
ALDEN P. COLVOCORESSES 
U .  S. Geological Survey 
Reston, Virginia 22092 

Space Oblique Mercator* 
A new map projection of the Earth lends itself well to the 
utilization of ERTS imagery. 

(Ah.vfr-act o n  next /)clge) 

IN'~HODI'CTIO\. 

H I U ~ " R C A L I . Y  Y I P  1)rojections have II(.CII 
I~ased  on static conditions. The  f i g ~ ~ r e  of' 

the Earth, perspective center(if there is onc), 
and projection surface are all fixed \?.it11 I.( ,-  

spect to one another. As long as the E;lrtl~ I \  

imaged by a framing camera that rec,orcls ;I 

scene instantaneously, the static co~~ t l i t i o~ r  
holds, and film returned from ;iircralt or 
spacecraft generally fits into this c:~tc.go~-\ 
Moreover video systems that transmit 11,- 

corded scenes, such as those on the Lunar 
Orbiters ant1 the  Return Heam Vidicons 
(titn,,) 011 t l ~ c  E;irtl~ I ~ ~ ~ s o I I I ~ ~ ( ~ \  T c ~ l ~ n o I o g ~ ~  
Satellite (~ t t r s - I ) ,  also represent the static 
motle, in \s.hicIi the image is considered to 
have, been ol~tained inst;lntaneol~sly. 

In all such applications a perspective 
iniage ot'the Earth is recordetl in a unique but 
t1efin;ll)le form, ant1 the inlage can then be  
fitted or transformed to one of the conven- 
tional map projections. I-Iowever, we now 
I,;c\.e orl)iting spacecraft equ ipped  with 
sciinning ctevices that are imaging the Earth 
s<.cne continuously. Such satellites have 
111;tppi11g cal~al~il i t ies that open the door to an 
c.i~til.ely new concept of map projections in 
\ \  : i c l~  relative motion, and therefore time, 



low-resolution system for Earth sensing. The 
effective resolution (in optical terms) of ERTS 

is no better than 200 m. Nevertheless, ERTS 

imagery has high geometric fidelity, which 
results in cartographic products that have 
spatial errors on the order of 50 to 150 In 
(rms). This is the basic imagery, referred to 
by NASA as bulk or system-corrected, which 
has in turn been related to the Earth's figure 
through ground control points1. With such 
control and the application of appropriate 
procedures, geographies (latllong) or a plane 
coordinate grid such as the Universal Trans- 
verse Mercator (UT\I)  can be fitted to the ERTS 

imagery. The WT\I grid unit is not a true square 
if it is so fitted, but the deviations are so small 
that grid anomalies are not detectable if 
measureillents are made with reference to 
the nearest lines of a nominal grid square. 

tortions of the Earth figure due to the projec- 
tion are on the order of only 1:1,000, which 
makes it acceptable for mapping purposes. 
The corrections were designed to give \~ss  
imagery geometric characteristics similar to 
those of the E I ~ T S  I{I~\..,, wllicll are f r i ~ ~ i l ~ '  
cairleras and thus have perspective geometry. 
The vss does have geometric fidelity ~0111- 
paral~le to that of the HHY, ilnd t1111s \iri~rril~lts 
its own optimized map projection, which 
would have maximum distortions of only 
about 1:10,000. A further discussion of pro- 
jections is contained in reference 5, in which 
a Space Oblique Merccltor projection is de- 
scribed and recommended for ERTS-type 
imagery. 

The projection could have any one of sev- 
eral characteristics, I)nt precise m:q> makers 
generally consider the characteristic of con- 
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formality as dominant. Conformality retains 
equal scale locally in all directions and pre- 
serves angular relationships. The conformal 
cylindrical projection was conceived by 
Mercator and in this application is defined in 
Space; it is Oblique to the polar axis. Defini- 
tion of the projection is given in nonrigorous 
but nevertheless geodetic terms in the fol- 
lowing section. 

Conceptually one can start with a spherical 
Earth and then develop the elliptical modifi- 
cations which, unfortunately, cannot be ig- 
nored. Figure 1 illustrates a cylinder defined 
by atrnlycircular ERTS orbitwith the projection 
surface tangent to the Earth's spherical fig- 
ure. Although four motions (scanner sweep, 
satellite orbit, Earth rotation, and orbit pre- 
cession) are involved, the imagery can be re- 
corded on the simple cylindrical surface 
which, if developed into a continuous plane, 
is in fact a map projection. 

To keep Earth rotation from distorting the 
image, the cylindrical surface oscillates along 
its axis at a co~npensating rate which varies 
with latitude. Motion is otherwise uniform 
and symmetrical with respect to the orbit, 
and thus every orbit exactly repeats its path 
on the projection plane even though the 
Earth scene changes nearly 26" in longitude 
with each orbit. Thus the projection coordi- 
nate values are repeated each orbit even 
though a different portion of the Earth's sur- 
face is mapped on each successive orbital 
pass. This means that the Earth figure coor- 
dinates A,+ are related to the projection coor- 
dinates x,y as a function f of time t. That is, 
A,4 = .f(s,!y,t); t mnst expand through the 18 
day system and then revert to zero for the next 
cycle. Figure 2 (exaggerated) shows how the 
image (if continuous) is cast on the developed 
projection snrfice. 

The fact thi~t the orl~it has precessed in 
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FIG 2. Diagram ill~~strating how the iinage is cast 
on the developed projection surFcice. 

space u few minutes ofarc with euch re\.olu- 
tion does not affect the projection snrfhce, 
which is defined I)y the orl~it. Orbit pre- 
cession, which retains the orbit's angular re- 
lationship to the Sun, does slightly modify 
the effects of Earth rotation. 

Inasmuch as the Earth's figure is an ellip- 
soid instead of a sphere, several modifica- 
tions must be considered. First, the Earth's 
polar radius is over 20 km less than the 
equatorial radius. An orbit which is at a fixed 
height above the Earth's figure and thus al- 
ways images the Earth at the same scale 
would in fact have to have an elliptical orbit 
with two perigees which remain at the 81" 
points of maximum inclination, and this is 
contrary to the laws of physics. In practice, a 
truly circular or prescribed elliptical orbit is 
impossible to maintain, but NASA must (and 
does) consider the Earth's ellipticity as well 
as orbital ellipticity in computing satellite 
altitude. 

A second consideration is that the scanner, 
controlled by horizon sensors, is referenced 
to the local geometric vertical rather than the 
direction to the center of mass of the Earth, 
which is the computational center for the 
orbit as well as the Earth's figure. The max- 
imum difference between these directions 
approaches 12 minutes of arc. As the orbit is 
only 9" off the pole, the angular difference is 
principally along track and thus slightly af- 
fects the time relationship of the satellite to 
the Earth's figure. The slight cross-track 
angle (3.6 min. of arc maximum) between the 
local geometric vertical and the vector to the 
Earth's center does in efftct deform the pro- 
jection surface. The deformation constitutes 
a deviation from the concept of a uniform 
map projection and also disturbs the precise 
conditions of conformality in the projection. 
These considerations are probably academic 
and will never be found by the map user, but 
for the mathematician who defines the map 
projection in rigorous terms they are impor- 
tant. At 81" latitude the 3.6 minutes of arc 
subtend nearly 1 knl on the Earth's surface. 
As the orbit approaches the Equator, the 
cross-track deviation steadily decreases from 
1 km to 0. 

The actual path of the satellite on the 
Earth's figure as defined by the local geomet- 
ric vertical is also of interest. To see this, we 
should first forget the Earth's rotation and 
merely consider the figure generated by the 
local geonletric vertical from the orbit as it 
intersects a fixed figure of the Earth. This is 
not the true ellipse (great circle) that would 
result from passing a plane obliquely through 
the center of an ellipsoid, and it is not a 
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geodesic, which is the shortest distance be- 
tween two points on the elliptical Ektrth \ur- 
face. Regardless of'what the actual figure is, it 
must be defined in mathematical terms be- 
cause it creates the locus of imaee centers. 
NASA probably could define EHTS imagery with 
respect to the direction to the center of mass 
of the Earth and thus simplify the cornputa- 
tional problem. However, this solution 
would create a slightly tilted image with re- 
spect to the Earth's figure that is p r o b a l ~ l ~  
undesirable for any analog portrayal. Once a 
comprehensive mathematical analysis has 
been made, the various conditions stemming 
from the Earth's ellipticity can be f i~l ly  
evaluated. Only then can the decisions be 
made as to which conditions and terms must 
be considered or ignored. 

Certain parameters, assumptions, and 
nomenclature relative to the ERTS system 
must be  defined before a ~nathematical 
model and transformation equations can be 
rigorously defined. Recommendations w ~ t h  
pertinent values provided by t i~s~/Goddard 
are as follows: 

Earth figure (Figure 1). 
a, semimajor axis, 6,378,165 m. 
f, flattening of the ell~psoid, 1/298.:3. 
R, nominal radius of curvature in the 

cross-track direction, 6,388,000 m. 
Orbit, nominal: 

Circular radius, 7,294,690 n ~ .  
Altitude, con~putational, 918,592 111. 

Inclination, 99.092". [This is the angle of 
the ascending node with respect to 
due East. The maximum latitude of the 
orbit is 80.968". Imagery is taken on 
the descending (daytime) ortion of 
the Son-synchronous o1.bit.j) 

Period, 103.267 minute,. 
Time of descending node (equatori,ll 

crossing), 9.42 a.m. local Sun time. 
Coverage cycle duration, 18 days (251 

revolutions) 
Distance between adjacent ground 

tracks at Equator, 159,380 m. 
Imaging System, Multispectral Scanner 

(MSS) (See Figure 3). 
p, viewing angle of scanner with respect 

to nadir has a niaximurn value of 
0.100749 rad, about 5.76". The plane of 
the scanner motion is now defined as 
perpendicular to the plane ofthe orbit. 

y, angle of Earth c~~rva ture  (ma~=O.H3~). 
f, effective focal length of scanner. Based 

on mirror size and f number, thi\ i \  
730 mm; however, this dimension is 

imn~aterial with respect to the projec- 
tion. 

N, nadir point, based on local geometric 
vertical. 

P,  point on Earth imaged by vss sensor. 
C, cylindrical image surface, develops 

into image plane. 
T, cylindrical projection surface, de- 

velops into projection plane. 
LetX be the distance in instantaneous orbi- 

tal direction on Earth figure along orbital 
pathx. (This orbital path would be agreat 
circle or orthodrome on a spherical non- 
rotating Earth.) 
Y is the distance normal to instantaneous 

orbital direction on Earth figure from 
nadir Y = vR*.  

x is distance on projection plane in in- 
stantaneous orbital direction. 
= distance on projection plane normal 
to t (conip~~ted;  not projectetl). 

1 = actual orbital path as imaged. 
T = skew angle (varies with latitude). 

Then the Space Oblique Mercator projec- 
tion I~asic formulas (scale factor = 1) are: 

s = X 
and based on origin at nadir, 

!I = ~ l r e c ~  cly = R log, (sec y + tcm y)  = R 
l og ,  toll (y />  f TI-!). 
The term y will generally contain another 
term to take care of the cylinder oscillation 
due to Earth rotation. A Ealse value of perhaps 
1,600,000 rn should be given to the x axis as 
shown in Figure 2 in order to eliminate nega- 
t ~ v e  va1ue.s of 0. 

To make E H T ~  \IS\-type imagery fully suita- 
ble for mdpplng, several steps must be taken, 
as follows: 

1. Parameters for the system must be set and 
adhered to w~thin stated limits. 

2. The p~ojection must be carefully defined, 
and sy\teln correction5 mu5t be appl~ed w~th re- 
\ult\ coniparable to or better than those now 
be~ng achieved with ERTS-1 

3. The mathematical relationship between 
the projection (model) and the figure ofthe Earth 
mu\t I)e ~igoiourly deceloped. 

4. Image-identifiable control mubt be 
cataloged and u\ed for system calibration. The 

"If one d~sregards the small error introduced by 
Earth rotat~on during the scan %weep (the max- 
imum d~splacernent In the x direction is only about 
200 m for the 185-km scan length), they direction 
on the Image is that of the scan lines (as now con- 
f~guted). However the orbital path is skewed on 
the projection b y  a \  much as 4" w~th respect to the 
~~~at,~ntaneou\ orl)~tal d~rect~on, agaln due to Earth 
rotat~on. (See F~gure 2) 
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\I -Sa te l l i t e  (op t i ca l  cen te r  of scanner)  

X 

Project ion Plane (T )  

Skewed image on 
project ion plane 

x = e cos T 

v o r  
9. = x sec  T / hYy 

X 

FIC:. 3. Geometry of ERTS Mr~lti Spectrirl Sciuiner (orbital plane is perpendicu- 
lar to tlie plan on tlie left). 

dens~ty or for111 of the control 1s not known at 
present, but there are ~ndications that spaclng 
In,ic I)e 111 the hundreds 01 even tho~i\and\ of 
k1lometer3, w ~ t h  a few test \1te3 of denser control 
(20  to 50 km 5pac1ng) for d e t a ~ l e d  \y\tetn 
analys15 

5 Svstem correct~ons to be appl~r,tl)le to tapes 
as well '1s imagery 

6 P~ecision (scene-corrected) ploce\\ing to 
I)e of two for~ns 

a Prec~se appl~catlon of geodetic ~nd~cators  
(lat/long or CTU coord~nates) to the \>stem- 
corrected Imagery (and perhaps  tape^) without 
alter~ng the sytem-corrected \tructurti or pro- 
ject~on 

b Transformat~on of Imagery (and p e ~ h , ~ p \  
tapes) to a convent~onal niap prolect~on, such 
a\ the UT\I or polar stereograph~c. and ndd~tton 
of appropr~ate geodet~c ~ n d ~ c a t o ~ \  Transfor- 
inatlon should be requ~red for only a s11iS1ll 

percentage of the recorded Imagery 
Steps 1 a n d  2 can I)e 1)ased on  E H T \  I pel-  

fo r~nance  as ~t 1s assumed that the  yerfol- 
nlance of E R T ~  1 can b e  equal led o~ e l c e e d e d  
on future EIITS-type spacetlights. 

T h e  mathematical problem (Step 3) is of' 
paramount concern. I suggest that s~s .4 .  with 
technical input  horn ~1sc;s (and others),  take 
t h e  lead.  Here  is a real challenge to t h e  car- 
tographic c o ~ n m u n i t y .  As geodesis ts  a n d  
photogrammetrists,  w e  mus t  carefillly ex- 
amine  the  ~ r o b l e m s  a n d  t h e  various s o l ~ ~ t i o n s  
possible. T h e n ,  as m '~pmaker \  r e p ~ e \ e n t i n q  
t h e  map  users of t h e  world, w e  sho11ld spell 
out  exactly what w e  need .  A cons idera l~ le  ,lntl 
dedicated effort will still I)e needed  to dv- 
velop t h e  mathematical model  and as\ociatetl 
computer  programs. Because the  ploglnm\ 
thus developetl c o ~ i l d  Ile .11)pl1rd to E , i ~ t h  
Irn'lglng \>\ terns o t h e ~  th,ltl I I< I 4 t h e  pl (I- 

gr:~nls sl10111[1 hi~vt'apl>ropri;rte flexil~ility a n d  
precision. 

O n c e  t h e  model  a n d  programs a r e  de-  
veloped, they should Ije tested against a vari- 
e ty of ground control arrays, a n d  thus the 
reclnirements for control ( s tep  4) can b e  de-  
fined. Steps 5 a n d  6 require  the  provision of 
appropriate processing a t  some centralized 
point.  With these 6 steps made  effective, w e  
1)t.liec.e thkrt ~t t . rs- t>~pe images xnd tape i11 cart- 
ogr;lphic form itncl with geodetic precision 
c;un b e  introduced i n  a matter of days after 
acc4l1isition-particularly if t h e  cont inuous 
a n d  11niform Space 0 l ) l ique  Mercator projec- 
tion is rmployecl. Perhaps the  e ra  of auto- 
m a t e d  m a p p i n g ,  I ~ a s e d  o n  Ear th-sens ing  
space systems, is not f i r  off. 
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Hekrence 5 contains the following additional ref- 
c>l.cnces pertinent to this pal)er: 
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Opportunities for Research in Lunar Science 

T H E  N a t i o ~ ~ i ~ l  Aeron~ititics and Space A 6  
m ~ n ~ s t r a t ~ o n  ( N A S A )  is continuing to en-  

courage and support research on all aspects of 
lunar science. NASA., goal is to inlprove tlle 
scientific understanding of the origin, evolu- 
tion, structure, and composition of the moon, 
and of its relationships to the earth and the 
solar system. NASA's broadly based lunar 
programs i n c l l ~ d e  t h e  fol lowing:  
(a) experimental and theoretical research on 
lunar materials ( sa~nples  and Surveyor parts); 
(11) lunar data analysis and  synthesis, using 
publisl~ecl or other generally available data; 

and (c) supporting research and technology 
designed to support the general goals of the 
other lunar programs, suc11 as theoretical 
studies, lal,oratory simulations, meteorite re- 
search, advanced experiment concepts etc. 
X A S A  especially encourages well-qualified 
scientists not now in the lunar programs to 
participate if they have new ideas, tech- 
niques, ori-esearchcapabi1ities.Anannounce- 
ment giving details on where and how to 
propose may be  obtained from Dr. Noel W. 
Hinners, Director, Lunar Progra~ns Office, 
Code SM, NASA, Washington, D.C. 20546. 

Analytical Methods Dezjeloped for Application to  Lunar Sam- 
ples Analysis, Special Technical Pub. 539, American Society 
for Testing and Materials, 1916 Race St., Philadelphia, Pa. 
19103. 156 pages, hard cover, $15. 

H I S  S Y \ I P O S I L ~ I  was organized to provide an 
T o p p o ~ t ~ ~ ~ l i t y  fortllose outside the Niltional 
Aeronautics and Space Administration lunar 
sanlple program to learn of some of the ad- 
vances in methods and ins tn~~nenta t ion  re- 
sulting directly f o m  the program. 

The  papers descri l~e the present status of 
advanced testing  neth hods used in lunar saln- 

ple analysis. Particular emphasis is placed on 
the description and evaluation of the various 
experimental techniques as ol>posed to other 
111nar science conferences which have em- 
phasized interpretation of the results. Since 
contamination control is such a vital consicl- 
eration in lunar sample work, several papers 
are presented dealing with that aspect. 


