

The image brightness of the three previoué underflight multispectral

-
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FIELDA CRop HEIGHT
11,2,3,4]Bare soil

03 Sugar beets  15-18"
64 Barley 12-18"
66 Sugar beets  18-24"
67 Onions 20-30"
68 Carrots 10-12"
69 Rye 2-4"
71 Alfalfa 4-12"
7 Alfalfa 3-8"
73 Alfalfa 46
74 Sugar beets 14-18"
75 Barley 18-24"
93 Idle

95 Idle

98 Alfalfa § Rye

99 Alfalfa 10-12"
100 Barley 24-30"
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FIGURE 64: MULTISPECTRAL FALSE COLOR REPRODUCTION OF UNDERFLIGHT MULTISPECTRAL PHOTO-
GRAPIT,  GREEN BAND IMAGED AS BLUL RED BAND AS GREEN AND INFRARED BAND AS RED, TAKEN
WITH LIU MULTISPECTRAL CAMERA AT 14 ,900 FT. MSL AT 1536PST (23306GMT) ON 8 MARCH 1069,

3405 53
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IDLE Akoeo{ 35 ;

FIGURE 65 : E‘\IL!\RG[‘ MENT OF QIRCMATICITY PLOT OF CrOP COLORS f\P"F'\RT“.‘C IN ABOVE ? ?[ILTI-.
SPECTRAL COLOR PHOTOGRAPIL,
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FTQJRE 66 :
CRAPIT. (R

Ti
FIELDY CROP HEIGHT ADVER/ LY
I1,2,5,4]Bare soil \ g
63 Sugar beets  15-18" 90% a
63 Barley 12-18" 80% ‘ \ 4 73
66 Sugar beets  18-24" 100% { ;
67 Onions 20-30" 60% ArE
63 Carrots 10-12"  80% l
69 Rye 2-4" 70% IL 2 = \
71 Alfalfa 4-12" 803 |
72 Alfalfa 3-8" . 50% I |
73 Alfalfa 4-6" ? | e ; i
74 Sugar beets 14-18" 20% e i
75 Barley 18-24" 95% 1 y \ o1
93 Idle e II = % : 3 -
95 Idle Mo d N :.1' !
98 Klfalfa § Rye 60% j R d
99 Alfalfa 10-12"" - 100% SECH ¢ = Ao
100  Barley 24-30" 100% 3 ! i

MULTISPECTRAL FALSE COLOR REPK)DUCI‘ IO\' OF U\‘DFRFLI(‘ HT MULTISPECTRAL PrIOT’)
GREEN BAND PROJECTED AS RED, RED BAND AS GREEN AND INTFRARED AS BLUE.
WITI THE LIU \fULI'ISPE(.TRAL CA)[ERA A'i 14 000 I'I' E\SL AT 1‘536PCET(2 )86‘"\ﬂ‘) 0‘1 8 ‘LU{CII 1969.
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FIGURE 67: IiNLARGE?-ﬂ’.'J\II' OF COLOR COORDINATES OF CROPS APPEARING IN THE ABOVE COLOR
PHOTOGRAPIT . 150-
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FIELD CROP HEIGHT (OVER
[1,2, Bare soil I5-18" s
3,4]

63 Sugar beets 12-18" 20

64 Barley 12-18" 80 t

66 Sugar beets 18-24" 100 {
-67 Onions Z20-30" 60 'ii )

68 Carrots 10-12" 80 3 Ll

69  Rye 2-4" 70 N

71 Alfalfa 4-12" 80 i -
72 Alfalfa 3-8 90

73 Alfalfa 4-6" ? 1 -
74 Sugar beets 14-18" 90 |

75 Barley 18-24" 90 #

93 Idle |

95 Idle il

98 Alfalfa § 60

Rye €5 74
99 Alfalfa 10-12" 100
100 Barley 24-30" 100

FIGURE 08: MULTISPECTRAL FALSE COLOR REPRODLJCTIO\I OF I‘\ID RI'LIG.’iI‘ “'L'IIDPFC[ RAL
PHOTOGRAPIH., GREEN BAND PROJECTED AS RED, RED BAND AS BLUE AND INFRARED BAND AS
GREEN. TAKEN WITH THE LIU MULTISPECTRAL CAMERA AT 14,000 FT, MSL AT 1536PST
(2386GMI) O\f 8 M;’\RCH 1969

PN 5 7 1 inke e soe  7ore P
ARG EAS e ¢
|
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FIGURE 69: ENLARGEML‘JT OF COLOR CCORDINATES OF CROPS ;\PPEARI‘JG Ill THE
ABOVE COLOR PHOTOGRAPH,

---‘I---n-Tm-—u-ﬂum




" LONG ISLAND UNIVERSITY Technical Report SERG TR-13
SCIENCE ENGINEERING : .15 Jamuary 1970

color renditions ig shown in Figure 70 . The data on the y axis were
obtaine-d by measuring the transmission of the transparency reproduction
of the screen 1mage to green light using a densitometer with a lmm aperture,
Even with the small sample available, the data mdlcate that:
1) the greatest variability in crop image brighntess occurs
ir- the infréred followed by the green band, |
2} very little brightness variation of crops is pr:esent in
the red band (undoubtedly due to absorption of radiation
< oLin photosynthes:.s, - h B
3) due to the overlap in image brlvhtness, it is not posslble

to dlfferentlate soils and vegetation on thzs basis,

The lack of vériability in the brightness of soils shown in Fig-
ure 70 compared to S065 multispectral color data previously presentéd

is probably due to the small sample size of the data available for analysis.

152~



SS

i

PER CENT BRI

LONG ISLAND UNIVERSITY Technical Report SERG TR-13
SCIENCE ENGINEERING RESEARCH GROUP ' 15 January 1970

RED BAND IS GREEN INFRARED BAND IS GREEN BAND IS GRFRN-
IMAGE GREEN IMAGE T . IMAGE

.

FIQURE 70: IMAGE BRIGITNESS OF CROPS (ALFALFA, SUGAR BEETS, BARLLY) AND
BARE SOIL APPEARING ON APOLLO 9 UNDERFLIGHT MULTISPECTRAL BHOTOGRARIY.
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"SECTION 8 N

THE GHROMATIC CHARACTERISTICS OF 8065

AND UNDERFLIGHT SUBTRACTIVE COLOR FILM IMAGES

_ The chromatic characteristics of vegetation and soil images’ ap-
pearinghon an Apollo 9 conventional color photograpl‘q , taken with a hand-
held Hasselblad camera using Kodak Special Order emulsion #3683, were
measured, It was found that on these color photographs, soils and vege-
tation could not be uniquely identified on the basis of image color.
.The convex set of vegetatio;l chromaticity coordinates overlapped the
set of soil chromaticity coordinates.

“The c:l'n*oma\t:'Lc::v'.t}_r of images represéﬁtmg .simi'lar classes of 'vege-
tation (although not -identical objects) was also measured on Apollc 9
mdefflight photography. These photographs, .té}cen with Aerial Ektachrome

_. (emulsion #8442) produced images of critically different chromaticity
values compared to the space pﬁotograph using si)ecial order #368 color
£11m, ' '

" A comparison of the images of identical objects of $065 infrared '
.c:olor film (emulsion #180) and on Long Island University underflight
color film (emulsion #8443) indicated irregulaf variations in image sat-
uration accompanied by an increase in hue in the space color infrared
images, These differeﬁces in image color were probably due to the in-

herent variability in the subtractive image forming process as well as

the time difference between obtaining the -space and underflight photography,
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Space and Underflight ImagzeS on Subtractive Color Infrared Film

The image chromatics characteristics of three crops appea.ring on
S065 color infrared film (@mulsion SO0130) were measured using a precision
color enlargement of the fHirst generation duplicate of 8065 frame #3799.
This space image was obtaimmed on March 12, 1969 at 0828 Pacific Standard
Time. Image identificatics was based on 100 per cent ground truth -
(Spansail 1969). The imagies of exactly the same fields were also mea-
sured on the Apollo 9 cols# infrared underflight photograph (emulsion
#8443), This subtractive &olor imagery was obtained by Long Island Uni-
versity using a K-24 camerz equipped with a seven inch focal length lens
at an altitude of 14,000 fget above terrain on 8 March 1969 at 1536PST.-

The comparative plc# of the same fields on both the space and
underflight color infrared photography is shown in Figure 71. These data
show a decrease in the y ¢¥ichromatic coefficient of all space acquired
images relative to underf]ight imagery. In this portion of the chromaticity
diagram, this results in jfﬁcreﬁsing dominant wavelength. There is, how-
ever, no regular pattern bgtween change in x trichromatic coefficient and
the two photographic altitides. As can be seen from Figure 71, some vege-
tation images incresse in saturation (x becomes larger), and some decrease.
There appears to be no regularity present in the ‘data,

In addition to chariges in mage color, which may be caused by the
film dyes and variations i# processing, the four day time period coupled
with a change in the.distributicn, intensity and angle of the solar il-

Iuminant is known to affect the chromaticity of subtractive infrared
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FIGURE 71 : COMPARATIVE IMAGE CHROMATICITY PIOT OF VEGETATION ON SO65
COLOR INFRARED FIIM (FRAME #3799) AND ON COLOR INERARED
FILM OBTAINED DURING APOLLO 9 UNDERFLIGHT. THE UNDERFLIGIT
PHOTOGRAPIY WAS TAKEN IN THE AFTERNCON ON MARCH 8, 1969
WHILE THE SPACE IMAGERY WAS OBTAINED ON MARCH 12, 1969 IN
TIE MORNING AT 0828 LOCAL TIME. NUMBERS REFER TO FIELDS
© (SEE PAGE 15I).
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color film images., It is clear from the data that great variability
exists in the chromaticity of images of vegetation obtained on color

infrared film,

-Color Photography--Space and Underflight™

-'Duri‘ng the Apollo 9 mission, a Enumber of ;'targets of opportunity"
were photooraphed using a Hasselblad camera with an 80mm focal length -
lens 51m11ar to those used for the 5065 experiment. On'}hrch 9, 1969
at 1002 Pacific Standard Time (1802 Greenwich.}%an Time) an oﬂlique
photo was obtamed of the Imperial Valley , California, Whlle the space-
craft was in a 107 nautical mile orbit and the sun 47 degrees ahove .
the horizon. The image characteristics of the space photography were
- c{etemined using the procedure described belaw. ‘

) A four times enlargement was made from a first genération NASA
release transparency., State-of-the-art control was maintainéa over the
color reproductlon and procesﬁlng Densitometric measuremer.lts were ma&_e
of the images of flelds identified as being. a particular crop or bare
soil. The following numbers of image measurements were made: six (6)
alfzlfa, nine (9) sugar beets, nine (9) barley, éight -(8) bare soil.
Chromaticity coordinates_were computed from the dye layer density mea-
surements using special computer programs developed for the purpose.

" Chromaticity coordinates'derived from these image measurements
are shown in Figure 72, It is interesting to note that there is very

little difference in hue of the images. A dominent wavelength of 595nm
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FIGURE 73 : COLOR PHOTOGRAPH OF THE IMPERIAL VALLEY OBTAINED DURING THE
APOLLO 9 MISSION AT 1002 PDT (1802GMT) ON 9 MARCH 1969. TIE
FLIGHT ALTITUDE WAS 107 NAUTICAL MILES AND THE APPROXIMATE SUN
ANGLE 47 DEGREES. ORIGINAL FILM WAS KODAX SO368 COLOR EMULSION.
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FIGURE 74 : QHROMATICITY OF VEGETATION AND BARE SOIL IMAGES APPEARING
IN THE ABOVE COLOR PHOTOGRAPH. :
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!
is genere;,lly characteristic, Chroma;ticity differer;ces between images
appear to be due to saturation differences.

Figure 74!below the. reproduction of the space photegraph is an
‘enlargement l_of a number of image color measurements, The convex se:(: of
ail‘ chromaticity measurements of the 'thr(;e crops has been plotted along
with the convex set c:f all soil chromaticity measurements. It is signi-
ficant that the set of measurements of soil and vegetation image colors .
oferlaﬁon subtractive color film, as can-be seen 1n this' figure.

The ‘color characteristics of a small nur'ﬁber of different crop
‘types_ and idle-fields obtained b'y- Long Island University on .Aerial Ekta-
'ch'rome- (#8442 emulsion} during‘the Apollo 8 underfligﬁt-were measured
on ﬂle..NASA release color duplicate, The original photography was ob-
.tained at 1536 Pacific Standard -Time on 8 March 1969,

‘ These data which are plotted in-Figure 75show entirely different
éoior cﬂaracteristics than the é.ssociated space color photograbhy analyzgd _
\previous-ly. It is uncertain w_laether-this- di;Eference can be attributed
to: (a) different fields being measufed, {(b) different taking emulsions,
{c} different processing techniques, (d) different duplicating stock,
(e} atmospheric effects or sun angle at time of exposure; It is clear .
howefer, that it is not possible to relate an-image uniquely with a
" ground- object forming it by a measuéemem; of image -color on conventional

subtracti\fe color film,
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. FIGURE 75 : TMAGE CHROMATICITY OF CROPS AND TDLE
33 -t TIELTS APPEARING ON RELEASE DUPLICATE OF ORIGIN
AL AERIAL EKTAGIRRE(EMULSION 8442) APOLIN 9
UNDERFLIGHT COLOR PHOTOGRAPIH OBTAINED AT 1537
.90 71 PST (2337GME) ON 8 MARQI 1969, ALTITUDE--14,0000
FEET ABOVE TERRAIN. - .
LEGEND: '
.85 5.0 froe 3 t N
s1g b TNEDS FIELD ¥  CROP FIELD # CROP
80 , 230 63 Sugar Beets 69 Rye -
\0\53 5 64  Barley 71 Alfalfa
. ' 4 66 Sugar Beets 72 Alfalfa
g | F510 : N 540 67 Onions 73 Alfalfa - -
) *éf . . ] ?\%q 68 “Carrots 74 Sugar Beets
1

¢ 545 ) 75 Barley
\\ 93 Idle

- \ g2l 05 - Idle —~
. 505 X - T R 98 Mixed ARiléalfa §
| ' KN 100  Barley.
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SECTION §

MULTISPECTRAL SENSING OF COASTAL ENVIRIN'IENTS
TN THE COLORAR, RIVER ESTUARY

Excellent multispectral *:space photography was obtained of the
Colorado River mouth and of the extreme northern part of the Gulf of
California in SO65 frame #3781, This set of mult:,iband imagery was
obtained.on 11 March 1969 at an altitude of 126 nautical miles at 1614
@7 (0814 Pacific Standard Tianej. The sun was at an elevation of approxi-
mately 31 degrees above the horizon. ‘ '

An analysis of the relatlve ablllty of the reprocessed green

(450~610nm), re% {580-700mm) and infraxed (TOO-QOOm) bands for imaging
upper layer phenomena and bottom effect in the estuary was performed.
The 1:esu1ts showed considerable image detail in the red and green bands.
No” information relating to the water mass was contaitned- in the infrared
band. Correlation of green and red hand log exposure with nominal chart
depths was apparent -to. about 40 feet of water depth.

Additive color reconstruction of the 5065 multiband imagery : showed
it was possible to selectively emphasize upper layer phenomena and bottcm
effect by color enhancement. -

The blue sensitive dye layer of conventioﬁal color film showed
" no relationship whatever with water depth although both the green and
red sensitive layers did indicate correlation of image density with mean
.low water soundings on hydorgraphic charts of the estuary.

A comparative analysis of similar images on infrared color film
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1

and on multiband additive color renditions indicated that the multiband
. additive color presentation had at least 10 times more capability in
| discriminating subtle detail in the water. .The extreme care that was
used in repfocessing the S065 muitiband photography insured that water
;det_ai'l was not an artifact of the photograpilic process,

‘ Ct‘)-nvention-al colorimetric analyses using CIE coordinate- trans-
forma.i;ioﬁs showed no significant correlation of image color and water

depth as recorded on hydrographic charts of the area.

Ground Trufh Data

. A hydrographic chart, cérrected 1;0‘ the March 1969 Notice to Mariners,
35 shown in Figur:a 76 . Thercon are marked the locations of the image
measurements made on the 5065 and(i:Gemini pHotograph-y discussed in sub-
_ seque;nt paragraphs of this se‘ction. A-determined effort was made to
make the densitometric measurements on the photographs as accurate as
possiblé with respect to this .Shant. :C)f course, ‘the ustal attentioﬁ
was directed to ‘the relative I;rec:ision in ~repeatably - mea_suring the
same image within each photograph. o ) |

Water depths on this chart are shown in fathoms (one fathom eqﬁals

-six.feet) at ‘mean. low water, '1-301:11 tidal variations and shifting bottom
will change the relative depths between the points measurcd as well as
the absolute depths given on the-:‘ cﬁart. Available data indicate that
it is not poss_ible to determine tidal depths by normal use of tide tables

in this part of the Gulf of California. Abnormall)-r large tidal ranges

~ are reported to exist (Sherman, 1970).
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Figure 77 shows a geologic map of the area ‘surrwnding the
. mouth of the Colorado Rnrer. The major land forms and character of
the shore area in this northern part of the Qulf of California should

be partlcularly helpful to the photo geologlsts in an exammatmn of

the multispectral color phot_:og;‘aphs in Flgures 84 and 86 .

Analysis of Black-and-White 3265 Imagery

The four black-and-white SO65 photographs appearing 1n Figures 78 » 80
and 81 have been included to demonstrate the c:omparativ-e detectability
of water phenomena in the ‘Colorado River estuafy in the gr.een, red and
infrared bands as well as on coior_ -infrared film. The multiband pho-
tography was reprocessed from first generation duplicaté‘positi.ves ’
supplied by NASA, by going through an internegative. .

It is evident that even thoizgh the infrared multispectral photo
has been printed to bring out low contrast images (at th‘e expense of
shore detail), Tittle, if any,sinformation relating to either suspended :
particulant or bottom effect can be detected in thié band of the spectrum
(700-900nm) . | |

The situation is quite different in the green and red bands where
conditions which are anomalous with respect to deeper watér further to
the south are being detected in the estuary. The phenomena imaged. in
the 460-610nm green band are clearly different from that depicted in
the 580-700nm red band. ' L

In coastal aquatic environments, it is difficult to-say with cer-

tainty just what effect causes this difference which is perceived in
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FIGURE 79 : INFRARED COLOR,BLACK
AND WHITE ENLARGEMENT OF 3055 COLOR
INFRARED PHODO. DUPLICATION WAS
PERFORMED TO ACHIEVE THE MAXIMUM
WATER DETAIL. TOTAL SENSITIVITY

OF THE THREE DYE LAYERS 510 TO 900
NANOMETERS.
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FIGURE 78 : ENLARGMENT OF PORTION
OF THE SO65 FRAME #3781 SHOWING
ESTUARIAN EFFECTS IMAGED IN THE
580 TO 700 NM BAND.

GRAPHIC NOT REPRODUCIBLE

b e g e gy

B o T B ety




FIGURE 81 :INFRARED BAND

THIS ENLARGEMENT OF SO65 FRAME #
3781 WAS EXPOSED FOR MAXIMUM
WATER DEFINITION IN THE 700 TO
900 NANOMETER BAND.
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FIGURE 80 : GREEN BAND
WATER EFFECIS IN THE COLORARY
RIVER ESTUARY WERE EMPHASIZED
IN PRINTING THIS REPRODUCTION
SENSITIVE TO THE 460 T0 610
NANOMETER BAND.,

GRAPHU" N OT REPRODUCIBLE
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the images. The transmission properties of sea water suggest that due

to the greater optical penetration of green light, the bottom effect

is detected in the green band and suspended particulant in the red
{(Jerlov 1968, Sharkof and Kurditsk 1956, Yost and Wgnderoth 1968).
llowever, recent research has suggested that this condition can be sig-
nificantly altered by the amount and size of suspencicd particulant ind
the water mass (Yost and Wenderoth 1970). When the particle sizes are
large and dense, even the green wavelengths are absorbed and consequently
it is the longer wavelengths which penetrate to greater depths. .

A comparative analysis of the density on each of the three multi-
specfral black and white first generation duplicate positives of S065
frame #3781 suggests that this might be the situation being depicted in
this multiband space photography. Figure 82 shows a graph of the watef
depth as recorded on the associated.hydrographi{: chart (Figure 76 ) as
a function of image density. It can be scen that both the red and green
bands show corrclation for wate.; depths between 3 and 40 feet. However 5
in the red band the effect is more pronounced but somewhat more irratic
as indicated by the deviations of the points from the regression line. -
There is no correlation between depth and image density in thesc-visible
bands for indicated depths greater than 40 feet. This figure also shows

that density and water depths are essentially uncorfelated in the infra-
| red band (700-900mm) .
To remove the ;effects of differential processing which is a com-

mon problem with multiband photography (Yost and Wenderoth 1967) , the
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density data have been replotted in terms of nominal exposure (meter
candle seconds). The infrared as_well as the visible exposure can be
expressed in terms of equivalent photometric exposure.in the seﬁsitome-
tric data since the spectral distribution of the image forming energy
is known (Data Corp. 1969).

These data shown in Figure 83 again showrthat:(l) tﬁe image
forming energy in the infrared band is unrelated to deptli and has a
range of 0.20 log exposure units, (2)the log exposure in the green
band is expanded compared to the density on the green spectral photo
and is surprisely well correlatéd with depth between 3 and 40 feet;
thé_ log exposure range is 0.42 m.c.s., (3) the red band shows the greatest
correlation with depth with a 0.92 m.c.s. log exposure range.

The reader should note that in the blatk-and-white reproductioh
of the associated color -infrared S065 photo (Fjgﬁre 79 ), the image
detail in the wafer appears to more closely correspond to the red band
miltispectral image (Figure 78). Some detail shown in the green band
(Figure' 80 ) can also be detected. There appears to be absolutely no
addition to the water image detail contribﬁted by the infrared band

(Figure8l ).

Additive Color Analyses of Multispectral Photographs

A multispectral additive color rendition of S065 frame #3781 is
shown in Figure 84 . 1In this rendition the green band has been pro-

jected as green, the red band projected as red and the infrared band
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as blue. Qualitatively from an interpretative standpoint, it is ohvious
that chromatically enhanced water detail is present in the multispectral
color image.

An analysis of the relationship between the optical density of
thie blue, green and red image forming layers has been made to test for
the presence of any bottom effect in the image. The results nresented
in Figure 85 show reasonably good correlation of water depth with the

image density of the color image (up to 40 feet) in both the green and

density in the infrared band probably results from "cross talk" between
the green and blue images due to the manipulation of the color.space
in the additive color fiewer. The reader should note that the density
measurements shown in Figure 85 were made from color transparencies
which in tumn were maéé of the image on.the viewer screen,

Figure 86 shows another multispectral additive color rendition.
The color space in this presentation was adjusted to emphasize sub—surfaée
water detail which appeared to J}':)e primarily bottom effect. The data
appearing in Figuré 87 support the contention that phenomena in the
lower water layers are being detected. Not only is there good correla-

tion in the blue and green images at depths up to 40 feet but also to

the depth of 66 feet in the red image. The variation of the individual

points about the red image regression line is considerable, however.
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FIGURE 84 : MULTISPECTRAL ADDITIVE
COLOR RENDITION OF S065 FRAME #3781
GREEN BAND IS PROJECTED AS GREEN, RED
BAND PROJECTED AS RED AND INFRARED BAND

AS BLUE. IMAGE COLOR EMPHASIZES UPPER
WATER DETAIL.
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FIGURE 86 : SO065 FRAME #3781 MULTI-
SPECTRAL ADDITIVE COLOR RENDITION.

GREEN BAND PROJECTED AS RED, RED BAND
PROJECTED AS BLUE AND INFRARED BAND AS
GREEN. THIS COLOR RENDITION CHROMATICALLY
EMPHASIZES DETAIL IN THE LOVER WATER LAYERS
INCLUDING BOTTOM (SEE FIGURE 87 ).
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(olorimetric Analysis of Color Infrared Photograph

The S065 color inﬁrared photdgraph associated with frame mumber
3781 was colorimetrically anal)-fzed, The same image areas in the
Colorado River Estuary that were measured on the additive color images-
were densitometrically measured on each dye layer of tl{e first gener-
ation release color infrared transparency. Using the same coﬁputer
program, the dye layer densities were transformed into chromaticity
coord_inates. The intent of this analysis was to establish the extent
to which .col'or and dye layer density were related to nominal watézr
depths in the estuary.

As can be seen from Fi_gure'SS , the greatest image density range
appears in the blue and green image forming layers. When imaged
through the Photar 15 filter, at unity sensitivity, the blue image
forming layer is sensit.ized by green radiation in the 500-600nm-part
of the specﬁmm; the green band is sensitized by the red radiation in
the 500-700nm portion of the spectrum; and the red image forming layer
is sensitized by the infrared radiation in the 580-890mm part of the -
spectrum, ‘

As can be seen from the curves in Figure 88 , the greatest correla-
tion in all three bands appears.for water depths between zero and thirty
feet, The infrared band shows the least density range.' The fact that
the infrared band shows any density variation in the water area at all
is probably due to the "cross talk" between the red and infrared sensi-

tive dye layers on the SOL8C color infrared emulsion. .
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Densitometric Analysis of Gemini Photography

A color reproduction of Gemini IV photography frame #5-65-34673
taken on 5 June 1965 was densitometrically.analyzed. This color film
image was processed by the Precision Photo Labc.Jrajtory at the MA Manned
Spacecraft Center. The originél‘i:jilm was Kodak SO0217(MS Ektachrome)

The data presented in Figure 89 show that there is no relation
between nominal water depth and image density in the blue image forming
layer. Correlation does exist, however,‘ir; both the green and red sensi-
tive layers. Note that the var;i.ation of the data points from the re-

gression line is less when the nominal water depths are under 25 feet.’

Comparison of Multispectral Additive Color and Color Infrared Film

The comparative usefulness .of the photo.graphié infrared (either
black-and-white multispectral photography or the infrared sens'itive dye
layer of infrared color film)dﬁ for water studies has been questioned on
theoretical grounds due to the almost total absorptic.)n of infrared ra-
diation by water. In order to quantitatively.evaluat.e the-usefulness
of the photographic ix-u.frared for recording either suspended pértidxlant
or bottom effects, a number of density measurements were made on: 1)

transparency reproductions of the color image on the additive color

viewer screen and 2) on the associated infrared color transparency.
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IMAGE DENSITIES OF TRANSPARENCY COPIES OF THE ADDITIVE COLOR VIEWER
SCREEN AND OF INFRARED COLOR FILM APOLL

TABLE 12

—

0 9 SO65 FRAME NUMBER 3781.

FIGURE FIGURE
(CX15-4) (CX15-6) INFRARED |
MULTTSPECTRAL | MULTISPECTRAL COLOR
TRANSPARENCY | TRANSPARENCY FILM
FILM SENSITIVE T0 | GREEN| REp| IR|GREEN| RED| IR [GREEN | RED | IR
PROJECTED AS GREEN| RED|RBLUE| RED |BLUE! GREFN BLUE | GREEN] RED
A.- Colorado River | 1.28 |1.34!2.03| .96 |1.48/1.81] 1.1111.78 | 2.63
B, Punta Sargento | 1,92 | 2.46]2.37{1.,44 |2.35/2.36] 1.72 ] 2.70 | 2.68
lc. Guif of calif. | 2.3512.6612.51) 2,08 |2.47/2,60] 2.00|2.82]2.66
1..07 {1.32] .a8i1.121 .99 .79] .s9|1.04]| .03

Density(C minus A)

From the above tablé, it is evident that a very small density

difference between the relatively shallow turbid Colorade River and

the comparatively clear and deep Gulf of California exists on infrared

color film (.03 density difference in the above table) . However, note

" that it was possible to increase the density difference between these

two water masses on the infrared forming image to between .48 and .79

in the multispectral rendition. This suggests that multispectral pho-

tography incorporating the infrared as one of the bands might be useful

in modulating the chromatic effects of-the visible bands in an additive
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color display and thus be quite beneficial in the environmental studies

of coastal waters.

Qq_ldri‘netric Image Analysis

Plotted in the following chromaticity diagréms are the CIE coordinates
of the two multispectral photographs depicted in Figures 84 and 86 as
well as a Gemini IV photograph (Frame #5-65-34673). The numbers shown
on the graph refer to the nominal depth of the water (at mean low water)
taken from the hydrographic chart shown in Figure 76 .

- ‘Upon examination the reader will observe that there is little,
1f any, correlation between the d‘lromaficity coordinates and nominal
water depth in any of the three images depicted in Figure 90 , Assuming
at least the relative water depths are approximately correct, it is-
clear these data show that both multispectral. additive color chromaticity
coordinates as t;rell as subtractive color chromaticity coordinates are
unrelated to bottom effect in?, the Colorado River estuary.

As can be seen from the chromaticity plot in Figure‘ 91 , the
chromaticity coordinates of images on color infrared S065 frame

mmber 3781 and water depths are unrelated,
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SECTION 10

ADDITIVE COLOR ANALYSIS OF MULTISPECTRAL PHOTOGRAP=Y AND VEGETATION
CLASSIFICATION BY DENSITY SLICELIL

S065 frame number 3301 taken over Phoenix, #rizona at (0928 Mountain
Standard Time on 12 March 1969 was reprocessed.to correct for the high
mlnlnum density and low contrast in the green band. Using a sequence
of precise photographic techniques,-it was also possible to correct the
differential density and gamma relatlonshlps in all threes bands. These
reprocessed positive transnarenc1es proved to be guite good for additive
color projection -of the multispectral photography.

A number of multlsvectral additive color rendltlons were created
on the Loncr Island Unlversu:y additive color viewer, using this repro-
cessed photography. The resultant cclor images showed clear differentiation
of subtle vegetation detail in the éésert area surrounding Phpenix, In
addition s consi:derable agricu-itufal land use information was anparent
in the Mesa area. ‘ |

By using é.photographic density slicing technjhue cﬁlled “density
cut-off" process, it was possible to uniquely classify vegetation appearing
in this set of S065 multispectral photographs, By use of this photographic
process, it was possible to achieve both a vegetation map and a ﬁegetation
photograph by color identification of those iméges in the multispectral
photography which reflected only in the infraréd band. The procedure
demonstrates the feasibility of the "denéity cut-off" technique to repro-

duce unique classifications of vegetation using strictly a photographic
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process. The resultai}t classification which is produced at the photo
scaie can readily be compiled on cither a black—and—white, photograph .
or a cqnventional map sheet. It is significant that these results were
produced from the multispectral photogiap_hy and not from the 5065 color
infrared photograph. To further refine this photographic process it
will be nec;assary to determine the optimum density cut-off points for
classification of any arbitrary group of objects and to investigate

other methods for displaying the data.

-Reprocessing The S065 Photography

“The relatively high minimum density of the S065 positives when
coupled with the low contrast in the green band, ha:hpered information
extraction from the i};!agery. This condition ;.)robalsly arose from a com-
‘bination of differential exposure in the three multiband cameras along
with incorrect gamma compensation when the original photography was pro--
cessed. ' g - -

The green, red and infrared iz‘nands of S065 frame #3301 were repro-'
cessed. This frame was taken during the orbit of Apollo .9 over Pho;anix-,
Arizona at 0928MST on 12 Marc-h 1969, while the spacecraft was at an
altitude of 127 nautical miles and the sun was 32° above the horizon.
The reprocessing procedure involved making sensitometrically controlled

internegatives and duplicate posi‘tives.

A set of enlargements of frame #3801 before and after processing
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are shown in the six following photographs. Th;ase reproductions are
indicative of the improvement in contrast and detectability of terrain
detail in the reprocesséd photography. Not only have the high minimmm
densit); and differential gamma relationships been corrected in three
bands, but also the three exposures ha\’re ;t)een balé;lced. The reader
should particularly note that the low contrast in the green band, com-

mented upon by many investigators, have been significantly improved.

Multispectral Additive Color Renditions

Two multispectral additive color renditions of this S065 frame
all'e;: shown in the following ;Eioures The ground area covered by this
space photo included the city Phoenix itself, Mesa, Gila Bend, as well
as nearby cultivated fields and surrounding desert. Figure 98, in which
the green band is projected as biue, red band as greén, and the infrared
band as red, qulte clearly detects range vegetation in mountain areas
{shown as pink) and d1fferent1ates the boundaries benfeen agrlcultura}.
lands (shown as red), urban areas, uplands and desert.

The mtllltispeétral additive color rendition shown in Figure 99 was
achieved by projecting the green band as red, the red.band a;s'blue, and
the infrared band as red. This particular color rendition shows great
detail in the agricultural lands east of Phoenix and near Mesa. ' In addition,
many variations_ in color can be discerned in the desert areas. These

chromatic differences are probably due to the combination of different
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FIGURE 93 : GREEN BAND S065 FRAME #3801B BEFORE REPROCESSING

' .
g
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FIGURE 95: RED BAND SO65 FRAME #3801D BEFORE REPROCESSING
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FIGURE 97 : INFRARED BAND SO65 FRAME #3801C BEFORE REPROCESSING
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FIGURE 98 : MULTISPECTRAL ADDITIVE COLOR RENDITION OF S065 FRAME #3801
SHOWING PHOENIX, ARIZONA.GREEN BAND IS IMAGED AS BLUE, THE
RED BAND AS GREEN AND TiE INFRARED BAND AS RED. " THE APOLLO

9 MULTISPECTRAL PHOTOGRAPIIS WERE TAKEN AT 0928 MOUNTAIN STAN-
DARD TIME ON 12 MARCH 1969.

THIS COLOR RENDITION IS USEFUL FOR DIg(ERVING RANGE VEGETATION

0 IN MOUNTAIN AREAS (PINK SHADING AT THE TOP) AS WELL AS TIE
BOUNDARY BETWEEN AGRICULTURAL LANDS (RED), URBAN!AREAS AND
DESERT. :
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FIGURE 99 : MULTISPECTRAL ADDITIVE COLOR RENDITION OF SN65 FRAME #3801
(PHOENIX, ARIZONA) THE GREEN BAND IS IMAGED AS RED, THE RED
BAND AS RLUE AND TIE INFRARED AS RED. THIS COLOR RENDITINN
IS USEFUL FOR ANALYZING THE DETAILS OF HOW AGRICULTURAL LANDS
ARE BEING USED.
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soil types and varying density of vegetation on the terrain.

Vegetation Photographs and Maps by Density Slicing

Figure 100 shows vegetated areas appearing in the western portion
of S065 frame #3801. The reader will note that all vegetation is shown
as red and that all other detail has been suppressed. This vegetation A
photograph has been achieved by differentiating areas that refiect highly
and exclusively in the infrared band. These images have been distinguished
from all other areas including those that reflect highly in all spectral
bands. This vegetation photograph has been constructed from an additive
color rendition of mulfispectral photography in which the green band was
imagéd as blue, the red as green and the infrared as red.

Figure 101 is a vegetation map constructed by overlaying the vegetation
photograph on a black-and-white photograph of the Phoenix area. All
vegetation is clearly differentiated in the red image; Location is
achieved by exact superﬁnpositifn on the base photograph to make the
simulated map. It would be just as easy to construct a map by nrojection
of the red vegetation photograph on an imagé 6f a map sheet, This tech-
nique should find considerable application to problems of rapid vegetation

mapping in short periods of time. Similar presentations could be constructed

from imagery which reflects uniquely in any multispectral photographic band.

- The Density Cut-off Process

The "density cut-off'' process is a method of clearly and uniquely
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]

FIGURE 100 VEGETATION PIIOTOGRAPH CREATED BY THE DENSITY CUT-OFF PROCESS.
ONLY VEGETATION APPEARING IN THE WESTERN PORTION OF SO65 FRAME
#3801 IS SHOWN, ALL OTHER DETAIL HAS BEEN ELIMINATED.
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FIGURE 10 THE VEGETATION "SLICE'" SHOWN IN THE PRECEEDING PHOTOGRAPH
HAS BEEN SUPERIMPOSED ON A BLACK-AND-WHITE SPACE PHOTOGRAPH
TO PROVIDE LOCATION DATA.
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classifying areas that exclusively reflect in ‘one spectral band (f;)r
instance, the near infrared) from all other areas including those that
reflect highly in all spectral bands. For instance, this technique can
be used to clearly classify vegetation from orbital multispectral photo-
graphy., The result can be presented as a "vegetation photograph" or
the uniquely classified image can be superimposed on a black-and-white
photograph or map sheet to produce a "\reget;ation map'. This photographic
process produces a classification of images that are bélow a certain
density level (or density cut-off point} in only one of the three bands,
In the example discussed below, it 1s the inifrared band.

The original image used here to demonstrate the feasibility of
the density cut-off technique was a color transparency rep1:0d11ction of
a multispectral additive color image, in which the g'reen band was pro-
jected as blue, the red band as green, and the infrared t;and as red.’
Thé steps required to produce the uniquely classified image of vegetation
are listed below, and are diagrammed in Figure 102, The reader should
note that all photographic prifiting was done by contact and pin regisfration i

was utilized to insure registration of all masked images.

Step One
A high contrast negative image of the blue and green dye
layers was produced by printing from the cqlor transparency,
This isca photo of areas i:hat reflect highly in the green 'and/

or red bands .
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Step Two
A high contrast negative image of the red dyc-‘; layer was
made by printing the color transparency, exposing i;y r;ed
1ight on mediim contrast film. ' This is a photo of are:as

that reflect highly in the infrared region. .

Step Three
- A high contrast positive image of the red dye layer was pro-

duced by printing the step two negative.

‘ Step Four ]
) . A-high cont;rast co:.f;posite image was produced b-y printing
a sandvich of the step one negative of. the i)lue and gfeen
dye layer and the step three positive of the red dye layer.
The resulting hiéh density Image is a record of the areas
that had high infrared and comparatively low visible reflec-
tance. All other ares® are clear (base plus fog density).
The color image shown in Figure 100was made by additively
- projecting this image with gr;aen light, along with non—imagé
red 1light. In this way, the image is disiolayed as red against

a yellow non-image surrounding.

The remaining three steps are required to display the vegetation

image superimposed on a monochromatic image of the terrain.
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Step Five
The step four image was printed on high contrast film to
produce a record which displays vegetated areas as low .

density, and all other areas as high density.

Step Six
v A normal contrast black-and-white negative image of the -
terrain was produced by i)rim;ing the original color trans-
parency.
~ Step Seven
- A normal contrast posit’ive image of the terrain, with vege-
‘tated areas displayed as high density, was made by sequentially
exposing duplicating film to the step six negative and to the
step five image. The vegetation photo shown :m color in Figure
101 was produced by additively proiecting the nositive terrain-
‘image with white light, in register with the step five high .
contrast image projected with red 1.ight. In this way, the
vegetated area is displayed as uniform red within a black-and-

white positive image of the terrain,

This photographic process has been developed as a feasibility
study, and further experimentation will be n;acessary to:
1) determine. optimum density cutwgff for the primary image b.and
{in this case, the red band),
2) determine applicability to classifications other than vege-

tation,
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3).invéstigate different methods of displaying the data
obtained,
“This photographic process may of course be adapted to make direct

use of mltispectral black-and-white positives, provided the scale of

the photographs has been corrected to ma%ch each other,
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SECTION 11

ISOLUMINOUS MULTISPECTRAL COLOR PHOTOGRAPHY

Herein is described a constant brightpess (isoluminous)£echnique
for preparing multispectral color presentations. This new technique has .
the advantage of Both, a} emphasizing subtle spectral‘differences'between
bands by greatly enhancing the color of the-superimposed composite of
. all bands and, b) eiiminating the effeets-of brightness caused by sloping
‘terrain and shadows. The tecﬁnique is useful in deteétiﬁg subtle environ-
mental spectral differences unider dynamically changing illurqin-ation', such
as Eftén encountered in vegetation and sdii‘mapﬁing in areas vhere the
topography 1s variable. ] ' .
Conventional ﬁﬂotographic techniques, Black-and-white or suBtra&tive
’ colér films, associate image density with the brightness of the object.
Similarly, in the conventional additive'color disﬁlay of multispectral
photography, a positive color iﬁace'is presented. in which the brightness
- of the cblor image’ (not necessérily the Ehromaticity of the image]'in—
creases as a function of.incréasing brightness in the original scere,
The exact relationship depends on the characteristic curves of the indi-
vidual spectrai bands used.
3 It is evident in the muitispectral black and)white photographs
as well as in the associated additive color renditibns prgsentéd in pre-~

ceding sections of this report that large brightness differences in the

terrain frequently prevent detection of subtle spectral differences be-
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tween objects when they differ: considerably in ‘brightness.

~ /n example of this effect is shown in the following S065 photo-
gréph taken in the red band (frame number 3752). Note that variations
in terrain elevation, such as exists in the Dragoon Mountains or on the -
east side of the Gunnison Hills, affects ground br'ightness. The resultant
effect on the density of this S065 frame is more pronounced bétween the
west sldpes, which are in direct swunlight, and east slopes, which are
less fully illuminated. Most density differences between two images
whiél; appear in a set of muli':ispectral photographs in sparsely vegetated
desert areas are caused by the relative orientation of the sun and the
terrain. Spectral reflectance differences between bands are much less
in magnitude but of critical importance in uniquely iden-t'ifying objects
under constantly changing illumination conditions. Spectrbphotometri'c
data have shown that the spectra of iregetation.types 'z-lre frequently so
small compared to brightness differences, that a means is required for
precise determination of the ifﬁage chromaticity of such terrain features

(Yost § Wenderoth 1970).

Isoluminous Principles

. A11 brightness effects can be eliminated from the multispectral
display projected on the addi;:ivé color viewer screen. This is accom-
plished by employing photographic masking techniques to cancel overall
brightness differeﬁcés from the multispectral black-and-white positives.

This creates a set of black-and-vhite spectral plfotographs in.which all
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FIGURE 103:ENLARGEMENT OF APOLLO 9 S065 RED BAND MULTISPECTRAL PHOTOGRAPH,
FRAME #3752, SHOWINGWILLCOXPLAYA, ARIZONA AND SURROUNDING AREA.
CLOUD GOVER REDUCED THE VISIBILITY OF MUQI OF THE GROUND.
NOTE HOW DENSITY OF TERRAIN IMAGE VARIES WITH SLOPE -AND SUN
ANGLE.
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density differences represent hue and saturation differences only.

When such a set of multispectral masked photographs are projected in

an additive color viewer, using any combination of filters to geﬁerate

a particular color space, a display which is '"isoluminous' will be

formed. In this type of display, all achromatic (colorless) objects
are projected at a fixed brightness level. Any colored object will
also be projected at this same brightnesé letve'l. Strictly speaking,
an isoluminous display of .this type is neither negative. or positivé,

since such terms are applied to the ordering of image brightness.

An E.xaingle

The salient features of isoluminous multispectral color photo-

graphy can be presented by an example. Figurel04 shows i‘eproductioné

of the four spectral photographi taken by the -Long Island University
four lens multispectral camera during the @11 9 underflight mission.
The photographs were taken at 10,000 feet above the terrain at 1145
Mowntain Standard Time on March 9, 196, :

The area covered in these photographs comprises the westem slope

of the Gunnison Hills between Willcox and Tuscon, Arizona. The coverage

of these photographs is plotted on two joined quadrangle topographic

maps shown in Figure 105 As can be seen from the latter map, the ele-
vation difference between Big Draw, on the right, and the Gunnison Hills,
on the left, is approximately 400 feet. ;

The surface geology of the area is depicted in Figurel08 In
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FIGURE 104 APOLLO 9 UNDERFLIGIT PHOTOGRAPIY OBTAINED USING FOUR LENS
MULTISPECTRAL CAMERA, MARGH 9, 1969, 1145MST, 10,000 FT.
ALTITUDE ABOVE GUNNISON HILLS, ARIZONA. TERRAIN IS 400FT,
HIGIER AT RIGIT THAN LEFT OF PHOTO.
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FIGURE 106 ADDITIVE COLOR RENDITION OF MULTISPECTRAL PIOTOGRAPIIS.. GREEN BAND
IMAGED AS BLUE, RED BAND AS GREEN AND INFRARED AS RED. 'NOTE BRIGIT-
NESS CHANGES CDRREIATED WITH SLOPES AND CLOUDS. '

FIGURE 107 : ISOLUMINOUS RENDITION OF THE ABOVE IMAGE SHOWING (OLORS AT THE SAME
BRIGTINESS LEVEL. NOTE UNIFORM COLOR IN BOTH LOW BRIGITNESS SLOPES
AND HIGI BRIGHTNESS PLAIN.
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general , aluvium lies to the left and center of the photographs while
at the higher elevations to the right shale, sandstone, dolomite and
liméstone predominate. The Figures appearing on page 208vividly show
“the comparison between the characteristics of images produced by an
additive color multispectral presentation (Figure 10§ and the isolum-
inous rendition of the multispectral imagery (Figure 1073.

The conventional multispectral presentation, a reproduction of
which is shown in Figure 106, qlearly shows the effect of varying ter-
rain brightness on image color. In this case, the variation is caused
by_a change in slope. In this multispectral color analogue to color
infrared film [g;een.band created as the blue image, réd band as the
green image, and infrared band as blue),It would not be unusual for an
intefpréter to have difficulty in cléssifying the soil-vegetation units
on the left and right of Figureléﬁ. Shadows éue to'cloqu and terrain
relief clearly cause difficulties,

In the isoluminous renﬁitions shown in Figure 107, note how uniform
the image color is independent of all variations in brightness. Only
the very deepest shaﬁows, such as in the center of the_cloud} cause a
variation in image color. The vegefation growing between Big-Draw.and
the Guanison Hills,which is barely detectable in conventional multispec-

tral color, is clearly depicted in the isoluminous rendition,

Photographic Techniques -

In obtaining isoluminous color renditions from positives, all
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brightness differences are controlled by differential masking. All grey
levels targets are produced atl' a fixed level of neutral density and all
colors are represented at approximately equal brightness with variations
-in only hue and satu‘rat‘ion. Making isoluminous renditions of multispec-
tral photography requirés excellent image registration, which in turn re-
quires a minimum of differential distortion between spectral photographs.,
Due to the relative spatial variations in image position with respect to
the "principal point on the three S065 multiband, isoluminous masking was
not attempted. Removal of the differential scale by projection printing
of these three photograpﬁs will be required before attempting the precise
image registration which is necessary, | |
Although the masking process used in preparing the proceeding fig-
ures was devised in previous work (Yost and Wenderoth 1967), the research
. reﬁorted herein has prc_;duced a more accurate and precise result which it
is anticipated will find application in quantitative remote sensing studies.
The masking technique which i% required tO‘pl'OdI;Ce the isoluminous image
is diagrammed in Figurel09. The sequence is as follows.: |
1. For a given frame, three spectral photos are selected
for additive color viewing. .
" 2. From each of the.t}'lree spectral(negatives, a 50% positive
mask is made by contact printing.- The den.;;i;cy range of a .
50% mask is 50% of the density range of the negative which
produced it, | | -

3. Each negative, in turn, is mounted in- register with the two
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NEGATIVES: ) NEGATIVE #1 NEGATIVE #2 NEGATIVE #3

&5
POSITIVE MASKS:  [MASK # 1 MASK # 2 . |MASK #3
3
NEGATIVE #1 " |NESATIVE #2| ° NEGATIVE #3
NEGATIVES
REGISTERED WITH , ,
RASKS FOR PRINTING:MASK #2 MASK #1 - MASK #1
.L__._______.____._j '
MASK # 3 - [MASK #3 MASK #2
-

< é ' . Jﬁ
SASKED "POSITIVES"

FOR ISOLUMINOUS  POSITIVE #1

POSITIVE #2 POSITIVE #3
- COLOR DISPLAY:

FIGURE 109: MASKING PROCEDURE FOR ISOLUMINCUS MULTISPECTRAL ADDITIVE
COLOR DISPLAYS,
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SECTION 12

INCIDENT SOLAR RADfATION, TERRAIN REFLECTANCE AND

EXPOSURE OF S065 MULTIBAND IM'AGFS

During the Apollo 9 mission, when weather permitted, periodic
measurements Wel‘.emaée of the il;cident solar spectra at the test site
west of the Willcox Playa, Arizona. Simultan;eous spectroradiometric
measurements were obtained of solar radiation reflected by the Playa,
large plowed fields and grass areas. These data were com.puter Pro=.:
cessed to provide pef‘ cent directional reflectance data of homogeneous
terrain objects large enough to be imaged onh the space photographs.

. ..Density meésuremepts were made of images of the Willcox Playa
that appeared on the green, red and infrared positives on SO65 frames
#3781, #3752, and 3753. These multiband photographs were obtained ‘

" almost simultaneously with the spéci:roradiomefric me':asurements' of solar
radiation reflected by the Willcox Playa.

These closely ‘associateg spectra and image measurements indicate
that an-approximate relationship of the "spectral brightness™ of objects
in the greeh, red, aiﬂ ififrared bands can be.obtained and associated
. with'all SOﬁS‘images; This data should be helpful in *attempt.:s. to quan-
tify ‘.che relative energy reflected by terrestrial objects in the green,

red, and infrared portion of the spectrum.

Instrumentation

The quantitative analysis of soils. veretation, and rocks in situ
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requires that simuitaneous and accurate measurements of incident and
reflected radiation be made. Since the quantity of the energy reflected
by an object varies with that which is incident upon it, the spectro-
Tadiometric measurements must be made at the same instant- of time,
This is particularly imperative when cloudy conditions exist as in the
case of this experiment,

The arrangement of the instrumentation for simultaneous measure-
ment of both, incident and reflected radiation is shown in Figure 114.
Two instruments were required— 1':0 read reflected radiation due to photo-

maltiplier sensitivity limitationms.

Instrument Used to Measure Incident Sunlight -

A spectroradiometer using a wedge 'in‘terferencg filtér system
‘enabling the spectrum from 380 to 1250 nanometers to be continuously _
scunned was used to determine the spectral distribution of the-incident
solar radiation.. The instrumefit was equipped with a diffusing screen
so that its directional Ilesponse was proporticnal to Lambert's cosine.
law. This method of measuring sunlight is very important becuase the'
incident radiation falls upon the earth's surface and is reflected into
an entire hemisphere regardless of its original direction of propagation.
True cosine response also eliminates the need for preéi.se aiming of the

instrument.

Whereas a radiometer measures in units of energy rate intensity
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such as microwvatts per centimeter square, a spectroradiometer measures

in units of energy rate intensity.per bandwidth such as microwatts per
centimeter square per nanometer. This latter system of units is most
meaningful for measurements of radiation since a graph of spectral dis-
tribution of radiant intensity versus wavelength can be obtained. The
_area under such a curve can be made numercially and dimensionally equal

“ to energy available in the spectral bands of the SO65 cameras. The spec-
troradiometer used was capable of rﬁeasuring from ,01 to 1000 microwatts
per centimeter square per nanometer. These values correspond roughly

to illumination levels of .03 to 30,000 foot candles.

The calibration of the spectroradiometer was verified befofe .and
after the experiment. A spectral standard lamp, serially numbered and
individually calibrated against the National Bureau.of Standards was |
used, The 1'amp was of the ribbon filament tmgsten: type and had a nom-
inal accuracy of plus or mings five per cent relative to the NBS stan-
dard. ‘ |

The half bandwidth of the spectroradiometer used to measure the
incident illumination is approximately 15 nanometers -in the, 380 to 750
range and 30 nanometers in the 750 to 1250 nanometer range., Stray light
response to unwanted wavélengths of 15 nanometer, bandwidth and far from-
the wavelength of interest is usually in the order of .01 per c;znt;

The periodic calibration of the spectroradiometer used for meé-
suring incident sunlight allowed an accuracy of plus or minus seven per

cent in the long wavelength of the spectrum and plus or mifus ten per
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cent in the short wavelength of the spectrum, Most of this error, of
course, comes from uncertainty in the secondary standard used. The re-
lative accuracy of all pomts w1th respect to each other throughout the

wavelength nmeasured is approx:mately plus or minus three per cent,
Instrumentation Used to Make Reflectance Measurements

The reflectance spect‘roradiometer systel:n allowed absolute mea-
surements of Ithe average power of the solar radiation reflected b}r‘ soils °
and vegetation in the Willcox Playa area. By means of a g1:ating mono-
chromator, these qnel'éy and power feé.d:tmgs can be made -at a selected
wa'velength over-a bandwidth determined by the grating and slits.  This
instrument bas-i‘c:ally' consists of an optical system which limits the en-
trance of enerpy to a twelve degree field,‘ a monochrom_atoqr grating to
spectrally isolate ;che visi:ble energy -to a five nanometer halfband pass,
and the infrared energy to a ten nanometer ha;l.fband pass- as weil as .
detector heads to sense the magnitu&e of thﬂ incident energy'

- The reflectance spectroradlcmeter is demgned so that light re~
flected from an object passes through a chffuser system and is directed
by the collective lens into the monochromator housing via the entrance
slit. Calibration accuracy is obtained when the light incident on the
diffuser is imaged on the ehtrance slit, completely filling the slit
area with .light. A collectiveﬂlens in the beam input optics in front
of the monochromator entrance slit, collects the inc:iden:t light-which

is properly matched with the diffuser to create a uniform illuminating
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bundle inside the monochromator housing. This bundle of light is then
incidfent on a plane diffraction grating where it is angularly dispersed
according to wavelength. Each wavelength present in the source bundle
reflects off the diffraction grating at a different angle. The grating
can be rotated to direct aily selected wavelength bundle onto the center
of a concave mirror. The mirror collects the light and, with the help
of a quartz corrector lens, fomms an image of the entrance slit on the
© exit slit. - ‘

" The visible rangé grating is a 1350 groove per millimeter‘ grating
covering from 350 to 800 nanometers in the first order and is blazed
at SOG'nanometers". The reciprocal 111162-111 dispersion is 6.4 nancneters
per milljmeter. The combmatlon of grating and slits determines the
dlSpersmn of -the system. The effective widths of the visible grating
was 20 hanometers as determined by the entrance and exit slit widths of
5.36 and 3.0 millimeters respectively.

The infrared grating 1.; a 675 groove per millimeter grating.
covering the range from 0.7 to 1.6 microns in the first order blazed
at 900 nanometers., The reciprocal linear dispersion for this grating
asserbly is 10 nanometers per millimeter, When 1";he effective width of
the grating is 40 nanometers and the entrance and exit slit widths are
2.68 and 1.5 millimeters respectively., These particular grating widths
were selected in ovder to obtau{n sufficient photomultiplier response

when measuring targets of low rcflected brightness.
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The visible spectroradiometer utilizes a photo diode detector
to produce a signal proportional to the intensity of the light which
strikes it. However, in order to obtain sufficient sensit.ivity in the
infrared, a cooled photomultiplier detector must be used to produce an
output signal which is of sufficient amplitude to allow significant
results to be obtained.

Readout is accomplished using a self-ranging picoameter. This
device has the advantage of displaying digi.t.a—lly the detector current
output of the spectroradiometers. Thus calibration and dark curréné
values can be readily obtained and monitored. In addition, no scale
switching is req11£red and -readings can be obtained fa_pidly.

In order to obtain accurate data, the spectroradiometers were
calibrate;i before and after the experiinent. " The calibration of -the |
instrument can shift due to such factors as the collection of dust on
the optical surfaces or a ‘Varifty of other random factors. The elec-
tronic circuitry of the instrument is 'very stable and maintains uni-

form response, but nevertheless, the accuracy of the instrument was

verified.

Data Analysis Téc!miques

1f a sufficient number of sets of independent measurements of
incident and reflected radiation (at 27 points in the spectrum from

350-1100nm) are made and the readings averaged at each wavelength, it
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39.6875
29,91
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15,435
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REFLECT ACT., REF PERCENT DENSITY
EF. SPECTRA
(E-1)

READING SPZCTRA
(WEE-18) (UUxE-2)

1.633 6,225
3,69 11.529
6.27 19.1724
iG.41 27.8318
12.488 33,4823
13.3 3, 7696
21,7 4T ,2322
23,1 571454
16,89 47,5724
12.2 48, 4364
7.8% 33,6515
4,43 27.715
2.09 22,3945
1,877 35,5271
1.648 77.3462
« 917 115,791
5145,46 119,481
18296, 123,171
12653, 121,948
12678.¢% 111.876
94949, 81.7%89
4550, 47,6385
32303, 55,879
1150, 54,2915
218. 42,51
28.8 24,9955
18,7 34,4487

ENT READINGS

DIR,

8537768
1.13247
1.45577
1.78716
1.89824
2.51188
3.37812
4,268T43
3.,6033%7
3.2382

2.85684

2.45188

1.968786
3.63523
3.7257S
14,1641

©13.4841

12.8941
15,3918
15.6825
13,8791

11,3982.

12,1587
15,6841
14,2126
15,6982
22.2465
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2. 14783
2.7214S
2.89657
2447131
2.36583
2+ 24322
2448589
2.544]11
2.,66347
2.736

2443547
2.85919
1.84881

1.87873

1.852685
1.51271
1.,32458
1.85764
1.54347
1.81369
1.36373
1,84732
1.8G415
1.65274

STD. suw
REFLECT

.( ll)

1.438272
8.51278
21,8388
37,5303
44,625
48,266

73,3876

25.3486
12,9794
12,8663
61,422

52,3291
44,2763
67,2517
161,427
228,625

167.99

167.554
123,134
189S .778
17,7228
45,2825
59,7734
64,3151
55,4253
29 .0417,
36,7867

FIGURE 112:TYPICAL COMPUTER PRINTOUT OF SPECTRAL MEASUREMENTS SHOWING PER
CENT DIRECTIONAL REFLECTANCE (6th COLUMN) AT EACH WAVELENGTH
(1st COLUMY).
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is possible to make the Central Limit Theorem apply to the distribution

of average reflectance values. Thus,

Seo= [ 26 Xijz ] oo
L= ™ + =
a’, }‘ [ ‘-}L}L "1'2 "}'3

w}iere_; —-x.:.j_k = ‘the k th measurement of reflected )
. radiation at wavelength i, object j

gijk = the k th measurement of incident
. solar radiation-at wavelength i,
object j.

© .%4{ = the average per cent directional
reflectance at wavelength i, object j

. = number of readings.

-By_ the _Centrai- Limit Theorem the distribution 'c;f Fip will b-e
- approximately normal ref;ardless of the distribution of tine individual
- values of >jwand wix. This of course assumes .that measurement errors
"are independent and randomly d.’;stributed.

" At each wavelength, for each object, the density spectra is also -

computed: ) s
c:LL = -.1-9—9.—-'
: J’_ ‘103. THF

The éower_' which would be reflected if the object had incident
upon it radiation emitted by a Standard Sun is also calculated as follows:
A= iy X (Standard value for each i)
Bofh 4ij and 44 have been developed to estimate the dens'it-y of

the image on multispectral photography. These 'es'timatges are curréntly
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in the process of refinement and are auxillary to the spectral analysis
which is contained in this section.

" A flow diagram of this computer program is shown in the following

diagram:

Note: computed for: (1) each wavelength
{2) each object_

Field

Incident Spectra
Reflectance Spectra

LR

"y &0

Correct readings to
absolute standard

s
Compute averages

(1) incident

(2) reflectance

e an v

Compute -
(1) % bir. Reflec
(2) Density spectra -
(3) Average sun spectra

FIGURE 113: FLOW DIAGRAM OF PER (ENT DIRECTIONAL REFLECTANCE. READINGS
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Computer Output

The computer output formmat of the computations perfrmmed on the
incidence and reflectance spectra e shown in Figure 11Z. 4Associated
with each wavelength (first column) is the instrument reading(second .
column) and corrected value of incident sunlight (third eoium) in - -
microwatts per square centimeter. The reflectance measuréenté and
associated corrected readings (which are determined by the standafrd
lamp calibration) are shown in the fourth and fifth colums.

The per cent directional reflectance value shown in the sixth
column is the ratio of the value in the fifth column divided by that
in the third colum. The last column is the value of a standard illu-
minant times the per cent reflectance. Thus, the actual power: reflécted
by an object can be computed by lmow‘:ing the incident, radiation and the .
data in the sixth colum ¢f this output. - o

Figure 114shows the agsociated computer plot of per cent direc-
tional reflectance as a function of wavelength. This‘ is an example of
the per cent directional reflectance of g‘rass :obtained in situ, The
chiorophyll reflection band at 550nm ax.1d chlorophyll absorption band

at 675nm are clearly evident as is the mesophyl reflection above 725nm.

Incident Solar Radiation

The intensity ans spectral distribution of solar radiation falling

ipon the earth's surface varies with solar angle and atmospheric con~
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ditions. \‘.Measurement of the absolute amount of solar energy which
strikes the terrain is important since all ground objects reflect
different amounts of radiation in each spectral band which is in di-
rect proportion to that which is incident,

. Theoretical analysis of solar iliumination based upon air mass
calculations and Raleigh scattering are of little practical value in
predicitng ‘I;he spectral distribution of solar energy which actually
reaches the ground. This is primarily due to the existance o_f unknown
amounts' .of Mie .scattering and absorption 1n the atmosphere due to par-

ticles_ which are large compared to the wavelength of the radiation.

1T el a y PYEP- - = - Y -l —r g S et
-.I ....": —Ir — 2 oy 2 s T oo s g pmin 2 f er i ey f e
forlppott st b == - Baaia

=

I T :':'-- N '.'_:: 1 leogonl . -i [

el= { A =l L.- .- L A A S e P :""‘t H S e T

Afo 490 45:, Ses S50 g9o as«: 'rao TEo Zoo Q’So qo00  9&5 looc tofa flos  lice i1zos
Wave Lenatu Iv Nano Mea rers )

FIGURE 115 : SPECTRAL DISTRIBUTION, OF SOLAR RADIATION INCINENT AT THE

WILLCOX PLAYA TEST SITE AT DIFI'ER}"\JT TIMES DURING TIE DAY.
MARGI 1969.
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Figure 115 demonstrates this condition, Spectroradiometric
readings of solar energy (both sunlight and.diffuse_skylight) using‘a
1ambértian detector were meagured between 5 and 9 March 1969 at Willcox,
Arizona, Spectral intensity in microwatts per centimeter squared per
nanoneter from 380 to 1200 nanometers is shown for four of these mea-
surements between 1104 and 1515MST.

" The first feature*élearly evident from this data is the large
variation in intensity with wavelength as a function of time (solar °
angle). The characteristic absorption band below 380 nanometers at
725 and 950 nanometers is also clearly evident.

The ?owex'\incident upon the terrain in each of the nominal S065
bands is shown in Table 13 below. It is noteworthy that the‘zﬂggg of
green to infrared radiation decreased as the sun angle decreases in the

ternoon. Thus, a slight change in the relative phofmnetric exposure
of the green and infrared images can result from variation in the rela-

s .
tive distribution of incident energy during the day.and between days,

3/9/69 3/6/69 3/6/69 3/6/69
BAND 1109-1113 1227-1233 1440-1449 1458-1505
Green 475-600 914.97 939.64 655.35 600.21
Red 575-700 783.55 806.12 556.48 512.85
Infrared 700-900 553.43 ‘ 590. 59 . 431,18 379,39
Ratio Green/Red 1.65 - 1.59 1.52 1.58
 TARLE 13

INCIDENT SOLAR POWER UPON TIIE NILLCOX'PLAYA DURING APOLLO 9 FLIGHT
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The effects ;)f varié,tion in the solar radiation striking the
terrain, if known, can be compexlmsated in multispectral photography
since the exposure in each spectrl"al band can be indépendentiy adjusted,
Color infrared f£ilm on the other hand has.'"fixed spectral sensitivity
of the individual dye layers and consequently the images of ground objects
taken under these cc;nditions appear more red in the afternoon than in
the morning. .

Figuré 116 shows the relative distribution of incident power upon
the terréin ten minutes aftér three S065 photographs of the Willcox Playa
were obtained (frame #3751,- #3752 and #3753), The.inf:ident solar energy

in eac:h S065 band in mlcrowatt; per square centimeter isas {‘ollows :

24of-

: AR e ~ FIGURE 116: SPECTRA OF INCLDENT SOLAR
200} S N e e RADIATION AT 1247MST AT THE
| : WILLCOX PLAYA TEST SITE. 3/9/69
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Green  475-600mm 1117  uw/cm?

Red 575-700nm 1075 uw/cm’

Infrared 700-900nm 740 uw/cm2

This data is quite useful in subsequent analysis. When the per
cent directional reflectance of objects is known, and multiplied by the

above data, the absolute energy reflected by the object is obtained.at
almost the time the three previously mentioned S065 photographs were obtained.

The Reflectance Spectra of the Willcox Plava and Surrounding Area

"I.he per cent directional reflectance of the Willcox Playa, Arizona
was obtaiﬁéd for two adj acen£ areas at the location-shomn in Fig;.u“e 'll?. |
‘Simaltaneous sﬁectroradiome’tric measurements of -incident global s_olar ’
ra-diati_.on'were ~m'ade‘ along with measurements of the radiation reflected
by -the Playa.‘

The ~ref_lectan(:é spectroradiometers were oriented so as to prevent
any Qpecplar reflection from the Playa surface from entering the input
optics of the instrument. The partly cloudy atmbspheric conditions that
existed required that extreme gare and patience be L;sed in making- these
measurements. ‘The incident and reflected sﬁectroradimnetric data were
correct;ad an_d the per cent directional reflectance calculated using the-
corqpliter program discussed previously. |

The per cent directional reflectance data presented in Figure 118
indicated a swxprising degree of uniformit}; in the reflectivity of the
Playa surface. Although there appears to be slight brightness differences
Betweén the two areas, the éhape of the r_eflectr;mce': curves -is quite

similar,
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1

A comparison of the spectra of plowed fields and grass with the
Playa is shown in Figure 119. The area from which these readings wére
cbtained was adjacent to the target array at the loca‘tion.s shown in
'Figure 117,. The characteristic:.drloro-phyll absorption band (675mm), -
chloxrophyll reflection band (550mm), and mesophyl reflection (above
700mm) are shown in the‘ spectra of the grass.

A relative comparison of the per cent direct;ioﬁal reflectance -
of the Willcox Playa and the plowed.and gi‘éss fieids to thfa ;\'est’are
shown’ in tﬁé following table. Since in all cases the Playa is t.he-

brightest object, all cbjects have been shown as a pereentage of Playa

reflectance.

" BAND . PLAYA -GRASS PLOWED FIELD
.G;een {475-600nm)} - 100,00 24,39 - 29.46.
[Red (575-700nm) . 100.00 21,24 35.33
Infrared . .

(700-909nm) 100.00 &£ 99.49 86,72

RELATIVE REFLECTANCE OF THE WILLCOX PLAYA, GRASS AND PLOWED FIELDS IN
EACH OF THE THREE SO65 NOMINAL SPECTRAL BANDS

TABLE 14

Photographic Density and Solar Energy Reflected from the Nillcox Playa

Figure12p shows a schematic representation of the relationship

between incident energy on the Playa, the energy reflected by the sur-
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face and that “sensed" by the’ camerra from space. Rafie than attempting
'a theoretical analysis of atmoschesric effects, it is r==thle to directly

relate energy reflected by growsd objects to image che=eristics.’

FiLm P e e

bene
DIAPHRAGH

’.

- S065 Caner

T\d M~ SHyTTER  ”
Winbow ] i
\\‘ b e

Twcipent
SorLar Rapiation

LrEcTrRe Sz METER

TeFLeeTep
RADIATION

SPECTRORADIOMETER Wircoxw FLAEA

FIGURE 120: SCHEMATIC OF THE PELATIONSHIP BETWEEN SPS=RORADIOMETRIC
MEASUREMENT OF SOL.Ge RADIATION AND IMAGE SOERING ENERGY
STRIKING FIIM IN 5165 CAMERA _

Figure 121shows the distribution of absolute pcwer reflected by
the Willcox Playa between 1243 and 1254MST, The dats were determined

by spectroradiometric reflectance instruments discussed previously.
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FIGURE 121 : SOI:AR PONER REFLECTED BY TS :#ILLODX PLAYA AT APPROXIMATELY
; - THE TIME THREE SOG5 PHOTOGRAPHS WERE OSTAINED,

The table below shows the powe? in microsatts reflected in each of the

nominal S065 bands. The reader should particularly rote that no spectral

- REFLECIED "PGYER
WAVELENGTH BAND

wi/em” x 102 SELATIVE PER CENT
475-600 " 375.8 B <
575-700 , 4640 : 12
700-300 601.2 169

]

4

POSER  REFLECIED BY EACH SQUARE CENTIMETER OF THE WILLUON PLAYA BETWEEN
_ 1243 AND 1254MST ON 9 MARGH 1969

TABLE 15
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The data in the two prece-eding tables show the relationship be-
tween the power (iGV/anz) refiected by the Willcox Playa and the density.
of the S065 multispectral positfwe images. The reader should note that
no attempt has been méde to compute any of the effects of the components
which intervene between the developed film image and the power reflected
by the terrain. By relating such simultaneous ground and space measure-
ments, a resonably accurate empirical-correspondance between image density
and the re.flec:ted power of an object in each band can be established as

is done below for the Willcox Playa.

BAND REFLECTEB POWER . POSITIVE
2w/ com TMAGE DENS.

GREEN 3.76 .94

RED 4,64 .78

INFRARED 6.01 .LGZ

" ‘The careful reader will note that by ‘obtaining an additi-onal pc_)wér read-
ing of a second image, a functional relationship can be constructed be-
tween reflected power and dmagg, density (rather than only relating these
two variables at a single point). The images of plowed and :grass fields,
the images of which were obtained during the S065 experiment-, proved to
be too small to measure using conventional densitometric techniques. A
microdensitometric analysis will be required to contruct this relation-

ship,
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1
1

~

The Role of Calibration Targets in Multispectral Photogranhy

The quantitative analysis of the_ chromatic characteristics of
nmltiband and conventional cc'>10r photography is greatly facilitated by
measurement of the color and spectral diafacteristics- of "standard"
objects or ﬁargets-: embedded in the envrionment. In .order to maximize
the accuracy of these time dependent data, it is essential that these
ground measurements be made as close as possible to the time the pho-
- tography is taken. —

'Ih:Ls data has three :mportant purposes.

— It allows an independent check to be made

- ‘on exposure calculations and fllm process-' -
ing ch_gracterlstlcs. _
=1t pemits compensation of the ;effects of
_:"Lﬁci_élent solar radiation -a:;d the spectral
" attenuation of Bhe amOSphelze'on the char-
‘acteristics of ;che color image.
_--'ihe chromatic characteristics of images c;f _
0£here "natural' objects in the enviror-nnent_
(e.g-., soils, x'regetatioﬁ, etc.} can be re-
.lated to a standard system of colof measure- .
" ment.
At the Wililcox Playa test site, the ;.;tandard'target array consisted of -
an array of four color pan;als: b.lue s green, yellot-r-and red with three

.tri-density grey targets which had nominal reflectance-values of 4, 37

~238~
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and 88 per cent.

The intensity and spectral distribution of incident solar radia-
tion was obtainéd cach time the reflectance spectra of the panels was
measured. In this way it was possible to measure the effect of varia-
tions in the incident radiatioen on both the spectral reflectance charaé-
teristics and color of the panels.

. Spectroradiomei:ric measurement of incident solar energy was ob-
tained using a battery operated spectroradiometer covering a range of
380 to 1250 nanometers. The instrument incorporated a lambertian' detect-
or sﬁrface which resulted in measurement of the total energy (sun plus
skylight) falling on the earth's surface. "The sensiﬁvity of the device
ranged from 0.01 to 1000 microwatts per centimeter.squared per nanometer
with a-half power bandpss of 13 nanometers in the visible range an a
30 nancxnete;t' bandpass in the infrared portion of the spectrum. The Te-
lative accuracy of the data obtained (not the absoiute accuracy) was
plus or minus three per cent s

Reflectance measurements were made using two narrow angle (12
degree total field) spectroradiometers, one covering 350 to 750 nano-
meters and the other; 750 to 1350 nanometers. The bandpass o_f the in-
struments was 20 nanometers in the visible spectrum and 40 nanometers
in the infrared. The relative point to point accuracy of the reflec-
tance spectra data obtained with these instruments was plus or ﬁiﬁus

three per cent.

Figure 122 shows the percentage directional reflectance of the
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fou;'target's placed at the Willcox Playa test site dﬁring the Apollo

9 mission. These four percentage reflectance curves were derived from
spectroradiometric measilrements of incident and reflected solar radia-
tion discussed previously in th:is; section.

The c_:hmmaticit)f coordinates of the targets were computed using
these reflectance data along with spectroradiometric measurements of
incident solar radiation. This transformation is accomplished by taking
the actual sun spectra at the time of photography and computing the
actual' radiation reflected by each of the targets. These actual ‘spectral
radiance valueé; are multiplied by the CIE standard cobserver functions
shéwn in Table 17 to produce chromaticity coordinates by the weighted
ordinate method (Hardy 1936). Table 18 shows the calculations for the
yellow target. The chromaticity coordinates of the other targeté at
the time underflight multispectral photography was obtained on 9 Marcﬁ
1969 havé been c;)mputed in tI}e same fashion.

The chromaticity coordinages of the ground targets computed .from
the reflectance spectra Ey the aforementioned weighted ordinat'e method -
is shown plotted in F-igure 123, Also shown in that figure are the chro-
maticity coordinates of the true color rendition of the miltispectral
photograph which was taken by the Long Island University four lens mul-

tispectral camera on 9 March 1969 (shown in Figure 13 ).

-240-
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FUNCTIONS AND ACTUAL SUS¥ SPECIRA AT .

TABLE 17

TIME UNDERELIGHT PHOTOGRPAPHS OF THE

TEST PANELS WERE: “TAKEN

CIE STANDARD OBSERVER FUSICTIONS FOR - ACTUAL SUN SPE
RED(X) , GREEN(y), AND BiUE(Z) 1104-1113ST
WAVELENGIH X 7 | z S
380 .0013928 .00004 0065672 69.15
400 0144416 .00004 .0684916 113.32
425 ., 2132420 .0072625 1,0316506 139,99
. 450 3362033 .038 1.7726892 164,77
475 .1422085 .112625 1.0426895 167.91
500 .0049194 .323 . 2720063 . 161,25
525 .1096372 .79319 .0572187 150.57
550 433471 .095 ..0087671 150.66
575 8424972 - - ,91538" 0017244 144,37
600 .0619702 .631 .0007621 140,2
625 .7514705 . 321 . 0001394 132,43
650 .2835212 .107 . 0000039 126,54
675 .0637035 02324 . N 128.8
700 .0113525 0041 i 111,21
725 0020386 .00073625 96.98

&
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WEIGITED ORDINATE CAL(CTEMITONS FOR DETERMINING

TABLE &

CiE CHRGMATICITY COYIINATES OF YELLOW
" TARGET UNDER NATUR.L ILLUMINATION

s RXS g
DIRECT. | S = Actua? *
. REFLEC, Sun B .-
WAVELENGTH (R) Spect. ©  RSX RSy RSZ
. 380 2.8 193.6 | .269 .007 1,771
400 3.59 406.8° &  5.874 .016 27.882
. 425 3.27 457.7 | 97.60 3.324 | 472.1
450 _3.83 631.1  }- 212,17 23,98 | 1118.7
475 3.62 607.8 86,43 68.45 633,74
500 3.90 628.8 3,09 | 203.1 171.05
525 10.13 1525.3 167.23 1209.85 87.27
_ S50 1.67 251.6 109,06 250,34 2.2%
575 1.94 280.1 235,98 256.39 A3
600 16.86 2363.,7 | 2510.2 1491,5 1.8%
625 19.62 2598.2 1952.4 834.0 .351
650 19,03 2408.0 682.7 257.6 019
675 18,23 2348.0 149.6 54.56 -
700 20,33 2260.,9 25.66 9,27 -
725 19.85 1915,1 3.90 1.41 -
725 :
X=6242.16 Y=4663.8  Z=2516.8
380 -
X=__ X 0.465
X+Y+ 2
y = Y 0.347
X+Y+ 2
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FIGURE 124: TRUE COLOR COMPOSITE OF LONG ISLAND UNIVERSITY MULTISPLECTRAL
APOLLO 9 UNDERFLISHT PHOTOGRAPHY., BLUE BAND PROJECTED ‘AS
BLUE, GREEN BAND AS GREEN, AND RED BAND AS RED.

GRAPHIC NOT REPRODtJCIBIaE
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FIGURE 125: FALSE COLOR RENDITION OF APOLL) 9 UNDERFLIGHT MULTISPECTRAL
PIIOTOGRAPHY TAKEN USING THE LONG ISLAND UNIVERSITY MULTI-
SPECTRAL CAMERA. GBEEN BAND PROJECTED AS BLUE, RED BAND
AS GREEN,AND INFRARED BAND AS RED.

GRAPHIC NOT REPRODUCIBLE
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precision processing is essential, This was clearly brought to the fore
by the poor characteristics of the green band compared with the red and
the infrared bands, Aco.lrate. spectroradiometric calibration of window,
cameras, and fllm -is essential in %:erms of the spectral response of the
system if quantitative data are to be obtained. It is clear that newer
systems will in great measure eliminate many of these difficulties but-
proccdurés for calibration and absolute reference to quantitative stand-
ards must not be ignofed.

- It is important to recognize the importance of obtalning spectral
measurerents of sipnificant environmental variables at the same time
that underflight and space imagery is obtained. Each of these has its
place in sorting out just what phenomena exhibit snectral ’si@atureé and..
which, in-face of atm-ospheric and illt_zminatiogl va;'iable's_, can ac.tuallyq
be detected from space. The longer orbits associated with SKY LAB and
ERTS will provide time to collect supporting spectra and relate thése
to environmental variables. |

Clearly, there is much more inEomat:ion that can-yet be extracted

from the S065 imagery. In the author's opinion, since a relatively low
gama processing technique must be used to process the original negatives,
_ special attention should be éiven to preparing release multispectral Posi-
tives, These positives should have photographic characteristics ‘especially
suited to both the resource discipline to which they are épplied and the
equipment used for analysis. The data presented herein unequivoc-al-ly

show that additive color analysis of agricultural areas requires differcnt
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processing than analysis of individual frames of estuarine hydrological

areas. It may very well be that the conclusions reac:hed to date would

require modification if such optimally processed imagery is reexamined.
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