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SATELLITE TRIANGULATIGW‘/

A New Geodetic Tool

~ The orbltlng satellite has presentcd the geodosist with a

_ tool which makes possible the establishment of a triangulation scheme
connectlgg all continents and their geodetic datums and encircles

the gloﬁe with a relatively small number of earth-based points. Before
the adyent of artificial earth satellltes, 1nﬁercont1nental connections
and tles to islands and p01nts remote from geodetlc datums, depenaed
upon such approachbs a8 flare trlangulatlon and alrborﬂe electronlc
distance measurements, as leang whlch are guite llmlted in range. |

. The spanning of great ocean arcas Was out of the quustlon and
rccourse ‘had to be made to 1sland~hopp1ng where this was possmblo,
 suoh as the North Atlantlc tle botween the Buropean and Worth

Americen Continents by Hiran in the 1950'

All has changed now and there are no practical limitations on -
the lengths of lines which may be observed since satellites may be

put in orbit at any convenient height above the earth's surface. -

The Concept

The basgic concept of satellite triangulation or an explanation
as to how it worke is relatively simple, but the actual establishment
of a triaﬂgﬁlation scheme is another matter. ' The cdquipment,. methods
employed in data acquigition, and the processing end adjustment of the
obsgrvatiéns gre all highly spphisticatad. in explanation of all
the details involved would lead us far afield and beyond’the gCove

of this paper.

l? Bj Lansing G. Simmonsg, Chief Geodesist, Office of Geodesy and
Photogrammetry, Coast and Geodetic Survey, FEnvironmental Science
Services Administration,; U.S. Department of Commexce
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Basically the idea may be stated simply in this manner. The
observations consist of photographing the satellitc simultaneously
from at least two ground stations againet a star background. Now
the stars may be congidered for all practical purposes at an 1nf1n1tc
distance. The geocentric parallax of cven the nearest star is
completely insensible .- utterly beyond all present means of MmeasuTe—
oment.  In-short the lines of sight from s grbﬁp'of:observeré scattered

over the sarth's surface toward any given'star are-parallel.

But an orbltlng satelllte is at a flnlte dlstance and 1ts
“dircotions ag seen from w1dcly soparated points on the earth, are
not at all parallel and are dotcrmlned by ite apparcnt p031t10n
among the stars as Secn from each p01nt (Fig.1). - The trick is to
determine very accurqtely and 51mu1tanuously the dlrectlon of the
satellite at some 1nstant by a convenlent mcthod of observatlon.
This method turns cut to be the use of a precision camera (Flg.2) which
cxposes on its plate a large number of star trails as well as the
satellite trail. In the simplc case the directions of +wo intefsécfing‘
lines to the satellitc from points A& and B arc detcrmined simultanoouély
and form a planc in space, the orientation of which is known relative-
to the spin axis of the earth. If the satellite is photographed
again simultaneously, in another position, from 4 and By another
such plane is formed and the intcrscetion of theose planes is a
straight line between A and B, the dirsction of which is also determined,
based on the star reforence system. By the introduction of a
third point C and with additional satellite observations similarly
taken, the directions of the triangle sides of ABC ewe determined and
we  have a spatially orient@ﬁ tfiangle. This precedure can be-
“eXtended across contiﬂehtsﬁand oceans until a scheme is developed
which encircles the globe mnd closés upon itsclf, thus minimizing

the effcct: of error propagation,.
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The crbital behavior of the: satellite in no way affects the
accuracy of the work: the -satellite is used merely as a survey
beacon. However, the orbit must be known well €@nough to provide
the means of predictiﬁg for, say, a week in advancc the azimuth and

olevation angles in order to preset the camera for the observations.

Fouipment -

=';'i’_h':e.fur_ldamen"l:a,l method in obtaining data in satellite triangu=—
lation_is the photographing of satellite and star images which ars
very accurately -time correlated. The images on the photographic
plates are then very accurately scaled to determinc the apparent
- right;ascenéion and declination.of the satellite at a procisely
definédgepqgh,-

éﬁé basic instrument is'a'preéision'camerd with a 450 mm
 focal’ length lens corc. Me 6XPOBUTES aTe taken'on‘glass plates
with an effectlve gize of 18 x 18 em which corresponds to a fleld

view: of roughly 22 square.

The camera isg pr0v1ded with a capplng shutter for chopplng
star tralls“durlng a pre*orlentatlon GXPOSLTE to dotermine the
Gamcrézbriéﬁtaticn; The azimath aand clevation of the camera'are
thus pr601saly determined 51nce the chopped images are time correlated
with' WWV The satellite trail is then photographod and its trail
1s chcpped by a high procision internal choppln mochaniam (Flg.}).
After the‘satelllte trail has been photographed, E: postdrieﬁtatibn
exposﬁfé iégmade by again photographing the star tralls in order to

determiﬁe the stability of the camera in azimuth and elevation.

Anjimﬁorﬁant part of the equipment is the clectronic time
synchronization systom (Fig.4) which provides the mcans of operating
the camera shutter and timing the image exposure to better than

150 microseconds. Time control is maintained by , high pr90151on
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portable elock (Fig.5) which is carried from station to station and
back to a master clock at the National-Bufeau'of Standards dbout once

2 monthe

Plate Reduction

One of the most important sieps in the reduction of data for
satellite triangulation, and the most tedious and time consuming,
is the scaling of the star and satellite images with a precision
comparator. The platec coordinates are determined for about 1,000 -
star images and 600 satellite images, employing every posasible"
methdd to eliminate bias errors. which include thosc that might
result from plaﬁé and  lens distortion.- The data are finally compressed
into one fietitious image with corrcsponding time rcsulting in a”
space dlrcctlon, the moan error of which 1s of the order of 0.3
sccond of arc. The mean error of thb determination of the coordinates
of a single image on the plate is about 3 mlcronsa This is reduced
statlstloally because of thb.largg number of measurcments to a mean

eTTOT of the fictitious‘image to something like 0.5 micron.

To give an 1ndlc ation of the sophisticated qpproach in the _
data pr006531ng9 thorh are taken 1nto consideration 1n correlating
~time with satelllto 1magcs such thlngs ag difference in light travel
tlme duo to different slunt - ranges of the satolllto, lens dlstortlan,
diurnal a‘beru’rslon:i second—oraor rbfr»ctloﬂ effect; and tho dlsplaoemont

of tha Satelllte imsge duc to the phase angle of the sun.
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Work Accomplished

The first camera systems which include the associated timing -
equipment-were_available in 1962. Turing that yoar and the -first
half;pf.l963 many experimental observations were taken at Aberdeen -

_ Proving Ground, Marylend. .These cxperiments consisted of simultaneous
' observations with thrce cameras placed to form small triangles: of .

5 and 25 meters‘on the gide. . Knowing the geo&étio-relaﬁionship -

of the cameras by dlrcot measurement, i1t was possible, by determining
the parallactlc dlsplaoements from obgervations on satellite Echo I,
0. get a feel for the expccted pr90131on. The results were qulte

promising,

In August[1963 the satellite triangulation programme commenced
on an operational basis with oaméra_stations-in Haryland, Mississippi,
and Minnesota. These are points indicated in Pigure 6 aS-OO2§ 103 and
102, -After the completion of these observations the work was
extended 1o Florids, Bermuda and Antigua (points 104, 105 and 106).

Arrahgémehts were then made with the Canadian Government for
the establishment and cccupation of stations in that country and
during thé winter of 1964-65 points-107, 108 and 109 were observed.
Later theEWbrk was oxtended eastward through'ﬁanada9 thence to B
Greenland and finally to Iceland, Horway and Scotlmnd thus effectlng
s dircot' conncxlon botween thse North Am@rlcan and Buropean Contlncn%s.
" Prom Figure 6 it can be seen that the following number of stations
have been establisheds United Btates (é)g'BGrmuda”(l);'Antigua:(l)gl
Canada -(7)3 Greenl%nd (3); Iceland (1); Normmy (1)s Scotland (i);"
muklng a total of 21 stations completed. ' ' o o

Echo I s usod solcly untll January 25, 1964 When Bcho II was
launched at about thc same altltude, but in an orbit of 2 much _
hlgher lncllnatlon necessary for the more northerly statlons. The
average 1ength of tho 11nes of this satelllte trlangulatlon scheme,
ig of the order of 1500 kilometers Whloh is zbout the height of the
Echol and Echo II,
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Much experimentation in the computations have been dene including
the important phaese of the assignment of rclative weights betwcen
the classical geodetic work and photogrammetric observations.’
Simultaneous adjustments have been made of single triangles up to a
network of 9 triangles; Lomputations have not yet been completed to
the. Buropean datums these are awaiting the scaling of the photographic
plates. _Lgns coneg of 305 mm focal length were uscd., These are

being replaced with 450 mm cones for future work,

It is a feellng of those in the work that the mean square error
of a &1rect10n in spaoo, resulting from the observatlons in this

network, will be of the order of 0.4 to O.5'second of arc,

- The World Net

Planning for the world net has been underway for about three
yoars.  Several factors must be taken into consideration in planning
such s net. Pirst, geometric strength is of great 1mportance. The
earth should bLe covered more or. less uniformally by a series of
camera stations forming, ideally; cquilateral triengles. Clearly .
éﬁéh an ideﬁl net cannot practi¢allj_be achieved, but it has been
approximated. Seoond, the_dGCision musgt be made as to the average .

11ength of line desired, -Invélved in this decigion, is the total
number of c&mera,stations thaf are requircd to propocrly connect the
continents and.thé existing;geodetiq datums, and involved also is.
the‘length required to span,t@e;vast ocecan arcas, pariicularly in the
South Pacific, using avaiiable islands as SteppinG stones between

the continbntal artes. Third, thcre arc polltlc a2l considerations
1nvolv1ng permission for entry into arcas ox onto 1slands that may
fit the scheme. Lastly, there is the problcm of a000831b111ty by
shlp, rall, or aircraft, It noed not be p01ntod out that a selcctlon

of worldwide stations, whlch reguire all thesc considerations, is
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qﬁitc a task and the prccéss of selection:might be compared in some
Wways to a game of chceckers. Onoe a preliminary scheme has been decided
upon and then 1t ig found nuoessary for one of varlous roasons o

move one OT mOre p01nus, such moves involve changc% of other statlons

in order tco conform tc the general plan.

The plan oW approved w111 hopefully noﬁ have to ‘be changed.
'There is a total of 40 statlons distributed as 1ndlcated in Figure T.
The aVCrage 1ength of the llne is appr011mately 4., 000 kllometers
and for the best geomctry the altitude of the satelllte should appro=
xlmate the aveorage length of the trlanglu 31de., Accordlngly, the
N@tlonal Aeronautics and Spaco Administration is plannlng to launch
PAGECS at an altltu&e of about 4250 kllomcters in o near circular
polar orblt. It is nuccssary, of course, %o approzlm@te a polar
orbit ln order to make acquisiticn of the satellite p0551ble at all
1&t1tudes.: Beference is mnde to Figure 8 which depicts the world net
and indicates wha't Htht be termed five oporational phases. ‘Tt can
be seen that the flrst phase will cover the northern portlon of the
schemc from Japan across Noxrth Amorlcw ﬁo Furope and the second
phase W111 1nclude an arco 1mmcd1ately to the south of this and so
forth. Thu camczﬂs, of coursc; muat be moved to different latltudos
ourlng dlfferent parts of the ycar because of the change in thc sun's
dcollnatlon. Actually 211 the camcras in phasb 1 will not bé moved
at the same tlmc to sta tlonu in phaSG 2, but as cortain. cemeras with
B mlnlmum number of lines to obeerve Wlll be relcased before the
othors, there Wlll be a grqdual ‘moving of cameras between the differont

phmses.. Twolvo camera gystems are planned for thls operation.

Inasmuoh as satellite triangulation in itself provides no
scale whatsocver, the guesiion immediately arises as o0 how gealars
should be introduccd into the work. Some of the major geodetic datums
could provide a2 scale between seteliite camera stations, but the
acouracy of the classical trisngulation over thesc long distances

ig not considered sufficient. Yince it has been domonstrated that
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the directional accuracy obtainable from the camoras to the satellite
: w111 approachs if not exceed 0.3 second of arc thon the sc%lars fox
thls network should duflﬂlt&ly‘bo better than 1:500, OOO. The aocuracy

~figures quoted herein are based on mecan sguars srrors (MeBe0e)e

To abcomplish this a Geodimeter traverse is being observed
botween two"points in the world net in the United “tatés, one at
Boltsv1lle, Maryland and the other at Moses Lake, “ﬂshlngtcn. It is
expected that the ccouracy (m.s.e.) of thls baso line will approach,
if not exceed, 1l:l,000,000, Plans are undarway by Buropesn countrics
to strengthen a chain df exisiing triangulation betﬁéén Tromeﬁ, Norway
and Catania,, Sicily'to“scalo a line of the world not in Burope. A
dooigion has been made that the cost of cstablishment of a Geodimeter
traverse between thcsc p01nts would be PrOhlblthC and that the introdus~
tion of a number of Gcodlmeter base 11ncs and Laplace a21muths into
the existing trlangulatlon ‘should satlsfy the requirements. Anothor
b%sc is planned in southern Australla uging the wvery high-grade
Tcllurometor travcrsb alrea dy cstwbiishéd in fhwt ATCH. Some
lcengths of this travorse may. be roobscrvcd by the Australians in
order to ABBUTC adaquut“ acouracy. A& SlethOﬂ of the fourth
~base linc 1s planaca for Afrlca. Trom thuoretlc 1 considerations -
it is found that not much ln_the way of accuracy is gained by
rintroduding more than four . s¢°1ars and that the dcﬁormiﬁ%tion of the
height is more critical in thls rcspect than the detcrmination of &
1ﬂtitudeé and longitudus. Thb coordlnatb gystem on which computations
will be based 1s an Ty ¥y B Curte51¢n system in which the z axis is
the axis of rotatlon of the carth and Xy plane is ‘coineident with the

eguator,
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Dengification of Satellite Triangulation

The overall plen includes the establishment, within the large
triangles of the world satellite triangulation programme, of a subsidiary
gcheme fitted of course to the points in the World_mctwork. The
First sstimate is thatb the spaciang -of these'points will be of the
order of 1,000 kilomcters employing satellites of roughly that altitude.
Tdeally thisfshould he done by substantially the same method employod
_for_the World nets that is; with the use of precision cameras and
the photogrammbtrlc technigue. However, because of the large number
of stutlons that will be invelved and sincec optlical observatlons
are weéather deperdent, there is considorable merit in thinking in
i terms of accémplishing the densification networks by means of electronic
ranging techniques such as DOPPLER or SECOR. '

Figure 10 indicatcs a proposed concopt for the densification
of Africa employing SECOR. This is not a fixed olon and is prescented
nmerely to indicate o more or less idealistic schemc of breaking down
tho quld:net by mere cleoscly spaced control points. The purpose of
thié densifioation.is-perhaps twofold. First it will provide conncxien ..
to the:independent triangulation datums within a2 continent and, second,
it will provide a goodover-all control for the establishment of future
013331ca1 triamgulation which can be initiated at the various points
with the assurance that there will be a roasonable fit among the:
various txlangulatlon schemes when these are joinced. ' The same concept

would, ofﬂcourse, apply to'any'continenﬁal arofe

There is a lower limit in altitude in which an orbiting satellite
cen bé eipected to stay in orbit for any useful length of time
owingftogatmospheric drag. This limit is probably something of the
order*of;four~or five hundred kilometers. Thus consideration is
boing'gi#en to the use of some sort of flare triangulation in which
camera or theodolitc observations can be made simultaneously from
saparaté&=points on a flare or flashing type of becacon carried by

high-altitude airoraft. This would permit the detcrmination of the
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lengths and directions of relatively short lines which may be requircd

to conmect certain parts of existing control work, particularly in

arcas of high .inaccessibility.

The Congequences

 Out“0f‘all this will come a procise spatial hctwork‘of trianglos,
the corners of which arc poinis on the earth's surfoce whose positions
arc. defined relative to a Cariesian coordinate system in inertial spece.
The origin of this system will approximate tho center of mass of the

earth. -Since theré will be no input of a geophysical nature to the

development of this schems, the product will be of no direct geophysical

significance, nor is it intended to be.

But the ultimatc bencfits to physical geodesy, as a result of
this work, should be of incstimable valuc. For the first time a
geometrically comsistont system of tracking stetions will be placed on
s common world datum. Obsecrvations from thess stations on high-density

rcliatively low—sltitude satellites Will-provido'data of great

- goophysical significanco.  Inasmuch as the carth's center of mass is
Pelated to the mass distribution within it -end thorefore to the-

“gravitational field, it is! logical to expect that obscervations

affected by that gravitatidnal ficld are required to refer the .

pogitions o the eaprth's center of mass and théreforg to a true

world goodetic systom.

‘Morcover for the firsd time dircct measuremeats will have becn
made completely encircling the carth which will permit, in effect,
a direct determination of the size and shape of ihe best fitting

caxrth ¢llipsoid cornsistent with the world network. Heretofors the

parameters of such an cllipscid had o be inferred from many isolated

pieces of classical triangulation networks, relatively sparss surface

gravity measurenonts, and astro-gecdetic leveling uncorrelated on o
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worldwlde basis, although determinations thus madc will likely

brove to be guite accurate.

- At any rate it scems roasonable o cxpect that, in the relatively
ncaxr future, the geodosist will have abproximated, to a degree
heretofore unatiainable, the goal for which he has gtriven over the
centuriesg -~ 2z trulj valid world geodetic system and a precisely defincd
gravitational field of the earth.
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