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SECTION

IMYROLUCT J.O'\T

This report presents the results of an experiment which was con-

ducted during the summer 1967 tc evaluate tie usefulness of the remote
sensing technology of multiband color photography for earth resources

-

applications of agriculture, forestry, geography and geology.

7

The four lens wultispeciral camera wee used to 6ht’air1 muliiband
;
photography of each test site. Phorn mte“prntatlon and celorinetric
image analysis were performer usmg the companion additive color viewer.
Simultanecus Aero Ektacurome aml Aerc Fktachrome Infrared photography
was a150 taken during all phases of the experiment, In order to facil-
itate the colorimetyic comparison of the characteristics of both additive
and subtractive color lmages and because reliable Spectral signature data
wAS genc—:fally unaveiiable, the spectr2i bands vsed in the mulcispectral
: .

camera were choscn to match the bands of the spectrum to which the color

films were sensitive. -~

Throughou"t the experiment extensive ground control was used wpich
included: grey scale anu color targets, measurements of the spectral
intensity and distribution of the incident solar raciiation‘ spectroradio-
metric measuréments of the solar cnergy reflected by ground tergots as well
as selected cnvirommental objects en vivo; colerimetric measurcmsnts of

color and grey scale target-panels and selected ground objccis



Long Island University Technical Report SERG-TR-04
- Science Engincering Research Group 1 September 1963

The experiment was .conducted at fligilt altitudes rangin;g From
1000 feet to 50,000 fect above sea level. Primary emphasis was given
" to the higher altitudes to place the largest possible col umn of air be-
tween the ground and camera so that atmospheric effects weuld be in-

ciuded in the imagery cbtained.

1.1 Fevamental Prcblems

Prior to performance of the experiment, three fundamcntal prob-
blems were aistinguished as being of critical jmportance in obtaining

precisicn multiband photography. These problems are not unique to

photograpnic sensors and in fact generally apply te ony remote sehsing
technique in the .20 to 3 micron patrt of the electromagnetic spectyum

where reflection rather then cmission phenoncnon is encountered,

The first problem relates tn the lack of accuracy and precision
in the s‘tmr.'iure of the iimage duc to indtrumentation errors. These
arise from threc sources: (1) slensor errors in formation of the spec-
tral Image, (2) phqtog-;raphic cerrors in tyanstorming the image energy
to 'den_sity in the photograph Shbseqﬁently used in data reduction,‘(j)
errors in the viewing apparatus which constructs the color image for
qualitative viewing By the interpreter and for quantitative :cgoiori;'-aetric

analysis.

.

Psycho-physiological variables in viewing color images are not

treated in this report although such considerations are critical in

-2~
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the qualitative interprctation of aeriai pnotograpny. All the data pre-
sented hereif wre in terms of analytical color measurement and thus psy-
chological veriables such as simultanecus contrast enhancemznt do not

appear in this analysis.

. z . .

The second problem centers on the envirorment. In this cass three
variables are distinguished: (1) the intensity and spectral distribution
of the solayr illuminant (a fractional part of which is rcffected into

the camera and thus forms the image)} changes as a function ot the solar:
angle, atmospheric conditions, secondary reflectance and the relative
composition of direct sunlight and diffuse skylight, {2) the én vivo
spectral reflectance of suz"face objects (crops, soiis, trees, etc.)
which is !mown to vary d\mamically at least as a function of the non-
amhertian (directional) spectral reflectance of quccts due w thelr
crientation with respect to both the angle of incidence aud arn v‘e ctf
refléction as well as due to temporal changes in the abSO"‘pthﬂ arud
transmission of the object itself, (3) the-atmosphere between the ob-

ject and the sensor which scatters and absorbs the radiation reflected

by the object.

The third and pevhaps most lipoertant preblem iz the p}p;vsical Te-
lationship beLh-eell_ reflectance spectra and color. Given a particular
spectra and a ‘set of tal-:ing'—vic-,wing ‘Tilters vhich ostablish a color
space, a unique color will be preduced. That is, the reflrec.tance spec-

tra of the object relates to one and only one color, thus defined, re-
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-

gardless 1hether additive or subtractive color principles are used.
However, the inverse is -not true. Given a &olor (G in any pr edefined
color space}, it can not be uniquely described to a particular spectrs,

An infinite number of spectral reflectance curves can produce an iden-

tical color.

One of the primary purposes of multispectiral color aer 1 phoilo-

graphy is to circumvent this physical law which relates spectra o colox

Lt

this 1s accomplised by choosing taking £il ters based upon. analysis -
of tne &1 vivo spectral reflectance characteristics of objects and vhen
creating a false color space which maximizes the avparent color dift-

crence between ine objects.

1.2 Objectives of the Experiment -

The Eive primary objeciives of the experimert were as folllws:

‘ ~ava1uat10n of the accuracy of the chromaiic cnaracteristics
of the image produced using multiband photographic techniqueé.
"This accuy aCy being ach:evcd by adjustment of the additive
color iimage which in turn alters the effects of variations in

solar illuminant and the effects ef the. atmosphere.

~-to evaluate the uniqucness of color signatures obtained with

a priori defined taking filters using color space formation

capabilities of the viewer.
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-to compare the characteristice of images formed by multi-
spectral additive cclor photography with consentional sub-
tractive color, films sensitive to both the visible and

infraved radiation.

-0 ueasure the. envirommental variables which affect this tech-

nique of remote sensing anl to correlate them with the imagery.

~to obtain reflectance spectra of objects of significant inter-
‘est to the earth resources disciplines and thus indicate the

optimal spectral bands for *aking multiband photography which

allow maximizédtion of the difference in color between objects.

1.3 General Procedures

The general procedures vsed throughout the experiment can now be

given with reference to the objectives and the problems associated with

the cxperiment.

The multispectral camera was equipped with four filters which passed
enly the blue, green, red ana infrared spectral bands. " The {ilm used
was ""black and white", infrared sensitive film (Kodak %5424}, Two aux-
illary K-24 cameras, each with lenses identical to the multispectral
camera, were loaded with Aero Ektachrome (#8442) and Aero Fktachrome
Infrared (#8443} film. The three cameras were aligned in a common

mount such that the optical axes were parallel. All cameras were ac-

-5-
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1

tivated by a comaon intervaiometer so that exposures were taken at the

4]

ame time (within the shutter tolerances of the three cameras). A

. range of exposures was used in both the multispectral camera and color

w

cameras to insure the best .possible exposure of the ground scene on

the £il

|_.|-

The negative infrared film was processed in a contimwus Versamat
processor using D-10 develope:. Sensitometric control was maintained
throughout the-proccssirg. In general, a medium to high contrast was
vbtained On the negative although this varied depending on the condi-
ticms_ encountered at a particular test site. Positive transparencies

weve obtained by duplicating on Kodak #5427 film using a Niagra printer
and 5'\.’131'samat pwt,e,:,.,cd in X 641-1 developer. Sensitometric con’r_.rol
was, of course, maintdinud. Color films werc processed using the re-

wind method, contrel strips being used to insure the best possible

development with in the state of the technology,

[

The positive images were placed in the additive color viewer,
sumerous color spaces were experimentally formed in order to establish
those vhich gave the color differentiation which the co-gnizant earth

scientist com:dered best for his application. The color of ground
tarygets and significant envirommental images were measured usi ing a colo:-
imeter. VThis data was compared with grqund measurcments made at the
time the photography was taken. A similar analysis was performed for

subtractive color films.
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Environmental mecasurements of the incident solar energy and spectral

reflectance were soducen to common illumination condition and analyzed
"as to diffcrences in spectral reflectance, Similst analysis was rer-
fo;méd comparing the spectrophctometric total diffuse reflectance mea-

surements of surface targecs and the {ieid spectroradiometric data.
©0 ¥

1.4 Outline of th: Report

The following section of this report describes the remote sensis
instrumentation used-in the experiment. This discussion includes de-
tails on the camera and viewer design as well as some of the basic‘
principles of additive color theoiv.

Section 3 prescnts theoretical and empirica considerations on

the relationsnips betieen the characteristics of the hlack and white

multiband image and the resulting additive color image, FEmpirical

examples.of variations in color with change in the characteristic

curve are included,

Section 4 discusses the enviromsental measurcments and inscrumenta-
ticn that was used. Basic data on variations in intensity and spectral

distribution of solar energy, reflectance of standard ground targets and

their color under so?ar illumi.ation are presented illustrating the sig-

nificant parameters affecting multiband techniques.

*

Section 5 presents the rcsults sthieved at each test site. It in-

cludes quantative color comparison of ground targets and objects of
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significant interest on both multispectral color and on subtractive

color films.

Section 6 presents the conclusions which result from the experiment
and implications for future experiments and the design of improved in-

strumentation,
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SECTION 2

* INSTRUMENTION, DATA ANALYSIS EQUIPMENT /050 TEC::.IGUES

fhe equipment used in the experiment consisted of the four lens
mdltlbDeCtral camerd and associated color viewer system conceived and
desigped, by the.auihprs,andﬁmanufaciuredwby.themEairchildwCamerauand
instrument Corporation. Two auxillary cameras of the K-z4 Lype, manu~
factursd by Eastman Xodak Cu., were used to cbtain bupplementary color

photogwa,d " The multisnpcfr1] camera utilize ”black aind white" infra-

L3
Iy '-v

ed graphic film (Kodak #5424) and was equipped with combination
cosorption and interference filters covering the following feur specfral
TS

Band 1- Blue (395-510 nanometers) '

Band 2- Green (480-590 nanometers)

Band 3- Red (585-7 auometer,\

'Band 4- Infrared (700-900 nanometers)
The log sen51t3v1ty of the fllm as well as the transm ssion of the fil- -
ters and camera 1enses as- a tunctlon of wavelength are shown in Figure

' The reader should note that the three filters used fc* the visi lé

speciral bands were specially designed to block the transhission of all
infrared radiation. _

For this particﬁlér expe%imcnt little en vive spectral reflectance
data was avaiia‘gle for targets of in'tere:st to the e;'arth re’soqrc:es dis-
ciplines. Consequently, the spectral Eands used in the multigpectral
cumera were chosen to approximate the spectral sensitivity of conventional

~

color and inffared color films.

fhe two auxillary cameras utilized Aero-Ektachrome (#8442) and Aero-
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Ektachrome Infrared (3443) color reversal ermilsions. The spectral bands
to which these films are (rominally) semsitive are as Zollows {for a

-sansitivity of 1):

Auxillary camera #1  Aerc Ektachrome "hlue band"(350-510nm)
{(no filter)

"green band' {360-590nm)

“red band' (470-690mm)

Anxillary camera #2  Aero EBktachrome Infrared
(Wratten 12 fiiter) )
’ : 'ereen band'' (500-6001w3)

"red hand (500-7G0mm)

"infrared Gand”
£5RN-]90mm)

Anzlysis of the multispectral photography taken during the cxgperi-
ment was perfommed by using the companion viewer. This apparatus uses
additive color principles to project a single compnsité color rendition

of the images associated with thc four spectrai bands. The presence of

+

slight density differences of the same image among the four spectral

pimtographs results in a color in the composite rendition projected on
the screen of the viewer. This device also incorporates brightnoss, hue
and desaturation controls which give the operator the cepability to

manipulate the relative color of screen images in order to enrhasize =z
o iy

K -

- subtle chromatic differences for photo-intérpretative purposes.

*

Z.1 Maltispectral Camera

The four Iens multispectral camera shown in Figure 2 is a frame



O

@

|
|
|

i

FIGURE 2: ‘MULTISPECTRAL CAMIRA

Simultaneous spectral photography in
spatially identical formats can be
taken in any four spectral bands be-
tween 360 and 900 nanometers with
the camera and associated control
equipment.

=] 2=
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I

.type aerial sensor. It has been designed so that the photographic

cmulsion is exposed through four individual lenses each cone of which
can be filtered to cover any lecired wsvelength bard above 360 nanc-
meters. At wavelengths lese than this, radiation is zbsebbed by the
glass elements of the lens. The upper iimit of the radiation sensed

is established by the film emulcion between 940 and 1000 nanomcters.

The calhg;ra is designed primarily to use a unitary f:.le configur-
ation in which four exposures are obtained on one piece of 9 1/2 incu
wide film. Ilowever, -the capability to use four different films each
21/4 inch'es wide has bcen incorporated in the camera design. The
magazine capacity is 400 feet of 5.2 mill thiciness film. The camers
has been eéuipperl with an image motion compensation (IMC) device to
allow use of long exposure times at low altitudes and high aircraft
veiocities without causing imege blur. A single focal pianc shutter
is employed to expoée all four phetographe at precisel).f the Same in-
stant of time. This feature assists in accurate registration of mul-
tiple images ir the viewer by climinating image displacement betireen
th-e four images which might result from aircraft angular motion during

&Xposure.

2.1.1 Opto-lechanical Design of The Camera

[}
»

The multispectral camera-viewer system was designed to specific

tolerances in order to climinate many of the registraticn problenms

-15- ‘
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associated with the data reduction of multiband type of T}Elotocmphy.
Most multispectral systems have not proven to lm a p"“"tlca technique,
nor are thr’v employed on a continuing basis, principally because ;)E the
time and effort requirdd to register or otherwise analyze the mult 1 ' ig
frames of Liotography. The precise design of the multispectral camera
circximvents thesce difficulties by producing a sct of four vhotograrhs,
matcnu‘ in scale and yiclding identical cover rage with exact registration

of the Imagery on a single unitary film,

The variation of the amount of light berling as 4 fimction of
wavelength is dependeni upon the configuration and nature of th" trans-
mitting material. It is known as optical dlmers:Loq, shorter waveiengths

seing gemerally bent more than longer 1-'ave1engtus. A lens is analc S0uUs
to a prism in which incident parallel 1light will be bent more upon ener-
gence if it is bluc and less if it is red. For purposes of uniform mul-
tispectral photographic scale, this epﬂnrlcncy of focal length with wave-
téngth r res tne use of lenses whlch are matched in focal length
t'hrdughout the spectrum, This match of foecal length for ail wavelengths
peinits the mating of any desired taking filter with any lens., Mot only
must the focal lengths of the four multisy ectral lens;s be invariant with
respect to wavelength. throughout the spectrum used, but the physical cou-
siderations of the actual flange focal alstance (the distance from the
flange of thé lens to the focal “l nej affccts the accuracy of scale

matching which can be obtained }3}/ the camera, For the same resolution

3

-14.
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poses of alignment., In the aligunent process, a jig was made which
would hold the body of the camerz 2nd the focal pla:ne Fimmly in place
because the vaamn platten is removeci for this adjustment. A travelling
;nicrqsc:‘ope with a filar cyepiece is wounted on the jlg so that precise
neasurenent in the X and Y Jirections is rossibls to achieve the desired

al ignment.

1

The multispectral camera incorporates a fiim guide mechanizm which
insures that.the film will transport accurateiy throuch the camera. A
similar guide mechanism has been (1051 gned into the associated viewer so

that thie fllm will transport with respect to the prujoction system achiev-

.’/

.ing accurate registration. Such transmport accumcv insurcs the pheto-

.

int LerpreLer of good registration throughout the roll of £film. It should

1

.be noted, however, thet marual registeation of the first frame of photo-

'h

3.aph} is required to climinate.the effects of film shrinkage along the

F

widtn of. the film.

In order that the photograp}lly obtained in each cf the four spectral
bands be. exposed at exacily the same instant of time, the conventional
between-the-lens shutters are not el-mplo&’ed in the camera. Instead, a
single focal piane shutter was designed with four slits (one for each

lens] to eliminate the conwvevticnal misregistration problems caused by

T oaiy \,rc,Ft anrrulcu rmotior which exists when the photography is not cxposed

.

simultaneously.
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.

2.1.2 Exposure Control and Ground Tests

o

Photographic emulsions ir~luding panchrometic do not have an equal
rcgponse to rgdiation tﬁxogghout the spectrum and rongnqae.tly exhibit
a varying sensitivity as a function of wavelength, Since the taking f 1
ters in the camera ir&nsmit diffenent wavelengths and a fixed exposure

tine is used, consideration must he given to the required exposure con-

e

rol over each spectral band. With an equal exposure time as well as

varying values of film sensitivity aad enargy transmitted in euch spec-_

tral band, an object of uniform speﬁtral brightness will be receuded as

a differeat density in each spzciral photograph. In order to_eliminate
this ervor and make the snegtral photogranhy have a density proportional
to the energy source, a ground calibration must be performed for .each
set of taking filters and film type o be employed.

-*

The relative exposure throngh the selected multispectral camera
filters is calibrated in the following way. A set of grey scaie panels
is set up under daylight illuminaticn togother with a set of resoiution
ta}gets.' The filters and-film to be used in the test are instailed in
the camera and the ground targets are phctographeé at all possible £/
mubers. The spectral ditribution and intensity of the solar illuﬁinant
is also measured simultaneously and the test is only.coﬁsidered valid
if the totalvspectral energy is within plus or minus 5 percent of the

distribution of ‘Standard Suniight (Luminance ) in each band. The film

is precision processed under sensitomeiric control and is then exanined

18-
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for that value of f/mumber of eaqh‘lens ﬁhich will yeild the same densiff
values of the ground target. That spectral photo which requives the ‘

" smallest valuc of €/mumber is then used as a.standcr‘. Each of Fhe re-~
maining lenses arc then cofrectcd with the use of neutral density fil-
tcr:'sm that the same f/munber on ench of the lenses will now renﬁer.
the grey scalc ground panels as equal in density. These ncutral density

filters are then permenently installed in front of the lenses and no

differcntial-exposure time is reouired for each of the phetos. In flieht
L L o f= ]

F
-

terefore, the photographer need only change all the f/numbers by the
sane amount to vary the exposure. This assuves .thail a grey scale target

-on the geound, under standard illundnation, will arpear the same density

on the set of four spectral photosranhs.
& 7

2.1.3 tultispectral Filtration

A spectral filter may bs thougnt of as a window through which enevey
passes, the transmission Being a’ function of the wavelength of the radi-
_ation. A desirable filter band is one in which the radiant power to
“target éignals" is different from that of "back-gr0und signalsbj Th
detemmination of a good filter is made difficult by the fact that the
spectral distrfibutions of the solar ensrgy reflected bf the target anc
- background are either (1) unknown, (2) are very similar, (3) change dy-

namically with envirormentaliconditions:

0y

The multispectral camera discussed herein, employs a set of trans-
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mission filters to isolate four regions of th_e’visible-near infrared
spectrum from approximately 360 to 1000 nanomeiers. Iaeally, cho oice of
filters might- be based upon the spectral feflectivity of the geophysical
phencmenon which is to be detected as well as the envirommental background
in which such a farget is embedded. As the phenomenen of int_crcst he-

cores more general and the type of backgrounds in which the tar

1]
4]
=4
n
jsb}
=
[42]

ambedded becone more varied, it is the current nrocedure to salect s set.
2 I

A
-t

ot

nk
e

ot a

ng filters which arexbroadband in nature. That is, four filters

‘which together cover the entirc .36 to 1 micron region, and which have

rcasonahly nigh transmission properties. Wide band filters have been
used to date whon the mumber of itoams to be detected from the seme photo-

graphic experiment are extensive. Conversly, as the number of tarvgets

to be detected during one experiment is decreased and wiien these targcts

exist in sinilar envirommental areas, one would 1casonabl:- expect that

narrow band filtration would give better results.

N -
~

" Broadvand filters are gencrally of the absorptlon type althou«’n fre-
quently (as in the case of this experiment) interference coatings are
also added to block the transmission of infrared radiaticn. However,

- as the mission objectives become more specific and dctailed'spcctral
signatures of targets of ‘interest aré established, significant imﬁrove-
" ment in performance can be obtained by using the multi-layer or inter-

ference type filter. These filters may be designed and manufactured so

that their maximum transmittance exists at any chosen wavelength, llowover,
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care must be taken that there exists sufficient spectral transmission

b) allow for g00w eXPCou.C 0N tne rhotographic cmulsion used.

Several problems are a‘ssociated with the use of the milti-laver
or interference type of filiers, The first diffizulty consists of a
general shift . in the peak baidpass of tie {ilter a<:. a function of field
angle since the optical thickness of the thin film de_nosit varies as the
angle of incidence is increasec‘i,‘ Tesniting in a shift towardd the shorter

‘elengths. - The second diffiuclty enountercd with the use of it ]
Iayerad filters vonsists of a shift to the lor:ger t-.'aveiengtil Togion hen
the temperéturc of the filter is increascd and a shift to the shorter
'1-.fa\re].ength exists 1-.‘}:cln the filter temperature is decreased, Tor the

most part the wavélength shift of an interference filter is essentially

a linear function of the filter temperature.

A typicai problen im multispectral photagraphy which ewploys ab-

H

sorption filters in the wavelongth region from 360 to 1000 nanometers,

[ N

s the transmission of infraored radiation. This can Le seen from Figure
4. As a result when onc uses comventional mfmrec. emulsicis (such as
EK 54:84} in conjunction with an absorption type_filter, the photographic
emilsion will respond o not only that wavelcnﬂtn reolon uf' intercsi but
also to the infrared radiation which is also transmitted. To eliminatc
such difficulties r;mst of the broadband filters wvhich exhibit such a
picperty can incorporate an irterference ' 10(:}\1116” coating to eliminate

any transmission outside of the désired band.

-21-
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When considering the total tranzmission of the incident radiation

impingings on to the photographic emiision through the nmultisnectral
GIng! E gxaf g p .

system, one must also consﬁer the spectral transmission charactenistics
of the taking lcns. The on axis spectral distribution of light trans-
mittance for the Aero-Lktar lens uscd in the multispectral camere: Was
shown in Figure 1. OfFf axis the shape of this curve repairs the same
but is reduced in omplitude. This reduction in energy as a function
.of field angle of the lens {often cailcd Cosinz 4 1all-off or vienztting)

should be corrected to obtain accurafe spectral photograrhy. This js
accomplished using an anti-vignetting filter to reduce the on axis trans-
mission and has the effect of increasing the T.stop af the lens., This
practice restricts the use of the lens to a shorter .photogra‘phic day
since more energy must enter the lens {_;J}I axis) to produce the same ov-

4

posure as would be obtained without such a filter.

Additive Color Techniques

XY

2.

Eac:h of the four specirdl negatives, which.together crmprice the
sst of '*nﬂ ispectfal photographs, :&: taken at the same insiant by four
matched lenses. Since the ontical axes of a1l the lenses are normal to
the film planc, four ,spat-i_ally identical negatives arc produced.  thus,
~all the images :—tp-;;ea"r in identical coordinate positions as measured from

the priz-xc‘ipal point of each negative (the intersection of the optical

axis with the film plane). ihen the film is rrocessed and viewed on a

-2 3
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light teble, the set of multispectral Iﬁ;egati\res appear to be identical
e.‘.ccept that the densities of the same image mav difi~~ between then.

This difference is causal in part by the selective spectral refle.ctancé
of ground objects, a fact which, ir the visible spectrum, accounts for

tlicir apparent colo:

Color is an effective means of discriminating density difforsences
between similar images which appear on scts of miltispectral nsgatives.
“This is done using additive color tochniques first demonstrated by Clerk
Mawwa1i ever 160 yoars ago. By projecting positives of_ =ach spectral
negative on to a screen in such a fashion that one is regis ter ed 1poll
the omner (using a different colored primary light scurce for each},

u composite color rendition of the ground scenc 15 formed.

Color may be defined as that conscious sensatien shich is exhibited
when 1ight of a specific spectrsl energy distribution enters the sye.
It has boen experimentally shovm that differcnces in this energy disiri

bution, winich casse variations in the obseived responsc of the eye. ma
3 D s

[mh

be described in terms of three distinct psyccphysical variables. The
first is hue vhich is basically tha‘t quality of color which leads to the
definition of an object as being rcd or green, or }'ﬂllox., etc. As
white light is dlmc‘rscd by a prism, it is brokem up into a *wltltude
of nues each ore of which may be rela ted to a corresy ondin;q value of

wavelenath procducing a dominant wavelength which in turn enters the eve
p= -~ g
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to produce the sensation of hue. Saturation_, the seconcl'_quaiity ot
color, is described as the amount of white in ~ gire ™c. It may be also
GOIlSicléroc.1-RS the concentration of the color. It is the difference be-
tween red anci pink. As the amount of saturation in a color decigases,

it appr_oac'hes nure white. Brightress, which is the third variable of
color, is described as the amoun't £ visible cnergy contained in a cer-
tain hue which is saturateq to a specific valuc. For examplé, the color
_royal blue, is identical to the cdlor navy blue except that navy blue

-hhs 2 1cicr brightness value.

It has bcén estimated that the human coye can differcntiate botween
7,500,000 and 10,008,050 color ,‘diff-oreuces over ifs sensitivity range.
Thus, it is mossible for scientific purposes to use sqﬁjeétive terms
for the unambiguous description of a color. 'ﬁ:e luman eyc is a relatively

. insensitive instrument when used to uniquely describe the apomearance of
an objsct wir:h respect to its color, It is for this reascn that a mathe-
matical cc-nceptiop of the three variables dc fmed above be é_mployed to
descvibe that response (by the cye or a recording instruient) to the
stimulus lnown as color. We may e*w;smn thesc three variables of lue,
brightness and saturation with the aid of a three dinensional color solid
r'huim in Figure 5. 7t consists essentially of a solid cone standing on
1ts apex with the hue positioned around the perivhery of the solid, the

saturation existing somevhorc zlong the line comnscting the center or

white.point with the hue of interest and the brightaess varying with

_25.
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position along the vertical axis. }ore precisely, the color solid is
not a cone, but rather a rounded triangle. A horizontal slice through

- this sélid, perpéndicular to tiie brightness axes is known as a chro_maé'.
ticity diagram and is shown in Fi g}n‘e 6.in which certain colors have
been i&gantii.‘ied. In 'order‘ to pi}t"orially aescribe the exact hue, bright-
ness and suturation levels of a color it is first necessary to de’terihine‘
the brig‘htness level, place an orthogonal plane through the color solid
at that level and detemine the hue and saturation in t_his rplane. '

;

It should bc emphasized that_ ine mathematical siudy and description
of color, t-:hich‘is known as cclorimetry, only indicates the specif:’ic
values of hue, brightness und saturation which are being measured and
not the energy distribution of the color zs a functioh' of 1-.ra\-relen‘gth.

The theory of celorinetry is based upon the concept that any color which
exists in reality-cav be matched by scme combination of three given colors
or prima-i’ies . However, it has been demonstrated that there does mnot

exist a single set of primary filters which can yield cvery color. In

-multispectral photograpiy, a fudicious choice of (camera) filters rust

1

be selected depending upon the spectral reflectance and the general do-
main of colors which are to be reproduced, For the reproduction of true
color using additive methods, the primary colors shown in Figure 7, which
- ‘are rod, green and blue, have been selected for two distinct roasons.

First, it is desirable to maximize the arca of the inscribed triangle

since only those colors within that triangle may be reproduced by a com-
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bination of the three-primaries. Secondly, the trianglc.is positioned
so that one sid:e lies clo-se to the locus of th: pure __ectrum of the
'grcen—;;ff-ﬂ low-red colors since these colors appear in nature but thp
pure spectrum colors in the cyan poriion of the chromaticity diagram

do not.

The trichromatic system of color definiticn is a calculaticn of

the fractional Cortlzc*lents of spectrally defined red and green primaries

=

referred to in colorimetry as the tristimuius ‘:alues) for a given colixr.

1

ey are designated az x and y respesctivelyisnd are known as trichromatic

b

cocificients. These rﬂ’arcsent the percentag standard r= sand green
primaries required to produce a hue and saturation match to the color.
A third value, Y, -represents the luminance or brightness, le\ael cf the
color. The standard chromaticity diagram mentidned above-is a plot of
1—:'he color in tems of x and y. The dominant \:;‘a"v'ci?—.ngth of a color is
determined by the intercept of thc "pectgmn‘x locus with the line which
comects the illuminant point {(the white point) and the color itself .
The relative distance between the vhite point and the color and, the °

color and the spectrum locus is the saturation.

" 1In rmiltispectral photography, colorimetric measurement' .;Ls'a usctul
tool to remove any drnomolies associated with the visual responsec of
the observer-.: The persceptibility c:f differences in the C.I.E. chro-
maticity diagraim are shown im Figure 8. Generally, colors which appear

identical on a vicwer sccreen to an observer, will not exhibit the sane
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APPROXIMATE PERCEPTIBILITY OF CHROMATICITY DIFFERENCES ON THE CIE
CHROMATICITY DIAGRAM.

. The distances from points on the boundary of each ellipse to the
indicated point within it all correspond approximately to one hundred
- times the chromaticity difference just perceptible with certainty under
moderately good observing conditions,
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energy distribution and may indeed be quite different spectrally. The
advantage in usii, a tiihromatic measuroment of an image is that the
resultant color measure is c@npleLelj dependent upon the psvco-nh sius

‘of the situation without any side effects of the human eye (e.g., simul-

Y

taneous contrast elihancement)} without regavd to the phenomencn itself.
In the event multispectra; photography is taken under cloudy or

overcast conditions, the reflectunce spectra of s ground objegt will u

not only be reduced in intensity but the curve will bc altered in its

shape. If there is no data available on the lighting conditionz, the
spectral feflectance variations with respect to some standard iliuminan?
of a ground object will be attributed to preperties of thatlobject.
Conversély, it is possible for an uvbserver to falsely interpret some
phenomenon in the ground scene because of what he feels to be a aifferer
illumdnation condition when in reality it may act : 2lly be an envivonmen-
tal variable which produced the observed image characteristic, Such
distortions of colors and brightnesses of ground objects can be elim-
inated by the ability to simulate a standard :‘Lllum'inat'ion.condition
(such as noon sunlight) regzrdless of the actual intensity and spectral

distribution.of the scene illuminant as long as the relative 1nten51ty

of the illuminant in each’spectral band is known.

In ovder’ to control the appearance of a ground object on the mul-
tispectral photography, -2 miltitude of colorimetric and spectroradio-

metric instruments have been employed to record not only the inherent
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color of the object under the incident solar radiation encountered in
the field but also its reflectance spectra, Tris per~*ts an accurate
. comparison of the chrometicity of natural objects from the ground and

from the additive color image precentad on the viewer screen,

Often, the chromaticity of an object and its background lie rea-
sonsbly close when plotted in the color solid., When this is <he case,
1t is often judicious to employ a set of color projection filrers which .
bear no resemblence to the taking filters but which have the effect of
increasing the apparent chromatic difference bstween the ground object

f interest’ and its background. .This sc=called falsc color mude cai

o

be made as distinct as the takinz filters perﬁit. The use of broad-
band filters in the camera which overtap along the wavelengé scals,
may in some cases, make it impossible to chromatically separats the
‘target image from background image. If however, the phenomenon, of

interest trequires a set of narrow band tqnldg filters, which aresz them-

selves non-overlapping, considérdble color differences may be obtained.

2,3 Multispectral Viewer

The multispectral film viewer used in the experiment is shown in’
Figure 9. It is a desk type console which displays a rear preiection
. screen to the operator. Optically, the viewer is an-anolog of the
taking camera. The four mult:spc ctral film images, each wifh its in-
depent illuminatlon system, are superimposed onto the viewer screen at

a three times magnification and in precise registration, using the optical

.33 -
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design shown in Figuré 10. Bﬁsregistrétion of-one image upon the other,.
whcn- prpjectea on the viewer screen, should rt be ;onater thau .1 milli—
_meter so that no blur will be discernable at a standard viewing distance

. of 18 inches. The fixed magnification projection system utiiizes four,
'fire inch focal length, f/d lensps. These lepces are critically maiched
sd that thelr e01valent baLk focus d‘mﬁn51on> are within a few thousandths
of an inch of each other. The differential distortion of the projection
lens is matched iﬁ a unique way. As shown in Figure 10, a differentvpart
of the field angle of-each viewer lens is used to project tﬂe image, -
This requires that-the distortion of the lenses be different across their
whole field but matched for all fleld ancles associated with conjugate

inagess.,

Eacli of four images projectéd on to the wiewing screen hus its own
-dual ;lumlnatlon system ¥hich is also_shown if Figure 10. This viewer
utilizes’ 3400 degrees Kelvin lamps z.1ch have the advan?aue of being
quite bright with the appropriate filament configuration to best fill
the apertufe of the projection iensl The brightness iliumination passes
through a neutral density fiiter, a spectral filter, a beam splitte:
and a condensing lens to illuminate thélpositive spectral photo. The
greatest.loss'in ens1gy th?oughout.fhglsﬁstem occurs through the spectral
. of color filter. Ehe second half .of the'ilhumination system is set at
90 aegrees to:the,brightness Tamp anid is empleyed for purposes. of desat-

3

uration.- -Its.illumination is reflected from the beam éplitter and is
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added to the brightness illumination as modified by the color filter.
The filters associated with the br40theSb illumination system controls
the hue and brightness while the ad itlﬂn of a desaturation selection
provides the'photo-interpfeter wWith complete contol over the displayed

color,

Film flattening is provided by two optically polished glass plates,

one of which is fixed to the viewer itself and, is considered the focal

plane or object plane of the viower optical system, The other is mounted
off the carriage through a spring lcaled cam mechanieﬁ. This movable
plate 1s raised off the fixed glas$ piaten by means of a foot pedel during
the transport of the film. This mechanism insures separation of the
pla{es and avoids film scratching. A fiim gaide is also provided to in-

sure an even transport-of the film in the horizontal plane, thus main-

taining the registration which had been designed Inio the camefa system,

Ixperience has indicated thet the most satisfactory scfeeﬁ material
for general resy prejection v1eW1ng is a white Polacoat Lenscreen. Al-
‘tnough o;her screens (such as the Kodak Dayview screen) pr0v1de a some-
what brighter image, the fall off with ineident obliquity is more pro-
nounced and the resolution capability is somewhat less. It was noticed
however, that w1th the type Lenscreen usead, con51derab1e color 11f1de11ty
existed when photographic reproductions of the multispectral viewing

screen were attempted. A recently developed tyre of plexiglass Lenscreen

."36...
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which is designed specifically for exposing accurate color photographs
of rear projected scenes has been used for phctograpt.: reproduction

. of the screen image.

- In stwmary, the multispectral viewer projects four multiband images
contained cn a single piece of film (each one of which kas a resoluticn
of 45 lines pairs per millimeter) at a mégnification of 3 X, resulting
in a screen resolution of about 15. iines per millimeter, Since the
average eye resolves sevennlines per millimeter at a normal 18 inch
viewing distance, a permissable misregistraticn which dees not exceed
-005¢ inches has been specified and designed into the camera-viewer Sy~
stem. ﬁach projection lens has its own brightness lamp and filter set
vhich illuminates one of the spectral records as well as a éesaturation
lamp. B¥# nlacing varicus-comﬁinations of projection filters into the op-
-tical path end by linear transportation of a filter.rack, the scene on
the viewing séreen appears in coler, An important feature of the gy—
stem.is that it fyequently enables, through proper choice of.camefé and
viewing filtration, the detection, recognition and identification of ob-

jects by color differences which would not otherwise be visible.
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SECTION 3°

THE EFFECTS OF THOT. TROCESSING ON TMAGE QOLOR CHARACTERISTICS

The chromatic characteristics of the mdltISDELtial mage which is
formed by additive color mcthods Dn LLELVIEWA’ screen are significantly
affected by the photo_processangbtechnlquca used. The relationship of
exposure {or its radlometrlf equ¢“*1ent) to density on both the nagative

film used in the camera and the positive transnarency prlnted for pro-
jection in the viewer is a critical comsideration. P 1so a significant

parameter, often overlooked, is the maximum and minimum density of the

duplicated positive image,

Herein the -fundamental relationships- of the additive coior iuage
are examined in some detail in order to present’ to the feader‘the-sigﬁi-
ficance of photo processing and how errors assoCiated with processing
may be reduced or eliminated. Specific examples, experimentzlily obtainéd,

are included $o demonstrate salient points,

3.1 Characteristics of thel @ltiband Negative

When a multiband negative'is ﬁroperly exposed and processed 1o a
gamma of 1,0, a one to one correSpondence.will be created on the linear
portion of the characteristic curve befween the radiation reflécted by
ground objects and the corresponding density of the images on the film.
Frcqueﬁfly however, as will be demonstrated in the latter part of this

section, a gamma considerably greater than unity is necessary to chomatically

-38-
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differentiate objects whose spectral signatures may be nearly similar,

An ideal set of multiband negztives w&ll feprcguce s grey scaie
target having unifrom spectrzl feflectance and which is illuminated by
a uniform]y distributed source of radiation in such a way that the image
density of each grey scale is the same on avery cnevof the individual
rmultiband negatives. .This exact matching of exposure and gamna in the
differsnt'spect?al bands which are ussd is vefy difficult and frequently

not possible,

en

fhe difficulty in exactly matching the exposure density relation-
ship (the characteristic curve} is due almost entirely to the effect of
the wavelength of radiation which strikes the photographic emulsion,
when one roll of film is used to expose all four speciral bands of dis-
tinctly different wavelengths, in general, the characteristic curve
associated with each band will be different. This condition is unfor-
tunately encountered in panchromatic smulsions. This effect is shown

in Figure 11, in which the characteristic curves for Inffared.Aerographic

film (5424) exposed with the filters used in the experiment.

The so-called Aerial Exposure Index (or speed) of plotographic
emilsions used in multiband piotography also varies depending on both
the spectral sensitivity and the filtration nsed. The Aerial Exposure
Index is defiﬁed as .5 divided by the eﬁposure (meter candle seconds)
at the point whére the shape of the characteristic curve is .6 times

the gamma. (the tangent of -the angle mdde’ by the linear part of the curve

-39-
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and X axis)., Figure 12 shows the absciute relatlonshlp of the char-
acteristic curves and the differences in photographic speed for Aero-

graphic infrared film (5424) using filters similar to those used in

the experiment.

The éareful reader will note that cxposure is measured in photo-
Fd
getric uhits of meter candle seconds and hence’is defined only.for the
visible.'péctrum. The exposui ¢ of the infrared band conta1ng nc visible
light and is reaily aot ﬁapabie of definition in temms of photometric
egposurs. 1t has been the practice in infrarsd (and ultraviclet) aeriai
photography to use the fi&tion that the exposure in this non-visible
region consists of thc meter cardle seconds of a standard energy source
(limirant C) which has a predefined spectrsl distriéution_of both visible
and infrared radiation. This practice has the effect of making exposure
alruldtlons for the infraved bands extremely difficult to determine in
practice-bexause of deviation of the spectral distribution of solzr radi-
ation from this standard. Accurate and unabbiguous exposure can be ob-
tained in muliiband piiotography by using absolute radiometric units (watts
per centimetsr équared) in each spectral band. This was the tééhnique
used in this experiment and resulted in very-accurate calculations of
exposure as will be seen from the experimental results to be presented

. in Section 5.

It should be noted that the® intensity of the energy which forms

the image on the photographic emulsion of an airborne multispectral camera

-41 ~
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does not depend on the distance betwecn the odbject and the lens of the
sensor. That is, when au object is a sufficiently large distance with
respect to the focal length  9f<the camera, the.intensity of the radiation

. which forms the image is:

a

A
i

]m

53,

Where: B = incident intensity-of radiation times the
reflectivity of the objeét.

"= f/mmber of the lens
In obtaining actual multispectral piotographs, the experimentor must

alse -include ther sctual lens and filter transmission: characteristics

in the above equation.

3.2 Tone Reproduction

In érder to acb'rétely reppesent to the human -eye the_reflecﬁcd
iight from a particular ground scené, there must exist - (in‘the ianguage
of mathematics) a cne to one mapping from the object luminance space
into the positive density space. Assume that the negative-has been
well exposed and processed to a particular gamma. A tone reproduction
curve may be constructed to rspresent th; fidelity witﬁ which combination
" negative and positive transparency reproduces the Biightness of the ori-
ginal grouﬁdiécene. A typicai tone reproduction curve is showm in Figure

13, which represents the fidelity with which the red spectrsl band re-
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produced the five stép grey scale under noon illuminatien at Davis,
California on 31, July 1967, Quadrant I of this fimre shows tﬁe
,éharaétefistic curve of thé spectral negative. The densitiés on

the negative of theidigplayédfgrey-scélés'in the. scene were measurdd

and . the target b%ightne§s in relative-unigﬁ‘related to the photographic
exposure on the negative film, The‘corresponding*charattéristic curve
of the positive trcnsparency was obtained through $imilar measurement
of the gre}_scale densities of quadrant II. Vertical lines fr&m several

posats comnecting the negative and positive characteristic curves are

made tc intersect a 45 degree transter line in'quadran% ITI. B& extending
horizontel iines from quadrant III tolintersect vertical lines from the
original negative curve of quadrant 1, and indiearion of reproduction
prosess iz obtained. Tﬁus, the lecﬁs of all intersected points from
the negative and positive charactefisitic curves yield the toae repro-
‘duction of quadrant 1V, For exact reproéuction, the curve in giadrant
Iv shoulé appear as‘a straight line: An. éndication of thg‘reproduceﬂ
departures from this norm are made By comparing the curve A:with the

curve B,

e

3.3 How Image Density is Related to Color’

In order to create an additive color presentation from a set of
" black and white multiband photos, eacly photograph must be projected by
an optical system, each using a different colored light source, onto a

screeniin such a way that the images are accurately registered with re-
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spect to eachiother. A different proportion of light will be present

in the screen image depending upon the densities of the image on each

-multiband photo which is projected.

) in estaklishing the reiationship between dénsity of individual
black and white-images—énd éhé‘color chardcteristics of the correspon-
ding vecombinsed image that is »rojected on the screen, consider the .
three primary taking filters, blue, green and red;'that were: used -in
this experiment. Each multibanq‘negat{vé was exﬁosed through cne of
these fil%ers, processed o obtain = specific characteristic curve
(gamna}; @ positive image was made by exposing the negative onto dup-
licating film and processing {his film to obtain a specific relationship
between the brightness of tho ground scene and the density of the_image

on this positive transparency.

-

By: projecting each of thesz,multibaﬁé positives using similar pvlus,
greer: and red filters to form the aidditive color presentation on a view-
ing screen, é so called "true color'" rendition of the ground scenc 4$ .
'créated.' The fidelity of the colors of fhe image compared to the .ob-
jecf is not éerfect. In order for the.image té be a perfect-?eproduction
of the color of the object it would be necessafy to, photograph the images
exactly as would be fecorded by the stimulation of the visual response
mechanism of the human eye, shown in Figure 14. To date it has not been

possible to construct with ccmplete fidelity filters whose trancmission

could be supplemented by the response of a photo sensitive material and

A6- -
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the iliuminant falling on the scene such'thaflthese curves are exactiy,
reproducéd: Due to the necessity fie create & less than zero equsuré,'
it is usuaily assumed that it is theovetically impossible to obtain ab-
solutely perfect color reproduction without using the human eye. These
facts not withstan:ing,'a very clese true coior reproduction of a ground
écgne is possible ﬁi;h the blue, green and red filters.used in the ex-
periment.,

As'éiscussed in Section 2, not g11 calors can bé reproduced using
one particalar set of filvers due tc the shape of the coler triangle
created within the chromaticity diagram (dce Figure 7). No difficﬁlty
will be encountered in reproducing cclors whose dominant wavelengths
lie close to the transmission poaks of the taking filters. ‘However,
in order to repreducc the cclors of objects which reflect only dominant
wavelengths agsoci&ted withf§écondary colors yelléw, cyan, it is nec-
essary that there exist a wavelength overlop between the taking primaries
as shown in'Figure 15. That is, the overlap region between the red and’
the green filter wilil yielé thé yellows and in similar manner the over-
lap region between the blue and green filter will'yield cyan. celor,

The number of millimicrons_of overiap indicate the spectral region-in
w@ich the secondary colors can be reproduced. Fortunately, for true color

- reproduction, most colors in nature are composed of broadband which cover

a considerable wavelength range,

The reproduction of the secondary colors is also dependent on the

_'48-.
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camera exposure, Since the region of overlap does not possess the ampli-
tude of transmission which the primary colors 45, to. -hort 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 discussion, the image density on each of
the multiband positives can now be related to the additive color imge |

which they produce:

1 - viere the densities on all the multiband positives
are equal, a condition of zero saturation exists;
the image is a shade of grey (achromatic). This
is due to the fact that the human eye sees equal
amounts of blue, green and red which are combined
in the image as being white. ‘The brightness of
luninosity of tlic white color which is p\:r'wccivcd
depends on the total eiergy combincd in ths inage.

2 - The color of the image is a function of the ratio
of the three colors which are projected to fom it.
Since the densitics on each multiband photo are
a logarithmic relation of the image fomming energy,
the chromaticity is obtained as the weighted average
of the thiee densities.

3 - The additive color image will faithfully reproduce

the color of an object at a gamma of one, Increase

-50-
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in gama above unity will increase the saturation
1 of the image color above that of the object. Con-
versaly, a garms less than unity will decrease the
saturztion of the additive color image.
4 - The magnitcde of the minimum density multispectral
image establishes the brightness of the additive

color image,

3.4 Ixperimental Resulis

The theerctical considerations discussed above were empirically eval-
vated during thz conrse of the experiment. A four color target was
placed on the ground along with a five step grey scale. Multiband
imagery was obtained at 1000 feet altitude at Davis, Califdrnia at 1130

POT, 31 July 1567.

Since aicalibrated grey scale was used along with the coior panels,
it is possible to relate the density characterisitics of the image di-
rectly to the brightness of the ground scene by comparing the image den-
sity on the positive with the reflection density of the grey scale.
In this way the fourth quadrant of the tone reproduction diagram was
produced directly without the necessity of using the individual negative
and positive characteristic curves shown in quadrants I and II (Figure

13).

Four reproductions of the viewer screen additive colcr image are

=51
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shown in Figure 16. Each renditicn has been created by the addition

of the blue, greea anu ied spectral bamds to form a "true color™ re-
production of both the color targets and grey scale on the ground.

Each of the sets of spectral positives was processed and projected so
th;& the grey sclae target remaiinzd acromatic (withcut cclerj. ‘ine
characteristic curves of the multispectral plotography associated with
these photographs ( and hence the gomma) are shown in Figure 17, Note
that longitudil;.al displacenent of the green spectral characteristic
curve away from the red and biue is compensated by the adjustment of
the brightness when the image is projected in the additive color viewer.
Non-linearity of the characteiistic curve ot the red spectral band
(graphs A and B of Figure 17) presents a moic sericus problem, 1In cases
where the sippe of the characteristic curve (gamna) of the blue, ‘green
and red spectral positives differ, the celor or an obiect will vary
with exposure. For instance, a grey scals such as that slicim in Figure
16 might typically be bluish at the dark end, grey in the center and

reddish at the brighi end.

Color measurement of tlie chromaticity of the four color images and
the lightest grey scale is shom in Figure 18, Note how the color be-
comes more saturated (moves away from the center of the chromaticity
diagram) as the gamma is increased. In all cases the image of the
lightest grey scale has been placed at the chromaticity coordinate

(W) in the diagram by manipulation of the viewer controls. In!theory,

-52-



FICURE 16-A

FIGURE 16-D

FIGURE 16-C

FIGUPE 16-D

MSLTISPECTRAL TRUE COLOR REPRODUCTION OF TARGET

PANELS AND GREY SUALES PHOTOGRAPHED AT 1000 FT.

ALTITUDE., GAMMA INCREASES FROM TOP TO BOTTOM RE-

SULTING IN INCREASED SATURATION OF ALL OOLORS, -
NOTE THAT IN ALL FOUR PUOTOS THAT THE GREY SCALE I
REMAINS "(DLORLESS'" AS COLOR PANELS BECOME MORE :
SATURATED. |

FIGURE 16
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Long Island University " Technieal Report SERG-TR-04
. Science Engineering Research Group . . 1 September 1968

all the points should lie on a line from the center of the diagram.
The deviations from a donstant dominant wavelength is probably caused
- by variations in processing, particulaily in the red band, as pre-

viously noted.

. An often overlooked aspect of color reproduction is the effect. of.
the maximum and minimum density on the <olor of the <image produced.

The effect of reduced brightness as the maximum density is increased
while the gamma is kept constant is shewn in Figuve 19, Reiatively
dark ohjects such as ‘the green target panel and grass areas losc coloy

first while brighter cbjects such as the yellow target and soil still-

renain relatively brignt to the eye.
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FIGURE 19-A

FIGIRE 12-B

FIGURE 19-C

VARIATIONS IN BRIGHTNESS OF TARGET PANEL DUE TO
VARIATIONS IN THE DIFFERENCE BETWEEN MAXIMIM AND
MINTMUM DENSITY,

FIGURE 19
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SECTICN 4

INCIDENT SOLAR RADIATION, THE SPECTRAL REFLECTANCE AND COLOR OF GROUND

OBJECTS.

The quantitative analysis of the chromatic characteristics of mul-
tiband and conventional color photography is greatly facilitated by
casurement of the color and spectral characteristics of "standard"

targeis embedded in the envirorment. In order that temporal errors

it is essentizl tiat these measurements be made at
the time the photography is taken. This data has three important pur-
poses,

(1) It allows an independent check to be mada
on exposure calculations and film process-
ing characteristics.

{2} It pemiits coupensation of the effects of,
incident solar radiation and the spectral
attenuation of the atmosphere on the char
acteristics of the color image.

(3) The chromatic characteristics of images of
other "natural” objects in the enviremment
(e.g., soils, vegetation, efc.) can be re-
lated to a standard system of color mea-

surement,

At each test site the standard target consisted of an array of four
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Long Island University Technical Report SERG-TR-04
Science Enginrering Research Group 1 September 1968

color panels: blue, green, yellow and red and a five step grey scale

which had nominal reflectance values of 4, 8, 16, 537 and G4 percent.

The intensity and spectral distribution of incident sola~ radia-
tion was obtained each time the reflectance spectra and color of the
panels were measured. In this way it was possible to measure the ef-
fect of variations in the incident radiation on both the spectral rve-

flectance characteristics and color of the paneils.

Spoctroradiomeiric measurement of incident solar energy was ob
tained using a battery operated spectroradiometer covering a range of
380 to 1250 nanometers (See appendix A). The instrument incorporated
a dambertian detector surfagg\which resulted in mezsurement of the
total energy (sun plus skylight) falling on the earth's surface. The
sensitivity or the device ranged from 0.01 to 1000 microwatts per cen-
timeter squared per manometer with z kalf power bandpass of 15 narometers
in the visible range and a 32 nanometer bandpass in the infrared portion
of the speétmm. The relative accoracy of the data obtained (not the

absolute accuracy) was plus or minus 3 percent.

Reflectance measurements werc made using two narrow zngle (12
degrce total field) spectroradivmeters, one covering 350 (o 750 nano-
meters and the other 750 to 1350 nanometers (See Appendix A). The
bandpass of the instruments w=c 5 nanometers in the visible spectrum
and 10 nanometers in the infrared. The relative pcint to point accuracy

of the reflectance spectral data obtained with these instruments was

-60-
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plﬁé or minus 2 1/2 percent.

LColorumetric measurements were taken using a photo-electric color-
imeter which read the tristimulus Jalues (X, Y, ) of the object as il-
luminated by natural ’"nliéht. The specific details of this instru-
ment and the three spectroradiometers.discussed.above areuprésented in
detail in Appendix A which includes information on‘the calibration of

" the instruments.

4.1 Incident Solar Radiation

The intensity and spectral distribution of soiar radiation fali-
ing upon the earth's surface is known to vaiy witn solar angle and at-
mospheric conditions. Knowledge of the characteristics of éolar energy
which artually sur1kes the greund is important since an object will
reflect different amounis of this radiation in each SpeCtde band sensed

Y

by the camera in direct proportion to that which falls upon th object.

b

Theoret1ca1 analysis of solar illumination based upon air mass cal-
culations and Ra]elgh scattering of the aercscls are of little prac tical .
value in predlctlng the spectral distribution of solar energy which
actually reaches the ground. This is primarily due to the existance
of unknown amounts Qf Mié scattering and absorption in the atmospheré
due to particles which are large compared tc the wavelengfh of the ra-

diatjon.

Eigure 22 demonstrates this condition.  Spectroradicmetric readings

52~
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of solar energy (both suniight and diffuse skylight) using.a lambertian
detector were measured on 30 July 1967 at Davis, California. Spectral
intensity in microwatts per centimeter squared per msncmeter from 380

to 1150 nanometers was measureéd at five times during the day.

The first-feature clearly evident from this dava is the largs vari-
ation in intensity Qith wavelcngéh’as a function of time (solar angle);
The characteristic aﬂsorption hend beiﬁw 380 nanometers and at 955
nanometers is also clearlylevident for all the times recorded, Of par-
‘ticﬁlar significance, however, is the presence of considerably mcre in-
frared radiation in the 700 to 900 nanometer band in the aflterncon com-
parad to the morning. The reader will notice that aithough the visikle
radiation, 400 to 700 nanometers, has én average increase iz radiation
of 8 percent (with a maximum of 13 percent} in the aftérnoon, the'infra-
. ved radiation in the 700 to 900 band exhibits an cyverage increase of
25 percent and is occasionaily as high as 40 percent in the afterncon

compared to-the morning., The reduction in visible light in the #fter-
.noon is conventionaily attributed to the absorption of smoke and dust

particles in the atmosphere.

The effects of variation in the solar radfation in the solar radiation
striking the terrain, if known, can be compensatéd in multispectral photo-
gréphy since the exposure in each spectral band can be independently
ajjusted. Color infrared film on the other had has fixed spactral sen-

sitivity of the individual dye layers and consequently the images of
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grourd objects taker under these conditions appear more red in the

afternoon than in the morning,

There is one aspect of solar illumination that can not be compen-
sated bv variation in exposure in the miltispectral camera, This is
'~ the spertral difference between the solar radiation illuminating' the
ground and the diffuse skylight which illuminates shadowed areas. Fig-
ure 23 shows a comparisén of direct sunlight and diffuse skylight msde
at the same time on 30 July 1967 at Davis, California. In addition
"to the obvicuz reduciion in intensity, skylight is predominantly biue
vhich results in an apparent increase in the bBlue band exnosure when
an otject is in the shade of topographic features. The reader must
be cautioned that the spectral distribution of the shaqows'cast by
trees may be quite different from thaf shown in the preceeding figure
_due to transmission and secondary reflection of the leaves.

4.2 Spectral Reflectance of Ground Cbjects

b

Remote sensing instrumentation in the .26 to 3 micron band of the
eiectromagnetic spectrum praci ically without exception utilizes solar
radiation as the energy source. As was seen in the preceeding para-
graphs, this energy varies continuously during fhe day duc to sun angle
and atmospheric conditions. The spectral distribution of solar energy
vhich is reflected by a ground chiect wili also vary as a function of
both the orientation of the object and its ebsorption—tranémission—

reflection characteristics.,
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':Figure 24 demonstrates the significant differences which exist be-
tween laboratory spectrcphotomet;ic measuremnents of the refiéctance
spectiaféf color target panéls,and field measurements which utiiize
éolar radiation as the illimminant. In order to facilitate comparison,
the field spectral data have bsen nommalized to noon sunlight conditions
that exisied on 30 July 1S67 and tﬁen equated to the laberétory data
at 555 nanometers. The blue .and green panels are seen to exhibit com-
siderably reduced reflectance under natural sunlight compared with
laboratory measurements. The red pansl on the other harid, showed ap-
proximately a 27 percent reducfion in reflectance at 725 nanometers but
an'18 percent incresse at 800 nanometers., It must be emphasized that
the reflectance characteristics of objects under natural solar radiation
are continually changing as a function of the intensity and distritu--
ticn cf the illuminant, For thisz reason, the density of the imaze
vhich appears on a spectral vhotvgraph can not be predicted on the
basis of 1abbraéory sPectrophotometric data showing percent total dif-

fuse reflectance as a function of wavelength.

A remote sensing instrument is a perspective sensor. ltnyiews a
particular ground object at a specific apgle with Iuspe&t to the sur-
face normal or nadir, This angle depends both cn the orientation of
the object and the orientation of the sensor., BEach image fecorded by
the camera on the photographic emuision is taken at a different per-
spective angle. Solar radiation also falls upon surface objects at

varying angles of incidence depending on the time of day and the orien-

-£7-
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tation of the object. The gusstion, arises, "what effect do these sng-
ular relationships have upon the reflectance spectra of the object as

recorded by the sensor?"

‘Figure 25 demonstrates i iz dmportant and unresolved problém.
Thfee grey scale panelé having nominal refléctahgg values of 64, 3Z and
16 percent weré plééed on the ground at Davis, Californié on 3G july
1967, The surface of the panels was textured to minimize specular re-
flectance frog-the surface, Simultaneous méasuraments were.mace of
‘the spectral distribution of the incident sunlight and the reflectance
spectra of the panels. The reflection spectroradiometér was oriented
90 degrees to the incident light in order to elinmnate any possikility

of speculdr reflection from-the panel surfacc from being measured.

-

In order to remove the effects of the spectral distribution of the

solar radiation, reflectance data were normalized to a pevcentage of
Aty ' r (=3

that incident at each wavelength as follows:

] 2
Refiection (w/cm /rm) ~

) x 100
Incident (w/om™/nm)
What™ is Shown then iA Figure 25 is the non-lambertian spectral re-
flectance of the threc panels under identical conditions. It can be
seen that at 425 nancmeters the reflectance is six percent greater for

the 64 peréent‘panels. At 950 nanometers the 64 percent reflecting

panel.-reflects six percent more than the laboratory values, the 32

=
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percent, ffour percent more and the 16 pe rcent five percent less.

-

1nus, the reader can see that even the most carefully constructed
unlformiy reflecting target panels do wot reflect radiation equally i
all anguiar directions. Tne reflectance spectra depends on the rela-
tive angle of the incident radiation, the orienatation of the object as
well &5 the Derspeétlve angle of the éensor.

Figure 26 présents a compariéen cf 21l three methods of meessuring

the reflectance spectra for the nominal 372 percent reflectance grey

scale target. From this plot it can be seen that the camera sess miite
a different target characteristic then one would suppose to be the case

from the laboratory spectrophotometric data.

4.3 The Color of Ground Objects Under Natiral T1lumination

The percéivea cclor of ground obJects is a funct 10n'which‘is'known
to depend at leact on the spectra of the 1llumlnat1ng light and the re-
flectance'charactéyistics of the surface structure of the object, How-
ever, identical colors can be perceived for the same object under an
infinite variety of illuminants énd refiétance characteristics. For
instance, under Luminance C sunlight, the color of a yellow filtef
Wratten 12) can be identically matched by the additive mixture of
light through a green filter (Wratten 74) and a red filter {iratten 25)
even though the latter two filters transmltt no light at 575 nanﬂmeterb

1&11ch is the wavelength described as yellow.

71 -
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‘The consequences of this lack of uniqueness between color zid spac-
tra is criticgl for multispectral color photograpiy as it is for éhcﬁo—
graphy ﬁéiné color films. The color of an image can oﬁly be used to
differentiate objects if (1) the spectra of the objects have been cb-
tained and taking ﬁ}lters,chosén ppproﬁriately‘énd (2) the spectral -

distribution of the illuminant is known.

Variations in the color of a green farget panel as a2 function of
different conditions'of solar il;umination between 29‘5u1y:and 4 August
1967 is shown in Figure 27. By measuring the distribution of the il-

_ luminant, and cerrecting it to a constant value, the colors of the panels

.¢an all be_placed within. the chromaticity ccordinzies shown in the cross-

hatched circle in Figure 27.

fighre 28 shows a similar=ccnditicn also éxiéts'for_a achromatic
{colorleéss) grey scale target pansi. The apparent dominant wavelength

of SSO_nanmneter§ indicates that ihé_targets have generailf a slight

_?ellow color under natural illumination whea measuréd with reference

to the International Standard Luminance C.

734
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SECTION S

315 RESULTS OF THE EXPERUMENT

‘Hetein are examined the pﬁotographic results of the experiment,
In general, a comparative methodology ic used.to 2nalyze the picto-
grapic imagery which consists of relating colorimetric ﬁeasuremgﬁts
of images on both multiband color and subtractive color fiims. Howevér,

the reader will note that this procedure may be modified cccasisnall

=

depénding on the particular sit:ation encountered at a test site, the
needs of the envirommental discipline and the significance of the re-.
‘sults obtained. Figure 29 shows the geographic location of the NASA
agriculture, forestry, geﬂgréphicfand geolopy test sites that were used

in this experiment.

The technique used to evaluate the images cotained during ths ex-
periment and which are interpreted by "user' scientists is that of an-
alytical color measurement. “The chyoma{icity coordinates of identical
images on the multispectral additive color screen and in *he subtracs
tive color films are measured, These color signatures are compared to
ground measurements. 1In those instances where false color space has
been created, the uniqueness of the image color obtained for ground

obiects (such as safflower, milo, corn, etc.} has been measured as both

functions of spatial, temporal ox’envitormental variables.
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| This nethodolqu of analytical measurement of the 1mage struciure
is used to establish the accuracy, reproduc1b111+y ~»d uniquencss of
the image forming capabilities of multiband and conventional color
photegrephy. 1t must be emphasized in.the case of the images proéuce&
by muitispectral color photogrgphv that all differences are due o the
ability of the camera to adjust expostire independently in each speciiul
band and the“capabiltiy of the viewer to alter the color space to'suit
the needs of the iﬁterpreter. The camera filtration was not selected

on any 2 priori xnUWLedge of spectronhotcmetr*" "haract°r1al3c5 of the
* \ L]
ground ovjects, the multsipectral camera filters being chosen to approx

imate the spectral sensitivity of the color films that were used.

5.1 Agricuiture

The sgricultural test site was lccated at tho fgricultural ﬁxneri-

uental Test Station, University of LallFornla Davis, Callfornla. The

geograpnlu Jocation is shown in F;gﬁre 31,

LY

The phot;grapﬁy was taken between 28 and 31 .Tuly 1967, Figure 32
shows four black and white poéitivg repféducéions of multiznectral
ﬁhotography“taken ovei the test site at 28,000 feet. The reader will
noiice that the images on these four photographs are in exactly the
- same spatial location on each phote. The only difference being the

tone or density of the conjugate image on different photos,
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COLORIMETER BEING USED T0 MEASURE COLORS PROJHCTED ON THE

‘R SCREEN,
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GEOGRAPHICAL LCCATION OF AGRICULTURAL EXPERIMENTAL TEST
STATION, DAVIS, CALIFORNIA.
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FIGURE 32-

RICURE '3

FI(

EIGURE 32-D

JRE 32-C

FOUR POSITIVE REPRODUCTIONS OF ISDIVIDUAL BLACK AND WHITE MILTISPECTRAL

PHOTOGRAPHS TAKEN OVER THE AGRICUIL '111"\. EXPERIMENTAL I

CALTFORNIA ON 11 JULY l“h F

INFRARED B ar JTIES

THE FOUR LENS MULTIS

IS IDENTICAL ON EAGH I US]

DENSITY OF IMAGES DEPENDS H\ THE SPECTRAL BAND,
EIGURE 32

STAT
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The additive color viewer superimposed the red, green and blue
spectral photos to form a true cblor reproduction of the ground which
is shown in Figure 33, The ground target pancls are shown in this
photograph, - The Ektachrome (8442) photograph is also shown in the
center of this figure, This photograph was taken at exactly thc same
time as the multispectral photograph above it. The photo at the b:.l‘..tom
of the Figure 33, shows the ground target which consisted of the four
colors: green, yellow, blue and red, To the right of the target is a

five step grey scalea.

The color of the panels was uiczsured within pius or minus 1/2 hour
of the time the photograply was taken. The chromaticity coordinatcs
of the ground measurcments of the cdlor panels is shown in Figure 34,
The color of the ground panel images was measured on the Aerial Ekta-
chrome film and is also shown in this figure. The color of ihe multi-
spectral reproduction shown at the top of Figure 33 was adjusted to
match as closely as possible the colors of all four ground targets in
a single screen presentation. For the particular characteristics of
photographic reproduction of both the negative and positive which were
projected, it was possible to match the chromaticity coordinates rc-
lative to the ground chromaticity coordinates as shown in Fgure 34.
From the analytical description of colors shown in this figure, ve see
that it was ﬁossiblc to obtain a much closer match to the greund colors

using the additive manipulation of the color space in the additive sy-
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FICURE 33-A

FIQURE 33-B

-

FIGURE 33-C

TOP PHUIO IS A MULTISPECTRAL TRUE COLOR RENDITION MPIED FROM THE VIEWER
SCREEN IN WHICH THE BLUE, GREEN AND RED MULTISPECTRAL POSITIVES ARE PRO-
JECTED PAGH IN THE SAME COLOR. 1IN THE CENTER IS AN AERTAI EKTAGHIROME P
PHOTO TAKEN AT THE SAME TIME USING AN OPTICAL SYSTEM IDENTICAL TO THAT
OF THE MULTISPECTRAL CAMERA, THE BOTTOM PHOTO SHOWS THE TAPGET ARRAY
CONSISTING OF FOUR COLOR TARGET PANELS AND A GREY SCALE.

FIGURE 33
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stem compared to the particular subtractive color film used.

The spectral reflectance of the color panels is shown in Figure
35. These'measurenents were 110t taken at exactly the same time the
phoLoorapny was obtained, however, they do give some indication of the

relative reflcctance. spectra.of thEMturﬁetS under natural- 111an;nat10n.'

Figure 36 shows chromaticity coordinates of four ground objécts
measured from the multispeéffél additive color viewer-whééh were shown -
at the top of Figure 33. The-colors have-been messured -and ﬁlofted-fof
ground objects of alfalfa, barley, bare soil, and tomatoes. The toma-
toes exhibitéd thres different growth conditions, being: newiy sprouted
plantsy plants-that were: ILOWPrTng‘and plants develcping tomatoes (ap-
proachiné maturity}. The images of the same ObJECtS measured on Aerial
Ektachrome are shg wn'ln Figure 37. It can be seen that the objects oc-
cupy entirely differsnt chromat1c1ty coordlnates on Ektachrome flhn as
compared to- the add1t1ve color rendition. Figure 28 compares the chroma-

't1c1ty coordlnates.cf the four ground cbjects as they appear on the mul-
tiband color” image ‘and the Zktachrome image. The fidelity.of color re-
production, which from an examination of Flgure 34.is quite ciose to
that of the ground in the multispectval additive imaae, is much less
faithfully reproduced by the Ektachrome film, This is particularly true

in the case of alfalfa and newly p “nted tomatoes,

Figure 39 shows a comparison of four multiSpectral false color ren-

-84
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ditions including Aerial Ektachrome 'Ipﬁrared (8443). The top three
false color multispectral renditions ha-ve been created by eddition of
the infrared band shown in. Figz;lre- 32 with the green and red bands
and varying the hue and saturai;ion of the color space to ‘produce the
effects shown in Figure 39. The Ektachrome Infrarcd photo shown at
the bottom of the page was taken at exactly the same time as were the

top three photos,

Figure. 40 shows the chromaticity of seven ground objects as they
appear in each of these four photographs. This Figure sh;:tws e the
chromatic color differentiating capabilities of each of the renditicns.

For instance, using nultispectral rendition A, it was possible toc chro-
matically separate barley, milo, alfal » flowering tomatoes and corn
from each other quite well. Multispectral rendition B allowed c}:romatic
differentiation of bare soil from flowering tomatcoes quitc well but milo
and alfalfa are close to cach other in thelr cclor, ’Pﬁvch tion C iu the
lower left of the figure separvates many of the ground obiects well with
the exception of corn, alfalfa and milo which are quite close chroma L:Lcall)f
although the interpreter can more easily identify their color differences
because of their position in the blue part of the chrematicity diagram,
The chromatitity coordinates of these objects are shown for Aerial Fkta-
chrome Imrared in the lower right of Figure 40. Ifere we see a general

bunching of th° colors in the blue-magenta part of the dlaqram and also

that the colors are not nes rly as well separated as they were in any-

.89..



MILTISPECTRAL RENDITION A
Green band projected as blue
Red band projected as breen
Infrared band nrojected as red

MULTISPECTRAL RENDITION B

Green band projected as blue
Red band projected as red
Infrared band projected as green

MULTISPECTRAL RENDITION €
Green band projected as red
P2d band proiected as green
Infrared band projected as blue

AERTAL ENTACHEOME INFRARED
FIOTOGRAPH, 3

COMPARISON OF MILTISPECTRAL FALSE QDLOR RENDITIONS WITH CONVENTIONAL
RERIAL EKTAGHROME INFRARED FIIM IMAGES OF SOME AGRATCULTURAL CROPS AT
1617 POT, 31 JULY 1967. TIE TOP THREE PHOTOS ARE MULTISPECTRAL FALSE
CILOR RENDITIONS AND THE BOTTOM, AERIAL EKTACHROME INFRARED (8443) TAKEN
SIMULTANEOUSLY WITH THE MULTISPECTRAL PHOTOS,

FIGURT, 39
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of the above multiband.renditions.

Figuré 41 shows the relative position of simiiar crops in the four
false colur renditions discussed previously. Here it can be seen that
it is possible to position the colors of objects in the color so1id de-
pending on the met@od of projection(the false coior‘multiband phetography

or by using false color subtractive films.

sFigures 43? 44 and 46 are quite significant in that they show: ths
-aﬁiiity of muitiband-additive color techniques to establish the chroma-
tic characteristics of images relating to the same ground cbject as a
function of thres variables: altitude, time of day aud the spatial-spec-
tral chavacteristics of the particular object. Figure 42 shows the
P

ralse color rendition of an orea of the test site in which the green

band has been projected as bLiue, ths red band projected as green and

the infrared as ved. The photo at the top of the Figire 4% wus taken

at 28,000 f{eet. The center photo was taken at 15,00C feet and the photo
at the bottom of the pags at 3,600 feet, all taken on 31 July 1967.
The iﬁage appears in all photographs as shown by the annotaiions in the

top two photos.

Figure 43 shows ithe chromaticity. ocordiantes of three crcps as they
appear in each photograph. The crops dre safflower. coin and milo,
In this figure we see that safflower exhibits a reasonably tight grouping

about dominant wavelengths between 550 and 5§60 nancmeters, and milo has

...92-..
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SHFFLOKER

FIGURE 42-A
28,000 FEET

FIGURE 42-B
15,000 FEFT

ALFALFAR

FIGURE 42-C

3,000 FEET

FIGURE 42:
COLCR OF SIGNIFIUANT CHOPS AS A FUNTION
OF BOTH ALTITULE AND TIME VARIATIONS ON
31,JULY 1967 DAVIS, CALIFORNIA
FALSE COLOR---GREEN PROJECTED AS BLUE
R0 PROJECTED AS GREEN
INFRARED PROJECTED AS RED
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relatively constant dominant wavelength of 600 nanometers with varying
saturation. However, the variation in the colors of corn is of par-
ticular significance. Color measuremcnt of all the above images was

made using a probe which integrated the iight from a 3 1/2 mu dimacier
circle on the viewer screen. The fact that the spacing in cura is clearly
evident in the lower altitudes as the ground is resolved as spaces be-
tween the crop rows. However, as altitude increases fewer and fewer

of the rows are resolved until at 28,000 fect a relatively hamogencous

color is produced rot too different fium that exhibited hy milo.

Figure 44 uses identicelly the same spectral positives as th» pre-
vious figure, however the color space has been changad, Tho grecn band
is projected as ied, the red band ac blue and the infrared band as green,
Figure 45 again shows the chromaticity plot uf corn, milo ard szf flower,
However, in this color space, we see considerable overlap betwgen the
colcrs of corn «id milo, also this celor space minimizes the chromatic
cffects on the image ol the spacing in the corn crop. The color of
safflower is different (as seen from Figure 45), tecausc (he color mea-
surement was rade in the ceniral part of the plot where considerable

amount of soil is resolved along with the plants,

A third manipulation of the color space shown in Figure 46 is achieved
Ly projecting the blue bard as red, the green band as green and the in-
frared band as blue. From the color plot shown in Figure 47, we see

that the colors of the safflower images at all altitudes and at different

96



FIGURE 44-A
28,000 FEET

FIGURE 44-B
15,000 FEET
ALFALFA

&1 |

SAFFLOWER —

FIGURE 44-C
3,000 FEET

FIGURE 44:

COILOR OF SIGNIFICANT CROPS AS A FUNCTION
OF BOTIF ALTTY AND TIME VARIATIONS ON

iniriig ;zil¢”n
31 JULY 19067 DAVIS, CALIFORNTA
FALSE (DLOR- --CREEN PROJECTED AS RED
RED PROJECTED AS BLUE
INFRARED PROJECTED AS GREEN
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EIGURE 46-A
28,000 FEET

FIGURE 46-B
15,000 FEET

ALFALFA

SAFFLOWER- CORM

ML

IFIGURE 46-C
3,000 FEET

EICURE 46:

COLOR OF SIGNTFICANT CROPS AS A FUNCTION

OF BOTH ALTITUDE AND TIMiZ VARTATIONS ON

31 JULY 1967 DAVIS, CALIFORNIA

FALSE COLOR---BIUE PROJECTED AS RED
GREEN PROJECTED AS GREEN
INFRARED PROJECTED AS BIUE
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times are quite closely grouped together, whereas overlap occurs in

one instance between milo and corn.

Figure 48 shows the chromaticity coordinates of the colors pro-
- \\ -
~ - N : - . -
duced by alfalfa on the low altitude photograph. From this Figure the
- . Y
reader can see the transformation of the image color froj red to green

to blue depending on the color space achieved in projection. .

Figﬁre 49 shows the spectral refiectance of thrge crops, alfaifa,
1¥e and satllower. These data have been spectroradiometrically obtgined
in ihe fizld apd the readings corrected to nmoon sunlight conditions that
existed on 31 July 1967. Where very little difficulty is usually en-
countered in obtaining a spectrél-color signature of flowering safflcwer,
it is quite difficult generally, to sﬁectrally differentiate rye and
alfalfa. The data Eresented in thié ﬁigﬁre indicatas that at least under
roon illuminating conditionssane‘might expect to be able to obfain unique
celer signatures for alfalfz znd rye by subdivision of the 700 to 809
nanometers %pectrai band. {The reader will remember that both the mul-
tiband filters used in this experiﬁent as well as the infrared film

recorded the entire 700-900 band of the near infrared spectrum as a single

band,

5.2 Forestry

¢

The Foresiry test sites, which were. overflown, consisted of two areas.

on in the Quincy-Meadow Vallcy-Bucks Lake area which is generally heavily

-101-
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LOCATION OF THE NASA FORESTRY TEST SITES
AND APPROXIMATE FLIGHT LINES FLOWN.
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weoded. ‘The other area was relatively open range land located near
Harvev Valiey, California.. The geographic locations of both these te

sites as well as the approximate flight lines are shown in Figure 50,

Some significant results arelshown'ih Figure 51. The top photo in
this figure shows a wooded area adjacent to Silver Lake. The ground
truth associated with this photograph, which was taken at 28,000 feet
above sea-level {approximately 27,000 feet above mean terraén level},
is shown in the too photo of Figuve 52. The areasinoﬁed in the ground
truth have been colorimetrically analvzed, “These results are shown in
Figure 53. Area A,indicated on the cround truth, ic a stand of Califor-
niz Black Oak {Quercus Kelleggii). This stand, as can be seén from
Figure 53, is cleavly chromatically differentiated £rom area D, which
consists of 3 stand of Riparian Hardwoods, mostly White'Adler, and
from area G which is a stand of Lodgepole Pine &Pinus Contorta). Also
White Bir (arez H) can be diffcrén’iaued chrematically from areas con-

taining Balck Ozk and Lodgepole Pine.

The center phote in Figure 51 is the Harvey Valley Range area. The
ground truth for which is shown in the center photo of Figure 52, Chro-
maticity measurements of the images shown on the ground truth are in-
ciuded in Figure 54, From this figure we see that Bromus Inermus grass,

Big Sagebrﬁsh sites and dry rushes-sedge areas can be clearly differentiated
on from the atherl The colors of- the images which relate to Low Sage-

brush.and. Bromus Inermus grass can be less well chromatically separated
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FIGURE 51:

FIGURE 51-A

SILVER LAKE, CALITORNIA AT
28,000 FEET ABOVE SEA LEVEL

7 AUGUST 1967. FALSE COLOR
RENDITION--GREEN PROJLCTED AS
GREEN, RED PROJECTED AS BLIUE,
INFRARED PROJECTED AS RED.

FIGUKE 51-B

FARVEY VALTEY AT 25,000 TEET
ABOVE SpA LEVEL 7 AGCUST 1967
FALSE OMLOR RENDITION--CREEN
PROJECTED AS BIUE, RED PRG-
JECTED AS RED, INFRARED PRO-
JECTED AS GRELN.

NC AREA AT 28,000 FEET
ABCRE SEA LEVEL 7 AUGUST 1567
PALSE COLOR RemniT10%--GREEN
PROTECTED AS GREEN, RED PRO-
JECTED AS BLUE, INFRARED PRO-
JECTED AS RED. T

THREE FALSF ™LOR RENDITIONS OF VARIOUS
AREAS IN FORESTRY TEST SITE.
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FIGURE 52:

GROUND TRUTH FOR FORESTRY TEST SITES.
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FIGURE 52-A

LEGEND- SILVER LAKE

A-QUERCUS KELLOGGII(CALIFORNIA BLACK OA%

B-GLACTAL MORAINE (GRANITIC)WITH SPARSE
COVERING OF MANZANITA BRUSH,

C-DRY "L"ua“-.; OF SEDGES AND GRASSES

D-RIPARIAN HARDWOODS (WHITE ALDER)

- Gmmc CUTCROP

G-PINUS CONTORTA(LODGEPOLE PINE)

H-ABIES CONCOLOR(WHITE FIR)

FIGURE 52-B

TRGEND- FARVIYY VALLLY RANGE

1-INTEGRATION OF CTANDING WATER IN AND
AMONG,A DENSE STAND OF SEDGES{CAREX SP

2-PARTTATLY DRIED RI'SIES AND SEDGES.

r,-\'I 1\\ HJ‘H 5
LOMINANT SPI
AND SOME Wad

6-Ble SAGEBRUSI "-I."‘S

'J' RIMNDENOSA PINE

S-MRIZANTTA BRUSHFIELD

FiCURE 52-C
LEGEND-SERPENTINE ARE "\
A-DUBAKELLA SOIL.
g S (X
B-RIPARTAN HAR i 3
DOMINANTLY "“I‘ SP, (WILLOY)
C-MEADOW OF ORY GRASS WITH Cf"r SCAT-
TERED SALIX SP. S
D-MEADOW WITH A HIGHER PROPORTION OF
VEGETATION
E-VERY MOIST MEADOW AREA
F-DENSE STAND OF MIXED CONIFERS ON QO-
HASSETT SOIL
G-WET MEADOW, LUSH GRASSES AND SEDGES
(CAREX SP.)
H-FAIRLY DENSE STAND OF TIMBER ON IUB
KELLA SOIL,
I-BARE GRAVEL--GOLD DBEEDGE TAILINGS I
EARLY MINING OPERATIONS,
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Long Island University ’ Technical Report SERG-TR-04
‘Science Engineering Research Group 1 September 1968

ds is the case with stands of Ponderosa Pine and Manzanita brush en-

bedded in_the pine field.

fhe tottom photo in Figure 51 is the Serpentine arez of the Bucks
Lake test site. In this rendition it has been possiﬁle to ciearly dif-.
ferentiate all the items delineated in the ground truth shown in Figure
52, ‘the ch%omaticity nmeasurements of these images are shown in Figure .
55. This additive céior rendition is particularly significant becauss
sevéral independent measurements of images asscciated with areas iden-
tified as similar by the ground truth resulted in establishing_identicél

color coordinates,

5.3 Geography

i,

ne L-S_Angeles Rasin from Santa Monica to Riverside served as the
geography -meteczdlogy test site as shown in Figure 56. This area was
over-ficwn on 3 and 4 August 1967 under widely different atmospheric
conditions, The coastal area was visuaily clear while the inland River-

side area contained heavy smog accompanied by a then cirrus overcas

gt 20,000 feet,

Two different experiments were performed at this site:
1- Overfligﬁts of the areas were made at 15,000
and 28,600 feet for the purpose of comparing
multiband color photogréphy with subtractive

color films (Aero-Ektachrome and Aero-Ektas

-11k-
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FIGURE 58

HLIGHT LINE COVERAGE OF THS MSA GEOGRAPHY
" IEST SITE AT LOS ANGELES
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chrome Infrared).

o8]
¥

A series of photogragphs at increment=l aiiitudes
" from 1,500 to 28,000 feet for the purpose of com-
paring the color fidelity of both multiband coloy

and color films as a functicn of altitude,

The second experiment provided an opportunity for detailed quanti-
tative analysis of the effects of apparently reiatively clear atiuos

spheve on both the multispectral color and Ektachrome color films,

Figure 57 shows thé Ektachrome natural color phﬁﬁoéraphs of target
panels located on the ground at Century City (West Los Angeles) taken
at altitudes of 1500,3000, 5000, 10;000,15,600328,000 feet. Figure
58 shows the chromaticity of the four colored.Panels measured on the'
Ektachrome photography at thase altitudes. It can ba seen from this
figure that there exists considsrable ambiguity between the Blue and
© green targets as a function of altitude, However, both the red aid
yellow targéts are well differentizted. The dominant wavelehgth of the
red target is 600 nancmeters, the dominant wavelength of the yellow
ta%get, 573 nanometers, with all targets being contained between 570
and 576 nanometers. We can see that the saturation of the colors of
these two targets is relaiively constant.. The: green target dominant
wavelength varies from 505 to 535 nanometers accémpanied By a great
variability in saturation., »More serious from a precisioﬁ photographic

standpoint is the color overlap between the blue and green targets as

~113-



FIGURE 57:

AERTAL EKTACHROME PHIOTOGRAPHS AT THE
INDICATED ALTITUDES ON 3 AUGUST 1967.

FIGURE 57-B
3000 FEET —

FIGURE 57-D
lUU‘i ”I]

FIGURE 57-F

LUy,

”I’S‘TJUU"F‘I‘I“}‘ 2T 000 FTET
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a function of altitude. Blue colors are mistaken for green as altitude

‘'varies, as can be seen from Figure 58.

Figurc 52 presents a multispectral true color renditicn of the
same scene that was shown in Figure 59, Colorimeter measurements wers
made of the images of the color targets when the interpreter used the
additive color viewer to provide what he considered to be the most
natural reproduction of ground color. These results are shown in the
Figure 60. This figure is again a chromaticity plot of the color mea-
surements of the red, green, yellow and blue targets for an average
of three observers who have attempted to match the scenes at the var-
jous altitudes to give what appcared to them to be a natural color ren-
dition, Examination of this diagram shows the existance of considerable
variability in the measured color of target panel images, however, the .

overiap betireen colors which cxisted on the color film is not present,

Figure 61 gives a most interesting comparison of the color of the
targets as ﬁea.surod by a colorimeter on the ground (at the time the
photography was taken) with the chromaticity of the additive color imagz
when the color space generated by the viewer was manipulated to give
the best color match to all four target panels in a single additive
color presentation. It can be seen that the chromaticity of the red,
green, white targets and their images are practically superimposed.

The color of the yellew image is auite close to the color of the target

and even the blue image, which is practically impossible to exactly

-116-



FIGURE 59:

MULTISPECTRAL TRUE GOLOR PHOTOGRAPHS
OF THE TARGET PANELS AS A FUNCTION OF
INCREASING ALTITUDE

FIGURE 59-A
1500 FEET
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match in any color scheme, IS cicri vov co svmvrvarvs) vover vu v wa
the measured ground color. The spectral distributinn of sunlight during

~ the period in which the photography was taken is shown in Figure '62.

5.4 Geology

Two-geotogy~test-areas-were overflown during ‘the experiment. The
one receiving the primary emphasis was the White Mountain area north
of Bishop, California. -The other area was Mono Craters. Both these

areas are shown in Figure 63,

Figure 64 is a multispeétral false calor reproduction of an area
of the‘bwens Desert, north of Bishop, California, iueﬁtifigé és Bishop
vaf,' Photography was taken at 24,000 feet altitudé above the terrain
on 6 August 1967, The area of the Bishop Tuff has been extensively an-

.alyzed and geological maps have been prepared by Dwight Crowder of the
U.5. Geolcgiéél Survey. Information from these maps las been overlaid

on the photography as shown in Figure 64,

The area consists of three predominant features, non-welded tuff,
partially welded tuff, alluvium., The multispectral. color rendition
shown has been obtained by projecting the green band as green, the red

band as blue and the infrared band as red.

The chroﬁaticitx diagram in Figure 65 shows the plot of four color

weasurements mude from the viewer screen in each of the identified areas.

~121~ o
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LEGEND

PW- PARTIALLY WELDED TUFF
QAL- ALLUVIUM
NW- NON-WLLDED TUFF

Kgr-GRANITE BASEMENT

TIGIRE 64:

MILTTISPECIRAL COLOR PIICTOGRAPHY
OF BISHOP TUFF ARFA OF THE OWEMS
DESERT WITTH GEOLOGICAL ANNOTATIGNS
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From this data we see that pariially weided tff image possesses a
dominant wavelength of approximately 498 nanometers differentiated in
saturation from alluvium and the graniie basement areas. Tne latter
two areas have the same dominant \t*?.\'e\.er:;li'h as partially welded tnff
but are more saturatéd in color, Measuvements si<w that the chromaticity
of the image area-identified as granite basement is completely contained
in the alluvium image. This would indicate that the chromaticity of
the image would not allow the pnoto- interpreter to differentizte these
two geological conditions but that he would have to iely on otlier fea-
tures of theimage such as texture. Non-welled tuff exhibits a dominant
wavelength of 489 nanometers and is chromatically conmletely separave
froum the other thiree iuages. Most of the mcasurements Shown feil with-
in the areas on the chromaticity diagram noted. However, 1t was pos-
sible to find ancmolous areas within each categsry which would lie in
other categories. Yur instance, it was possible to find 2n imfige in
partially welded tuff that would fall in non-weided tuff chromaticity
coordinates. This indicates that chromaticity analysis cf geological
features might have most fruitful results on a statistical colorimetric

analysis by areas.

Figure 66 also chows an area in the Owens Desert in the Bichop Tuff
region. The multispectral phutography was obtained at 24,000 feet above
sea-level on 6 July 1967. The image was obtained by projecting the green

band as green, the red band as blue anc the infrared as red. The anno-
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LEGEND

QAL- ALLUVIUM
N - NON-WELDED TUFF
PW - PARTIALLY WELDED TUFF

-QFP- FLOOD PLAIN DEPOSITS

FICURE 66:

MULTISPECTRAL COLCR PHOTDGRAPHY
OF BISHOP TUFT" AREA ORTH OF
BISHOP, CALIFORNIA WITH CEOLOGICAL
ANNOTATIONS,
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.tations from the geological map of the area constructed during the

period in which the phntograpliy was taken is shown as an overlay on
the photograph. The five significant teatures, alliwium, flood plane
deposits, non-welded tuff, partially vwelded tuff and taff alteved by

vapoi phase crystallization are siGwn on the overlay.

The chromaticity plot of the colorimetric measuroments obtained from
the vicwer screen are showm if Fi;‘_"l‘"- 6. Perhaps the most striking
feature of this figure is the large variaticii exihibited by ficod plain
deposits. The celorimetric measurements obtained from this iiage area
show great diversity. This is umdoubtedly cue to the fact that lagge
amounts of vegstation which appears as red and stawding water hodies
appearing as cyan, are shown in this area. Partially welded tuff in
this renditon exhibited a dominant wavelength of 498 namumeters :,1;.'"113‘."
to Figure 64. llowecver, measurements showed that ron-wzlded tuff and
tuff altered by vapor phass crystallization occupied the same chropati-
city coordinates as the partially welded tuff. Alluvium, on the cther

hatid, appeared separate chromatically from the other imagc areas.

Figure 68 shows a multispectral rendition of the White Mountain
area east of Bishop, California. As in the previous two images shown,
the annotations have been provided by geological investigation covering
the time the photography was taken. There zre three predominant fea-
tures shown, sedimentary deposits, volcanic deposits, gravel and sand

with the existance of two pronounced fault lines.
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The multispectral rendition has been obtained by projecting the
green band as green, the red band a5 blue, and the infrared band as
}'ed. 'Nmﬁérous measurements of the chromaticity of the proj scted
image in the areas indicated arve showa in Figure 69. =Her<’:' we see that

AT

ihe chromaticity of the images in ihe lirce areas is distinct beth in

jad

" dominant' wavélength and saturation.

The color of ibe same images ";El“"l from an ctktachrome infrared -
photograph of the same area which was obtained at i&exl‘tically the
same time as the multispectral phots is shown in Figur? 70, From
the plot of the image color shown in this figu_re, we see that less
chromatic sgparation of the dmages has been achieved on the subtractive

color films in this particular phoregraphic situation,
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SECTION 6
CONGLUSIONS

The cxperimant ddcussed leredmr was designed fo evaluate the utility

of multibard. color. photegzaphy for eanth resource .applications. TEs
. . o -7 W L
was—accomplished-by~using a mitispactral s;:stem}ﬁ'in which most of the
’ LR :

- - ) - - - - - ° - .
known image foming arrors had-been minimized. The choice of spectral

bands used was limited by lack of definiive spectral data on environ-

mental objects and was constEgine’ o approximate the spectral semsi-

tivity of coler films.

]
Photog—raphy-)us-i’_ng conventional color-films sensitive to the visible
. and infrarved spectrum,was simultaneousiy thaken. Ground control was in-

corporated for tho test site of each discipline which inclnded: Cali-

- i . s
brated colict ard f'{g/;rey scale' target pansls, measurement-of 1ncident

r

solar radiation, reflectance spectra)measuremen‘ts and colorimetyic mea-

surements.

v Camparative colorimetric measurements of the resulting multispectral

additive color imagery demonstrated the capability of this technique
o compensate for both the variations in solar iilumination and aiwo-
spheric effects that were encountered during the experiment. Using

taking filters which approximated the wavelength sensitivity of the

o subtractive color films which were used, it was possible to establish
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“spectral colorimetric algnatures for. certaxn classes-ofwenvxncnﬂental

M

-—phenamenona Analysis Tof- th\.l ozt results showed {1) chromatic image
errors duc o camera, processing and viewer tolerances czn be decreased
to a point where colorimetric analysis can be reliably pexformed; (2)
varisiions, in the intensity and spectral distribution of solar radiation
can be elininated,” (3) the directional (non-lambertian) spectva; re-
fiectance characteristics of objects and the dynamic nature of cn vive
reflcctance spectra are critical residuzl envirormental paramete.~>aﬁ4§:

wal reflectance measurements of classes of environmental objscts -

taken en vivo indicate that significant iméroveﬁeﬁt in gpectrzl color
signatures could be expected using taking filters "_h subdivided th

5:0 to 800 narometer band of the spectram.

C uyarativé colorimetric.anal sis of the image ?réﬁuced by the mul-
tisp&ctral system and the image producsd by subtraétivé coler film
demonstrated that it was possible to: (a) produce an addltlve coler ren-
dition in which the image colors were very c;csevto object color, (b}
create ‘a false color space in which envirommental objects which visuall
appeardd to have quite similar color characteris tiés on the ground were
méde to have decidedly dissimilar characteristics in the additive color

.,image.
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.LIU- Long Island University
NASA- National Aeronautics and_Spéce Adninisiration
OMR—~-Of fice-of-Naval Research-
.5 8U- Stanfovrd University
UA- University of Arizona
UC- University of California at Bez’*i:elzzy
GLLA- University of California at Los Augeles
UCR_»_ University of California at Riverside

USA GIMRADA- U.S. ARMY, Geographic Intelligence dapping Reseazcr
and Develppment Agency.

USGS~ United States Geological Susvey,
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APPENDIX A

GRCUND SPECTRORADIOMETERS AND COLORIMETER IN>TRUMENTATION

The accuracy and precision 6f the'data presented on the (1) spec-
tral distribufion of incident solar. radiation, {2) the spectral refiec-
ance of ground objects, (3) color of target panels, is dependent on

the instrumentation used.

irs calibration, where applicable; are discussed herein to present the
technology used to make the measurements presented timoughivt this ex-

periment.

Characteristics of the Instrumentaticn Used to Measure Incident Sunlight

a

spectroradivmeter using 2 wodge interfefencé filter system enabling
the speétrum‘from 380 to 1250 n'§5£eters to be continuously scaﬁﬁﬁd was
used to determine the spectral distribution and intensity of the solar -
vadiation incident upon the envirvomment. The instirument was a modified
version of the model SR Sﬁecfroradiometer manufactured by the Instru-
mentation Specialties Co., in wﬁ}éh & Jaomes Chopper rélay was pla&ed

in the coherent détector assembly te impruve reliability., The spectro-
radiometer is equipped with a diffusing screen so that its directional

response Is proportiocnal to Lambert*s cosine law., This method of mea-

.suring.sunlight is important becaunse the incident radiation falls upon
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the éarf;h’s surface and is reflected into the aerial camera lens re-
gardless of its original direction of propagatlon. True cosine re-

sponse also eliminates the need for precise aiming of the instrument.

Whereas a radiometer measures in units of energy rats intensity
such as microwatts per centimeter square, a spectroradiometer measures
. 7
1n units of energy rate intensity - per bandwidth such as microwattis per

cencimeter square per nanometer. ’ﬂ*ls latter system of units is mos
weaningful for measurementé of iilumination when spectral photography
li: taken since 2 graph of spectral distribution of radiant intensity
versus wavelength can be obtained. The area under sv.cﬁ a curve will

- be numerically and dimensionally equal to energy available ll’}: the wave-
1&ngth interval of interest. The spectroradlcmeter used was capavlc
of measuring from .01 to 1000 microwatts per centimetor square per sunu-
meter, These values correspond roughly to illumiration ievels'of .03

_ to 30,000 foot candles.

‘ The calibration of the spectroradiometer was verifisd using a regu-
lated voitage calibration unit manufactured by Ins; Lryumentation Special-
ties Co._ A spectral standard lamp, seriallyf nunbered and individually
calibrated aga:mst the National Bureau of Standards,was .zsed The lamp
had an absolute accuracy of plus or minus five percent'relatiw}e to the
NBS sf:andard,' The precise reg’._'.lation of the current to the 1amn wa.s

maintained by a precision electrical power supply unit.
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'I‘he hzlf bondwidth of the spectrora&iemeter used to measure the in-
cident illumination is approxmately 15 millimicrens n the 380 to 750
rwge_'and 30 miliimiczons in the 750 to 1250 range. Straj light response
to umvanted wa¥elengihs of 15 millimicrons bandwidth and far from the
t.-réirelength of interest is usuaily in the order of .01 percent.._ Stray
liﬁf‘b'error“resu*liz‘gﬂ‘iﬁ“to‘cﬂ 1e*h'*’*eadmg aiid Timits the accuracy’ of mea-

S emer‘t of low irtensi. ty :.nectral energy in the presence of hlvmlntensity

radiation in different wavelenrrths. T'ne most severe stray lloht error

results when 'nea“"raneuts of red xlch light scurces are made, SuCh as
solar yadiation in the afternoon, T”ne instrument read's approxmater'
three percent too high at 400 mlllnnlcrons when measuring a standard
| 2854 demree Kelvm source. because of stray light pcssage of loncer wave-
mngtn:,. Tnls amount of error has been compensated by measuring the
stray light alone, p1 acing a blue absorbing filter aver the seneing head

“and nutmg the amount of stray light indicating on the mster, Thic

value has been subtracted from the measured intensity to determine the

correct values.

The periodic calibration of the spectroradicmeter ssed {or measnring
1nc1dent sunllght allowed an accuracy of plus or minus seven percent '
n the Jong wav length of thc spectrum afd pins or minus ten percent
in the short wavlength of the spectrum. Most of this error of course
comes from uneertainty in the seeendary'standard used. The relative

accuracy of all points with respect ¢o each other througheut the wave-
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fengths measured is approximately plus or mimus three percent.

Characteristics of the Instrunentation Used to Make Reflectance

Measurements

-'jhe..rgi;agtanmdsgaexrﬁnadiqmsgtez system assembled frcm componente
marmfactured by EG §GGInc. and Bausch § Lomb was used to measurc the
averagze power of the solar radiation reflected by the target pancls.

By means of a grating monochromator, these energy and power readings -
can e made at a sélected wavelength over a bandwidth datermined by

the grating and siits. This instrument basically consisis of an.opticai
systen which i1imits the entrance of snergy 0 a twelve degree fieid; ‘

a morochromator grating to spectra11§ isolate the visible energy tc. 2
five nanometer haltband pass, a:ﬁonochrcmator grating to spcctrally
isolate the infyared energy to a ten nanometcr hal fband pass and a de-
tector head to sense the magnitude ofvthe incidenf. energy; This re-
flectance spectroradiometer was used to measure the relative distribution
cf radiation reflected b} the ground targets., A typical_arrangement

of the surface térgets is shown in Figure 15 . These targets were
oriented to minimize the secondary rellection from other surface objeéts

(such as trees) incident-upon the.

The feflectance spectroradicmeter is designed so that light re-
flected from an object passes through a diffuse system and.is directed

by the collective lens into the monochromator hecusing via the entrance
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slit. _Calibration accuracy is obtained when the léght incident on the
diffuser is imag=d ou. the entrance slit, completely filling the slit
area.w1th llght.- A collective lens in the beam inpet éptics in front
éf the monochromator entrance slit, collects the incident light wiich
is properly matched with the diffuser to create a uniform iiiumirating
buﬂdle inside the mgnochrémator hoi J_ng. This bundlé is them inciden
on a plane diffraction grating wlheve it is a gularly dlspsrsed accord-
ing to wﬁvelength. Each wavelength present in the source bundle reflec
off the diffraction grating «@ & different ahgle,. The grating can be -
rotatéﬁ to direct any selected wavelesgth bundle onto the center of

a concave mirror. The mirror collects the light 2nd, with the heip
oﬁaqaquamtzxccxxee$oralens@,formswanyimagc:ofnthe.entranEE‘slit on the

exit siit.

The visihle renge grating is a 1350 groove rer miilimeter, grating
covering from 350 to 800 nanometers in the first order an is blazed

at 500 nanometers, The reC1procal linear dispersion is 6.4 nanonieters

per millimeter., The smaliest scale division,for this grating assembly

is 5 nanometers.

The infrared grutlnrr is a 675 groove per millimeter grating cover-
ing the range from 0.7 to 1 & microns is the first order and is blazed
at 900 nanometers. The raciprocal llnear dispersion for ‘this grating

assembly is 10 nanometers,
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"%he image at the entrance slit is reduced in cize by a factor of
6.56. _The exit slit, therefore; has a width and ﬁeight which are 5¢€
percent of the entrance slit. Only the wavélength which strikes the
exact cenver-of the concave mirror results in an image which falls
precicely on the exit siit. A2l otisr wavelengths produce images
which“areﬂtvﬁtheﬁriéntﬁor”thﬁ“leff”cf”tﬁé-exit”siiti The-exit slit

widih and the dis

e

ersion, in combination, determ.ine the bandpéss or
spectral purity of the system. It is necesszary to multiply the width
of the exit slit by 1.78 to obtain the proper width of the emtrance
slit, Using tiils ratio, only the seiccted single wavélength can pass

o

through the system at its full intensity.

* In order to obtain the best possiblc accuracy, a spectroradiometer
is calibrated at regular intervals, The calibration of the instrument
can shift due to such factors as the collection of dust on the optical

surfaces or a varicty of other random factors. The electronic circuitry

[

of.the instrument is very stable and maintains uniform response, but

nevertheless the accuracy of the instrument was verified.

The spécproradiometer is calibrated by meanslﬁf a standard 1ight
source which produces known amounts of radiant energy at farious wave-
lengths. At Long Iéiand-University; a calibrated ribbén filament low-
voltage‘high;current tungsten lamp is ?he-calibrating standa=d, and its
heavy construction provides felatively goo& maintenance of its calibra-

tion. The lamp is calibrated in terms of spectral energy at various
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wavelengthis at a constant value of electric current through the lamp

filament.

Colorimetric Principies and the Characteristics of the Instrimentation

Used to Measure Color

Colorimetry, spectrophotometry, and spectroradiometry are terms
- that freguently confuse those who are not closely comnected with the
scientifiﬁ study and analysis of color.
1. Spectrophotométry is the objeétive measurement 9f the reflection
'qr’transmission characteristics of a material at each wavelength
throughout the spectrum insterms of a perfect white reflector
o ascolardesstransmissionsstandards. . Touesspecirophotometry
'Gﬁky defines the "colox" components of a samnie in basic physica
language, It does not directly give the apparent visual color
which includes the characteristics cf the illuminant and the

. observer's eyes.

2, Spectroradiomefry i5 the procedure for determining the erergy
distribution of a source of_ligh; at sach wavelenzth througihout
the'gpectruﬁ: True spectrorvaciumetry only defineﬁ'?he Jcoior"
components of a light in basi"'physical languzge. It does not
give the apparent visual color which includes the charaéteristics

of the observer's-eyes.

3. Colorimetry'may_be defined as the objective measurement of the
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human eye color sensitivity. Dne to the inclusion of the il-

. E L - - - - -
diffrence between colorimetry and spectrophotometry is in-

TerleCtion Oor transmission characteristics of a material suit-

ably weighted for ths,propeftiés of the illuminant and average

Iuminant and the eye, colovinctiy attempts to be subjective

in its ultimate data. Purhaps the best illustration of the

i

=]

ciuded in the following statements:

1. Two materials naving identical absolute spectro-

photometric curves will appear identical in coler

s

to a human cobserver when viswed simultaneously

under any illuminant,

y. However, it.is.not.neeessarily imue-that two-materials

having the same apparcut color to an observer under
any cne specific iliimiuant will have ideatical =poe-

tophotometric curves.,

The basic theoretical requirements of a colorimeter may be summa-

- rized as follows:

1. I1lumination £6r opaque (reflecting) samples, or transmission

samples under selected standardized conditioms of illumination

and viewing must be provided.

2, The 1ight normally received bf the human eye under the above
condition must be separated into three selected primary com-

ponents and these values measured in magnitude (relative to .
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some standard) to an accuracy at least equal to that of the

eye.

The colorimeter utilized ir the experiment was mamfzctured by
strument Development Laboratories and used the well established flicker-
photometer principle. The Tlicker system bhas been in use for many years
in spectrophotometers and s miiar in ‘*ru.ﬂﬂ+s. The ma¥h {eatures of
the particular ppiical arrangement used were as follows:

a. Due to the high light semsitiviiy and gain of the

photomultiplier tube, optics of small speriure and

~ short focsl lengths may be used, permlt ting compact

[ 1

esign,
b. The design utilizes a minimam of air-glass surfaces
and the entirs op 1c31 system is dest sealed.

ecision stray-light stops arc usad to prevent

E

any light from reathing the optics except from the
sémble spheres., This is absolutely essential in
measuring dark samples.‘

d. Arrangement is such that the illumination system
may be completely replaced by an altern tive 11—

1un1nat10n system,

In the flicker system, the filicker motor drives the optical system
so that light from the sample and light from the standard alternately

focus on the 1PZ1 photomultiplier. If light from sample and standard
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are identical, the photoceli output will be unchanged by the flicker.
If the twe differ, an alternaiiné current will be generated in the pho-
- tocell ci}cuit. When the light from the'optical system reaches ihe
photomiitiplier, the light consists of two components: -

.« A steady compomoat representing the mean brightness
offsampla and standard as viewed through the tri-

_stinulus filters seiccted by the operator.

.. An alternating or "fiicker" component of magnitude
representing theldifference in brightness babtween
sample and standard as viewed through the particular
source and tiistimulus £ilters selected by the op-

aretors

The colorimeier functions so a5 to measure the steady componeﬁt
aﬂd the difference of "f'icker”‘éomponvnt and per?onm the computation
necessary o egpress the difference in terms of percentage difference
between sample and_stgndard in terms of reflected or transmitﬁed ligﬁi;.

* Mathematically, colorimeter autcmatically performs the computation:

lorimeter Brightness _  Brightness
Reading = 100 of Sample Standard -1+ 100
‘ Brightness
of Standard o

Actually, the direct current output of tiie photomultipiier is amp-
lified and used to control the voltage supply to the photomiltiplier

in such a manner that the mean current output of the tube is -constant
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for brightness variations of 5,000 to 1. Tﬁus, regar&léss‘of the bright-
ness level of sample or standard, the transmiscion ¢ source or tristi-
mnlus'fiiters, or intensityy of illumination, a given percent difference
in coloy will give a finite A.C. voltage to the meter. iIn effect, the
sénsitivity of the photocell is varied inveréely with brightness of iight

reaching it, just as the’ifis of the human eye and accommodation of fhe

brain =cts to decrease the eye's sensitivity when a brighter object is

viewed.

-150-








