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Satellite Triangulati<)n in tl1e 
C<)aSt an(i c;e<)detic Sur,rey 

I TRODUCTION 

Objectives and Benefits T With [he advent of the space age, geodesis ts 
gained a valuable new tool: the artificial earth 
satellite . Geometric satellite geodesy, ordi
narily referred to as "sa tellire triangulation," 
offers the first truly universal technique of ac
complishing geodetic datum interconnections and 
establis hing a va lid world geodetic datum. The 
revolutionary importance of satellite triangula
tion i s that a strictly geometric solution pro
vides geodesy, for the first time in history, with 
the means ofcreatinga three-dimensional, world
wide reference system that i s independent of 
both the direction and magnitude of the force of 
gravity. The ultimate objective of the technique 
may be considered as the establishment of all 
points on the physica l surface of the earth in 
terms of a universal three-dimensional coordi
nate system, the origin of which coincides with 
the center of mass of the earth, and one of whose 
axes coincides with the earth' s rotational axis. 

The primary purposes and benefits of satellite 
triangulation are as follows : 

1. To provide a worldwide reference net to 
which a ll geodetic and topographic data can be 
related. Such a reference system would achieve 
economy and permanence in the collection and 
recording of data ~ssential to the development 
of the earth sciences. 

2. To replace the classic, time consuming, long 
arc triangulation methods of determining the 
s ize and s hape of the earth by a more economica l 
and theoretically superior approach. A knowl
edge of accurate earth parameters is necessary 
for the solution of modern geodetic problems 
and for meeting the requirements of modern 
astronomy and space research. 

3. To produce unified, three-dimensiona l ref
erence nets on all accessible land masses, thus 
e liminating the troublesome discontinuities in map 
and survey systems that occur over mos t na
tional frontiers and which seriously hamper de
velopme nt in such areas. 

These continenta 1 satellite triangulation nets 
will provide the necessary control for numerical 
photogrammetric aerial triangulation, executed 
from extremely high- flying aircraft or satel
lites to further intensify the geodetic control 

pattern in local areas in order to provide con
trol density in accordance with specific topo
graphic mapping requirements. The creation of 
such a control pattern will provide the most 
economica l approach to worldwide mapping pro
grams, and at the same time furnish the geo
detic community with a data library for fast
response mapping capabili ty. 

4. To esta blish the necessary geometric fi-
delity for a worldwide system of sa tellite track-
ing stations for the accurate determination of 
satellite orbits , which will provide data ideally 
suited for analyzing gravimetric and related 
geophysical parameters. These parameters, in 
turn, are the necessary prerequis ites for de
termining the position of the center of mass and _L 
the overall shape of the gra vita tiona l field of 
the earth. 

Basic Principles 

The geometrical triangulation of a selected 
number of non-intervisible points on the physica l 
surface of the earth can be accomplished by a 
process of spatial triangulation, using auxiliary 
target points sufficiently elevated above the 
surface of the earth. Artificial satellites that 
can provide light signals visible over long dis 
tances are well suited for this purpose. Because 
of the unavoidable motion of a satellite, precise 
direction measurements can be carried out, at 
present, only by photographing the satellite 
against the s tar background and using the photo
grammetric method as a tool of interpolation. 

The reference system into which the direction 
to a satellite can be interpolated is the right
ascension declination system. This reference 
system is attractive from the geodetic stand
point because one of its axes is by definition 
parallel to the rotation axis of the earth. From 
a quantitative standpoint, a practically unlimited 
number of fixed scars are available as reference 
points. Since the s tars are for all practical pur
poses at infinity, it follows that their direction 
coordinates are insens itive to trans lations, and, 
therefore, cannot be used for any scale deter
mination. 

Satellite triangulation by photogrammetric 
means gives promise of overcoming some of 
the bas ic difficulties encountered in classic 
geodetic triangulation. Foremost is the fact, 



previously mentioned, chal such a criangulacion is 
independent of the direction of gravity, and, there
fore, free of any a priori geophysical hypotheses . 
Because of the exceedingly large dimensions of 
its individual figures, satellite triangu lation en 
compasses the entire ea rth, or parts of it, with 
a relatively s mall number of triangles and, c loses 
its spa tia l triangulation in a ll three dimensions , 
thus providing sufficient geomecrica l strength 
to prevent unfavorable error propagation. 

T he use of the scar background for orienting 
cameras in connection with the triangulation of 
auxiliary target points was applied for the first 
time during the 1930' s by Hoppman and Lohman 
in Germany for trajectory measurements of 
shells and small rockets. 

Professor Vaisala suggested the same prin
ciple in the Sitzungsberichte der Finnischen 
Akademie der Wissenscha{ten, 1946, under the 
title, "An Astronomica I Method of Tria ngula
tion." The reasoning in Vaisala' s paper is that 
two conjugate rays emerging from the end-points 
of a base line define a plane in space whose 
spatia l orientation can be computed from the 
measured direction cosines of the two rays. 
If two s uch planes containing the base line are 
observed, the direction of the base line can be 
computed as the line in which the two planes in
tersect (fig. 1). 

FIGURE 1. 

It is now readily seen that two base lines 
originating from a specific station will form a 
spa tia lly oriented triangle if the two lines under 
cons ideration are intersected with a plane that 
contains neither of the two lines and the orien
ta tion of which is known. As out lined before, 
each direction i s determined from the inter
section of two planes. Consequently, five planes 
are necessary and sufficient for establishing a 
unique solution for a spatia lly oriented triangle 
(fig. 2) . Any one of these planes contains two 
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FIGURE 2. 

A 

FIGURE 3. 

stations and a specific satellite position. Of in
terest is the fact chat three of the five planes 
can be formed with only one satellite position if 
the loca cion of the satelli te is such tha t its sub
point is approximately in the center of the tri
angle, as shown in figure 3. In this case, only 
three satellite positions are necessar y. 

ln actual practice, a redundancy of observa
tions is obtained by observing the satellite at 
many more positions than those shown in figures 
2 and 3. It is desirable to obtain at least three 
planes intersecting along each line of the tri
angle. A satisfactory configuration is depicted 
in figure -1, wher e are shown, one three-station 
event over the center of the triangle, one two
station event approximately over each line, and 
one two- sta cion event outside each line of the tri
angle . ln lieu of the three- station event inside 
the triangle, three two- station observations could 
be substituted a lthough the former configuration 
tends to provide gr eater geometrical strength. 

The configuration of the spatial triangulation 
should preferably satisfy the following geometric 
conditions: first, the line of sight to the satellite 
must be at least 30° above the horizon in order 
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FIG. 4.-0esirable configuration of s ub-satellite positione 
for one triangle. 

to avoid disturbing refraction anomalies, sec
ond, the angle between two of the planes gen
era ting the spatial direction between two s ta
tions s hould be at least 60° in order to provide 
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FIXED REQUIREMENTS 
1. h=OR> 30° 
2. GEOGRAPHIC LAND MASS 

DISTRIBUTION 
3. SLANT RANGE ABOUT 

EQUAL TO DISTANCE 
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suffic ient geometrica 1 s trength for the deter
mination of the three-dimensional station po
s itions, and third, the distance to the sate llite 
should be about equal to the length of the line 
between Stations in order to a void scale degra -
dation. Obviously, these conditions call for as 
much symmetry as possible with regard to the 
locations of the ground stations (fig. S) . 

The feasibility of the practical execution of 
geometric solutions has been proven. The 
Coast and Geodetic Survey, using the balloon 
sa tellites Echo I and Echo II, ha s a lready per
formed satellite triangulation in North America 
over triangles with side lengths of a pproximately 
900 miles. 

DATA ACQUISITION 

The basic problem in acquir ing observational 
data in a geome trical satellite geodesy program 
i s to accurately r ecord time-correlated satel
lite and scar images on photographic plates. 
From these plates the apparent direction to the 
sate llite can be determined for a desired epoch 
in terms of the celestia l right-ascension and 
declina tion system. 

ln the fixed- camera approach, such a s used by 
the Coast and Geodetic Survey, the camera re-
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GEOMETRY TO BE OPTIMIZED 
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FIG. 5. - Satellite triangulation obser vation. 
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FIG. 6.-Wild BC-4 satellite tracking camera. 

mains fixed in orientation during the entire ob
servational period. Accurately timed shutters 
interrupt the star and satellite trails as they 
traverse across the field of view of the camera 
producing a photogrammetric record consisting 
of up to 1,000 stars and 800 satellite images 
across the entire plate. In the geometric ap
proach it is necessary that the shutters which 
produce the satellite images be referenced to a 
time standard that is common to other camera 
systems involved in the s imultaneous observa
tion. 

The BC-4 satellite tracking camera and elec
tronic sync hronization system described in this 
section were bas ically developed at the Aberdeen 
Proving Ground, Ballistic Research Laboratory 
after nearly ten years of research and develop
ment. Both of these component9 were developed 
concurrently to produce a completely integrated 
system specifically designed fo:ri missile track
ing operations. By utilizing a s lower chopping 
rate and eliminating the range- timing circuitry, 
the system was optimized for geodetic applica
tions. Specifications were prepared by the Coast 
and Geodetic Survey prior to June 1961 and 
the first system was delivered in January 1962. 
The system was adapted for field operations by: 
developing a specia l timing system to enable 
widely separated field units to be essentially 
synchronized to ± 50 microseconds, designing 
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mobile shelters for the camera and synchroni
zation system, and developing all necessary 
field observing procedures. 

Equipment 

The BC-4 ballistic camera com bines two well
known precision products: a modified lower part 
of the Wild T-4 astronomical theodolite con
sisting of the massive base and alidade with 
s tandards, and a modified Wild RC-5 aerial 
camera e quipped with the Astrotar lens and a 
modified left-hand trunnion pivot holding a verti
cal circle and s plit-bubble vertical collimation 
level (fig . 6). 

Orientation of the camera in azimuth prior to 
the observations is effected with a field adjust
ment frame by sighting through the principal 
point eyepiece to an azimuth light. Using this 
method, azimuth and elevation settings a r e made 
accurate to about 10 seconds of arc. 

The Astrotar lens ha sa focallengthof 305 m m., 
aperture of 117 mm., and an iri s diaphragm that 
can be stepped down to f. 32. Exposures are 
taken on precis ion glass plates, 215 x 190 x 
6 mm., with a n effective picture size of 180 x 
180 mm., corresponding to a fie ld of view of 
33° x 33°. Stars of magnitude 8 and 9 are easily 
identifiable on the plate, although s tars of mag
nitude 6 or br ighter are preferable because of 
the higher accuracy of the corresponding star
ca talog information. The horizontal axis can be 
leveled with a striding level which has a sensi
tivity of 6 seconds per 2-mm. division. 

FIG. 7.-High precision shutter-drive mechanism. 



ext to the pla ne of the ir is diaphragm, a nd 
located between the lenses, a r e three rota ting 
disks used for c hopping sa tellite trails . Two of 
these coumerr otate a nd cons titu te the high
speed expos ure s hutters, while the third, a s low 
disk is used as a capping disk to limit the ex
posur e r a te (fig. 7) . The disks a re driven by a 
high-precis ion gearing syste m. Constant s peed 
is ma inta ined by a 500 c .p.s . sync hronous motor 
with the drive s igna l supplied by a time - code 
generator, whic h in turn is regulated by a high 
precis ion cr ystal qua rtz oscillator. Through 
reduction gearing, the exposure disks can be ro
ta ted at selected primary rates of 10, 5, or 2.5 
times per second corr esponding to exposur e 
durations of 1/ 60, 1/ 30, and 1/ 15 of a second, r e 
spectively. T he capping disk is synchronized 
with the exposure disks to reduce the exposure 
rate by ratios of 2 or 5 . F urther reduction of 
the exposure rate a nd coding of the satellite 
trail are accomplis hed by the a uxiliary capping 
s hutter mounted in front of the camera le ns . 
Thi s is an iris - type shutter which can be pro
grammed to automatica lly s ubdivide the ex
posure rare by a selected factor. 

The a uxilia r y ca pping shutter is used pri
marily to c hop sta r trails befor e and after the 
satelli te is tracked . This information is used 
to determine the orientation of the camera during 
the entire observational period . A norma l sta r 
trail consists of groups of five images each. 
Different expos ure times are used for each group 
to optimize the image size and quali ty depend
ing upon the star' s magnitude a nd declination. 
For star trail obser vations , the disk shutter s 
a re automatica lly locked in the wide-open posi
tion. 

The e lectronic synchronization system provides 
means for : 

1. determining corrections to the time- code 
generator with respect to a common time stand
ard, 

2. synchronizing the disk shutters with the 
timing pulses from the time- code generator, 

3. pr ogramming camera opera tion on punched 
paper tape a nd controlling both the camera disks 
a nd auxilia r y ca pping shutter, 

4. expos ing the fiducia l marks a nd other cam
er a identifying information, a nd 

5. producing a deta iled record of the observa
tional program on ten channels of the paper re
cording tape (fig. 8) . 

While a satellite is being tracked, synchroni
za tion of the disk- type shutters to the accura tely 
timed r efer ence pulses from the time-code gen
erators i s accomplished in the following manner: 

The desir ed disk-shutter ra te for tracking a 
particula r satellite pass is established e lec
tr onically in the synchronization system by the 
progr ammer -selector switches a nd mechanica lly 
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F IG. 8. -Electronic synchronizat ion system. 

in the camera by the selection of gear blocks. 
Program - timing pulses from the time- code gen
era tor trigger the oscilloscope at the rate es
tablished on the progra mmer unit. This rare 
must correspond with one of the following ex
posur e rates establis hed in the ca mera : l p.p. 2s. 
( 1 pulse per 2 seconds), l p. p. s., l. 25p. p. s., 
2.5p.p.s., or 5p.p.s. The s hutter-gate timing 
pulse, a lso from the time-code generator, is 
displayed on the oscilloscope and establishes 
the acceptable limits between which the midopen 
position of the shutters must occur. Pulses 
from the camera indicating the midopcn posi
tions are a lso displayed on the oscilloscope, a nd 
ca n be adjusted by means of the phase synchro
nizer to fa ll in the center of the gate. A gate 
width of = 100 microseconds from the program -
timing pulse is considered adequate for this pro
gra m, but the gate can be widened or narrowed 
as desired . 

Jitter caused by small mechanical and e lec
tronic dis turbances in the gearing system re
s ults in s light variations in the intervals between 
the pulses from the camera . As long as the 
fast-disk, s hutter-open pulses occur within the 
shutter gate, the system is considered to op
erate in synchroniza tion and all exposures are 
acceptable. When a ny pulse occurs outside the 
s hutter gate, the corresponding e xposure is pos
itive ly identified on the paper recording tape as 
being out of synchronization limits. Any such 
pulse will later be rejected in the data reduc
tion. After prolonged testing, the jitter has been 
fou nd to vary between :t 20 and :': 40 microsec
onds . The amount of jitte r can be monitored on 
the oscilloscope during the observations. 

The use of passive satellites for a spatia l 
tr iangulation progra m imposes rather stringent 
timing requirements. A timing accuracy for the 



midopening of the satellite chopping shutters of 
± 0.15 milliseconds would cause an uncertainty 
of ± 0.25 seconds of arc for a zenith observa
tion of a 1,000-kilometer (621-mile) high satel
lite. When a number of cameras are tracking 
the same portion of the satellite orbit, usually 
termed simultaneous observations, their shutter 
midopening times must be known to a common 
time standard (not necessarily with r espect to 
sta ndard time) in order to represent homoge
neous raw data for the triangulation. 

Due to the finite time required for light to 
travel from the satellite to each camera, the 
image recorded on each photographic pla te does 
not coincide with the corresponding satellite 
position in space . For each 300-kilometer dif
ference in s lant range from the satellite to each 
camera, there is a l millisecond difference in 
the image timing. This is accounted for in the 
data-reduction programs by correcting the mid
open shutter times. For this reason, it is of no 
practical value to attempt to have the shutter 
mid-openings of all cameras exactly synchro
nized, or even to attempt to offset the local time 
standards by the anticipated traveltime of light 
to each station. The important consideration is to 
know accurately the corrections that must be 
applied to the shutter midope n times to refer 
them to a common time base. After applying 
the necessary corrections to the satellite image 
measurements, time-correlated, least square 
fitted polynominals are computed based on ap
proximately 600 images from each plate. If 
this operation is conducted at various stations 
for the same specific time, the corresponding 
fictitious observations are synchronic. 

FlG. 9. -Portable crystal clock. 
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In the Coast and Geodetic Survey tracking 
system, relative timing of the chopping shutters 
is essentially maintained to within ± 150 micro
seconds, which, practically speaking, eliminates 
the time error. The timing concept can be con
sidered in three phases: (1) initial setting of 
the loca l time standard (station clock) of each 
camera station with respect to the common 
time standard (master clock), (2) determination 
of the daily drift rate of the station clock with 
respect to the master clock, and (3) determina
tion of the relationship between the station clock 
and the shutter midopen times (jitter). 

(1) The master c lock presently used as a 
com mon time standard is a highly stable, quartz 
crystal oscillator maintained by the National Bu
reau of Standards at Beltsville, Md. This oscil
lator has a frequency stability of a few parts in 
10- 11 and is maintained to within -149.5 X 10-10 

and + 150.5 x 10- 10 of the nominal frequency of 
cesium. 

A portable crystal clock (fig. 9) is used to 
transport time from the master clock to set each 
of the station c locks. The portable clock is 
equipped with a stable oscillator having a fre
quency stability of better than ± l x 10-10 and a 
frequency drift rare of less than l x 10- 10 • To 
provide a c heck on the performance of this clock 
during a field trip, it is first synchronized to the 
master clock and checked immediately after re
turn from each field trip. Experience has shown 
that the portable clock will normally have an un
certainty of less than ± 10 microseconds after a 
five day field trip. It is not unreasonable, there
fore, to expect that the station clocks can be set 
to within ± 10 microseconds of the master clock. 

(2) Each station clock is equipped with a time
code generator deriving 100-kilocycle-per-sec
ond frequency from a precise crystal oscillator 
having the same specifications as the portable 
clock. The performance of the oscillator and 
corresponding rime corrections could conceiva
bly be calculated from results of daily or weekly 
repeat trips of the portable clock, if this were 
practical, from a cost and logistic viewpoint. 

The major disadvantage of very low frequency 
(VLF) for rime pulse determinations i s the in
herent s low rise rime of the VLF pulse, a dif
ficulty which is overcome by the use of the port
able clock. However, the use of VLF transmis
sions provides a practical and accurate method 
for determining day-to-day time varia tions. A 
VLF phase comparator is used to constantly 
compare the oscillator frequency with one of 
several available VLF carrier frequencies. ln 
practice, two VLF phase comparators, timed to 
different frequencies, are employed for checking 
timing results and to provide a continuous record 
in the event reception from one sta tion is inter
rupted. The phase of the VLF carrier waves is 
highly stable a nd, in spite of a diurnal variation 



of about 40 microseconds, it will, after e:lch 24-
hour period, return to the same value within 
about 2 microseconds. 

(3) As outlined in the description of the equip
ment, the disk shutters used for satellite trail 
chopping can be synchronized to function with
i~. ± 100 microseconds of the r eference pulse 
(Jitter) from the time -code generator. These 
r eference pulses are s ubject to the same time 
correction a s the station clock. 

Thus, the uncertanties in the timing are: ± 10 
microseconds in the initia l setting of the station 
clock, ± 40 micr oseconds of accumula ted uncer 
tainties in the day- to- day records, and ± 100 
microseconds in the jitter of the s hutter. There
fore, the total uncertainties are better than ± 150 
microseconds. Periodic fie ld trips are made with 
the portable clock to insure that these riming ac
curacies are maintained . 

It s hould be noted that for star-trail observa
tions, timing r equirements are less demanding. 
For this purpose it is necessary to know shutter 
times to about ± 0.05 second with respect to uni
versal time . This is accomplished with time s ig
nals received from Sta tion WWV, Beltsville, Md. 
In practice, the portable clock i s actually synchro
nized to the oscillator used to generate the time 
s ignals . Therefore, the camera stations are, i n 
effect, using the pretransmitted time signals 
of Station WWV as the common time refer ence . 
For star trails, times are corrected to appro
priate universal time. 

To protect the camera, pedestal, and pier 
from the effects of the wind during the observa
tions , and from the heat of the sun during the 
day, an astrodome shown in figure 10 was spe
cially designed and manufactured . Anticipa ted 
night temperature i s maintained during the day 
by an external air- conditioner unit, thereby re
ducing the undesirable effects of therma l ex
pans ion in the camera and pedestal. In addition, 
a dehumidified unit protects the camera from the 
corrosive effects of high humidity. 

The astrodome is 6 feet 6 inc hes in diame ter 
has a rota table top, a nd weighs only 310 pounds'. 
Inside the a strodome, the base of the camera 
i s secured (but not constrained) to a specially 
designed pedestal which attaches to a concrete 
pier a t ground level. The pier extends into the 
ground several feet depending upon the type of 
soil encounte red. The a strodome floor provides 
complete isola tion for the camera support. 
. The pedestal, to be both stable and portable, 
is made of 0.4- inc h thick al uminum tubing, l foot 
in diameter, and is about 2.5 feet i n height. T he 
top and bottom plates are attached with a specia l 
no- s tress weld. When the camera station has 
been set up, the pedestal i s completely filled 
with wa ter (or with a mixture containing anti
freeze) which not only acts to r esist te mperature 
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F IG. 10.-Asrrodome 

changes in the pedestal during the period of the 
observations, bur adds mass to the system to 
dampen any external shocks and vibra tions. 

During the observations, the camer a is re
mote ly operated by the synchronization system 
located some distance away in the electronic 
equipment shelter (shown on the right in fig. 11). 
To reduce the possibility of disturbance, ob
servers do nor remain in the vicinity of the 
camera . during the observational period. Any 
change m ca mera orie ntation during the observa
tio~s, i~ detected when the results of the pre
cahbra tion and postcalibrarion star patterns are 
compared during the data reduction. 

A . highly mobile s helter was designed pri 
marily to house the e lectronic synchronization 
system. Space has been a lso provided for a 
darkroom, electronic repairs, office, and stor
age. This unit, 12 feet long, 7 feet wide, and 7 
feet high, is capa ble of being lifted by crane or 
he~icopter ; transported by cargo aircraft, ship, 
railroad ca r, or flatbed truck; and towed by truck 
using a specia l mobili ty transporter which is 
attached to the s he lter (fig. 12). 

Field Operations 

Reconnaissance of the tracking site is ac
complished in advance of the fie ld work. An 
ideal s ite for sa tellite tracking i s an elevated 



area, preferably a hilltop, to provide unob
structed visibility around the local horizon (0° 
elevation angle) and to minimize refraction anom
alies. The s ite should be close to electric pow
er, communication facilities, airport, and local 
roads; and reasonably near accommodations if 
local transportation is not readily available. In 
practice, the selection of the best site is based 
first on satisfying the visibility constraint with 
no obstructions above 15° (elevation angle), and 
then on balancing the remaining factors, weigh
ing the efficiency of station operation with econ
omy of establishing the station and maintaining 
operations, and s till being practical in consid
ering the living conditions of the observing team. 

Orbital predictions for the Echo I and II sate l
lites are furnished weekly by the Goddard Space 
Flight Center, Greenbelt, Md. These predic 
tions contain look-angle data for each camera 
station in terms of azimuths from north, ele
vation angles, slant ranges, and orbital heights 
at 1 minute intervals during the period the satel
lite is above the local horizon. The best time 
for observing a ll possible s imultaneous two- and 
three-station observations is selected taking in
to account optimum geometric considerations . 

-

FIG. 12.-Tracking station equipment enroute to ne w site. 

Graphic plots are made of the satellite pass 
in order to determine the relative angular ve
locity of the satellite from each ca mera station. 
This allows a determination of the length of time 
the satellite will remain within the field of view 
of the BC- 4 camera in order to program the 
proper image interval to obtain about 800 satel
lite images across the entire plate, and the sched
uled time of observations. 

----------'-J.-~. 
ISM .. Jll(JJ•~ta 
tlltt•Cl•A: .... t 

SIITTUITE TRlllllGUUITION PROGf!AN 
llltUITI fllDIS .. , a 

FIG. 11.-Equipment on s tation. 
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FIG. 13. -Negacive of scarplate. 

To facilitate the transmission of pertinent ob
servational data to the field, a specia l 54-digi t 
coded format consisting of 9 six-digit words is 
used. To detect possible typographical errors 
during trans mission, the sixth digit of each word 
i s a check-digit which provides a c heck on the 
validity of the first five digits . In addition, the 
ninth word provides a cross check on the entire 
message. Experience during the past year has 
indicated that approximately half of the obser
vations scheduled are successfully obtained. Ad
verse weather conditions are responsi ble for 
practically all the unsuccessful observations. 

The results of the field observations are trans
mitted by teletype, as soon as possible, to the 
Bureau Headquarters in order that preliminary 
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plots of successful simultaneous observations 
can be made. 

Quality Contro l 

ln contrast to geodetic triangula tion, where the 
quality of the field work can be estimated in the 
field by investigating triangle closures and side 
checks, satellite triangulation is dependent upon 
strict compliance with detailed proven field pro
cedures. Field inspection of photographic plates 
can judge only the quality of the star and satel
lite imagery, the quality of the plate develop
ment procedure, and check the prescribed shut
ter format programming (fig. 13). Small bias 
errors cannot be detected in the field . Periodic 
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quality control inspections of the field operations 
by experienced personnel is an important part 
of the operational plan. 

At the Bur eau Headquarters, a ll field r ecords 
are critica lly inspected . The plates are ca r e
fully checked for good imagery, proper adherence 
to scheduled formats, a nd overall quality; and, 
finally reevaluated on a comparator for actua l 
measur ing quality of all images. 

REDUCTION OF DATA 

Data reduction begins with the photogra phic 
plate a nd s hutter timing r ecords as they are 
received from the field. While the sequence of 
operations is a r ranged for max.imum e fficiency, 
the solution of the basic tria ngulation proble m 
consists of three principal tasks : 

( 1) to determine the interna 1 calibration and 
the exter na l angular orientation of the camera 
for each photograph through the measurement of 
plate image coordinates of nume rous stars of 
known position, 

(2) to, in effect, compress many satellite 
images into the plate coordinates of a s ingle fic
titious satelli te image, and 

(3) to adjust a network of satellite observa tions 
invol\ling several fixed ca mera orientations a t 
each of several camera s tations, in such a way 
that the individual camera s tation positions are 
determined by minimizing the s um of the squa r es 
of the plate coordinate r esid uals of the cor
responding satellite images. 

The reduction of sa tellite cameta data r e
quires a meticulous pla te measuring procedure 
and a number of e lectronic computer programs. 
This portion of the work will be discussed in 
the operational sequence of data r eduction whic h 
is divided into three principle phases: 

1. pr eliminary evaluation and computations , 
2. plate measurement a nd accuracy evaluation, 

and 
3. geometric reduction of data . 

Figure 14 is a diagram s howing the phases 
a nd alphabetically arranged steps within each 
phase. 

Preliminary Eva luation and Computations 

Prior to data reduction, the photographic 
plates and timing records are logged in, checked 
for quality, freedom from c loud coverage, and 
simultaneity of satellite observation from two 
or more camera sites . The s uccessful events 
(satellite passages simultaneous ly recorded from 
at least two camera s tations) are plotted on a 
map diagram a long with the camera station lo
cations a nd the altitude a ngles between came r a 
baselines and satellites. This graphic worksheet 
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i s used to select, from a plethora of events, 
those whic h provide the most ideal geometr ic 
configuration. as gqr'Pred i n:=rtre:im:mdnctilw©In 
addition, with the a id of star charts, ~ seven 
prominent s tars are identified on each selected 
plate for later use in determining the approxi
mate orientation of the camera, after their plate 
image coordinates have been measured. ~ 

Data reduction begins with a computer progra~\V 
referred to as Star Cata log Look-up (Step A) 
which i s used to sear ch the star cata log for the 
r ight ascension and declination of the s ix or 
seven s tars and to prepare punched card output 
of the ca talog data needed for updating the cat-
a log pos itions of these s tars to the time of 
observation. 

A Star Reduction program (Step B) is then 
used to apply the star cata log data to update the 
catalog values of right ascension a nd dec lination 
and to apply corrections for atmospheric re
fraction cons idering the specific zenith distances, 
diurnal abberation, temperature and atmospheric 
pressure at the camera s tation. The card output 
of this program is then set aside awaiting meas
urement of pla te coordinates of these s ix or 
seven sta r s which are required for the prelimi-
nary camera orientation (Step H). 

The com
parators used presently by the Coast and Geo
detic Survey feature 9- by 9-inch measuring 
s tages which are manufactured with s uch pre
cision that a measuring accuracy of approximately 
one micron is attainable with only linear mathe
matical compensation for differential measuring 
screw length and coordinate axis perpendicularity. 

FIG. 15.-Monocular comparator and readout. 



FIG. 16. - Sce reocomparator and readout. 

Th~se comparators are e quipped with high qua li ty 
o~nca~ sys tems for direct binocular viewing 
with linear magnifications up to 40 times plate 
scale . A choice of 1 ecicles ia 15ossible co euabit 
Ltie most pfetlSE diid siai;;; XrQQ f38intings d'n 
stt!r a1ie :5atellire i magps. The comparators are 
op e rated in e nvironment-controlled roo m s 
equipped with air filtration temperature control 

0 ' 
( ± ~ centigrade), and relative humidity control 
( ~ 5 percent). 

A s tandard error of coordina te mea s urement 
within the range of 0 . 7 a nd 1.3 microns i s 
ma intained for a ll comparators through frequent 
mea s u.rement of a preci sely calibrated gr id 
plate 111 eac h of the four primary r otational ori
e ntations by three differe nt operator s . These 
twelve sets of mea sure me nts are separa tely 
r educed a llowing corrections only for linear 
differ e ntial meas uring screw le ngth a nd non
pe rpendicularity of coordinate a xes . The elec
tronic computer program used for this r eduction 
also makes a leas t s quares fit of the corrected 
plate measur ements of the 25 grid inte r section 
points to the true or calibrated gr id values a nd 
determine s the r esidual s tanda rd e rror of co
ordinate meas ureme nt. 

The comparators are equipped with electronic 
r eadout s ys tems with t y p e w r i t er and ~ 
pancl:eii card m; paper tape outpurt . The output 
record consists of a point identifica tion number 
whic h is assigned by the comparator oper a tor'. 
and the. r_ectangula r plate coor dinates (x,y) of 
each po111trng to the nearest micron. 

Plate Measurement and Accuracy Eva luation 

Returning to the sequence of data r eduction, 
the second phase, plate mea surement and ac
curacy eval uation, will now be described. The 
meas urement of a satellite camera pla te (Step 
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C) involves the determina tion of a cohe r ent set 
of pla te coordinates for five image s of each of 
approxima te ly VS' s tars recorded on the pla te 
before sa tellite passage; for five images o f each 
of approxima tely 'IS s tars r ecorded afte r satel-
lite passage; for appr oximately f'oo sa tellite 
images in the center of the satelli te trail· and '.3 
for three sets of e ight drilled holes mea~ured 
ever y two hours during the plate measur ing 
process. J ln addition, a complete r e peti tion of 
the a bove measure me nts is required with the 
photographic plate rotated approximately 180° 
from the fir s t position in or de r to reduce the 
r esidua l bia s betwee n s tar and sa telli te image 
paintings. ThiS _Jj.~~nts to a tota l of over~ J.St>O 
mea s ure ments ~coordina tes) that are ob-
tained for each sate llite camer a pla te . The 
la rge numbe r of plate measurements is r equired 
not only for s tatis tica l reasons , but is necessa r y 
to obtain the optimum possible a ss urance with 
r egar d to the a bsence of bias error s. 

Appr oximate ly U man-hours are r e quir ed to 
complete the mea s urement of each pla te. A set 
of e ight drilled r eference holes are made in the 
plate e muls ion a t the four corners and the mid
points of the four s ides so that a continuous 
check can be made on the pos ition and orientation 
of the photographic pla re throughout this '~- hour 
period, and in order that the plate ca n be r emoved 
to enable s hift work on the comparators . When 
prope rly executed, the edge s harpness of this 
type of ma r k makes i t a n excelle nt target for 
optical poi!l_t~1g . 

The J.Q8~tars selected from those recorded 
on the plate before and after t he sa tellite passage 
need not be the same s ta r s . However, they are 
carefully c hosen for unifor m dis tribution through
out the useful portion of the pla te with a higher 
den.s ity in the vicinity of the sate llite image 
trail. Each s tar trail cons ists of five separate 
images which are mea s ured to minimize pointing 
a nd photographic e muls ion incons i s tencies. The 
approximately t/OO mea s ured satellite images a r e 
dis tr i buted along about 12 c m. of the central 
portion of the trail. 

Sequential Steps D through G a s s hown in F ig
ure 14 may be cons ider ed part of P ha se II of 
data r eduction beca use, thr ough the tra ns for
mation, a nalys is a nd r e jection of image mea s 
ureme nts, these s teps r esult in the final set of 
pla te image coordinates used in the spatia l tri~ ./f':\ 
a ngulation. ~ 

The comparator measur ements are processed 
with a computer program r efe rred to a s the 
Comparator Reduction (Step 0 ). This program 
tr a nsform s the raw comparator coordinates of 
all points to a coordina te system having its 
origin near the plate center a nd one of its 
coordinate axes passing through two of the four 
corner drilled hole s . The program a lso a pplies 



corrections to these raw compa rator coordinates 
for linea r , systematic comparator e rrors s uch 
as differential meas ur ing screw length a nd non
per pendic ula r ity of coor dinate measur ing axes. 
This program may a lso be instructed to apply 
predetermined camera ca libration cons tants for 
the compensation of lens dis tortion a nd a trans
lation of coor dinates to a system having the 
principal point of the pla te as its origin. 

T he next s tep (Step E), referr ed to as Patching , 
consis ts o f tra nsformation of ea ch 2-hour set of 
measur e ments of the e ight dr illed holes into a 
single cohe r ent set. T he r e jection limit for a 
2- hour set of mea s urements is set at a mea n 
coordina te deviation of 0 .6 micron be tween t hat 
individual set a nd the mean coordinate va lues 
derived from a ll sets of measurements . At 
the same time a ll sta r and sate llite mea s ure
ments are a lso transformed a long with the a s 
socia ted drilled hole meas urements . Thi s com 
puter progr a m completes the r efine ment of image 
coordina tes in the first position and in the 180° 
rota ted pos ition separately. 

The next s tep (Step F ), the Matching progra m, 
combines the refined coordina tes of the zero and 
180° r ota ted sets of sra r image mea s urements 
into a s ingle bias- free set by making a "best 
fit" and further refini ng the image coordinate 
values by computing the mean coordinate for 
each image afte r the best fi t trans forma tion. 
T he s tanda r d deviation of the individual coor di
nates fro m the mean is computed as a measur e 
of the precis ion of the measuring a nd Patching 
procedure. If the s tandard coordinate devia tion 
is grea ter than 1.5 microns , the entire set of 
s tar measureme nts is rejected . 

Rotat ion and T r ans l.a.lion (Step G) is the tr eat
ment of the satellite images in the zero and 180° 
rotated pos i tions with the sa me transformations 
given the s tar i mages by the Matching program. 
As before, a s ingle set of mean ima ge coordina res 
is computed for use in the next phase of data 
reduction a nd a s tandard coordinate devia tion is 
computed to s how the magnitude of operator bia s 
between s ta r a nd sa te lli te image pointings, to
gether with the standard error of a s ingle satel
lite pointing . This value is used to determine 
the probable freedom from. r esidua l pointing 
bias a nd the ability of the comparator operator 
to minimize his pointing bias. 

Geometric Reduction of Data 

The thir d pha se of data reduction, the geo
metric s olution of the triangulation proble m, be
gins with Prel i m inary Cam era Orientation (Step 
H). T his program requires as input, the astro
nomical da ta for the~ 7 pr e-identified s ta r s 
and their ref ined pla te coordinates obtained fr om 
the Matching program (Step F). Close approxi 
mations of the camera orientation parameter s, 

13 

r eferenced to a loca l coordinate s ys te m, are 
computed by this program . 

The next step (Step J), refe r red to a s Star 
I dentification, computes the approximate r ight 
ascens ion a nd declination of a ll s ta r s measured 
on the pla te us ing the approximate camera or ien
ta tion parameters from Step H and the refined 
plate coordinates of a ll s tars from Step F . 

With the a pproxima te right ascensions and 
declinations of a ll meas ured s tars now known, 
the Star Catalog Look-up is used aga in in Step K, 
jus t a s it wa s in Step /\, for the identification 
of a ll s tars . In step L Star Reduction is per
formed for a ll measured sta r s jus t as it wa_s ) 
done for the pre- identified s tars in Step B.;..J_ 

T he next problem, Sing le Camera Orientation 
(Step M), is to de termine the fina l orientation of 
the camera using a ll measured s ta r image co
ordinates and their updated, r efrac tion corrected, 
star ca ta log values . T he solution of this prob
lem i s a n i te ra tive computational process and 
involves the rejection of points having excessively 
large dis parities between their measured plate 
coordinates and those computed from the given 
cata log coordina te va lues such a s would occur if 
a s tar were mis identifi ed or a compar a tor point
ing number was incorrectly des ignated. After 
r e jection of information effected by gross e r rors 
or r e lated to double s tars, the data i s processed 
three more times in a single compute r run. The 
firs t set of data inc ludes a ll of the stars, the • 
second only the pr e-event stars a nd the third only \.,f'~ 
the pos t- event s tars . The pre a nd pos t res ults (YI 
are used to com pute c r i teria which assur e that 
the camera orientation did not change during 
the observation pe r iod. T he Single Camera 
Orientation solution computes not onl y the extern-
a l angular orie ntation of the camera but a lso 
the camera principa l dis tance, the coordina tes 
of the principal point and radia l lens di stortion 
para meter s . 

T he Single Ca mera Orientation w en fitting • 
appr2_Xj,ulate ly ~star i mages <• pre- event J .,r,..,~ 
and p post-event) to the cata log positions, pres-
ently ha s a typical s tandard plate coordinate 
e r ror of less tha n 2.5 microns . Relative weights 
for plate a nd catalog positions are introduced 
i n the solution. T he s tandard errorofthe catalog 
positions is assumed to be about +0 .4 micron 
a t plate sca le. A mean plate coordinate error 
of 2.5 microns for approximate ly J4 star s 
causes the direction of an individual ray to be 
effected with a standard e rror fro m a minimum 
of ±0.3 second of arc at the center of the plate 
to a ma ximum of ±0 .5 second at a point 6 cm. 
from the plate cente r . 

The next step (Step N), cons ists of a coordinate 
trans formation pr ogram to convert the approxi
ma te ly known geodetic e llipsoidal coordinates 
of camera s tations to cartesia n coor dinates in a 
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c hosen r efe r ence system. Next, the Sate llite 
Inter section progra m uses the single ca mera 
orienta tions obtained in Step M for two or three 
ca meras s imu lta neously obser ving the sa me event 
a nd the approxima te ly 600 a ssociated sa te llite 
image coordinates from Step G, to obtain a 
prelimina r y pos ition and s lant ranges for each 
satellite ima ge. 

The s lant ranges a nd satelli te positions are 
used in Sate lli te Reduction, (Step P ) of F igure 14, 
to correct each satellite pla te image pos ition 
for lens dis tortion, diurnal a be r ration, a tmos
phe r ic r efraction, difference in light travel time 
fr om the sa t e 11 it e to the di ffer ent camera 
s tations and the displacement of the sa tellite 
image because of the phase angle at the satellite 
between the sun and obser ving s tation. 

These r efined satellite image coordinates are 
then s ubmitted to a lea s t s qua r es Curve Fitting 
pr ogram (Step Q), whic h successively fits curves 
of 5th through 7th order polynomials to the 
ima ge coor dinates using a power series with 
respect to time to smooth random error s of the 
sate llite imagery which originate from the mea s
ur ing process, emuls ion shifts and the atoms
pher ic shimme r effect . The corresponding 
residua ls , both along and across the satellite 
trail, a r e separately plotte d with respect to 
time for vis ual ana lysis of the curve fit a nd 
randomnes s of the r esiduals . T he residua ls 
are also plotted as a his togram and compared 
with the corresponding nor mal dis tr ibution curve. 

Numerous results fr om these curve fits have 
been obta ined which show a typical standard de
viation of 2.5 to 3.0 microns for a s ingle satellite 
image. Making a llowa nce for a standard devia
tion of 1.5 microns for measurements of image 
coordinates, a contr ibution of 2.5 microns or 
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about 1.5 seconds of arc results from the shim 
mer effect. This result is in agr eement with 
ndependent studies of this phenomenon. 

In the next step (Step R) , a Fictitious Point 
is computed for the sate lli te on each plate of 
an event. This together with curve fitting (Step 
Q), is a data compr ession process whereby the 
coordinate measureme nts of approxima tely 600 
sa te llite images a r e combined into a s ingle fic ti 
tious image near the center of each plate. Cor
r ections for the difference in light travel time 
to the differ ent ca mera stations and time cor 
r ections for lack of synchr onization of ca mer a 
sta tion· oscillators are applied to the coordinates 
of the fictitious point a t this time . This completes 
the refine ment of satellite imagery . 

The s tandard deviation of a computed fic
titious sate llite position i s less tha n ±0.2 micron 
a t the cente r of the pla te whic h cor responds, 
with a foca l length of 300 mm., to ±0.1 second 
of a r c . When combined wi th the aforementione d 
standard deviation of the or ientation at the center 
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of the plate, whic h is about ±0. 2" to ±0. 3", the 
accuracy of the fina l dir ection to the satellite 
should be about ±0. 3". In practice, one must 
be aware of the possibili ty that some insuffi
ciently resolved bias error s may s till exist. 
The most c r itical bias er r or is the one whic h 
affects the coordina te measurements between 
star a nd satellite images . Automation of th~e 
image measur ing process by elec tronic image 
sens ing may be helpful. 

The next and fina l s tep in sate llite data r e
duc tion i s the Multi - station Program (Ste p S) 
wher ein a s many ca mera s tations a nd events 
as are geometr ically coupled ar e tr eated with a 
lea s t squares adjus tment in accordance with any 
assigned relative weighting a mong the input da ta . 
T he approximate e llipsoidal coordina tes of a ll 
camera stations, the final camera orie ntation 
par ameters from Step M and the fictitious satel
lite image coordina tes for each pla te from Step R 
constitute the pr imary input data for the adjust
ment. 

The scale of the satellite tria ngulation must 
be obtained from externa l sour ces. Scale can 
be applied by enforcing the di s ta nce between two 
stations . It can also be applied by introducing 
the coordinates of rwo or more ground stations 
with a ppropr iate weights. The output infor mation 
provides among other data : the adjusted coor
dinates of the ground s tations in both the car
tesian a nd ellipsoida l syste ms and, for previ 
ous ly unknown s ta tions, the standard errors, 
the residuals of the individual pla te measure
me nts; the s ta ndard error of the plate measure
me nts and the sta ndard error of unit we ight for 
the problem under consideration. 

THE COAST AND GEODETIC SURVE Y 
SATE LLITE TRIANGULATION PROGRAM 

Resu lts Obtained on Firs t Triang le 

The Coast and Geodetic Survey' s satellite 
triangulation program commenced on a n opera
tional basis in Augus t 1963, when three fie ld 
parties began observations a t Abe rdeen Proving 
Ground, Md. ; Chandler Air Force Station, Minn.; 
and Greenville Air Force Base, Miss. These 
stations for m a triangle that aver ages a bout 
1,500 kilometers on a s ide. In or der to ena ble 
a c r itical a nalysis of the results , each camera 
station was tied into the Coas t a nd Geodetic 
Survey' s first- order tr iangulation net . 

Observations were made on the Echo I satel
lite , which ranged in altitude from _ 1,300 to 
1, 900 kilometers. Dur ing the 52-day period 
from Augus t 13, 1963, to October 3, 1963 , 103 
s imultaneous observations were possible, of which 
73 were three-station and 30 wer e two-station 
events. No scheduled event was lost because of 



instrument breakdown or human error. Sixty
six, roughly two- thirds of the possible events, 
could not be observed because of unfavorable 
weather conditions . Of the remaining 37 missions 
shown in figure 17, nine were perfect s imultaneous 
observations from all three stations, 17 events 
were perfect s imultaneous observations from 
two s tations , and 11 events were usable but not 
quite perfect (i. e ., haze or clouds obscured a 
sma ll part of the satellite or s tar trail on one 
plate of each event). 

Six events were used for a preliminary adjust
me nt of the satellite triangula tion. Two of these 
events (No. 68 and No. 106) are three-station 
observations , while the other four events are 
two- station observations. The loca tions of the 
s ix sa te llite subpoints are s hown in figure 18. 
In order to perform a comple te error ana lysis 
different adjustments were computed, using vari
ous combinations of we ights on the independently 
given geodetic coordinates and distance con
s traints . 

Of the various adjustments performed on the 
Maryland-Minnesota-Mississippi triangle , two 
examples of particular interes t will be presented 
here (figs . 19 and 20). 

• SH..S. .. li .. , e;.1 
IOI 1 ........... ~., 
-O....Ot.1 

- ... "" ... °"' 

(2) Chandler A.F. S. ~I 
Minnesota 

(3) Greenville 
Mississippi 

(I) Aberdeen Provino 
Ground, Maryland 

-J 
112 

FIG. 18. - Events used in the preliminary adjustments of the 
Maryl and-Minnesota- M i ssissippi triangle. 

In the first problem, the Mar yland station 
coordinates were held fixed by the application of 
large weights, while the Minnesota a nd Missis
sippi sta tion coordinates were assigned zero 
weights. Scale was determined by applying a 
distance constraint to the Maryland- Minnesota 
line . In other words, the distance between these 
two sta tions, a s derived from the c lassic trian
gulation, was held fixed by assigning a sufficiently 

-
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FIG. 17.-Succcssful observacions from 1.500 kilomecer tcsc n 1anglc . 
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Preble• #1 Preble• #2 

large weight. The results of this adjustment 
are given in a table , figure 19. The distribution 
of the corresponding plate residuals are shown 
in a table, figure 20. 

The lack of constraints on the geodetic coordi
nates of the Minnesota a nd Mississippi s tations 
permitted a free adjustment of the photogram
metric measurements. The standard error of 
unit weight of the plate measure ments after ad
justment is ± 0.3 micron. Thi s value is a meas
ure of the precision, or internal consistency, 
of the photogrammetric procedure. It should 
not, at this point, be interpreted as representing 
the abso lute accuracy of the phorogrammetric 
system. Undetected systematic errors could 
bias the results without affecting the internal 
precision. The results of numerous adjustments 
indicate, however, that the absolute accuracy of 
the photographic measurements is better than 
±0.6 micron or better than l part in 500,000. 
Out whether or not the theoretically obtainable 
accuracy of ±0.2 to ±0.3 micron has already 
been obtained r e mains to be verified with the 
adjustment of additional missions. 

satellite 
I 

~x ~Y ~x ~1 
Station ( llllcrona) (•lcrona) (micr ons) (•lcrona) 

ll Maryland - 0 .ll -0 .ll 

Klululppl - 0 .08 -0. 17 

41 Maryland -0.0I+ -0.08 

MiMesota -0. 10 ..() . ()() 

68 Mar7land +0 .03 -0 .08 

K1s11sa1pp1 +0 .08 -0.03 

97 Maryland +0 .13 -0.13 

M1nn11ota +0.15 -0.15 

106 Maryland -0 . 11 ..().06 

K.1.nne1ota -0.05 +0.10 

Klululppl +0.00 +0.01 

112 Maryland +0 .09 +0 .os 

Klulsalppl +0 .02 -0 .ll 

FIGURE 20. 

PROBLEM 1 

STATION WEIGHTS CORREX:TIONS 
(Meters ) 

s ·rANDARD ERRORS 
(Meters) 

1. 

2 . 

3 . 

(I) >. H !IX AV 

Maryland 102° l Oao l Oao 0 0 

Minnesota 0 0 0 - 8 . lt - 0 .7 

Mississippi I') 0 0 +0 . 1 - 2 . 6 

Std . error of plat e measurements = ! 0 .27 µ 

Std. error of unit weight f or problem = 0 .27 µ 

llz 

0 

-19 .7 

+30 .7 

PROBLE)ol 2 

STATION WEIGHTS CORRmTIONS 
(Meters ) 

Cl> >. H AX t\V AZ 

1. Maryland lOao 102° lOa o 0 0 0 

2 . Minnesota . 25 · 10-
10 

. 25 · 10-
10 

. 25 · 10-
13 

- It . It +0 .8 -2 . lt 

3 , Mississippi . 25 · 10-
lo 

. 25 · 10-
1 0 

. 25 ·10 
_ 13 

- 0 . 5 - 3 . 5 +5 .9 

Std . error of plate measurements = .:t 0 .61 µ 

Std . error of unit wei ght f or problem = .:t 0 .79 µ 

eix AV f\ 7. 

0 0 0 

!Lit !l.O !6 .3 

!l.9 !) . 5 !) . 9 

STANDARD ERRORS 
(Meters ) 

l'IX f;V LIZ 

0 0 0 

!3 .It !) .2 ! lt .6 

!) .2 !) . 5 ;tlt .4 

-0.03 .0.03 

- 0 .02 -o.OI+ 

+0 .00 +0.02 

+0.02 +0 .00 

-0.26 -0 .70 

-0.75 -0. 23 

-0.09 - 0 .09 

- 0 . 10 ..().10 

-0.88 -0.62 

-0 .23 +0.68 

-0 .29 +0 . 59 

+0.78 +0.1+4 

+0.14 -1 .02 

Distance 1-2 
constrained_7 
with wt . =10 

No distan::e 
constraint s 

FIG. 19.-Events used in the preliminary adjustme nts of the Maryland-Minnesota -Mississippi triangle . 
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The corrections to the X , Y, and Z coordinates 
of the Minnesota and Mississippi stations, as 
well as their respective s tandard error s are 
given in f igure 19. The X a nd Y corrections are 
rela tively sma ll; however, unusua lly large cor
r ections are obtained for the Z coordina res : - 19 . 7 
meter s a t Minnesota and +30.7 meters at Missis 
sippi. (The corrections are roughly in the di
rection of the ellipsoida l heights of the stations .) 
The large Z corrections could partia lly be ex
plained by some uncerta inties of the geoid un
dulations and orientation of the North America n 
1927 Datum . Based on present experience, a ny 
combination of these uncertainties could scarce
ly account for more than 15 meters. Eithe r 
some undetected systematic error still exis ts 
in the satellite tria.1gulation; or, more likely, 
this result i .s caused by the relatively poor ge
ometry, in a vertical sense, in the determination 
of the Minnesota- Mississippi line, because no 
events wes t of thi s line have been observed. At 
any rate, a complete reconcilia tion of the satel 
lite tr iangulation results and the geodetic infor -

I 
l . ~ i' .. \ 

' ~ ft'"' '' ---r<" __,. 

I ~ \ ~ ·s:: 

f---, -i I ., 
"( T--

.L!.. 

_____ , __ 
.--

mation is not possible at this time. With the 
incorporation of more missions into the adjust
ment and extension of the satellite tria ngulation 
over the entire United States a nd Canada, valid 
conc lusions on these questions can be expected . 

As the X a nd Y coordina tes correspond suf
ficiently closely to horizontal coordinates, the 
standard errors of the X and Y corrections, 
ranging from .t 1 meter to ::: 3. 5 meters, indicate 
an accuracy of about 1 part in 750,000 for the 
determ ination of the horizontal positions. The 
Z coordinates a r e s lightly weaker (their standard 
e r rors are on the order of +4 to t 6 meters) 
caused, in this exa mple, by the particular ge
ometry. Furthe r mor e, no events west of the 
Minnesota-Mississippi line have been incorpo
rated into this adjus tment. Observations in this 
area , as well as additiona l observations inside, 
a nd north of, the triangle will be included in 
future ad justments, thus strengthening the rri
a ngula ti on. 

In the second adjustment (figs . 19 and 20) 
weights a r e applied to all ground s ta tion positions 

Ji 
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" 7 • !\ 

. "/f 1' 
·' ~· 

/j .., 
,.__, 

.: 
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_j 

~J_-/l Y.. 
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.J \-i 

i 
, _ _____,_ ______ .; 

I 
I 

FIG- 21. -Srarus of scheduled observations. 
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according to the present estimates of the accuracy 
of the first-order triangulation in the United 
States. 

The weights introduced correspond to a s tand
ard error of ±0. 14 second of arc (approximately 

±4.5 meters in latitude and ± 3.5 meters in 
longitude), for the horizontal coordinates of the 
Minnesota and Mississippi s tations , while the 
Maryland s tation was held fixed. The weights 
assigned to the vertical coordinates a t Minnesota 
and Mississippi correspond to a standard e rror 
of ±4.5 meters, which i s a realistic estimate of 
the accuracy of geoid height differences, as 
determined by astro-geodetic and gravimetric 
s urveys. 

The standard e rror of unit weight of the plate 
measurements after adjus tment increased to 

±0.6 micron (1 part in 500,000). T his was ex
pected, since the weights applied to the station 
coordinates cons trained the geometric configu
ration of the spatial triangulation, forcing the 
photogrammetric measurements to absorb errors 
in the geodesy as well as in the photogrammetr y. 

Prelimi nary Positioning of Bermuda 

A s imilar reduction has been performed for the 
triangle Mary l and-Florida-Bermuda . This 
reduction a lso is of a pre liminary nature, be
cause of the r elatively small number of missions 
which have been meas ured up until the time of 
writing of this report. An urgent need for an 
improved position of the Bermuda datum neces
s itated the action taken. 

T he tria ngulation combines one triple miss ion 
(No. 219) and 6 double missions (Nos. 218, 223, 
288, 316, 347 and 371). The locations of these 
missions may be identified by the black c ircles 
on figure 21. 

By again holding the Aberdeen, Md., s tation 
fixed and e nforcing the Maryland- Florida dis 
tance, the result indicates the following shift of 
the coordinates of the stations F lorida and 
Bermuda with the appropr iate s tandard deviations 
in meters. 

The shifts at the F lor ida station are within 
the North American 1927 Datum and the shifts 
of the Bermuda s tation are with respect to the 
Bermuda As tro 1957 Datum (fig. 22). 

The fact that the satellite triangula tion method 
consis tently provides directions within ± 0.5 
second of arc or better, is especially s ignificant 
because such directions have an absolute mean
ing with respect to the right-ascens ion declina 
tion syste m, as compared to a n accuracy of 
about ±0.3 second of ar c which i s obtained 
today in firs t- order triangulation for a relative 
direction. 

It ca n, therefore, be predicted that the photo
grammetric satellite triangulation technique will 
provide the necessary accuracy for increasing 
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RESIDUAL ~ Q!:! 'lllE PLATF HE'.ASUREMENTS AFTER ADJUSTMEllT 

Satellite 
!I 

218 

219 

22~ 

310 

347 

371 

238 

Station 

("'1crons) 

Maryland +. 26 

Fl orida + , 63 

Maryland +.19 

Florida +. o6 

Bermuda - . 16 

Florida +.15 

Bermuda - . 05 

Maryland -.09 

Florida +.03 

J.loryl and +. 22 

Bermuda -. 16 

Maryland +.02 

Bennuda +.00 

llaryland -.58 
Fl ori da -.50 

F IGUR E 22. 

v,/y 

(microns) 

+.+I 

+ .22 

-. 22 

-. 47 

+. 32 

+. ()5 

- . 15 

+. :n 

+.10 

+.19 

-.30 

+. 00 

+. 02 

-.52 

- . 58 

the geometric fidelity within individua l geode tic 
datums . Moreover, satellite tria ngulation, as 
executed by the Coast a nd Geodetic Survey, will 
provide significant information about the basic 
orientation of the North American 1927 Datum 
and will prove invaluable for a worldwide tri 
angulation ne t. 

Since the comple tion of operations on the 
Maryland-Minnesota-Mississippi triangle, three 
additional triangles have been observed (fig. 21). 
In November 1963, the tracking s tation in Min
nesota moved to Patrick Air Force Base, Fla. 
Observations continued on the Maryland-Miss is
s ippi- F lorida triangle until April 1964. At that 
time, the Mississippi s tation moved to Bermuda, 
and opera tions commenced on the Maryland- Flor
ida - Bermuda triangle . In June of this year, the 
Maryland s tation transferred to Antigua Is land; 
field work presently continues on the Bermuda
Florida - Antigua tr iangle . 

Planned Cont inental and World Networks 

The four triangles thus far observed represent 
the beginning of the Coast a nd Geodetic Survey' s 
continenta l satellite triangulation net. Figure 21 
shows schematically a ll observations obtained 
so far . F igure 23 presents the contemplated 
continental satellite triangula tion net . 



FIG. 23. -Contintencal nee work. 

In addition to the coverage of the United States 
proper, the continental satellite triangulation will 
progress northward through Canada to Alaska. 
In order to tie Alaska and the Aleutians to stations 
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in the conterminous United States, three stations 
in Canada are r e quired . These s tations will be 
located at Lynn Lake, Manitoba; Whitehorse, 
Yukon Territory; and Cambridge Bay, Northwest 
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Ter r itor ies . The Canadian government i s co
opera ting in the establis hment of tr a cking s ta tions 
a t these s ites. 

In orde r to have sufficil'!nt darkness for the 
s tella r photography in the far north, the program 
proceeded with obser vations at the Canadian 
stations dur ing the 1964-65 winter. 

It i s conte mplated to complete the Lynn Lake 
Minnesota-Washington triangle, as well as the 
three tria ngles in the western United Sta tes dur 
ing the spring and summer of 1965 . l t i s hoped 
that the remainder of the Alaskan tria ngula tion 
can be completed during the fa ll of 1965 a nd 
winter of 1965-66. 

Tr anscontine ntal Geodimeter traverses, which 
are now being underta ken by the Coast and Geo
detic Sur vey in whic h the standard error i s not 
expected to exceed one part per million, will be 
used to scale the sa tellite tr iangulation. Event
ually, wi th interna tional coope ration, the net can 
be extended to eastern Canada, Centra l America, 
a nd South America . 

The continental sa tellite triangula tion has been 
s pecifically designed a s a secondary, or fill- in, 
net within the proposed wor ldwide scheme (fig . 
24). Three s ta tions in the continental net will 
a lso be included in the worldwide program. 
T hese stations a re: Aberdeen P r oving Ground, 
Md. ; Larson Air For ce Base, Wash. ; and She m ya 
Is land, Alaska. The triangle s ide lengths in the 
worldwide net average about 4, 100 kilometer s , 
a s opposed to a bout 1,600 kilometers in the con
tinental net. 

Currently, the Coast and Geodetic Sur vey, in 
cooperation with the Department of Defense and 
the Nationa l Aeronautics and Space Adminis tra 
tion (NASA), i s planning s uch a wor ldwide net. 
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These pla ns a r e being made in anticipa tion of 
NASA' s contemplated la unching of an Echo I 
type satellite in a pola r, nominally cir cular orbit 
of about 4,200 kilometers height a t the beginning 
of 1966. 

The ul tima te selection of a worldwide reference 
net obvious ly will be influenced by secondar y 
cons iderations s uch as political a nd physical 
access ibility of s tation locations, the need for 
incorpora ting already availa ble geodetic infor
mation establis hed within the major world da tums, 
the subseque nt execution of astr ogeodetic and 
gravimetric surveys in the ne ighborhood of the 
selec ted s ites, and the incorporation of stations 
whic h a r e a lr eady installed in the wor ldwide 
satellite tracking network, a s e .g., operated by 
the Smithsonian Ins titution Astrophysical Ob
ser vatory. 

Al though the geometric significance of satellite 
triangulation has been stressed, the ultimate 
benefits to physical geodesy must not be over
looked. The proposed worldwide net will, for 
the first time, pr ovide a n accurate system of 
tra~king sta tions on a common datum, from 
which the perturbations of or biting satellites can 
be observed. Data collected from these obser
vations are idea lly s uited for determining the 
pos ition of the center of mass a nd the over a ll 
shape of the gravitational field of the earth. 

The rea liza tion of worldwide sate llite tria n
gulation i s no longer a question of technica l 
fea s ibili ty, but i t will depend ultimately on con
vincing the continuous ly expanding politica l world 
that the ea rth has shrunk technologically to 
s uch an extent a s to require wor ldwide ·coopera
tion in order to enha nce our geophysical knowl
edge . Geodesy, with its novel possibilities, i s 
r eady to contribute its s hare . 
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