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ABSTRACT 

I n  recent years many s c i e n t i s t s  have come t o  regard mul t iband re- 

connaissance as the ideal  means by which earth-resource inventor ies 

might be made, Frequently, however, they have a r r i v e d  a t  t h i s  dec is ion 

w i thout  having a necessary apprec ia t ion  f o r  both the advantages and 

l i m i t a t i o n s  of a mul t iband reconnaissance system, Likewise they have 

lacked in format ion on the var ious means by which mult iband techniques 

might be opt imized f o r  t h e i r  use. The research reported here in  i s  

d i r e c t e d  toward an examination o f  the p o t e n t i a l  advantages, l i m i t a t i o n s  

and means o f  op t im iz ing  such techniques. Use is  made o f  both a r t i f i c i a l  

and na tura l  t a r g e t  ar rays t o  i l l u s t r a t e  the concepts o f  tone signa- 

t u r e  ana lys is  and c o l o r  a d d i t i v e  image enhancement. 

A means i s  i l l u s t r a t e d  f o r  determining, from a la rge  number o f  

a v a i l a b l e  f i l m - f i l t e r  combinations, which ones are the best t o  use f o r  

a two-band reconnaissance system, and f o r  progress ive ly  la rger  numbers 

o f  bands, up t o  and i n c l u d i n g  s ix .  This technique e n t a i l s  the s e l e c t i o n  

o f  bands which w i l l  g ive  the maximum oppor tun i ty  f o r  d i s p l a y i n g  each 

fea ture  o f  i n t e r e s t  i n  a d i s t i n c t i v e  c o l o r  on the composite image. 

I t  i s  recognized t h a t  mul t iband reconnaissance missions f requent ly  

w i l l  have t o  be conducted f o r  the b e n e f i t  o f  several d i f f e r e n t  i n v e s t i -  

gators. Some o f  these inves t iga tors  w i l l  have pr imary i n t e r e s t  i n  one 

group of  resource features w h i l e  o thers w i l l  be in te res ted  i n  q u i t e  a 

d i f f e r e n t  group. I n  such instances, compromises obv ious ly  w i l l  be 

necessary when these i n v e s t i g a t o r s  are at tempt ing t o  agree upon the 

s p e c i f i c  bands t o  be used i n  t h e i r  mul t iband system. The above-mentioned 
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procedure should facilitate the intelligent making of these compromises. 

It provides a means of permitting each investigator to estimate, for 

each compromise that is under consideration, and for each feature of 

interest to him, the loss in image interpretability that will result. 

If each investigator were to employ this method it would likely lead 

to a selection of the multiband system most compatible and generally 

useful to all parties concerned. It also would provide an intelligent 

basis for deciding whether the incorporation of an additional band or 

two in the multiband system would lead to a more favorable cost/benefit 

ratio,, 

The claim sometimes is made that no multiband photographic re- 

connaissance system is likely to provide information beyond that readily 

obtained through the use of multi-layer color films, such as Ektachrome, 

Anscochrome, and Infrared Ektachrome. This claim is examined in the 

light of the extreme variability in tone or color values exhibited by 

such imagery on successive photo reconnaissance missions. From a 

detailed examination of available imagery from NASA#s Earth Resources 

Test Sites, it is concluded that, to maintain a uniformly high accuracy 

of resource inventory, the imagery must be of uniformly high quality, 

mission after mission. This quality consideration is especially appli- 

cable to the obtaining of a uniform color rendition for each type of 

resource feature on successive missions. There can be little question 

but what this objective is more nearly achievable through the taking 

of separate mu1 tiband black-and-white exposures, followed by the recon- 

stituting of such imagery in color composite form. Furthermore, with 

continued improvement in the ability to register each of the multiband 



images ( i*e.,  t o  superimpose i t  p rec i se l y  over the o ther  mul t iband images) 

f a r  b e t t e r  s p a t i a l  r e s o l u t i o n  should be ob ta inab le  through use o f  m u l t i -  

band photography than i s  poss ib le  w i t h  m u l t i - l a y e r  c o l o r  f i lms.  This  

is  a t t r i b u t a b l e  t o  improvements i n  the s igna l - to -no ise  r a t i o  when the 

image i s  formed from several negatives instead of j u s t  one. Several im-  

po r tan t  examples o f  recons t i t u ted  c o l o r  photos on which the above con- 

c lus ions  are based have been viewed on the p r o j e c t i o n  screen. However, 

most of these could no t  be prepared as c o l o r  p r i n t s  i n  time f o r  i n -  

c lus  on i n  t h i s  r e p o r t  because the mul t iband black-and-white photos 

were on ly  recen t l y  flown. 

spec a1 supplemental repor t ,  t o  be submitted i n  the near fu tu re ,  

Such examples w i l l  be made the sub jec t  o f  a 



TABLE OF CONTENTS 

I INTRODUCTION .................e..........,.....~....ee.. 
I 1  BASIC CONSIDERATIONS 

A. Basic Mat ter  and Energy Re la t ionsh ips  ........... 
B. Photographic Re la t ionsh ips  I n  Terms o f  Energy 

Levels ................e..........e.o..o.~.~.~~eo 

C. Target Tone Signature Analys is  .................. 
I11 EXPERIMENTAL PROCEDURE 

A. 
B. Se lec t i ng  Optimum F i l m - F i l t e r  Combinations 

C, 

Obta in ing Mul t iband Photography o f  Color Panels.. 

For Various Mul t iband Systems ................... 
Image Enhancement By Color Add i t i ve  Techniques... 

I V  LIMITATIONS OF MULTIBAND REMOTE SENSING ............... 
V SUMMARY AND CONCLUSIONS ................................ 
V I  BIBLIOGRAPHY ...................................... 

i 

1 

6 

7 
10 

13 

17 
27 

52 

56 

61 

62 

, 

.. 
I I  



A TEST OF THE CONCEPT AND THE PRACTICAL APPLICATION 
OF MULTIBAND RECONNAISSANCE 

by 

Robert N. Colwel l  and J e r r y  D. Lent 
School o f  Forest ry ,  U n i v e r s i t y  o f  C a l i f o r n i a  

I INTRODUCTION 

As the wor ld 's  popu la t ion  increases and i t s  supply o f  na tura l  re- 

sources dwindles, the need increases f o r  p l a c i n g  these resources under 

wise management. An important f i r s t  s tep i n  the r i g h t  d i r e c t i o n  i s  t h a t  

o f  o b t a i n i n g  accurate resource inventor ies.  The Nat ional  Aeronautics and 

Space Admin is t ra t ion,  through i t s  Ear th Resources Program, seeks t o  

develop techniques f o r  making these inventor ies  w i t h  the a i d  o f  photog- 

raphy and r e l a t e d  imagery taken from e a r t h - o r b i t i n g  spacecraf t .  Natura l -  

l y ,  such e a r t h - o r b i t a l  photography and imagery--to be o f  maximum value 

f o r  inventory  purposes--must possess c e r t a i n  c h a r a c t e r i s t i c s  which w i l l  

enable the greatest  ease and success i n  i t s  i n t e r p r e t a b i l i t y .  The 

mult iband approach f o r  a i rborne and spaceborne reconnaissance systems 

incorporates many o f  these necessary c h a r a c t e r i s t i c s .  This approach i s  

based on the concept t h a t  unique photographic tones may o n l y  be resolved 

and i d e n t i f i e d  by ana lys is  o f  photos and/or imagery which have been ob- 

ta ined i n  more than one spec t ra l  band. The research repor ted here in  i s  

designed t o  r e l a t e  some o f  these image c h a r a c t e r i s t i c s  t o  the concept 

o f  mul t iband reconnaissance, and t o  demonstrate i t s  p r a c t i c a l  advantage 

i n  p r o v i d i n g  greater  amounts of  

than would more commonly be avai ab le through conventional photographic 

missions. 

nformation f o r  use by the image analyst  
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Figure 1. Conventional l o w - a l t i t u d e  vs spaceborne photographs o f  a remote 
Aus t ra l ian  reg ion which have been processed t o  approximately s i m i l a r  ground 
scales and r e s o l u t i o n  i n  order t o  i l l u s t r a t e  the s i m i l a r i t y  o f  tone rendi -  
t ions ,  despi te  the d ivergent  photographic a l t i t u d e s .  The reader i s  i n v i t e d  
t o  compare tones on each o f  the two i l l u s t r a t i o n s :  the one on the l e f t  was 
taken from a conventional f l y i n g ' a l t i t u d e  o f  25,000 f e e t  and the one on the 
r i g h t  from 871,000 f e e t  (approximately 170 mi les) .  

General ly speaking, the h igher  the a l t i t u d e  from which imagery i s  

taken, the greater the r e l i a n c e  which an image ana lys t  must p lace on an ob- 

j e c t ' s  tone c h a r a c t e r i s t i c s ,  and the less r e l i a n c e  he can place on the ob- 

j e c t ' s  shape, t e x t u r e  and o ther  image c h a r a c t e r i s t i c s  (see F igure 1 ) .  Rarely 

does an important Ear th  resource fea ture  e x h i b i t  a unique tone when photo- 

graphed w i t h  o n l y  one f i l m - f i l t e r  combinaticn. However, i f  such a feature 

i s  photographed simultaneously w i t h  several f i l m - f i l t e r  combinations, there 

i s  good prospect t h a t  the fea ture  w i l l  e x h i b i t  a unique combination o f  tones 

on t h i s  mul t iband photography. Such a combination o f  tones i s  t r a d i t i o n a l l y  

r e f e r r e d  t o  by remote sensing s c i e n t i s t s  as a "tone signature". 

Most a u t h o r i t i e s  i n  the remote sensing f i e l d  would agree t h a t  the 

foregoing i s  an accurate statement o f  the t h e o r e t i c a l  basis f o r  our con- 

duc t ing  mul t iband remote sensing research under the NASA Ear th Resources 
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Program, Beyond t h a t  r a t h e r  elementary p o i n t  o f  agreement, however, the 
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a u t h o r i t i e s  tend t o  be d i v i d e d  i n t o  two camps. 

One camp, n o t i n g  t h a t  the usefu l  wavelength range f o r  mul t iband 

photography t r a d i t i o n a l l y  i s  from about 0.4 t o  1.0 microns, asser ts  t h a t  

c o l o r  f i l m s  such as Ektachrome, Anscochrome and I n f r a r e d  Ektachrome pro- 

v ide  v i r t u a l l y  a l l  o f  the usefu l  in format ion obta inable w i th in  t h i s  wave- 

length  range. They argue t h a t  such c o l o r  f i l m s ,  by v i r t u e  o f  t h e i r  con- 

t a i n i n g  three dyes, each o f  a d i f f e r e n t  c o l o r  and d i f f e r e n t  wavelength 

s e n s i t i v i t y ,  automat ica l ly  prov ide mult iband photography i n  the most 

s u i t a b l e  wavelength bands. Even the most complex mult iband photographic 

systems would r a r e l y  i f  ever y i e l d  more in format ion,  they asser t  (see 

F igure 2), Consequently, they see l i t t l e  need f o r  f u r t h e r  development o f  

reconnaissance systems t h a t  would requ i re  the tak ing  o f  mult iband black- 

and-white photos and the eventual r e c o n s t i t u t i n g  o f  them i n t o  composite 

c o l o r  images. 

The o ther  camp maintains t h a t  e x i s t i n g  c o l o r  f i l m s ,  w h i l e  useful ,  

e x h i b i t  important de f ic ienc ies ,  a l l  o f  which might  be overcome through 

use o f  a black-and-white mul t iband reconnaissance system. S p e c i f i c a l l y :  

I 

4 . ,  

i 
"a? 

( 1 )  any given c o l o r  f i l m  permits the use o f  no more than three spec t ra l  

bands, (2 )  each band has a f i x e d  wavelength range which may o r  may n o t  

co inc ide  w i t h  the wavelength range best s u i t e d  f o r  o b t a i n i n g  unique earth- 

resource tone signatures,  ( 3 )  once a c o l o r  f i l m  has been made, there i s  

l i t t l e  oppor tun i ty  t o  a l t e r  the ex ten t  t o  which each dye cont r ibu tes  t o  

the composite c o l o r  image s ince each dye has a f i x e d  s e n s i t i v i t y ,  and 

since the c l i c k  o f  a s i n g l e  s h u t t e r  (whatever the s h u t t e r  speed and f - s t o p  

s e t t i n g )  au tomat ica l l y  governs the exposure i n  a l l  three bands, and (4) 

3 
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s p a t i a l  r e s o l u t i o n  i s  l o s t  i n  the c o l o r  f i l m  s ince a l l  o f  the dyes are 

embedded i n  one complex mul t i - layered  emulsion. Consequently, when such 

c o l o r  f i l m s  are used, some o f  the wavelengths of  rad ian t  energy must f i n d  

t h e i r  way through several layers before encountering the dye t h a t  w i l l  re- 

spond t o  them; s p a t i a l  r e s o l u t i o n  must sure ly  be l o s t  i n  the process. 

F igure 2. Shown here i s  a representat ive photograph o f  the e a r t h ' s  sur face 
taken on an e a r t h - o r b i t a l  Gemini mission. Color f i lms  o f  the type shown 
here commonly possess poorer s p a t i a l  r e s o l u t i o n  than conventional black-and- 
wh i te  f i lms.  Not ice the blueness due t o  atmospheric s c a t t e r i n g  o f  b lue 
l i g h t ,  As discussed i n  the tex t ,  some s c i e n t i s t s  would argue t h a t  such a 
c o l o r  f i l m  automat ica l ly  provides the i n t e r p r e t e r  w i t h  mul t iband photog- 
raphy i n  the most s u i t a b l e  wavelength bands; o ther  s c i e n t i s t s  mainta in  t h a t  
e x i s t i n g  c o l o r  f i l m s  e x h i b i t  important de f ic ienc ies .  
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Proponents from t h i s  second camp emphasize t h a t  the des i red f l e x i -  

b i l i t y ,  i n  a l l  o f  the above respects, i s  r e a d i l y  provided by a system i n  

which mu1 t iband black-and-white photographs are  taken through separate 

lenses and are pro jec ted  i n  common r e g i s t e r  through se lected f i l t e r s  onto 

a screen. Not o n l y  should one be able t o  o b t a i n  b e t t e r  spec t ra l  r e s o l u t i o n  

by such a system, b u t  b e t t e r  s p a t i a l  r e s o l u t i o n  as we l l .  Theore t ica l l y ,  

the "s ignal- to-noise r a t i o "  which governs s p a t i a l  r e s o l u t i o n  i s  improvable 

through such a system by an amount equal t o  the square r o o t  o f  l'n'l, where 

I InI I i s  the number of  separate black-and-white negatives used i n  const ruct -  

i n g  the composite image. Thus, through use o f  a &band system, a 2 - f o l d  

improvement i n  s p a t i a l  r e s o l u t i o n  should be a t ta inab le ,  but  on ly  i f  the 

f o u r  bands used are i n i t i a l l y  recorded on separate sheets o f  photographic 

f i l m  and then c a r e f u l l y  reg is te red  t o  form a composite image. 

There would appear t o  be an a d d i t i o n a l  element o f  f l e x i b i l i t y  in-  

herent i n  the separate mul t iband approach,--one o f  p a r t i c u l a r  importance 

t o  those seeking t o  automate photo i n t e r p r e t a t i o n  t o  the maximum extent  

possible:  a n a l y t i c a l  computer programs might be devised w i t h  which ( 1 )  

t o  make s t a t i s t i c a l l y  sound determinat ions o f  the tone signatures o f  v a r i -  

ous objects ,  based on dens i tomet r i c readings from the separate b l  ack-and- 

wh i te  mul t iband images o f  them, and (2) t o  e x p l o i t  these determinat ions by 

means o f  photo e l e c t r i c  scanners which would au tomat ica l l y  i d e n t i f y  each 

feature f r o m  i t s  tone signature.  

There a l s o  i s  the  p o s s i b i l i t y ,  say proponents from the second camp, 

o f  f o r t i f y i n g  mul t iband photoqraphy w i t h  imagery obtained i n  var ious thermal 

and microwave bands t o  which photographic emulsions are  no t  sens i t i ve .  Black- 

onal bands, however, through 

thermal i n f r a r e d  region) and 

and-white imagery 

the use o f  o p t i c a  

i s  obta 

-mec han 

nable i n  these a d d i t  

ca l  scanners ( i n  the 
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image-forming equipment ( i n  the microwave region) 

The t ime when a d d i t i o n a l  l i g h t  should be shed on the debate t h a t  

separates these two camps i s  now. I t  i s  be l ieved t h a t  the research reported 

here in  provides ,valuable data, both q u a n t i t a t i v e  and q u a l i t a t i v e ,  t h a t  w i l l  

he lp  resolve the numerous questions t h a t  have been ra ised by t h i s  debate. 

I f  so, the research should a l s o  prov ide t ime ly  guidance f o r  the design o f  

opt imal reconnaissance systems f o r  use i n  NASA's Ear th Resource Program, 

11. BASIC CONSIDERATIONS 

A. Basic Matter and Energy Relat ionships 

I n  consider ing how mult iband reconnaissance can g ive usefu l  in-  

format ion about the Ear th 's  natura l  resources, we must understand something 

about the minimum u n i t  o f  e lectromagnet ic energy,--the "photon". E lec t ro -  

magnetic waves can d i f f e r  not  on ly  i n  wavelength, but  a lso  i n  energy con- 

ten t .  

matter,  a number o f  i n t e r a c t i o n s  are poss ib le .  Mass and energy are con- 

served i n  accordance w i t h  bas ic  physical  p r i n c i p l e s ,  and the photon can 

e i t h e r  be: 

When a photon o f  any s p e c i f i c  energy s t r i k e s  a boundary o f  s o l i d  

1.  t ransmi t ted,  t h a t  i s ,  propogated through the s o l i d  matter;  

2. r e f l e c t e d ,  t h a t  i s ,  re turned unchanged to the medium i n  which i t  

prev ious ly  was t r a v e l i n g ;  

3 .  absorbed, g i v i n g  up i t s  energy l a r g e l y  i n t o  heat ing the matter;  

4. emit ted,  (or more commonly re-emit ted) by the mat ter  as a f u n c t i o n  

o f  temperature and s t r u c t u r e ,  a t  the same o r  d i f f e r e n t  wavelength, 

o r  9 

5. scattered, t h a t  i s ,  de f lec ted  t o  one s i d e  and l o s t  u l t i m a t e l y  

due t o  absorpt ion o r  f u r t h e r  sca t te r .  

6 
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Transmission, reflection, absorption, emission and scattering of 

electromagnetic energy by any particular kind of matter are selective with 

regard to wavelength, and are specific for that particular kind of matter, 

depending primarily upon its atomic and molecular structure. In view of 

this fact we can., in principle, identify the material comprising a target 

(e.g., a natural resource feature on the Earth's surface) from any record 

which is sufficiently detailed to show the target's spectral transmission, 

reflectance, absorption, emission and/or scattering properties, 

Since a basic consideration in image analysis is the identification 

of objects or targets, it naturally follows that the more that is known 

about these properties, relative to the objects in question, the more readi- 

ly can an identification be made by interpretative procedures. 

B. Photographic Relationships in Terms of Energy Levels 

The brightness or tone with which an object is recorded on a photo- 

graph, thermograph or other form of imagery depends largely on the amount 

of energy which the object reflects and emits within the spectral band em- 

ployed in obtaining that imagery. Two or more objects may reflect and emit 

exactly the same amounts of energy in one spectral band; if so, the image 

analyst cannot differentiate them on the basis of tone when all available 

imagery has been taken in only that band. It is very unlikely, however, 

that the objects will reflect and emit exactly the same amount of energy 

in 0 spectral bands for which there is a remote sensing capability. Con- 

sequently, if the objects are photographed in two or more properly-selected 

spectral bands, it should be possible to differentiate them. Furthermore, 

it may be fully as informative, in some instances, to know that two objects 

have the same reflectance and emission characteristics in one spectral band 

as to know that they have different reflectance characteristics in a second 

spectral band. A1 ternately stated, a more complete "tone signature" should be 
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obta inab le  from imagery obtained i n  two o r  more proper ly  se lected bands 

than from imagery obtained i n  on ly  one band, and the more complete the 

tone signature,  the more c e r t a i n  the i d e n t i f i c a t i o n .  Thus, photo- l i ke  

images, c a l l e d  "th,ermograms" which prov ide a measure o f  heat emission 

r a t h e r  than l i q h t  re f lectance,  a l s o  may c o n t r i b u t e  va luable elements t o  

the tone s ignature t h a t  i s  der ivab le  by mul t iband reconnaissance, 

Since the tone s ignature o f  a rock, s o i l  o r  vegetat ion type (as 

obta ined by mul t iband reconnaissance) o f t e n  ind ica tes  the composit ion o f  

t h a t  type, great  importance should be ascr ibed by the image ana lys t  t o  

the use 

c l  ud i  ng 

t o r i e s .  

s t r a t e d  

o f  tone s ignatures f o r  i n t e r p r e t i n g  na tura l  t e r r a i n  features,  in-  

those o f  pr imary i n t e r e s t  i n  the making o f  na tura l  resource inven- 

However, the v a l i d i t y  o f  the tone s ignature concept can be demon- 

even more c l e a r l y  and e f f i c i e n t l y  i n  some respects through the use 

of  concentrated t a r g e t  arrays conta in ing  var ious abs t rac t  ob jec ts  (e.g., 

var ious ly  co lored panels) together w i t h  vegetat ion and t e r r a i n  samples t h a t  

have been removed from t h e i r  n a t i v e  environment and placed i n  the t a r g e t  

array.  

research described i n  t h i s  repor t .  

R e a l i z a t i o n  o f  t h i s  f a c t  i s  r e f l e c t e d  i n  c e r t a i n  aspects o f  the 

Inherent  i n  t h i s  b r i e f  d iscuss ion so f a r  i s  the r e a l i z a t i o n  t h a t  a 

major task o f  apply ing the mul t iband reconnaissance concept i s  t h a t  o f  

s e l e c t i n g  the proper spec t ra l  bands w i t h  which t o  sense data and procure 

imagery. Owing t o  v a r i a b i l i t y  i n  the spec t ra l  p roper t ies  o f  targets ,  an 

a n a l y t i c a l  approach i s  necessary t o  resolve t h i s  problem. Besides the 

spec t ra l  c h a r a c t e r i s t i c s  o f  ob jects ,  there are o ther  f a c t o r s  which requ i re  

a t t e n t i o n  by image analysts  s ince they can a f f e c t  markedly the tone signa- 

tures o f  the r e s u l t a n t  imagery. 
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"Temporal" f ac to rs ,  such as time o f  day, t ime o f  year and vegetat ion-  

a l  s t a t e  o f  development, are independent o f  a l  1 the image-taking parameters 

1 i s t e d  on page 10 (except s o l a r  i 1 lumination, perhaps). However, these 

var iab les  p lay  man i n t e g r a l  r o l e  i n  d e f i n i n g  r e s u l t a n t  tone s ignatures.  

For example, a l f a l f a  t h a t  has been recen t l y  mowed e x h i b i t s  a v a s t l y  di. f fer- 

en t  energy response than unmowed a l f a l f a  o r  a l f a l f a  t h a t  has grown back 

f o l l o w i n g  a previous mowing (see F igure 3 ) .  

A l f a l f a  P l o t  

Uncl i pped C 1  i pped C 1  ipped Uncl i pped C1 i pped 

Figure 3 .  Par t  o f  the a l f a l f a  shown i n  t h i s  photo has been c l i pped  t o  
s imulate mowing. The p l o t  is growing near the base o f  a water tower a t  
the  Davis campus o f  the U n i v e r s i t y  o f  Cal i f o r n i a  t o  f a c i l  i t a t e  i t s  being 
photographed from the tower 's  catwalk, 150 f e e t  above the p l o t .  Not ice 
the  c o l o r  d i f f e rence  f o r  raked and unraked vegetat ion on the l e f t -hand  
i l l u s t r a t i o n .  The r ight -hand i l l u s t r a t i o n  was taken one month l a t e r  and 
shows s u b t l e  c o l o r  d i f f e rences  due t o  a v a r i e t y  o f  c l i p p i n g  operat ions a- 
cross the p l o t .  The tone s ignature  f o r  t h i s  type o f  crop would obv ious ly  
vary as i t s  vegetat ion s t a t e  changed. 

9 



Other factors  which a l so  a f f ec t  tone signatures include the spat ia l  

bT 

5 a 

i 

'1 
) 

orientat ion of the target  w i t h  respect to  surrounding objects;  goniometric 

factors  re la t ing to  s u n  angle w i t h  respect to  camera and target  position; 

and polar variations i n  energy reflectance. A l l  of these factors ,  while 

they may be regarded as  l imitations or  disadvantages w i t h  respect to  defin- 

i n g  tone signatures,  may actually be exploited to  the benefit of the photo 

interpreter  o r  image analyst  i n  cer ta in  

however, when t h e y  a re  ignored complete 

Adequate "ground truth" i nformat 

dea 

one 

gon 

instances. They become l imitat ions,  

Y .  

on can a s s i s t  the interpreter  to  

w i t h  tonal aberrations t h a t  m i g h t  e caused by variabi 1 i t y  of 

or more of the f ive  factors  j u s t  discussed: temporal, spa t i a l ,  spec t ra l ,  

ometric and polar. 

C.  Target Tone Signature A n a l y s i s  

The  brightness, or tone, w i t h  which an object is registered on a 

photograph, thermograph or  other image forming medium is dependent upon 

the fol lowing parameters and the i r  interaction: 

1 .  The  amount of energy which the object re f lec ts  and/or emits 
throughout the electromagnetic spectrum. 

2.  The spectral s ens i t i v i ty  of the imaging medium ( f i l m  s ens i t i v i ty ,  
primarily) . 

3 .  The spectral  bandwidth of f i l t e r s  that  a re  used i n  conjunction 
w i t h  spec i f ic  films. 

4. The ' I i  1 luminating" energy source which impinges on the object 
( s u n 1  i g h t  energy, e . g . ) ,  

5 .  The preferential  scat ter ing by atmospheric haze par t ic les  of 
both the illuminating energy and energy being emitted by o r  re- 
f lected from the object.  

Before adequate interpretat ion can be made of airborne or  spaceborne 

multiband imagery, i t  is important t o  determine the spectral response of 

1 
B 
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(I 

each t e r r a i n  f e a t u r e  t h a t  i s  t o  be i d e n t i f i e d .  

the p r i n c i p a  

a great  deal o f  research designed ( 1 )  t o  determine spec t ra l  re f lec tance 

c h a r a c t e r i s t  cs of  the var ious t e r r a i n  features t h a t  a re  encountered i n  

each o f  several  o f f i c i a l  NASA Test S i tes ,  and (2) t o  determine from these 

spec t ra l  c h a r a c t e r i s t i c s  the s p e c i f i c  spec t ra l  bands t h a t  should be used 

when making a mul t iband reconnaissance o f  such s i t e s .  

another, a l a rge  amount o f  imagery i n  the se lec ted  bands a l ready had been 

obta ined o f  these s i t e s .  I n  a l i m i t e d  number o f  instances, d e t a i l e d  i n t e r -  

p r e t a t i o n  o f  t h i s  imagery had been performed and c a r e f u l l y  f i e l d  checked. 

As  a r e s u l t  o f  these e f f o r t s ,  i t  had already been demonstrated t h a t  the 

making o f  a s t a t i s t i c a l  ana lys is  o f  spect rometr ic  data can be o f  great  

value i n  s e l e c t i n g  the optimum spec t ra l  bands f o r  use i n  natura l  resources 

surveys. Consequently, under the present research e f f o r t  the p r i n c i p a l  

i n v e s t i g a t o r s  sought p r i m a r i l y  t o  b u i l d  on t h e i r  previous research and t o  

avoid needless d u p l i c a t i o n  o f  i t .  For example, i n  many instances f u r t h e r  

use was made, i n  t h i s  research, o f  the vas t  amount o f  imagery t h a t  a l ready 

was a v a i l a b l e  i n  one form o r  another, as a r e s u l t  o f  research performed 

i n  the two previous years under NASA grants .  

Mindfu l  o f  t h i s  requirement, 

i n v e s t i g a t o r s  and t h e i r  associates prev ious ly  had conducted 

By one means o r  

A major o b j e c t i v e  o f  the research repor ted upon i n  the f o l l o w i n g  

pages has been t o  f a c i l i t a t e  the designing o f  meaningful mult iband exper i -  

ments f o r  the Apo l lo  program (beginning w i t h  EO-2), s ince t h a t  program w i l l  

p rov ide an oppor tun i ty  t o  t e s t  the f e a s i b i l i t y  o f  mapping the e a r t h ’ s  re- 

sources through use o f  mu1 t i  band ear th -orb i  t a l  imagery. 

A s  the number o f  spec t ra l  bands w i t h i n  which data i s  t o  be gathered 

i s  increased, the task o f  i d e n t i f y i n g  each o b j e c t  and c o n d i t i o n  from i t s  

mul t iband tone s ignature can become astronomic unless the image analyst  i s  

1 1  



prov ided w i t h  some specia l  

t h i s  data ana lys is  problem 

form o f  equipment. A t  l e a s t  three s o l u t i o n s  t o  

are worthy o f  considerat ion:  

Method No. 1 The mul t iband imagery o f  a given p o r t i o n  o f  the t e r -  

r a i n  i s  r e c o n s t i t u t e d  as a s i n g l e  c o l o r  composite. Each type o f  fea ture  

i s  then i d e n t i f i e d  merely through v isua l  percept ion o f  the c o l o r  e x h i b i t e d  

by i t  on the composite c o l o r  imagery. When t h i s  method i s  employed, i t  i s  

common p r a c t i c e  t o  p r o j e c t  s imultaneously onto a v iewing screen a l l  o f  the 

black-and-white images of a given p o r t i o n  o f  the t e r r a i n  tha t  have been 

obta ined w i t h  the mul t iband reconnaissance system. The c o l o r  r e n d i t i o n  

i s  achieved by the use o f  co lo red  f i l t e r s .  Each black-and-white frame i s  

pro jected,  u s u a l l y  i n  l a n t e r n  s l i d e  form, through a f i l t e r  o f  s u i t a b l e  hue. 

For any feature,  the i n t e n s i t y  o f  t h a t  p a r t i c u l a r  hue, as seen on the c o l o r  

composite, i s  governed by the var ious gray-scale values (tones) e x h i b i t e d  

by the fea ture  on the corresponding black-and-white l a n t e r n  s l  ides,  Numer- 

our  examples o f  c o l o r  imagery produced i n  t h i s  fashion appear i n  subsequent 

p o r t i o n s  o f  t h i s  repor t .  

Method No. 2 A b a t t e r y  o f  p h o t o - e l e c t r i c  (br ightness s e n s i t i v e )  

scanners i s  used t o  scan a l l  o f  the mul t iband black-and-white images 

simultaneously.  

a scanner i s  assigned. The scanners, opera t ing  i n  unison, scan the black- 

and-white mul t iband images l i n e - b y - l i n e ,  progressing from the top o f  the 

frame t o  the bottom. Because a l l  o f  the mul t iband images have i d e n t i c a l  

geometry, a l l  o f  the scanners s imultaneously view conjugate images. Con- 

sequently, a mul t iband tone s ignature au tomat ica l l y  i s  read ou t  by the bat- 

t e r y  o f  scanners f o r  each "x" and "y" coordinate p o s i t i o n  tha t  i s  scanned. 

Theore t ica l l y ,  each spot scanned i s  i n  t h i s  way found t o  have a tone signa- 

For each o f  the mul t iband images o f  a given area o f  t e r r a i n ,  
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t u r e  i d e n t i c a l  w i t h  t h a t  o f  some p a r t i c u l a r  o b j e c t  o r  cond i t i on  t h a t  was 

s tud ied  i n  the c a l i b r a t i o n  phase. I n  i t s  u l t i m a t e  form t h i s  method r e s u l t s  

i n  an encoded automatic p r i n t - o u t  on tape, i n d i c a t i n g  the ob jec ts  and con- 

d i  t i o n s  encountered, a t  every IIx-y" coord inate p o s i t i o n  appearing i n  the 

mul t iband imagery. A t  present such a method has no t  been per fected,  bu t  

even w i t h  i t s  present 1 i m i t a t i o n s  i t  i s  ab le t o  prov ide a s u f f i c i e n t  degree 

o f  automatic image ana lys is  t o  g r e a t l y  reduce the amount o f  work requ i red  

o f  the image ana lys t  h imse l f .  

Method No. 3 The mul t iband reconnaissance system records on magnetic 

tape, ra the r  than on f i l m ,  the e l e c t r o n i c  s igna l  s t reng th  from each ob jec t  

i n  each spec t ra l  band. From t h a t  p o i n t  forward, the procedure i s  the same 

as t h a t  described i n  Method 2. 

permi ts  " rea l - t ime"  ana lys is  o f  

ob jec ts  when they are recorded, 

coming from processed images o f  

Method 3 ,  pho to - l i ke  images are 

o r i g i n a l  tape records, bu t  usua 

The essen t ia l  d i f f e rence  i s  t h a t  Method 3 

s igna l  s t reng th  emanating d i r e c t l y  from tbe 

wh i l e  i n  Method 2 on l y  s igna l  s t rengths  

the ob jec ts  can be analyzed. I f ,  i n  

desired, these can be produced from the 

l y  merely as a by-product. Conversion o f  

data from analog t o  d i g i t a l  mode w i l l  a l l o w  s t a t i s t i c a l  manipulat ions to 

be performed f o r  eva lua t i on  o f  the i d e n t i f i c a t i o n  process i n  opera t ion .  

I I I. EXPERIMENTAL PROCEDURE 

A, Obta in ing Mul t iband Photography o f  Color Panels 

As the f i r s t  s tep i n  making a bas ic  study o f  the mu1 t iband tone 

s ignatures o f  var ious k inds o f  ob jec ts  and cond i t ions ,  a ta rge t  was con- 

s t r u c t e d  t h a t  contained several panels o f  c a r e f u l l y - s e l e c t e d  co lo rs ,  as 

i l l u s t r a t e d  i n  F igure  4. Because o f  i t s  p o r t a b i l i t y ,  t h i s  t a r g e t  could 

be r e a d i l y  photographed under con t ro l  l e d  cond i t ions ,  us ing  a l a rge  number 



of photographic f i l m s  and f i l t e r s .  

Other special target  arrays were s t u d  ed where a greater var e ty  o f  

materials and more subt le  color changes could be anticipated b u t  without 

. t h e  controls over var iab i l i ty  that the laboratory color panel array per- 

mitted. Figure 4 shows t h e  format o f  t h e  color panel. 

Figure 4. Color panel display. See text below for  description. 

The t w e l v e  colors seen as squares on t h e  l e f t  hand portion were 

selected w i t h  an attempt t o  cover the range of fundamental colors through- 

out t h e  v i s i b l e  spectrum. 

cluded to  complete t h e  array.  The pigment used (egg-tempera) was selected 

One black square and one white square were i n -  

because i t  exhibits a very f l a t  response; hence, undesirable specular re- 

flectance could be held to a m i n i m u m .  On the right-hand portion of the 

panel array,  the additional colors appearing as rectangles were appl ied to 

three background surfaces,  each of a d i f fe ren t  color.  The background colors 

were d u l l  brown a t  the top, charcoal i n  the middle, and a f l a t  green surface 

a t  the bottom. For each of these surfaces a second ser ies  of color c h i p s  

(egg-tempera, again) was applied and tne chips were arranged i n  the same 
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sequence on a l l  backgrounds. These ten c o l o r s  c l o s e l y  s imulate vegetat ive,  

s o i l  and r e l a t e d  t e r r a i n  c o l o r s  commonly encountered i n  nature. A t  the 

bottom o f  the panel i s  a Kodak standard Grey Scale which permits cont ro l  

over proper exposure values f o r  the many f i l m - f i l t e r  combinations which 

were studied. 

F i f t e e n  black-and-white f i l m - f i l t e r  combinations were used i n  photo- 

graphing the c o l o r  panel d isp lay .  I l l u s t r a t i o n s  o f  these combinations 

are shown i n  Table 1 w i t h  the f i l t e r  t ransmission data included. They 

are tabulated t o  f a c i l i t a t e  v isua l  comparisons, Each example i s  der ived 

from an optimum exposure i n  terms o f  negat ive f i l m  dens i t ies .  The many 

tonal  con t ras ts  and s h i f t s  t h a t  are e x h i b i t e d  here are s i m i l a r  t o  those 

e x p l o i t e d  i n  making i d e n t i f i c a t i o n s  o f  t e r r a i n  features based on t h e i r  tone 

signatures.  T e r r a i n  features respond t o  o ther  s ignature-forming fac to rs ,  

however, (slope, aspect, moisture,  e t c . )  which compl i c a t e  the i n t e r p r e t a -  

t i v e  process unless ground cont ro l  i s  maintained. The s h i f t s  observed i n  

the c o l o r  spectrum o f  Table 1 are independent o f  a l l  o ther  f a c t o r s  except 

pigment r e f l e q t i o n .  This f a c t  makes employment o f  the p r i n c i p l e  o f  tone 

s ignature ana lys is  reasonably simple. 

From the e a r l i e r  d iscussion o f  f a c t o r s  governing photographic tone, 

i t  w i l l  be r e c a l l e d  t h a t  the i n t e g r a t i o n  o f  f i l m  s e n s i t i v i t y ,  f i l t e r  t rans- 

mit tance, i l l u m i n a t i o n  source, spec t ra l  s c a t t e r i n g  and ta rge t  spec t ra l  re-  

f lec tance w i l l  de f ine  a s p e c i f i c  tone value dependent on photographic ex- 

posure s e t t i n g s .  As app l ied  t o  the c o l o r  panel photos o f  Table 1 ,  the ch ie f  

v a r i a b l e  parameters invo lved i n  t h i s  i n t e g r a t i o n  are f i l t e r  t ransmit tance 

and pigment re f lec tance.  However, i n  the present study, i t  was no t  the 

i n t e n t  o f  the authors to  i n t e g r a t e  the curves i n  an e f f o r t  .to p r e d i c t  tone 

values s ince t h i s  technique can be referenced i n  t h e i r  previous s tud ies.  
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Suf f ice i t  t o  say t h a t  f o r  any f i l m - f i l t e r  combination the r e s u l t a n t  i n t e r -  

a c t i o n  of these fac to rs  def ines the tone value f o r  each feature,  which i n  

t u r n  serves as one element o f  i t s  tone s ignature.  The mul t iband concept 

a l lows f o r  a g red ter  degree o f  d e f i n i t i o n  o f  tone s ignature  merely by pro- 

v i d i n g  more o f  the elements t h a t  comprise t h a t  s ignature .  Tone ana lys is  i n  

one band, f o r  example, may y i e l d  several a l t e r n a t i v e s  as t o  the i d e n t i f y  

of  a s p e c i f i c  t a rge t .  However, the a d d i t i o n  o f  f u r t h e r  tone s ignafure  

elements obta ined i n  o the r  po r t i ons  o f  the e lect romagnet ic  spectrum w i l l  

p lace  each o b j e c t  i n  a unique tone s ignature  category i f  the spec t ra l  

regions f o r  photography have been proper ly  se lected.  

The c o l o r  panel a r ray  was then photographed us ing a l a rge  number o f  

d i f f e r e n t  Wratten g e l a t i n  f i l t e r s  w i t h  a Po la ro id  panchromatic type black- 

J 

and-white f i l m  o f  h igh  s e n s i t i v i t y .  Each f i l m - f i l t e r  combination was ex- 

posed a t  d i f f e r e n t  f -s tops and shu t te r  speeds, b racket ing  the optimum ex- 

posure l e v e l .  Densitometric readings o f  the b lack  squares, the wh i te  

squares and the  Grey Scale ch ips l e d  t o  the s e l e c t i o n  o f  the optimum ex- 
E 

i 
I . *  

posure as the one e x h i b i t i n g  the  maximum o p t i c a l  dens i ty  range from b lack  

t o  whi te .  F igure 5 below i s  an i l l u s t r a t i o n  o f  the c o l o r  panel a r ray  w i th -  

o u t  a f i l t e r  be ing employed. 
0 

Figure 5. Black-and-white u n f i l t e r e d  i l l u s t r a t i o n  o f  c o l o r  panels. On the 
negat ive from which t h i s  p r i n t  was made, dens i tomet r ic  readings cou ld  readi -  
l y  be obtained. 
o f  the a r ray  us ing  d i f f e r e n t  spec t ra l  bands, as determined by the transmis- 
s i o n  c h a r a c t e r i s t i c s  of each Wratten f i l t e r  used (see Table 1 ) .  

Va r ia t i ons  o f  tones can be examined f o r  each c o l o r  square 
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B.  Selec t ing  Optimum F i  lm-Fi 1 t e r  Combinations f o r  Various Mu1 t iband 
Sys terns 

Each negat ive o f  the i l l u s t r a t e d  panel a r ray  included i n  Table 1 

was subsequently measured us ing  a Welsh Densichron densitometer. Opt i -  

ca l  d e n s i t i e s  were recorded f o r  each o f  the twelve co lo red  squares, the 

background surfaces (brown, charcoal and green) and the grey scale steps. 

These o p t i c a l  d e n s i t i e s  there fore  served as q u a n t i t a t i v e  tone signatures 

f o r  the pigments and surfaces involved. Use o f  t h i s  c o n t r o l l e d  s i m p l i f i e d  

ar ray  af forded a method o f  comparing f i l t e r s  and r e s u l t a n t  tone signatures,  

and y i e l d e d  a basis fo r  p r o j e c t i n g  t o  o ther  ta rge ts  o f  i n t e r e s t .  

Table 2 contains a summary o f  the measured o p t i c a l  dens i t ies  ( re-  

duced f o r  p resenta t ion  i n  histogram form) f o r  the f i f t e e n  poss ib le  com- 

b i n a t  ons. For each c o l o r  square there i s  a histogram o f  comparative 

negat ve dens i t ies ,  o r  tones, f o r  the var ious f i l t e r s  used. These densi- 

t i e s  are referenced t o  a negat ive exposed w i thout  the use o f  a f i l t e r  

( labe led  "OPEN"). The histograms reveal the e f f e c t  o f  each f i  1 t e r  used 

i n  the study i n  he lp ing  t o  de f ine  the u l t i m a t e  tone s ignature f o r  each 

c o l o r  square. 

gence from the "OPEN" o p t i c a l  densi ty  measurement. 

The histogram scales denote the r e l a t i v e  degree o f  d iver -  

I n  t h i s  discussion, dens i t ies  on the negat ive are r e f e r r e d  t o  as 

"negative o p t i c a l  densi t ies" .  F i l t e r s  l i s t e d  t o  the l e f t  o f  the "OPEN" 

measurement ( i n d i c a t e d  by 0.0 on the lower scale o f  Table 2) y i e l d  l i g h t -  

e r  negat ive o p t i c a l  dens i t ies ,  o r  conversely, darker p o s i t i v e  reproduct ions.  

F i l t e r s  l i s t e d  t o  the r i g h t  o f  the I1OPEN1l measurement y i e l d  darker negat ive 

o p t i c a l  dens i t ies ;  hence, 1 i g h t e r  p o s i t i v e  tones would occur than when ex- 

posing w i thout  a f i l t e r .  Negative o p t i c a l  d e n s i t i e s  f o r  each c o l o r  square 



Table 1 

Color Panel Array 

I 

I 
4 1  

i 

Light Brown Surface 
w/10 Assorted Colors 

t 1 
Charcoal Surface 
w/10 Assorted Colors 

Flat Green Surface 
w/10 Assorted Colors 

I Grey Scale Wedge 1 

The following illustrations depict tone shifts within the color 
panel array (see Figure 4) for each of the fifteen Wratten filters 
employed. Along side the photo print is a graph of the respective 
filter transmittance data yielding these various tones. The fifteen 
Wratten gelatin filters used (2C, 8, 12, 25A, 30 35, 478, 61, 65A, 
70, 728, 73, 75, 90 and 99) were selected to cover many spectral 
bandwidths and are presented in numerical order in the following 
tab1 e. 
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are  l i s t e d  i n  Table 

l a t e d  to f a c i l i t a t e  

a negative t h a t  was 

2. The r e s u l t a n t  f i  1 t e r  a r ray  for each has been tabu- 

comparison, percentage-wise,of the dens i t i es  obta ined on 

produced w i  thout  the use o f  a f i  1 t e r .  I t  i s  seen by 

examining the data i n  Table, 2, for  example, t h a t  the Wratten f i l t e r  #70 

(dark red) in f luences more co lo rs  o f  the spectrum by y i e l d i n g  l i g h t e r  nega- 

t i v e  o p t i c a l  dens i t i es  than any o f  the o the r  combinations, i nc lud ing  the 

one t h a t  employs no f i l t e r .  

Th is  type o f  in fo rmat ion  can be usefu l  

combinations which would con t ras t  between two 

co lo r ,  For instance, no t i ce ,  f o r  the red  and 

f o r  s e l e c t i n g  ii I m - f i  1 t e r  

t a rge ts  o f  v i s u a l l y  s i m i l a r  

magenta squares, how the 

cont ras ts  might be exaggerated by the use o f  e i t h e r  a Wratten 35 o r  Wrat- 

ten  47B f i l t e r .  The Wratten 35 f i l t e r  would y i e l d  near ly  a 50% con t ras t  

(magenta darker than red i n  p o s i t i v e  mode) wh i l e  the Wratten 47B f i l t e r  

w u l d  y i e l d  g rea ter  than 50% con t ras t  f o r  these two co lo rs .  The Wratten 

61 f i l t e r ,  however, would y i e l d  a tone s ignature  bare ly  d i s c e r n i b l e  t o  

the eye. Other s i m i l a r  examples e x i s t  and they serve t o  emphasize the 

e a r l  i e r  statement concerning the need t o  know the ta rge t  re f lec tance 

c h a r a c t e r i s t i c s  and the  need t o  p roper l y  s e l e c t  the spec t ra l  bandwidths 

t h a t  w i l l  enhance the tone s ignatures o f  ob jec ts  t h a t  a re  t o  be i d e n t i f i e d .  
S 

The data e x h i b i t e d  i n  Table 2 can a l so  be used t o  determine the 

spec t ra l  bandwidths which y i e l d  the greatest  number o f  unique tone signa- 

tu res  f o r  var ious reconnaissance systems having m u l t i p l e  bandwidth capa- 

b i l i t y .  Using the c o l o r  panel data as an example, a type o f  ana lys is  

which might be performed t o  determine spec t ra l  bandwidths f o r  a mul t iband 

system can now be described. As shown i n  the f o l l o w i n g  paragraphs, t h i s  

ana lys is  i s  r e l a t i v e l y  simple t o  perform f o l l o w i n g  dens i tomet r ic  measure- 

ments. Consistent w i t h  our  work p l a n  such an ana lys is  i s  f i r s t  made for 



a 2-band system. Then a d d i t i o n a l  bands are  considered, up t o  a t o t a l  o f  s i x .  

Two-band reconnaissance system employing black-and-white panchromatic 

- f i l m .  Table 2 i l l u s t r a t e s  c o n t r a s t i n g  tone s ignatures f o r  each c o l o r  square. 

The two f i l t e r s  y i e l d i n g  maximum contrast ,  hence the greatest  p r o b a b i l i t y  

t h a t  a d i s t i n c t i o n  i s  poss ib le ,  are tabulated below f o r  each c o l o r .  Then, 

as l i s t e d  a t  the bottom o f  the tab le,  the o v e r a l l  f i l m - f i l t e r  combination 

i s  selected g i v i n g  the maximum number o f  unique tone signatures from the 

l i s t ;  a choice o f  f i l t e r s  i s  ind ica ted  where a l t e r n a t i v e s  seem feas ib le .  

F i l t e r s  i n  the f o l l o w i n g  l i s t s  are tabulated w i t h  l i g h t e s t  negat ive densi ty  

t o  the l e f t ,  increas ing t o  the r i g h t .  

Two-Band Reconnaissance System; Color Pane 

J 

J 

Target 

B1 ack 

Wh i t e  

Red 

Magenta 

Orange 

Ye1 low 

Chart reuse 

Green 

Brown 

Turquoise 

B1 ue 

V i o l e t  

Wratten F i l t e r  on 
Which Target E x h i b i t s  
L i q h tes t Tone 

70 

70 

61 

61 

75 

35 

70 

70 

70 

70 

70 

2C/90 

Array Data 

Wratten F i l t e r  on 
Which Target E x h i b i t s  
Darkest Tone 

73 

73 

25A 

2% 

25A/72B 

73 

73/99 

99/65A 

731728 

47 B 

478 

47 B 

Optimum F i l m - F i l t e r  Combination; Overal l :  70-73 
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Three-band reconnaissance system. The three f i l t e r s  y i e l d i n g  maximum 

cont ras t ,  one from the o ther ,  are se lec ted  by the  two endpoint f i l t e r s  and 

one f i l t e r  i n  the middle of the range, equ id i s tan t ,  percentage-wise, from 

the o ther  two,  

Tarqet 

B1 ack 

Whi t e  

Red 

Magenta 

Orange 

Ye1 low 

Three-Band Reconnaissance System; Color Panel Array Data 

Wratten F i  1 t e r  on Wratten F i l t e r  on 
Which Target E x h i b i t s  Which Target E x h i b i t s  In termediate Tone 
L i gh t es t Tone Darkest Tone 

F i l t e r  G iv ing  Best 

70 73 12/30 

70 73 35 

61 25A 73 

61 25A 8 

75 25A/ 7 2 B 8/ 70 

35/47B 73 2c 

Chartreuse 70 

Green 70 

Brown 70 

Turquo i se 70 

B1 ue 70 

V i o l e t  2C/90 

Optimum F i l m - F i l t e r  Combination; Overa l l :  70-8-73 
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30 

8 

8/47 B 

73 
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6514173 
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Four-band reconnaissance system. The same technique o f  se lec t ion- -  

e q u i d i s t a n t l y  spaced f i l t e r s  as measured from Table 2--gives the f o l l o w i n g  
c 

se lec t ions .  

Four-Band Reconnaissance System; Color Panel Array Data 

Target 

B1 ack 

White 

Red 
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Orange 

Ye1 low 
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Green 

Brown 
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V i o l e t  

Wratten F i l t e r  on Wratten F i l t e r  on Fi 1 te rsGiv ing  Best 
Which Target E x h i b i t s  Which Target E x h i b i t s  In termediate Tones 
L i q h t e s t  Tone Darkest Tone 

70 

70 

61 

61 

75 

35/47B 

70 

70 

70 

70 

70 

2C/90 

73 

73 

25A 

25A 

72B/25A 

73 

73/99 

65A/99 

728173 

47 B 

47 B 

47 B 

2C/90, 25A/75 

2C, 61 

90, 30 

65A/73, 70 

2c, 90 

75, 61/65A 

75, 728 

72B/25A, 75 

90, 65A 

30, 61 

30, 65A 

99, 35 

Optimum F i  l m - F i  1 t e r  Combination; Overa l l :  70-2C/90 - 65A-73 
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Tarqe t 

Black 

Whi te 

Red 

Magenta 

Orange 

Ye1 low 

Five-Band Reconnaissance System; Color Panel 

Chartreuse 

Green 

Brown 

Turquo i se 

Blue 

Violet 

Wratten Filter on 
Which Target Exhibits 
Liqhtest Tone Darkest Tone 

Wratten Filter on 
Which Target Exhibits 

70 

70 

61 

61 

75 

351478 

70 

70 

70 

70 

70 

2C/90 

73 

73 

25A 

25A 

25A/72B 

73 

73/99 

65A 

73 

47 B 

47 B 

47 B 

Array Data 

Filters Giving Best 
Intermediate Tones 

2C, 61, 35 

2C, 35, 728 

35, 8, 70 

2C/90, 12, 35 

61 , 2C/99, 30 

74, 70/2C, 25A 

47B, 30, 25A/12 

30, 8, 75 

75, 8/47B, 65A 

90, 73, 35 

61, 75, 35 

70, 65A, 35 

Optimum Fi lm-Fi 1 ter Combination; Overall: 70-2C-8-35-73 
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Six-Band Reconnaissance 

Tarqet 

B1 ack 

White 

Red 

Magenta 

Orange 

Ye1 low 

Chartreuse 

Green 

Brown 

Turquoise 

B1 ue 

V i o l e t  

Wratten F i l t e r  on 
Which Target E x h i b i t s  
L i g h t e s t  Tone 

70 

70 

61 

61 

75 

35 

70 

70 

70 

70 

70 

2C/90 

System; Color Panel A r r a y  

Wratten F i l t e r  on F i l t e r s  G iv ing  Best 
Which Target E x h i b i t s  Intermediate Tones 
Darkest Tone 

73 

73 

25A 

25A 

72B/25A 

73 

73/99 

65A 

72B 

47 B 

47 

47 B 

2c, 90, 8, 728135 

2c , 8/30/90, 12/61 175135 

65A, 73, 30, 728 

99, 8, 30, 72B 

61, 99, 7018, 30 

75, 70, 8/30) 25A 

47B, 75, 8/90, 65A 

30, 35, 478, 73 

61 , 90, 30/99, 25A 

90, 12, 61, 75 

2C, 30, 75, 35 

8, 9 9 / 2 5 ~ ,  30/75, 65A/73 

Optimum F i l m - F i l t e r  Combination; 70-2C-90-30-728-73 

24 



It is not so simple when the analysis of tone signatures i s  applied 

to natural terrain features since several complicating factors prevail, 

One such factor would be attempting to distinguish between objects having 

very subtle color differences. 

twelve very distinct color values were used. In a natural scene, however, 

there may be many targets for which positive identification would be de- 

sired though they possess only subtle color differences. A forested area 

of different tree types would be such an example. The variability of 

subtle color changes coupled with the variability of exposure and densi- 

tometer readings only serves to reduce the chance for positive identifications. 

That is, the tone signature becomes obscured or poorly defined. One has to 

be careful about the degree of interpretability desired versus the degree 

of remote sensing attempted. It is probable that in many instances, 

narrower band filters would tend to reduce the variability mentioned above 

and help define tone signatures. 

In the controlled color panel array example, 
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Table 2 

On the following three pages are listed the comparative data-- 

by color panel square--of the fifteen Wratten gelatin filters used 

in this study. Each histogram relates the negative optical densities 

of  each.filter to that from an exposure obtained without a filter 

(IlOPENII). Hence, for each color square is listed an array of the 

filter numbers, increasing in negative optical density to the right. 

The absolute negative optical density for the "OPEN" exposure i s  

listed in the upper right hand corner beneath each color chip label. 

! 
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C. Image Enhancement by Color Add i t i ve  Techniques 

When several  black-and-white a e r i a l  photos have been obtained o f  

the same area, each i n  a d i f f e r e n t  spec t ra l  band, the photo i n t e r p r e t e r  

may f i n d  i t  h i g h l y  advantageous t o  combine these photos by p r o j e c t i n g  

them on a screen i n  common r e g i s t r a t i o n .  By so doing, he can employ a 

separate f i l t e r  c o l o r  f o r  the p r o j e c t i o n  o f  each photo. 

v iewing the composite c o l o r  image, he can use c o l o r  as an a i d  t o  ob jec t  

i d e n t i f i c a t i o n .  I t  should be noted t h a t  such c o l o r  a d d i t i v e  techniques 

and tone s ignature analyses are i n t ima te l y  r e l a t e d  and are appropr ia te ly  

discussed i n  t h i s  repo r t  i n  terms o f  f a c i l i t a t i n g  the i n t e r p r e t a t i v e  

task  o f  the image analyst .  

Then, when 

Figure 6 shows a bas ic  c o l o r  a d d i t i v e  experiment whereby three 

l i g h t  beams--each pro jec ted  through a d i f f e r e n t  co lored f i l t e r - - a r e  

p a r t i a l l y  overlapped t o  reveal  c o l o r  a d d i t i o n  combinations. 

F igure 6. Color a d d i t i o n  experiment us ing three overlapped co lored 
l i g h t  beams. By means o f  three p ro jec to rs ,  the three l i g h t  beams were 
simultaneously p ro jec ted  through red, green and b lue f i l t e r s ,  respect ive- 
l y ,  onto a screen. 
other, as the i l l u s t r a t i o n  shows, The overlapped areas e x h i b i t  d i f f e r e n t  
hues, due t o  the phenomenon o f  c o l o r  addi t ion:  red w i t h  green produces 
yel low, red w i t h  b lue produces magenta and green w i t h  blue produces cyan. 
Where a l l  three o f  the l i g h t  beams overlap, wh i te  l i g h t  i s  produced. 
S i m i l a r l y ,  as the i l l u s t r a t i o n  c l e a r l y  shows, ye l low l i g h t  and cyan l i g h t  
produce wh i te  when overlapped, as does ye l low w i t h  magenta and cyan w i t h  
magenta. 

They were al lowed t o  over lap and blend w i t h  each 
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This  s i m p l i f i e d  experiment, when r e l a t e d  to the prev ious ly  

mentioned concept o f  tone s ignature ana lys is ,  provides the bas is  f o r  

in t roduc ing  a c o l o r  v a r i a b l e  i n t o  the regime o f  black-and-white 

photograph'ic i n t e r p r e t a t i o n .  As might be i n f e r r e d  from Figure 6, the 

i n t e r p r e t e r  need no t  be conf ined t o  any given combination o f  co lors ,  

as he would be i f  he depended on the standard a v a i l a b l e  c o l o r  f i l m  

emulsions. "False co lo r "  rend i t ions ,  some o f  which prov ide very use- 

f u l  c o l o r  enhancements, merely requ i re  the use o f  d i f f e r e n t  co lored 

l i g h t  f i l t e r s .  False c o l o r  f i l m  emulsions, on the other  hand, are 

d i f f i c u l t  t o  manufacture, expensive t o  purchase, inherent ly  hard t o  

handle and process and almost completely i n f l e x i b l e  i n  terms o f  the 

c o l o r s  w i t h  which they are able t o  present var ious objects  and condi- 

t i o n s  t o  the photo i n t e r p r e t e r .  

The c o l o r  a d d i t i v e  method f o r  image enhancement employed by 

the p r i n c i p a l  inves t iga tors  was performed us ing equipment already a t  

t h e i r  disposal. 

were mounted i n  tandem i n  such a way t h a t  "co lor  wheels" con ta in ing  an 

Up t o  s i x  l a n t e r n  s l  ide p r o j e c t o r s  f o r  33l x 4" s l i d e s  

assortment o f  Wratten f i l t e r s  could be at tached i n  f r o n t  o f  each pro- 

j e c t o r .  M u l t i p l e  images o f  the same scene, obtained i n  each o f  several 

p a r t s  o f  the electromagnet ic spectrum, were then made i n t o  l a n t e r n  s l i d e  

p o s i t i v e  transparencies and pro jec ted  i n  common r e g i s t e r  onto a t rans lu -  

cent  rear  v iewing screen. 

both the v iewing o f  composite c o l o r  images and the photographing o f  

them. The l a t t e r  was done f o r  the purpose o f  i l l u s t r a t i n g  examples o f  

p a r t i c u l a r  i n t e r e s t ,  as i n  t h i s  repor t .  Once the images (up t o  s i x )  

had been pro jec ted  i n  common r e g i s t e r  onto the screen, i t  was a simple 

A t rans lucent  screen was used t o  f a c i l i t a t e  

28 
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matter to dial in the desired colored filter for each image. Where neces- 

sary, the filters in any of the wheels could be changed to produce other 

color renditions. 

The number of possible color combinations is almost limitless 

when a wide variety of filters is available through which to project 

the black-and-white lantern slide transparencies. The principle inves- 

tigators selected fifteen such filters to cover representative portions 

of the entire visible spectrum. These same filters were the ones used 

in photographing the color panel array in Table 1. 

Figure 7 is a chromaticity diagram for a standard source tungsten 

Y* 

XO, 
Figure 7. Chromaticity diagram of fifteen filters used in this study. 
The "OPEN" coordinate has a color temperature of 28540 K, equivalent to 
the tungsten light source of each 3$l x 4" lantern slide projector. 
color coordinate for Wratten 73, as seen above, is y = 0.5134 and x = 
0.4853. 

The 
a a 
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l i g h t  o f  the type used i n  p r o j e c t i n g  the s l i d e  transparencies. 

dlagram are l i s t e d  the Wratten f i l t e r s  used i n  t h i s  study and t h e i r  

I lXl I and "y" coordinates. The "OPEN" designat ion denotes no f i l t e r ;  the 

f i f t e e n  f i l t e r s  were se lected on the basis o f  s t a b i l i t y  and transmit tance 

c h a r a c t e r i s t i c s ,  as shown i n  Table 1, 

~n t h i s  

I n  order t o  demonstrate the v e r s a t i l i t y  o f  t h i s  technique as an 

a i d  t o  i n t e r p r e t a t i o n ,  an attempt was made t o  reproduce as c l o s e l y  as 

poss ib le  the " t rue  co lor1 '  r e n d i t i o n  o f  F igure 4 (co lo r  panel array) by 

the c o l o r  a d d i t i v e  process. The r e s u l t  o f  t h i s  experiment i s  shown i n  

F igure 8. When viewed d i r e c t l y  on the screen, t h i s  composite c o l o r  image 

had great  b r i l l i a n c e  and c o l o r  f i d e l i t y  and a l l  co lo rs  could be d i s t i n -  

guished w i t h  great  ease. However, the p r i n c i p a l  inves t iga tors  and 

several o ther  people have agreed t h a t  the photo i l l u s t r a t i o n ,  as repro- 

duced i n  t h i s  repor t ,  does no t  do j u s t i c e  t o  the o r i g i n a l  composite 

image t h a t  was pro jected,  even though t h i s  F igure compares adequately 

there i s  greater  c o l o r  s a t u r a t i o n  i n  the 

the v iewing screen than can be reproduced i n  

w i t h  F igure 4. Apparent ly 

image t h a t  i s  e x h i b i t e d  on 

a c o l o r  photo o f  i t . 

As seen i n  the f o l  

the var ious o p t i c a l  dens i t  

w i t h  the a d d i t i o n  o f  c o l o r  

owing i l l u s t r a t i o n ,  the a b i l i t y  t o  combine 

es o f  the f o u r  l a n t e r n  s l i d e s  i n t o 2  image 

g r e a t l y  improves i t s  i n t e r p r e t a b i  1 i t y  over 

the f o u r  respect ive black-and-white i l l u s t r a t i o n s  seen i n  Table 1. 

Whereas the normal human eye can perce ive approximately two hundred 

shades o f  grey, t h i s  c a p a b i l i t y  i s  extended, according t o  Crowell (Opt. 

SOC. o f  Am., 1953), t o  more than seven m i l l i o n  c o l o r  d i f fe rences  which 

can be perceived. This obv ious ly  gives the image analyst  much greater  

I 



f l e x i b i l i t y  and ease o f  i n t e r p r e t a t i o n  when us ing  c o l o r  as an a i d  t o  h i s  

task. 

F igure  8. Color enhanced i l l u s t r a t i o n  o f  c o l o r  panel array. This  i l l u s -  
t r a t i o n  i s  the  r e s u l t  of an experiment designed t o  reproduce, by c o l o r  
a d d i t i v e  techniques, the  " t rue"  co lo rs  o f  the t a r g e t  shown i n  F igure 4. 
Th is  p a r t i c u l a r  photograph was obta ined by p r o j e c t i n g  four  black-and-white 
l a n t e r n  s l i des .  The f i l t e r s  through which the l a n t e r n  s l i d e  images were - taken, as we1 1 as the  f i l t e r s  through which they were pro jec ted ,  are as 
f o l  lows: 

F i l m - F i l t e r  Combination 
S l i d e  No. Used i n  Obta in ing the Which the Image Was 

B1 ack-and-Wh i t e  Image Pro i ec ted  

1 Pan-No F i  1 t e r  #12 (yel low) 
2 Pan-2% #25A (red) 
3 Pan-47B #47B (blue) 
4 Pan-65A #61 (green) 

Wratten F i  1 t e r  Through 

Figure 9 shows more o f  the c o l o r  a d d i t i v e  process whereby l i g h t  

beams o f  var ious hues and sa tura t ions  are al lowed t o  over lap forming 

new r e s u l t a n t  co lors .  When black-and-white l a n t e r n  s l i d e s  o f  var ious 

dens i t i es  are interposed between l i g h t  

c o l o r  beams undergo changes i n  s a t u r a t  

the appearance and i n t e r p r e t a b i l i t y  o f  

image. 

source and c o l o r  f i l t e r ,  these 

on and br ightness which a1 t e r  

the r e s u l t a n t  composite c o l o r  
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Figure 9. The co lo rs  appearing i n  the cen t ra l  po r t i ons  o f  the above 
s t r i p s  were obtained by over lapping l i g h t  beams pro jec ted  through 
var ious p a i r s  o f  Wratten f i l t e r s ,  w i thou t  densi ty  in ter ference.  From 
top t o  bottom the f i l t e r  p a i r s  are as fo l lows:  

Pa i r  No. L e f t  F i l t e r  Riqht F i l t e r  Resul tant  Color 

1 Wratten 61 (green) Wratten 25A (red) Ye1 low 
2 II 478 (blue) 25A (red) Magenta 
3 ' I  61 (green) I t  476 (blue) Cyan 
4 ' I  73 (green) 478 (blue) Cyan 
5 I I  73 (green) 6% (blue) Cyan 
6 73 (green) ' I  30 (magenta) White 
7 " 61 (green) 30 (magenta) White 
8 I '  65A (blue) ' I  30 (magenta) White 
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An example o f  the employment o f  t h i s  technique i n  p rov id ing  more 

i n te rp re tab le  imagery from mult iband black-and-white a e r i a l  photographs 

appears i n  Figure 10 and 1 1 .  Those f igures i l l u s t r a t e  the ex ten t  t o  

which enhancement can be obtained when us ing  on ly  two photographic bands. 

The area shown i s  near Tucson, Arizona. I t  was se lected by the Color 

Committee o f  the American Society  of Photogrammetry as one i n  which t o  

conduct a c o l o r  eva lua t ion  experiment i n  June, 1966. 

t a ted  areas, two black-and-white f i l m s  were used, a black-and-white pan- 

chromatic f i l m  and a black-and-white i n f ra red -sens i t i ve  f i l m  (see Fig.  10 

below). Use o f  these two f i lms ,  p roper ly  f i l t e r e d  dur ing exposure, pro- 

duced wide tone contrasts  between the vegetated and non-vegetated areas, 

as shown be 1 ow: 

I n  order t o  f a c i l i t a t e  the separat ion o f  vegetated from non-vege- 

F 

(a) Panchromatic 25A (b) I n f r a r e d  898 

Figure 10. Two proper ly  f i l t e r e d  photographic bands f o r  use i n  d i f f e r -  
e n t i a t i n g  vegetated from non-vegetated areas. 
f i l t e r  combination on the l e f t  y i e l d s  dark tones where heal thy green 
vegetat ion e x i s t s  ( r e f e r  t o  the "Green" histogram o f  Table 2) .  
dark tones i n  t h a t  photo denote heal thy green vegetat ion,  however, 
f o r  example, areas "A" and liB1l). 
s i m i l a r l y  y i e l d s  l i q h t  tones where heal thy v e g e t a t h n  ex is ts ,  but  again, 
not  a1 1 1 i g h t  tones denote heal thy vegetat ion.  (See, f o r  example, areas 
rlC1i and "D1'). However, where there i s  both a dark tone on the panchro- 
mat ic  photo and a l i g h t  tone on the i n f r a r e d  photo, heal thy vegetat ion 
almost c e r t a i n l y  ex is ts .  L i g h t  tones on both photos probably are ind ica-  
t i v e  o f  f a l l o w  f i e l d s  and roadways. I t  i s  f a i r l y  easy f o r  an i n t e r p r e t e r  
t o  scan back and f o r t h  between these photos and, by no t i ng  tone values on 
each, loca te  the areas o f  heal thy vegetat ion.  
complicated tone signatures,  however, a l a rge r  number o f  mult iband images 
i s  requi red and the photo i n t e r p r e t e r ' s  task  becomes much more d i f f i c u l t i  
f r u s t r a t i n g  and t ime consuming, I t  i s  i n  such instances t h a t  the c o l o r  
enhancement techniques described i n  the t e x t  can be o f  great  b e n e f i t  t o  
the photo i n te rp re te r .  

The Panchromatic 25A f i l m -  

Not a l l  
(See, 

The I n f r a r e d  898 photo on the r i g h t  

For ob jec ts  which have more 
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Figure 11. Some c o l o r  enhanced composites o f  
the two photographic bands which were i l l u s -  
t r a t e d  i n  F igure 10, These examples are pre- 
sented t o  demonstrate var ious c o l o r  rend i t i ons  
which combine the in fo rmat ion  found i n  both 
photos o f  F igure 10. Note that ,  i n  each o f  
these examples, the dominant c o l o r  o f  the l i v -  
ing  vegetat ion i s  determined by the Wratten 
f i l t e r  through which the  I n f r a r e d  898 s l i d e  
i s  projected, owing t o  the r e l a t i v e l y  l i g h t  
tones e x h i b i t e d  by l i v e ,  green vegetat ion;  the 
complementary Wratten c o l o r  f i l t e r  ( through 
which the Panchromatic 25A s l i d e  i s  pro jected)  
i s  suppressed by those areas where darker tones 
are e x h i b i t e d  by the same heal thy vegetat ion.  
Thus, the l i v i n g  vegeta t ion  i s  made t o  e x h i b i t  
a unique co lo r ,  and such areas are r e a d i l y  d i f -  
f e ren t i a ted  from o ther  areas w i t h  which they 
might have been confused (e.g., areas "A" t h r u  

preference as t o  which might be the best ren- 
d i t i o n  f o r  i n te rp re ta t i on .  The f o l l o w i n g  p a i r s  
o f  f i l t e r s  were used t o  produce these co lo r  
photo i l l u s t r a t i o n s  from top t o  bottom: 

I t  sometimes i s  a mat ter  o f  personal 

Compos i t e  
Color Photo Through Which Through Which 
Number Pan 25A S i  ide I R  89B S1 ide 

Was Pro iected Was Pro i ec ted 

1 #12 (ye l low)  #50 (dark blue) 

Wratten F i  1 t e r  Wratten F i  1 t e r  
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Figure 12. Color enhanced i l l u s t r a t i o n  o f  m u l t i s p e c t r a l  data. The 
above i l l u s t r a t i o n s  were obta ined by superimposing i n  common reg is -  
t r a t i o n  several channels o f  imagery through se lec ted  Wratten f i  1 ters. 
The lower i l l u s t r a t i o n  i s  "delineated" t o  a i d  i n  i t s  i n t e r p r e t a t i o n  
by us ing  c o l o r  d i f fe rences  seen i n  the composite rend i t ion .  The 
f o l l o w i n g  i n t e r p r e t a t i o n s  can be made w i t h  the a i d  o f  ground t r u t h  
information: 

1. L i g h t  b lue  areas: l o w  sagebrush type. 
2. Green areas: wet meadow type dominated by rushes (Juncus sp,) 
3. Red-orange areas: wet meadow s i t e s  dominated by sedges, g r  

4. Dark brown areas: s tanding water from adjacent springs. 
grasses and forbs;  very h igh  i n  I R  re f lectance.  



Densi tometr ic  I n t e r p r e t a t i o n  o f  L ine  Scan Imagery 

The f o l l o w i n g  f i v e  diagrams are der ived  from o p t i c a l  mechanical scan- 
ner imagery. Each diagram i s  " s t r a t i f i e d "  according t o  densi tometr ic  meas- 
urements made o f  the  s t r i p  f i l m  negat ive f o r  the i nd i ca ted  channels o f  data. 
The o p t i c a l  mechanical scanner approach t o  m u l t i s p e c t r a l  imagery provides 
many channels (or  spec t ra l  bandwidths) w i t h  which tone s ignatures might be 
r e l a t e d  d i r e c t l y  t o  recorded energy leve ls .  The darkened areas i n  each 
diagram enable comparisons w i t h  the  c o l o r  enhanced composites appearing on 
the preceding page. 

0.32 - 0.38 microns 

0.62 - 0.68 microns 

36 1.5 - 1.8 microns 

0.80 - 1.0 microns 

8.0 - 14.0 microns 
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Panchromatic (.52-.58 U) Panchromatic (.66-.72 u) I n f r a r e d  (.75- .95 u) 

Figure 13. Mu l t i spec t ra l  photography o f  na tura l  t e r r a i n  features i n  
the Bucks Lake Test S i te .  The above representat ive i l l u s t r a t i o n s  
were' reproduced from three narrow-f i 1 t e r  photographic examples (see 
bandwidths above), simultaneously exposed, us ing a s ix teen- lens 
camera. These p a r t i c u l a r  i l l u s t r a t i o n s  were then made i n t o  p o s i t i v e  
l an te rn  s l i d e  transparencies and pro jec ted  i n  common r e g i s t e r  t h r u  
co lored f i 1 t e r s  t o  produce the c o l o r  composi t e  seen i n  F igure 14. 
The a b i l  i t y  t o  ob ta in  mu1 t i s p e c t r a l  photography and other  imagery 
having i d e n t i c a l  geometric re la t i onsh ips  g r e a t l y  f a c i l i t a t e s  the 
c o l o r  enhancing procedure. Mu l t i - l ens  cameras prov ide t h i s  capa- 
b i l i t y  f o r  f i l m  emulsions, such as the two f i l m  types seen above 
(i .e., Panchromatic and In f ra red ) ,  
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Color Composite 

Figure 14. 
taken with Infrared Ektachrome film and a Wratten 12 filter, The 
lower photo i s  a color-enhanced illustration derived from the three 
black-and-white multispectral photographs seen in Figure 13. The 
following combination o f  colored filters was used in producing the 
lower photo: 

The upper photo shows standard false-color photography 

S1 ide Number 
1 
2 
3 

Exposure Bandwidth Projection Filter 
Panchromatic (.52-.58 u) 65A (1 ight blue) 
Panchromatic (.66-,72 u) 99 (green) 
Infrared (.75-.95 u) 25A (red) 
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S l i d e  tiumkfx 

1 
2 
3 

- 
FXDO sure F i l t e r  P ro jec t i on  F i  1 t e r  

2c 
65A 
73 

478 (blue) 
12 (yel low) 
25A (red) 

F igure 13. "False co lor l l  r e n d i t i o n s  o f  c o l o r  panel array. The 
above i l l u s t r a t i o n  i s  obta ined by c o l o r  enhancement techniques 
us ing  th ree  d i f f e r e n t  l a n t e r n  s l  ide transparencies. The p a r t i c u -  
l a r  sequence o f  s l i d e s  used i n  t h i s  experiment comprises three 
o f  the f o u r  f i l m - f i l t e r  combinations suggested as optimum f o r  a 
4-band reconnaissance system (see page 22). I t  can be seen by 
comparing the above i l l u s t r a t i o n  w i t h  the c o l o r  composites appear- 
i n g  on the f o l l o w i n g  two pages (each example o f  which includes 
a l l  f o u r  o f  the  f i l m - f i l t e r  combinations suggested on page 22), 
t h a t  g rea ter  c o l o r  separat ions are obta ined when maximum con- 
t r a s t i n g  s l i d e s  are used. The above i l l u s t r a t i o n  was produced 
w i thou t  i nc lud ing  the transparency made from the Panchromatic- 
Wratten 70 f i l m - f i l t e r  combination. 
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P r o j e c t  i o n  
Fi  1 t e r  

25A (red)  

S 1  i d e  Exposure 
Number F i  1 t e r  

1 2c 
- - 

\ 
h 

:,,, i 
478 (b lue )  2 70 

3 65A 73 (01 i v e )  

61 (green)  4 72 

2c 

70 

65A 

73 

73 ( o l i v e )  

478 ( b l u e )  

25A (red)  

61 (green)  

1 

2 
I 

f 
t 

I 

478 ( b l u e )  

99 (green)  

25A (red)  

12 ( y e l l o w )  

2c 

70 

6% 

73 
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S 1  ide  
Number 

1 

2 

3 

4 

Exposure 
F i  1 t e r  

2c 

70 

65A 

73 

2c 

70 

6% 

73 

2c 

70 

6% 

73 

Pro jec t  ion 
F i  1 t e r  

728 (dark orange) 

61 (green) 

4 7 8  (blue) 

35 ( v i o l e t )  

25A (red)  

90 (gold) 

61 (green) 

73B (dark orange) 

65A ( 1  i g h t  blue) 

90 (gold) 

73 ( o l i v e )  
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F igure 16. 
length  p ro jec to rs  (upper photo) and the same p ro jec to rs  I n  operat ion 
w i t h  var ious co lored f i l t e r s  (lower photo). Up t o  s i x  p ro jec to rs  
may be used t o  p r o j e c t  black-and-white m u l t i s p e c t r a l  images t h a t  have 
been made i n t o  3% X 4 Inch 1 n te rn  sl Ide transparencies. 
enhanced examples used i n  t h  s repo r t  were obtained by photographing 
the resul  t i n t  c o l o r  compos0 t through a t rans lucent  v iewing screen i n  
order t o  i l l u s t r a t e  useful  app l i ca t i ons  o f  t h i s  technique. 

Color enhancement p r o j e c t t o n  system, showtng 26” focal 

A I  1 c o l o r  
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THERMOGRAMS OF YOSEMITE TEST AREA ILLUSTRATING VARYING TONE SIGNATURE 
DUE TO I M A G I N G  AT VARIOUS TIMES OF DAY 

Figure 17. Photo ( l ) ,  taken (i) 
a t  1830 hours, i s  a thermo- 
gram f i l t e r e d  t o  image i n  the 
3.5 - 5.5 micron range; it 
c l e a r l y  shows campfires as 
b r i g h t  spots. 

Photo (2), taken a t  0830 hours 
i n  the 8 - 13 micron range, 
was exposed so as to h i g h l i g h t  
subt le di f ferences o f  emit ted 
rad ia t i on  w i t h i n  the meadow a t  
the r i g h t  hand side o f  the 

. f i e l d  of  view (see Appendix, ($1 
Figure c). 

Photo (3), taken a t  midnight 
i n  the 8 - 13 micron range, 
shows the asphalt roadway 
c l e a r l y  and the r e l a t i v e l y  
"cold" nature o f  the meadow 
a rea. 

i 

Photo (4), taken a t  1030 hours 
i n  the 8 - 13 micron range, 
shows d e t a i l  i n  the forested 
area be t te r  than any o f  the 
other examples. 

Multiband co lo r  enhancement i s  
able t o  provide, i n  one co lo r  
composite image, a l l  of  the 
desirable features from each 
of  these separate b l  ack-and- 
whi te thermograms (see next page). 

(3) 
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F igure 18. 
i n  Figure 17 on the preceding page. The above i l l u s t r a t i o n s  dep ic t  the 
ex ten t  t o  which co lo r  composites f a c i l i t a t e  the v iewing and i n t e r p r e t -  
i ng  o f  m u l t i p l e  black-and-white images by superimposing them i n  common 
r e g i s t e r  on a t rans lucent  v iewing screen. Note how the b r i g h t  spots 
o f  the campfires (seen i n  Photo (1)  o f  the preceding i l l u s t r a t i o n )  
cont ras t  w i t h  the surrounding colors,  Both i l l u s t r a t i o n s  above were 

through red, green and b lue co lored f i l t e r s ,  respect ive ly .  

CoTor enhanced examples obtained by us ing images included 

obtained by p r o j e c t i n g  three o f  the four  images shown.in F igure 17 I 
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Consistent w i t h  the t i t l e  o f  t h i s  repor t ,  i t  i s  appropr ia te t o  

analyze a t  l e a s t  one s e t  o f  r e c o n s t i t u t e d  c o l o r  photos i n  r e l a t i o n  t o  

the p r a c t i c a l  a p p l i c a t i o n s  o f  in format ion der ivab le  therefrom. For 

t h i s  purpose the f o u r  r e c o n s t i t u t e d  c o l o r  photos shown i n  F igure 19 

w i l l  be used since they show a representat ive area o f  i n t e r e s t  t o  w i l d -  

land managers (v is . ,  p a r t  o f  the Bucks Lake Test S i t e  i n  the S i e r r a  

Nevada Mountains o f  Gal i f o r n i  a) . 
The fo res ter  seeking t o  improve management p rac t ices  on the land 

shown i n  F igure 19 needs de ta i led ,  accurate and t ime ly  in format ion re- 

garding ( 1 )  the species composit ion o f  the t imber, forage and other  

vegetat ion resources; (2)  the v i q o r  o f  each component o f  t h i s  vegeta- 

t i o n ,  p a r t i c u l a r l y  w i t h  reference t o  h i s  l o c a t i n g  "high r i s k "  areas, 

so c a l l e d  because o f  t h e i r  s u s c e p t i b i l i t y  t o  a t t a c k  by var ious insects  

and pathogens; and (3 )  the densi ty  o f  var ious vegetat ion components 

inc lud ing  (a) commercially valuable c o n i f e r s  tha t  are o f  merchantable 

s ize,  (b) commercially valuable coni fers  t h a t  are o f  less than merchant- 

able s i z e  a t  present, u s u a l l y  conf ined t o  the f o r e s t  understory and 

c o n s t i t u t i n g  a valuable "residual  stand" a f t e r  logging, (c) hardwoods 

which, i n  t h i s  area, are no t  merchantable and are considered as t rouble-  

some "weed species" and (d) t o t a l  woody vegetat ion,  inc lud ing  a l l  of  

the above, together w i t h  shrubs, some of which may have forage value 

f o r  both l i v e s t o c k  and w i l d  game animals. 

woody vegetat ion" i s  of importance i n  assessing the watershed values 

o f  an area; i t  a l s o  i s  o f  importance i n  r e l a t i o n  to problems o f  f i r e  

suppression, f i r e  hazard reduct ion and t r a f f i c a b i l i t y  ( the ease w i t h  

The f a c t o r  known as " t o t a l  
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which personnel and mechanized equipment might t raverse the area). 

I n  a d d i t i o n  t o  the above, the manager o f  an area such as t h a t  

shown i n  F igure 19 would l i k e  t o  have in format ion regarding s o i l  mois- 

t u r e  condi t ions.  I n  an a l p i n e  meadow, f o r  example, s o i l  mois ture con- 

d i t i o n s  govern i n  la rge  measure ( 1 )  the t ime when the area can be grazed 

by l i v e s t o c k  w i thout  t h e i r  t rampl ing the annual grasses i n t o  the mud, 

(2) the t ime when attempts a t  reseeding the area would be most l i k e l y  

t o  succeed, (3) the t ime when t r a f f i c a b i l i t y  cond i t ions  are l i k e l y  t o  

be most favorable,  and (4) the times when the meadow vegetat ion i s  wet 

enough t o  r e t a r d  a w i  I d  f i r e  o r  d ry  enough t o  f a c i  1 i t a t e  i t s  spread. 

A comparison o f  the r e c o n s t i t u t e d  c o l o r  photos shown i n  F igure 19b 

w i t h  the black-and-white photos from which they were der ived (Figure 19a) 

reveals t h a t  much o f  the in format ion des i red i n  each o f  the above 

mentioned categor ies i s  f a r  b e t t e r  determined through the c o l o r  re- 

c o n s t i t u t i o n  process. An example o r  two from each o f  these categor ies 

should s u f f i c e  f o r  i l l u s t r a t i n g  t h i s  fac t :  

1.  Species Composition: I f  the photo i n t e r p r e t e r  were asked, from 

a study o f  the black-and-white photos shown i n  F igure 1 %  

C a l i f o r n i a  Black Oaks (Ouercus k e l l o q q i  i) he would experience consider-  

ab le d i f f i c u l t y ,  even a f t e r  f i e l d  checking several representat ive p o r t i o n s  

o f  the area t o  determine the c h a r a c t e r i s t i c  appearance o f  such t rees on 

the var ious types o f  black-and-white photography. On the other  hand, 

once he knows the c o l o r  s ignature f o r  a few t rees o f  t h i s  species, as 

e x h i b i t e d  on a r e c o n s t i t u t e d  c o l o r  photo such as the top l e f t  photo o f  

l y  able t o  loca te  v i r t u a l l y  a l l  remaining trees 

the e n t i r e  area, The in te res ted  reader can acquire 

t o  loca te  a l l  

F igure 

o f  t h i s  

9b he i s  read 

species w i t h i n  
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some apprec ia t i on  o f  the v a l i d i t y  o f  t h i s  statement by f i r s t  no t i ng  the 

ye l l ow  appearance o f  b lack  oaks i n  Area A and then extending h i s  observa- 

t i o n s  t o  o the r  pa r t s  o f  the  photo where t rees of the same species have 

e s s e n t i a l l y  the same image appearance. He a l s o  w i l l  note t h a t  t h i s  par- 

t i c u l a r  d i s t i n c t i o n  i s  no t  as w e l l  made on some o f  the o ther  recons t i t u ted  

c o l o r  photos i n  F igure  19b. Th is  i s  t r u e  even though exac t l y  the same 

black-and-white l a n t e r n  s l i d e s  were used i n  a l l  instances and on ly  the 

f i l t e r s  used i n  c o l o r  p r o j e c t i o n  were changed. This example serves t o  

emphasize the importance o f  us ing  c o l o r  f i l t e r s  t h a t  w i l l  y i e l d  maximum 

c o l o r  con t ras ts  between ob jec ts  o f  i n te res t .  

2. Tree Vigor: I n  the area l a b e l l e d  IT." on one o f  the recons t i t u ted  

co lo r  photos o f  F igure 19b, numerous lodgepole pines (Pinus contor ta )are  

e x h i b i t i n g  a marked loss  o f  v igor .  F i e l d  checking ind ica tes  t h a t  beavers 

have recen t l y  invaded the area and, through the  cons t ruc t i on  o f  dams, 

have f looded much of it. This d r a s t i c  change o f  h a b i t a t  has caused a 

loss  o f  v i g o r  t o  occur i n  thelodgepole p ine  s tand t h a t  p rev ious ly  was 

t h r i v i n g  i n  the area. Once a few o f  these unhealthy t rees have been l o -  

cated du r ing  the  course of f i e l d  checking the area, and the appearance 

of such t rees  has been noted on the recons t i t u ted  mul t iband c o l o r  photog- 

raphy, v i r t u a l l y  a l l  o ther  such t rees  can be detected merely by t h e i r  

c h a r a c t e r i s t i c  c o l o r  s ignature  (a grey tone on the c o l o r  composite f o r  

which the area "C" has been labe l l ed ) .  As i n  the previous instance, 

however, some of the c o l o r  composites do not  show these unhealthy t rees 

acceptably wel l .  

3. Vegetation Density: A comparison o f  the three black-and-white 

mul t iband photos o f  F igure 19a reveals t h a t  a somewhat d i f f e r e n t  i m -  
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press ion o f  vegeta t ion  dens i ty  might  be obta ined from each o f  them, a t  

l e a s t  f o r  c e r t a i n  p o r t i o n s  of the area shown. 

va ry ing  tones e x h i b i t e d  no t  on l y  by the d i f f e r e n t  species o f  vegetat ion,  

bu t  a l s o  by the  background o f  s o i l  and rock  on these black-and-white 

photos. However, t he  a d d i t i v e  c o l o r  technique preserves whatever i s  

This  i s  because o f  the 

good about each of the black-and-white photos f o r  purposes o f  making 

vegeta t ion  dens i ty  est imates. As a r e s u l t ,  the  c o l o r  composite photos, 

desp i te  the l i m i t e d  r e s o l u t i o n  e x h i b i t e d  by them because o f  the crude 

p r o j e c t i o n  equipment t h a t  had t o  be used, permi t  a f a r  more accurate 

est imate t o  be made o f  vegeta t ion  dens i ty  than cou ld  be made on any one 

o f  the  black-and-white photos. 

equipment t h a t  provides b e t t e r  image r e g i s t r a t i o n ,  the  c o l o r  composites 

can show an even h igher  r e s o l u t i o n  than t h a t  e x h i b i t e d  by the b lack-  

and-white photos, since, through the use o f  m u l t i p l e  exposures the 

s igna l - to -no ise  r a t i o  i s  improved. 

As prev ious l y  mentioned, w i t h  p r o j e c t i o n  

4. S o i l  Mois ture Condit ions: I n  some instances areas o f  wet s o i l  

can be perce ived d i r e c t l y  on a e r i a l  photos. Usual ly ,  however, some form 

o f  vegeta t ion  w i l l  t h r i v e  on areas where the s o i l  i s  wet, and where the 

s o i l  i s  dry  the vegeta t ion  commonly w i l l  be sparse and c h l o r o t i c .  Con- 

sequently, inferences as t o  so i  1 mois ture cond i t i ons  usua l l y  must be 

drawn from the  appearance of the vegetation. This f a c t  i s  we l l  i l l u s t r a t e d  

i n  the c o l o r  composites w i t h i n  the v i c i n i t y  of  p o i n t  ' IB' l  o f  the a lp ine  

meadow. F i e l d  checking showed t h a t  a l l  o f  the meadow area shown here was 

vegetated. Most o f  the tone and c o l o r  d i f f e rences  seen there on the 

c o l o r  composites were found t o  be a t t r i b u t a b l e  t o  d i f fe rences  i n  the v igo r ,  
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stand dens i ty  and species composit ion of the meadow vegetat ion and these 

d i f fe rences  were, i n  turn,  h i g h l y  co r re la ted  w i t h  s o i l  moisture condi t ions.  

A f t e r  a l i m i t e d  amount o f  f i e l d  checking has been done, therefore,  s ig -  

n i f i c a n t  s o i l  mois ture cond i t ions  could be mapped and more completely so 

when i n t e r p r e t i n g  several  c o l o r  composites instead o f  j u s t  one o f  them. 

The few s p e c i f i c  examples o f  p r a c t i c a l  a p p l i c a t  ons t h a t  have j u s t  

been considered would seem t o  prov ide compel l ing evidence of  the ad- 

vantages o f  mul t iband imagery, once i t  has been recons t i t u ted  i n  co lo r .  

I t  would be wrong t o  i n f e r ,  however, t h a t  a l l  inventory  problems are 

solved merely through the use o f  t h i s  technique. Based on these examples, 

and several  o thers which the p r i n c i p a l  i nves t i ga to rs  have considered 

i n  s i g n i f i c a n t  d e t a i l  dur ing  the course o f  t h i s  study, one primary con- 

c lus ion  emerges. Mul t iband photography, when recons t i t u ted  i n  co lo r ,  

g r e a t l y  f a c i l i t a t e s  image ana lys is  as one seeks t o  acquire inventory  

data t h a t  w i l l  lead t o  b e t t e r  management o f  the ea r th ' s  resources. 

i 

I 
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I V .  LIMITATIONS OF MULTIBAND REMOTE SENSING 

1 

1 
P S  

I t  i s  deemed necessary t o  inc lude i n  t h i s  r e p o r t  some comments 

r e l a t i n g  t o  the l i m i t a t i o n s  which e x i s t  i n  the realm o f  mul t iband 

remote sensing so t h a t  many o f  the concepts discussed he re in  can be 

kept i*n proper perspective. 

I n  order  t o  assess the usefulness and l i m i t a t i o n s  o f  mu l t i spec t -  

r a l  reconnaissance, several re levant  f ac to rs  must be analyzed, These 

inc lude ( 1 )  the in format ional  needs o f  the user, (2) the a t t a i n a b l e  

q u a l i t y  of the remote sensing imagery o r  o ther  data record, and ( 3 )  

the a v a i l a b l e  means o f  e x t r a c t i n g  from i t  the des i red information. 

The importance o f  these three considerat ions w i l l  become apparent i n  

the f o l l o w i n g  d iscuss ion o f  f ac to rs  which impose l i m i t a t i o n s  when one 

seeks t o  make p r a c t i c a l  app l i ca t i ans  o f  the mul t iband remote sensing 

concept . 
1. Natural t e r r a i n  features tend t o  be more complex than a r t i f i e -  

i a l  t a r g e t  arrays. I t  i s  much eas ie r  t o  demonstrate the success o f  m u l t i -  

band reconnaissance through the use o f  we l l -o r i en ted  a r t i f i c i a l  t a rge t  

arrays than through the use o f  na tura l  t e r r a i n  features. I n  nature there 

are many in te rgradat ions  and sub t le  c o l o r  changes which complicate the 

problem o f  d i s t i n g u i s h i n g  s i g n i f i c a n t  features and boundaries from a 

study o f  mul t iband imagery. For t h i s  reason i t  i s  important t h a t  re- 

search seeking t o  evaluate the concept o f  mul t iband reconnaissance be 

conducted, i n  par t ,  on na tu ra l l y -occu r r i ng  features. 

2. Serious d i f f i c u l t i e s  are sometimes experienced when at tempt ing 

t o  s e l e c t  the optimum wavelength bands f o r  use i n  achiev ing var ious ob- 

j e c t i v e s .  The s e l e c t i o n  o f  wavelength bands which w i l l  p rov ide the most 
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meaningful tone signatures must be made w i t h  a view t o  both the number 

o f  d i s t i n c t  categor ies o r  cond i t ions  t o  be i d e n t i f i e d  and the accuracy 

o f  i d e n t i f i c a t i o n  required. For example, i n  an a g r i c u l t u r a l  area the 

ana lys is  requi red t o  i s o l a t e  one p a r t i c u l a r  crop type and c o n d i t i o n  

c lass,  e.g., "healthy wheat from everyth ing else", i s  much s impler  than 

t h a t  requ i red  t o  d i f f e r e n t i a t e  each i tem o f  the "everything else" com- 

plex.  The problem o f  band s e l e c t i o n  i s  on ly  p a r t l y  one o f  l o c a t i n g  the 

wavelength peaks and troughs wherein the amount o f  energy emanating from 

each type o f  fea ture  d i f f e r s  most from t h a t  o f  i t s  associates. I n  addi- 

t ion ,  there i s  the problem o f  determining the optimum band w id th  t o  use 

when e x p l o i t i n g  these peaks and troughs. I f  too narrow a band i s  used, 

too l i t t l e  energy w i l l  s t r i k e  the sensor even when the maximum al lowable 

exposure p e r i o d  i s  used. On the other  hand, i f  too broad a band i s  

used, the i d e n t i f y i n g  tone signatures are l i k e l y  t o  become less d i s t i n c -  

t i ve .  

3 .  There are problems i n  at tempt inq t o  achieve the requi red s p a t i a l  

r e s o l u t i o n  on mul t iband imaqery. Most o f  the proponents f o r  mult iband 

reconnaissance advocate i t s  being obtained e i t h e r  from h igh  f l y i n g  a i r -  

c r a f t  o r  from e a r t h - o r b i t i n g  spacecraf t  so t h a t  synopt ic  views can be 

obtained o f  vas t  areas. However, the in format ion needs o f  a user o f t e n  

requ i re  greater  ground r e s o l u t i o n  than i s  c u r r e n t l y  obta inable when sen- 

sors a re  operated from such great  a l t i t u d e s .  Even i f  the i n d i v i d u a l  

images are o f  s u i t a b l y  h igh  reso lu t ion ,  there can be a ser ious problem 

o f  image r e g i s t r a t i o n  when one attempts t o  produce c o l o r  composites. A l l  

mul t iband images o f  the same scene should have a common geometry so t h a t  

they can be superimposed i n  proper r e g i s t e r  f o r  purposes o f  c o l o r  enhance- 
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i n  one p a r t i c u l a r  reg ion o f  the e lect romagnet ic  spectrum, geometric 

c o m p a t i b i l i t y  usua l l y  i s  l o s t .  When t h i s  i s  the  case, e f f o r t s  a t  super- 

imposing the r e s u l t a n t  images can be both time-consuming and f r u i t l e s s .  

I n  such instances, the r e s u l t a n t  color-enhanced images obta ined from 

transparencies having incompatible geometrical re la t i onsh ips  may be no 

more i n t e r p r e t a b l e  than the o r i g i n a l  data. Theore t i ca l l y ,  through im-  

provement of the s igna l - to -no ise  r a t i o ,  the grea ter  the number o f  trans- 

parencies used t o  form a composite image the b e t t e r  the reso lu t ion .  

However, when several sensors a re  used, each designed f o r  sensing 

4. There are problems occasioned by l i m i t a t i o n s  o f  the image analyst .  

As the number o f  photographs and r e l a t e d  imagery i s  increased, the human 

i n t e r p r e t e r ’ s  capac i ty  t o  handle tone d i f f e rences  as seen on var ious f i l m -  

f i l t e r  combinations soon becomes a l i m i t i n g  fac to r .  Without spec ia l  

equipment, the i n t e r p r e t a t i o n  o f  these mul t iband images necess i ta tes 

labor ious  cross-referenc ing o f  tone values, area-by-area and feature-  

by-feature. As g rea ter  numbers o f  conjugate images are used, the i n t e r -  

p r e t e r ’ s  t ask  becomes more demanding and h i s  speed and accuracy can 

d e t e r i o r a t e  d r a s t i c a l  l y .  

A soph is t i ca ted  p a r t i a l  remedy to t h i s  l i m i t a t i o n  i s  the use o f  

automated techniques o f  ana lys is  which do no t  weary under the task. 

These techniques r e l y  p r i m a r i l y  on matching tone s ignatures t o  p rev ious ly  

determined standards. 

the  image ana lys t  h imse l f  c a r e f u l l y  moni tors  the resu l t s .  

As such they are sub jec t  t o  s i zab le  e r r o r s  unless 

A r e l a t e d  problem a r i ses  when a very l a rge  i n t e r p r e t a t i o n  task i s  

t o  be performed, hope fu l l y  t o  a un i fo rmly  h igh  standard of  accuracy, but  
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r e q u i r i n g  the serv ices o f  several photo i n te rp re te rs .  L im i ted  t e s t s  have 

shown t h a t  there  can be grea t  v a r i a b i l  i t y  between photo i n t e r p r e t e r s  i n  

terms of  such f a c t o r s  as v i s u a l  acu i t y ,  mental acu i t y ,  a t t i t u d e  toward 

the j o b  and s u s c e p t i b i l i t y  t o  fa t ique.  

s i g n i f i c a n t  d i f f e rences  i n  the  r e s u l t s  obta ined by two o r  more photo in -  

I t  fa l l ows  t h a t  there can be 

t e r p r e t e r s  as they attempt t o  e x t r a c t  a p a r t i c u l a r  type o f  in fo rmat ion  

from mul t iband a e r i a l  photographs and r e l a t e d  imagery. There a l so  can 

be d i f f e rences  i n  the r e s u l t s  obta ined from t ime t o  time by an i nd i v idua l  
I 

photo i n t e r p r e t e r  a t i r i b u t a b l e  t o  v a r i a t i o n s  i n  f a t i g u e  and i n  a t t i t u d e  

toward the job.  

dur ing  the ana lys is  stage when there i s  a des i re  t o  t r e a t  a l l  o f  the photo 

These v a r i a b i  1 i t y  fac to rs  can c rea te  ser ious problems 

i n t e r p r e t a t i o n  r e s u l t s  as a s i n g l e  un i form sample. Three poss ib le  so- 

l u t i o n s  t o  t h i s  problem are suggested on pages 12 and 13 o f  the present 

repor t .  
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V SUMMARY AND CONCLUSIONS 

I I n  any r a p i d l y  developing f i e l d ,  there  i s  a tendency f o r  i t s  

adherents t o  genera l ize about the  p o t e n t i a l  app l i ca t i ons  which t h a t  

f i e l d  o f fe rs  them. These genera l i za t ions  usua l l y  take the  form o f  

e i t h e r  o v e r s t a t i n q  o r  unders ta t i nq  bo th  the uses and the  l i m i t a t i o n s .  

Such tendencies have been espec ia l l y  pronounced f o r  t he  r a p i d l y  

developing f i e l d  o f  mult iband reconnaissance. An o b j e c t i v e  o f  t h i s  

repor t  has been t o  prov ide a c r i t i c a l  eva lua t ion  o f  t h a t  f i e l d .  

The f i r s t  p a r t  o f  t h i s  eva lua t ion  e n t a i l e d  the use o f  an 

a r t i f i c i a l  t a rge t  a r ray  conta in ing  va r ious l y  co lored panels o f  

recordable re f lec tance c h a r a c t e r i s t i c s .  I n  these t e s t s  mult iband 

black-and-white photographs were obtained and densi tometr ic  measure- 

ments were made on the  r e s u l t i n g  negatives. From an ana lys is  o f  the 

densi tometr ic  data i t  was poss ib le  t o  de r i ve  exposure spec i f i ca t i ons ,  

feature-by-feature, which would y i e l d  maximum image tone cont ras ts  

(between fea ture  and background and a l s o  between one fea ture  and 

another) on the  var ious  f i  l m - f i  l t e r  combinations tested. Determina- 

t i o n s  o f  t h i s  type were done f o r  hypothe t ica l  reconnaissance systems 

t h a t  might record as few as two, o r  as many as s i x  spec t ra l  bands 

simultaneously. 

I n  an in termediate stage, ex t rapo la t ions  o f  in fo rmat ion  ob- 

ta ined by the foregoing means were made by tak ing  mult iband photo- 

graphy o f  s e m i - a r t i f i c i a l  t a rge t  ar rays which contained no t  on ly  c o l o r  

panels ( f o r  maximum con t ro l  i n  t e s t i n g  var ious concepts o f  c o l o r  

r e c o n s t i t u t i o n )  bu t  a l s o  na tu ra l  t e r r a i n  features. 
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One such a r ray  conta in ing  var ious natura l ly -grown crop types 

and n a t u r a l l y  occur ing s o i l  and rock types was establ ished beneath 

a water tower on the Davis campus o f  the Un ive rs i t y  o f  Ca l i f o rn ia .  

Simulated a e r i a l  photographs were then obtained o f  t he  t a r g e t  a r ray  

w i t h  mult iband cameras. 

i n  t h i s  phase of mult iband reconnaissance research, was provided by 

a catwalk  around the water tower, 150 f e e t  above the t a r g e t  ar ray.  

The s t a t i o n a r y  camera p la t fo rm so des i rab le  

Another such ar ray ,  con ta in ing  var ious n a t u r a l l y  occur ing 

t r e e  species, meadow grassland types and s o i l  and rock cond i t ions ,  

was es tab l i shed on the f l o o r  o f  Yosemite Val ley i n  Yosemite Nat ional  

Park, C a l i f o r n i a .  Simulated a e r i a l  photographs were then obtained o f  

t h i s  t a r g e t  a r ray  a l s o  and w i t h  the same mult iband cameras. I n  t h i s  

instance the s ta t i ona ry  camera p l a t f o r m  consis ted o f  an over look a t  

G lac ie r  Point, near ly  one m i l e  d i s t a n t  from the  ta rge t  a r ray ,  so  t h a t  

the photographic e f f e c t s  o f  a longer column o f  a i r  could be studied. 

Comparison o f  the Davis imagery w i t h  the  Yosemite imagery, and 

w i t h  ac tua l  a e r i a l  photographic imagery t h a t  concurrent ly  had been ob- 

ta ined o f  bo th  ar rays from photographic a i r c r a f t ,  c l e a r l y  es tab l i shed 

the a p p l i c a b i l i t y  o f  such t e s t s  t o  problems o f  a e r i a l  and space 

reconnaissance. I n  the  developmental stage, important advantages o f  

economy and degree o f  experimental con t ro l  over the  various mult iband 

exposures accrue through use o f  f i x e d  camera p la t forms such as t h e  

ones used a t  Davis and Yosemite. 

F i n a l l y ,  the  same mult iband techniques as had been used i n  the  

two e a r l i e r  phases o f  research (which by t h i s  t ime had shown considerable 

promise), were app l ied  t o  var ious na tu ra l  t e r r a i n  features found a t  the 

57 



r" 

* ,  
t 

I 
. .J 

NASA Forestry Test Site near Bucks Lake, California. 

On both the artificial targets and the naturally-occurring ones, 

techniques of additive color enhancement were used. 

the research, color was introduced under controlled conditions while 

projecting multiband black-and-white imagery onto a screen. Such 

techniques were conclusively shown to yield more interpretable data 

and thereby to greatly facilitate the image analysis task. This task 

becomes more and more arduous as greater and greater quantities of 

multiband imagery are obtained to help solve an ever-increasing number 

of the world's problems of resource inventory. 

In this phase of 

Because of the encouraging results obtained with multiband 

techniques in the above tests, measures were taken with NASA support 

to have various test areas in California photographed with a multiband 

reconnaissance system that had been developed by Yost and Wenderoth 

when they were on the staff of Fairchild Camera and Instrument Corpora- 

tion. 

photography in four bands in the ,36 to .98 micron wavelength region 

of the electromagnetic spectrum and (2) a companion viewer which 

presents a composite color rendition of the four photographs by 

additive color techniques. This camera-viewer system provides a far 

more sophisticated means of evaluating the concept of multiband recon- 

naissance than would otherwise have been available to the present inves- 

tigators. By careful control of registration it greatly improves the 

spatial resolution of composite multiband images; and by careful 

control of illumination (including control over color saturation 

through the introduction of specified amounts o f  white light for each 

This system consists o f  (1) a camera that obtains multispectral 
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pro jected image) i t  g r e a t l y  improves the c o l o r  q u a l i t y  o f  composite 

images. Because imagery o f  our var ious C a l i f o r n i a  t e s t  s i t e s  was 

no t  f lown w i t h  t h i s  equipment u n t i l  very near the end o f  the repor t ing  

per iod,  i t  i s  no t  poss ib le  t o  inc lude examples o f  i t  i n  t h i s  repor t .  

However, p re l im inary  ind ica t ions  are  t h a t  e x c e l l e n t  r e s u l t s  were ob- 

tained. A spec ia l  supplement t o  the present repor t ,  therefore,  w i l l  

be prepared i n  the near f u t u r e  i n  which numerous examples o f  composite 

co lo r  images formed by the Yost-Wenderoth system w i l l  be included. 

A most important requirement f o r  the successful implementation 

o f  mult iband reconnaissance l i e s  i n  the  user 's  a b i l i t y  t o  de f ine  

s p e c i f i c  ob jec t ives  and t o  recognize where 1 i m i t a t i o n s  might a f f e c t  

the resu l ts .  Once the ob jec t ives  have been c l e a r l y  se t  f o r t h ,  use 

should be made o f  both a r t i f i c i a l  and na tura l l y -occur ing  t e s t  areas 

t h a t  con ta in  numerous examples o f  the objects  and condi t ions t h a t  a re  

t o  be i d e n t i f i e d .  By such means the d e r i v i n g  o f  s p e c i f i c a t i o n s  f o r  

mult iband photography w i l l  be g r e a t l y  f a c i l i t a t e d .  

I t  cannot be hoped t h a t  a panacea o f  bandwidth combinations 

w i l l  be found t h a t  w i l l  be usefu l  t o  a l l  inves t iga tors  i n  a l l  d i s c i -  

p l ines .  Therefore, when a s i n g l e  mult iband system, conta in ing perhaps 

no more than four  t o  s i x  bands, must be employed by inves t iga tors  i n  

each o f  several d i s c i p l i n e s  compromises must be made i n  the choice of  

bands. For each p o t e n t i a l  user, the quest ion thereupon becomes not 

on ly  one o f  s e l e c t i n g  the optimum bands f o r  h i s  own specia l  purposes, 

but  o f  determining the r e l a t i v e  usefulness o f  each o f  several proposed 

compromised systems, one o f  which he may be ob l iged t o  accept. I t  i s  

bel ieved t h a t  the techniques discussed i n  t h i s  repor t  are f u l l y  as 
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useful for this second purpose as for the first and that herein may lie 

their greatest ultimate value to workers in each of several disciplines 

as they jointly seek to employ multiband reconnaissance techniques. 

P f 
1 
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Station at Glacl r Point in Yos 



Yosemite Test S i t e  

I 

i 

On September 7 of t h i s  year, a mu l t i spec t ra l  p r o j e c t  i n v o l v i n g  

t w o  thermal i n f ra red  cameras and many l i g h t  s e n s i t i v e  cameras was 

conducted i n  Yosemite Nat ional  Park f o r  a pe r iod  o f  several  days. 

Complete cooperat ion by P a r k  Service personnel enable the ground 

instrument mon i to r i ng  crew and the camera crew t o  c a r r y  ou t  t h e i r  

respec t ive  jobs  w i t h  a minimum o f  d i f f i c u l t y .  

p r o j e c t  was t o  o b t a i n  mu l t i spec t ra l  photography and o the r  imagery 

from a number o f  s p e c i f i c  e lectromagnet ic bandwidths and draw some 

conclusions regard ing i t s  i n te rp re tab i  1 i t y  and usefulness f o r  spe- 

c i f i c  ob jec t ives .  This p r o j e c t  therefore served as the bas is  f o r  

a p r a c t i c a l  a p p l i c a t i o n  o f  some of the concepts discussed i n  t h i s  

repor t .  

The purpose o f  t h i s  

F igure  a) on the preceding page shows the camera s t a t i o n  a t  

G lac ie r  Po in t  i n  Yosemite Nat ional  Park w i t h  the camera apparatus 

i n  place. Each camera i s  o r i en ted  i n  such a way as t o  image the 

exact area o f  i n t e r e s t  i n  the v a l l e y  below, as del ineated on 

F igure  c. 
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F igure c) 
t e r e s t  i s  o u t l i n e d  i n  the above i l l u s t r a t i o n ,  as imaged by the 
Thermal I n f r a r e d  cameras. This  area conta ins a v a r i e t y  of na tu ra l  
and man-made features and a s u i t a b l e  l oca le  f o r  emplacement o f  a 
s p e c i a l l y  const ructed t a r g e t  a r ray  which can be seen west o f  the 
br idge (Stoneman Bridge) approximately 150 yards. This  specia l  
t a r g e t  a r ray  contained s i x  co lo red  panels 20 f e e t  by 20 f e e t  on a 
s ide  (red, blue, green, yel low, b lack  and wh i te ) ,  a grey scale o f  
f i v e  steps from wh i te  to  black, th ree  l a rge  s o i l  mois ture p l o t s  
subjected t o  d i f f e r e n t  degrees o f  mois ture app l i ca t i on ,  and a small 
r e s o l u t i o n  t a r g e t  (see F igure d). I n  add i t i on ,  spec ia l  thermal 
t a rge ts  were l a i d  o u t  a long the south s ide  of the r i v e r  bank i n  the 
next  opening seen above, west o f  the ta rge t  array. These cons is ted  
o f  impounded pools of  r i v e r  water which were al lowed t o  heat up due 
t o  s o l a r  i nso la t i on ,  and three alumimum r e f l e c t i n g  squares of d i -  
m in ish ing  s i z e  (144 sq. ft., 36 sq. ft., and 9 sq. ft. (which are 
bare ly  reso lvab le  i n  the above photo). 

Yosemite Va l ley  t e s t  s i t e  and environs. The area o f  i n -  



Figure d) 
showing the layout of the various color panels and the three large 
rectangular soil moisture plots. The soil moisture plot farthest 
to the left was maintained at saturated conditions; the middle plot 
was moistened periodically and allowed to surface dry; while the 
plot farthest to the right was initially moistened and allowed to 
dry to a much greater depth. The photo illustrations appearing on 
the following three pages include representative examples of multi- 
spectral photography taken with a special 20" focal length camera 
using 4" x 5" film format which allows photo scales approximating 
that obtained from the thermal infrared cameras. Note the appear- 
ance (tone signature) of the color panels from one example to the 
next. Microdensitometer readings of their negatives clearly dis- 
tinguish each of the six color panels. 

Enlarged color photo of a portion of the target array 



20" focal  length camera w i t h  which mul t ispect ra l  photography was 
obtained from Glac ier  Point  camera s ta t ion .  Note cable release 
for  the shut te r  and a lso  ropes used t o  secure camera t r i p o d  t o  
the r a i l  ing. 

Panchromatic exposure (no f i l t e r )  o f  t a r g e t  area as viewed from 
Glac ier  Po in t  camera s t a t i o n  approximately 4000 f e e t  away. 



, 

Panchromatic f i l m  and Wratten 12 (yellow o r  "minus-blue") f i 1 t e r .  

Panchromatic f i l m  and Wratten 61 (green) f i l t e r .  



Panchromatic f i l m  and Wratten 70 (dark red) f i l t e r .  

I n f r a r e d  f i l m  and Wratten 89B f i l t e r ;  poor shadow penet ra t ion  Fs one 
o f  the drawbacks i n  us ing t h i s  f i l m - f i l t e r  combination. The l i g h t  
tone w i t h  which vegetat ion r e g i s t e r s  makes t h i s  f i l m - f i l t e r  combina- 
t i o n  a good one t o  include i n  mult iband photography t h a t  seeks t o  
prov ide unique tone o r  c o l o r  s ignatures f o r  var ious ob jec ts  and con- 
d i t i o n s .  
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F igure e) Close-up o f  one o f  the Barnes Engineering Company's 
Thermal I n f r a r e d  cameras (8 - 13 micron band) imaging rad ia ted  
energy l e v e l s  f r o m  the v a l l e y  f l o o r  below. 

Two thermal i n f r a r e d  sensing cameraq'were pressed i b t o  serv ice  

a t  Glac ier  Point .  One was f i l t e r e d  so ad t o  prov ide exposures o n l y  

i n  the 8 - 13 micron band and the other  on ly  i n  the 3.5 - 5.5 micron 

band. Through the use o f  these two cameras, a great  many thermo- 

-P- 

grams were obtained a t  var ious times o f  the day, i n c l u d i n g  those 

i l l u s t r a t e d  on the next  two pages. The 3.5 - 5.5 micron thermal 

i n f r a r e d  camera i s  most s e n s i t i v e  t o  peak energy l e v e l s  around 1200 

Kelv in- -  such as might be measured from campfires. 

thermal i n f r a r e d  camera is most s e n s i t i v e  t o  energy l e v e l s  o f  300 

0 

The 8 - 13 micron 

0 

Kelv in ,  corresponding roughly t o  the temperatures e x h i b i t e d  by most 

t e r r e s t r i a l  t e r r a i n  features.  I n  the f o l l o w i n g  thermograms, l i g h t  

tones denote r e l a t i v e l y  warm areas and dark tones denote coo le r  s i t e s .  



3.5 - 5.5 micron band; t h i s  tf'ermogram was recorded a t  8:40 p.m, 
and clear ly  shows a cooling down of the meadow compared to  other 
features,  including t h e  r iver water. T h e  bright i tspotsll  seen 
scat tered around are  campfires o f  park v i s i to r s ;  two such bric- 
q u e t  f i r e s  were placed on the river bank near the water pools and 
aluminum ref lect ing panels and are  c lear ly  seen above, The dark 
tone observed i n  t h e  target  array area is the resul t  of the 
saturated,  cool so i l  moisture plot ,  Compare the above thermo- 
gram w i t h  the following one. 

3.5.- 5.5 micron band; t h i s  thermogram was recorded a t  9:25 p.m., 
three-quarters of an hour a f t e r  t h e  above thermogram. 
i n  quantity and s i z e  of campfires are  readily observable. 
smaller bricquet f i r e s  were added to  those already present along 
t h e  r iver  bank t e s t  s i t e  mentioned ea r l i e r .  In order to  determine 
t h e  resolving power o f  t h i s  camera, three very small bricquet f i r e s  
of d i m i n i s h i n g  s i ze  were placed i n  the encircled area. The largest  
of these forming the apex of a t r iangle  consisted of three burning 
bricquets. 
corners of t h e  t r iangle ,  the other two bricquet f i r e s  containing - one and _ywo burning bricquets respectively, can be  fa in t ly  seen. 
Each bricquet was less than a one inch cube. 

Differences 
Two 

To the south a few yards, and forming the other two 



These four  thermograms were a l l  re-  
corded i n  the 8-13 micron band. They 1 )  9:50 a.m. 
are presented t o  show d iu rna l  temp- 
e ra tu re  f l uc tua t i ons .  The mid-morn- 
i n g  record ing ( 1 )  shows considerable 
d e t a i l  w i t h i n  the t r e e  canopy, owing 
t o  temperature d i f fe rences  which are 
separable, us ing  the Barnes camera. 

The mid-day record ing (2) shows a 
near ly  un i form r a d i a t i o n  from vege- 
t a t e d  s i t es ,  a1 though the aspha l t  
roadway s t i l l  con t ras ts  w i t h  the 
r i v e r  water; some areas shaded o r  
cooled by nearby t rees are begin- 
n ing  t o  show up i n  the meadow. 

I n  (3) t ree  shadows have become great -  
l y  extended. By t h i s  t ime (6p.me)the 
west end o f  the meadow i s  no longer 
rece iv ing  d i r e c t  rays from the sun, 
bu t  r a d i a t i o n  from ob jec ts  on the 
v a l l e y  f l o o r  i s  cont inuing. Conse- 
quent ly,  the area i s  coo l i ng  down a t  
a f a i r l y  r a p i d  r a p i d  r a t e  (4). 

2) 2:40 p.m. 

Not ice how the aluminum r e f l e c t i n g  
panels (only two are resol  vab l r  and 
appear i n  the c i r c l e  i n  the middle 
two thermograms) appear as dark 
spots. Refer t o  the m u l t i s p e c t r a l  
photography on pages and t o  
make comparisons and t o  determine 
the nature o f  the t i n y  b lack  spot 
d i r e c t l y  across the r i v e r  from the 
aluminum r e f l e c t i n g  panels. 

3) S:4O p.m. 

I- 

4) 6:lO p.m. 



Davis Water Tower Test S i t e  

i 

9 

i 
1 3  
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Fo l low ing  the complet ion o f  t es ts  a t  Yosemite, the p r i n c i p a l  

i nves t i ga to rs  conducted extens ive experiments from a water tower a t  

Davis, us ing  s i m i l a r  sensing equipment. The camera p la t fo rm was 

prov ided by a catwalk, 150 f e e t  above the ground, which surrounded 

the water tank. F igure (b) a t  the f r o n t  o f  t h i s  Appendix i l l u s t r a t e s  

the use o f  t h i s  s ta t i ona ry  camera p la t form,  and a lso  shows the, 

t a rge t  a r ray  on the ground below. Many types o f  ta rge ts  were assem- 

b led  t o  enable m u l t i s p e c t r a l  photography and thermal i n f r a r e d  imagery 

t o  be obtained. These included var ious k inds o f  a g r i c u l t u r a l  crops 

t h a t  were grown s p e c i f i c a l l y  f o r  t h i s  t e s t  and var ious types o f  

l i v e s t o c k  which were moved i n t o  the ta rge t  area on occasion. The 

e n t i r e  ta rge t  a r ray  can be seen in Figure (b) and se lected po r t i ons  

o f  i t  are imaged i n  the f o l l o w i n g  i l l u s t r a t i o n s .  Thermograms from 

both o f  the Barnes cameras (3.5 t o  5.5 microns and 8.0 t o  13.0 microns) 

were recorded beginning before sunr ise and extending we l l  i n t o  the 

evening u n t i  1 unchanging temperatures were once again measured. A 

spec ia l  mount was const ructed f o r  the two thermal i n f r a r e d  cameras 

i n  order  t h a t  the e n t i r e  ar ray could be p e r i o d i c a l l y  recorded merely 

by ad jus t i ng  the t i l t  angle o f  the mount. Three d i f f e r e n t  pos i t i on -  

ings o f  the mount were requi red t o  cover a l l  elements comprising the 

ta rge t  . 
Inc luded i n  the ta rge t  a r ray  was a goniometr ic d isp lay  of 

canvas panels of var ious co lo rs  as seen i n  F igure ( f ) ;  Figure (9) i s  

the thermal representat ion o f  these same ta rge ts  a t  var ious times of 

the day. 



(2) Mid-af ternoon (3)  La te -a f t  

Figure f) Color I l l u s t r a t i o n s  o f  a p o r t i o n  o f  the ta rge t  a r ray  a t  
Davis, Inc lud ing  t h  d panels which s rved as a gonio- 
m e t r i c  target ,  Not the d i f f e r e n t  appearanc of  var ious elements 
o f  the t a r g e t  a r ray  n i l l um ina ted  a t  d i f f  
o f  day). The green and b l u  
by s ide  I n  t h i s  ta rge t )  are 
c o l o r  signatures which can be produced by the vary ing  angles o f  i l l u m i -  
na t i on  and o f  panel o r i e n t a t i o n ,  

ch were purposely placed s ide  
o f  the sub t le  changes i n  



( 1 )  Time: 0045 

:i 

i 

(2) Time: 0945 

(3) Time: 1430 

(4) Time: 1645 

Figure g) Thermograms (8.0 - 13.0 microns) o f  the  goniometric t a rge t  
a r ray  showing how the  tone signature o f  each c o l o r  panel changes w i t h  
time of day and panel o r i e n t a t i o n .  (Reference t o  F igure (f) w i l l  re- 
veal the c o l o r  o f  each panel). The wh i te  panel, f o r  instance, shows 
a marked tendency t o  remain coo le r  thyn ony o f  the o ther  panels dur ing  
the d a y l i g h t  hours because most o f  the s o l a r  energy s t r i k i n g  i t  i s  
re f l ec ted  instead o f  be ing absorbed and then emitted. Thermogram #1 
ind ica tes  t h a t  there i s  very 1 i t t l e  temperature d i f f e rence  between any 
o f  the  panels a t  t h i s  time o f  day (0045 hours). 
the c o l o r  o f  a panel nor i t s  o r i e n t a t i o n  has a l a s t i n g  e f f e c t  on the 
temperature e q u i l i b r i u m  which i t  reaches a t  n i g h t  time. Note i n  thermo- 
gram (2) t h a t  the  shadows cas t  by legs o f  the water tower can be seen 
f a l l  i ng  d iagona l ly  across the  panels. Thermograms (3) and (4) show 
the maximum tone d i f fe rences  associated w i t h  panel colors. 

Apparently n e i t h e r  



Wratten f i l t e r s  used ( a l l  
i n  conjunct ion w i th  Panchro- 
mat ic  f i l m ) :  

Note the ta rge t  a r ray  se t  
beneath the water tower i n  
t h i s  view. The two autos 
seen f a r t h e s t  away from the 
tower ( the l a rge r  one i s  blue, 
the smal ler  one red) e x h i b i t  
i n t e r e s t i n g  tone s ignature 
reversa ls  on these f i l m -  
f i l t e r  combinations. The 
same i s  t r u e  f o r  var ious s o i l  
types, crop types and mois t -  
ure cond i t ions  d isp layed 
w i t h i n  the t a r g e t  array. 

Figure h) 
Test S i t e  us ing  a recent ly  const ructed &lens camera system. The m u l t i -  
lens camera approach helps t o  insure the grea tes t  degree o f  r e g i s t r a t i o n  
c a p a b i l i t y  because o f  common geometric re la t i onsh ips  which e x i s t  between 
the simultaneous exposures. I t  i s  r e l a t i v e l y  easy, therefore,  t o  combine 
p o s i t i v e  l a n t e r n  s l i d e  transparencies o f  these photos and p r o j e c t  them 
through se lected co lo red  f i l t e r s  t o  enhance t h e i r  i n t e r p r e t a b i l i t y  beyond 
t h a t  which might be poss ib le  on the o r i g i n a l  black-and-white p r i n t s .  
Because the above photos were taken i n  l a t e  summer o f  1967, t ime d i d  no t  
permi t  the i n c l u s i o n  i n  t h i s  repo r t  o f  composite c o l o r  i l l u s t r a t i o n s  
made from them. However, such i l l u s t r a t i o n s  w i l l  be included i n  a 
supplemental repo r t  i n  the near future.  

Mu1 t i s p e c t r a l  photography obtained o f  the Davis Water Tower 


