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Measurements from Linear Arrav 
a 

Camera Images 

Satellite control is the key to accurate measurements. 

N EW SENSOR sYs.rEMs based on charge 
t ransfer  d e v i c e  ( C T D )  l i nea r  ar ray  

technology are contemplated for use in 
planned or proposed satellite missions such 
as SPOT,' S t e r e o ~ a t , ~  Marine Observation 
Satellite ( ~ o s ) , : '  and Mapsat,%but methods of 
extracting X, Y, Z terrain information from 
the image data have received relatively little 
attention. These missions will provide car- 
tographers, geographers, geologists, forest- 

the orbit path as a series of successive lines 
or strips as a function of spacecraft velocity 
( c )  and time (t),".e., 

where 

Ax = along track distance increment, 
At = time increment, and 

c = ground velocity (-6.8 km-I). 

ABSTRAC I : Pushbroom camera systems are conten~plated for use on  a 
number of satellite missions in  the early 1980's, including s m r ,  
Stereosat, Marine Obseruation Satellite, and Mapsat. In order to  
obtain accurate planimetric and height measurements from these 
images, howeuer, con.sideration must  be given to the unique geomet- 
ric clzaracteristics of the linear a rmy  camera system. Planimetric 
measurements from near-orthogonal certical images may be under- 
taken wi th  the scale formula employed for uertical aerial photo- 
graphs. Howeuer, height measurements from imuges recorded b y  a 
proposed three-camera Stereosat system require consideration of the 
parallel ray geometry. Differences i n  x parallax (Ap) are a function of 
elevation, t ime,  and camera orientation angle (a). For an  along track 
concergent camera configuration, height differences (Ah) may be 
closely approximated wi th  the equation, Ah = (Apt2 tan  a) .SF.  Ac- 
curacy of measurements will be significantly influenced by  caria- 
tions in sensor attitude and celocity ocer the t ime interval required 
to record tlze pictures and b y  pointing errors due to tilt .  

ers, and other scientists with high resolution 
data (10 to 20 m I F O ~  or instantaneous field- 
of-view) of unusual geometric characteristics 
in both monoscopic and stereoscopic for- 
mats. In this brief note some of the pos- 
sibilities for deriving simple planimetric and 
height measurements from linear array cam- 
era images are considered. 

The linear array camera operating in the 
"pushbroom" ~l lode  records the terrain along 

Cross track coverage is l imi ted  by the  
number of detectors in the line array and the 
field-of-view (FOV) of the camera lens. Along 
track and cross track coverage are shown in 
Figure I. No moving camera parts or scan- 
ning mechanisms are required. 

.Planimetric (I, y) measurements may be ob- 
tained from vertical images with the geomet- 
ric relationships employed with vertical ae- 
rial photographs, i.e., 
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focal length (f) 
spacecraft altitude (H) 

- - image distance 
object distance 

- - 1 
scale factor (SF) 

It  should b e  realized, however, that, al- 
though the image is recorded as a near or- 
thogonal projection in the x (along track) di- 
rection, it is comprised of a series of parallel 
perspective projections (one for each strip) 
in the y (cross-track) direction. Small dis- 
placements in the y direction due to relief 
and Earth curvature can be ignored unless 
(1) camera FOV'S of more than about 5 de- 
grees are used; (2) terrain is extremely rug- 
ged (e.g., greater than 1000 n~ relief); (3) im- 
ages are greatly enlarged prior to analysis; 
and/or (4) highly analytical measurement 
techniques are employed. As an example, 
consider the proposed characteristics of the 
vertical Stereosat camera: 

f = 705 mm 
H = 705 km 

FOV = 61.4 km 
Scale at focal plane = 1:1,000,000 

With relief (Ah) of 1000 m along a specific 
strip, the maximum displacement (Ay) at the 
lateral margin of the vertical image will be  

With a l ox  image enlargement, Ay is in- 
creased to 0.44 mm, which is still rather in- 
significant for the majority of applications. 
Thus, in most instances, the vertical image 
can b e  considered a map and distances 
scaled accordingly. 

1 )  Height measurements, however, present a 
more serious problem. In order to obtain x 

FIG. 1. Along track (x) coverage is a function of 
spacecraft velocity and time, whereas cross track 
(y) coverage depends on the camera FOV and the 
number of detectors. 

parallax and the differences in x parallax re- 
quired for the perception of terrain relief in 
the stereo mode, two approaches are pro- 
posed: (1) images recorded from adjacent or- 
bits by cameras equipped with rotatable mir- 
rors to control the pointing direction (SPOT); 
or (2) images recorded successively along 
the orbit path from fixed forward, vertical, 
and aft pointing cameras (Stereosat). By re- 
cording data from adjacent orbits the SPOT 

system relies on perspective geometry to 
deve lop  parallaxes, whereas  the  three-  
camera system proposed for Stereosat makes 
use of parallel ray geometry. It is the latter 
system which is examined. 

In  the three-camera system proposed for 
Stereosat, forward and aft pointing cameras 
oriented 26.57 degrees (a) from the object ver- 
tical in the along-track direction and a vertical 
camera orthogonal to the terrain will be  
employed to obtain stereoscopic coverage. 
Base-to-height ratios of 0.49 (vertical and 
forelaft) and 1.0 (fore and aft) are planned 
from the nominal altitude of 705 km (775 km 
slant range for forward and aft cameras).* 
With this arrangement, the x coordinates in 
the  image planes of the forward and aft 
pointing cameras are a function of elevation 
and time (Figure 2), and height difference 
(Ah) measurements are closely approximated 
with the following equation: t 

~ ~ i ! L 3  . S F  or Ah =------ AP .SF (3) 
2 tan a 2 tan a 

where 

x,,x2 = x parallaxes measured in the 
image plane, 

Ap = difference in x parallax, 
a = camera orientation angle, and 

S F  = image scale factor. 

* The focal lengths for the vertical and oblique 
cameras are 705 and 775 mm, respectively. How- 
ever, the altitude (705 km) may be changed, 
requiring a modification of the focal lengths to 
achieve a scale of 1:1,000,000 at the focal plane. 

t In order to obtain more exact values for Ah, a 
small correction must be introduced to account for 
the curved trajectory of the satellite. For the refer- 
enced fore and aft stereopair, the denominator 2 
tan a must be modified to 1.972 tan a. 
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FIG. 2. For the above three-camera configura- 
tion, Ah is a function of a and of the time interval 
( A t )  required to record both the top and bottom of 
the object. In the forwardlaft stereopair At is rep- 
resented by (r ,  - xz) = Ap.  A dashed line tndicates 
the satellite's trajectory. 

Similar relationships were previously de- 
veloped for the stereoscopic strip camera." 
Unlike t h e  s t r ip  camera ,  however ,  t h e  
pushbroom system is recording data along a 
single cross-track line at any given instant in 
time without film movement (or I M C )  to 
complicate the geometry. Consequently, the 
quantity (x, - x2) as measured with either a 
mirror stereoscope and parallax bar or a 
comparator may be taken as the difference in 
parallax (Ap). 

F o r  h e i g h t i n g ,  t h e  fo rward  a n d  af t  
stereopairs will give superior results since 2 
tan a for a 26.57 degree angle (a) is 1.0. 
Thus, at the image scale, Ax = Ap = Ah, 
which is a convenient relationship. Corre- 
spondingly, any measurement error in Ap 
causes an equivalent error in Ah. If the verti- 
cal image is employed with either the for- 
ward or aft image to form the stereopair, the 
denominator of Equation 3 becomes tana 
and an error in Ap causes an error of ap- 
proximately twice that magn~tude in Ah. The 
relationship between a, Ap error, and Ah 
error is developed further in Figure 3. 

Of course, in a pushbroom system the  
stereo images are generated continuously, 
and approximately 92 seconds are required 
to record a stereo-triplet in the proposed 
Stereosat configuration. Obviously, any vari- 
ation in the attitude of the satellite over this 
rather long interval will produce planimetric 
and vertical displacements. State-of-the-art 
attitude correction rates range from about 
10p"eg/sec to lop5 dedsec,  which over the 
above time interval could result in height er- 
rors of between approximately 125 and 10 m. 
Consequently, the attitude control/recovery 
system is an extremely important ingredient 

FIG 3 The prectsion In setting the floatlng mark 
at the top and bottom of an Imaged object results 
in an error, Ap,  = du," ub2 A representattve 
value of Ap,  = *14 Frn IS assumed Thts error 
(Ap,)  may then be converted to a he~ght error 
(Ah,) and plotted as a functton of the angle (a) 
A stereopair compr~sed of fore and aft images 
mtnlmizes the tnfluence of potnttng errors, as 
does the enlargement of lmages prior to measure- 
ment. 

of spacecraft designed to provide data for 
applications requiring X, Y, Z terrain mea- 
surements. 

Pointing errors or bias due to a constant tilt 
will introduce a systematic datum error 
which can be  corrected with the  aid of 
ground control, attitude information, and 
appropriate adjustment procedures.' Other 
errors introduced by variations in spacecraft 
velocity and Earth rotation can be compen- 
sated for with the aid of timing marks and 
appropriate spacecraft controls. 

In  conclusion, sophisticated processing 
procedures undoubtedly will be developed 
to extract terrain coordinates from digital 
data recorded by pushbroom sensors,* and, 
as with Landsat, the full potential of the data 
probably will not be realized until after it 
becomes available. Nevertheless, scientists 
should be able to utilize conventional mea- 
surement techniques to derive useful X, Y, Z 
terrain information from images generated 
by pushbroom sensor systems. 

Numerous valuable discussions with Dr. 
A. P. Colvocoresses and Dr. R. B. McEwen, 
U.S. Geological Survey, and members of the 
California Institute of Technology Jet Pro- 
pu l s ion  Laboratory ' s  S te reosa t  User ' s  
Working Group are gratefully acknowl- 
edged. 

1. Chevrel, M., 1979. A Presentation of the 



PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1980 

French Satellite for Earth Observations: The 
SPOT Program, presented at the 45th Annual 
Meeting, American Society of Photogramme- 
try, March 18-24, Washington, D.C., 13 pps. 

2 .  Wellman,  J. ,  1978, Stereosa t :  Present 
InstrumentlMission Design, internal report, 
Jet Propulsion Laboratory, Pasadena, CA. 

3. Hirai, M., 1978. Earth Observation Satellite 
Project in Japan, Proceedings of the ISP 
Commission I Symposium on Data Acquisi- 
tion and Improvement of Image Quality and 
Image Geometry, May 29-31, Tokyo, Japan, 8 
PP. 

4. Colvocoresses, A. P., 1979. Proposed Param- 
eters for an Automated Mapping Satellite 
(Mapsat) System, Photogrammetric Engi- 
neering and Remote Sensing, Vol. 45, No. 4, 
PP. 

5. Thompson, L. L., 1979. Remote Sensing 

Using Solid-State Array Technology, Photo- 
grammetric Engineering and Remote Sens- 
ing, Vol. 45, No. 1, pp. 47-55. 

6.  Elms, D. G., 1962. Mapping with a Strip 
Camera, Photogrammetric Engineering, Vol. 
28, No. 4, pp. 638-653. 

7. Welch, R. and C. P. Lo, 1977. Height Mea- 
surements from Satellite Images, Photo- 
grammetric Engineering and Remote Sens- 
ing, Vol. 43, No. 10, pp. 1233-1241. 

8. Colvocoresses, A. P., 1979. Geometric Con- 
siderations for an Automated Mapping Satel- 
lite System, presented at the 39th Annual 
Meeting, American Congress on Surveying 
and Mapping, March 18-24, Washington, 
D.C., 9 pps. 

(Received 21 April 1979; accepted 20 September 
1979) 

Notice to Contributors 

1. Manuscripts  shou ld  b e  typed ,  abstract, cvhich is a digest of'the arti- 
dol~ble-spaced on 8% x 11 or 8 x 10Y2 cle. An al~stract sliould be  100 to 150 
white bond, on one side only. Refer- words in length. 
ences ,  footnotes, captions-every- 4. Tables s l~ould  11c designed to fit into a 
thing s h o ~ ~ l d  be doul~le-spaced. Mar- width 110 ~nore  than five inches. 
gins sho~~ lc l  be  1% inches. 5 .  Illustrations should not be more than 

2. Ordinarily two copies of the manu- twice the final size: glossy prints of 
script and two sets of i l l~~s t ra t ions  photos shol~ld  be sul~mitted. Letter- 
should be submitted where the sec- ing should I,e neat, and desig~ied for 
ond set of illustrations need not be the reduction anticipated. Please in- 
p r i ~ n e  cluality; EXCEPT that five c111de a separate list of captions. 
copies of papers o n  Remote Sensillg 6. F o r m ~ ~ l a s  sho11lc1 b e  expressed as 
and Photointerpretatio~~ are needed, sim1~ly as possible, keeping in mind 
all with prime quality illustrations to the difficulties and limitations en- 
fi~cilitate the review process. countered in setting type. 

3 .  Each  art icle s11o11ld inc lude  a n  

Journal Staff 

Editor-in-Chief: Dr. James B. Cnse 
Newsletter Editor, Willinin D. Lytztt 

Advertising Manager, Hugh B. Loving 
Managing Editor, Clare C. Cnse 

Associate Editor, Primary Data Accll~isition DiL~ision, Pllilil~ N. Slntcr 
Associate Editor, Digital Processing and Photogrammctric Applications Division, 

Denn C. Mercllclnt 
Associate Editor, Remote Se~lsillg Applicatio~ls Division, Virginiu Curter 
Cover Editor, Jomes R.  Shepard 
Engineering Reports Editor, Gordon R. Heutlz 
Chairman of Article Review Board, Soren W .  Henriksen 


