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the T-3 observations, under different conditions and using

various procedures.



Chapter 2

INSTRUMENTAT ION

2.1 Production Targets

The target required for a specific job is dependent
on the length of lines observed, the accuracy of centering,
and the method of centering. There are several targets
produced by instrument corporations which are suitable for
short line work.

Two of the most commonly used targets available from
instrument companies include the Wild and Kern Traverse
Targets. The specifications given for the Kern Target are:
it is suitable for sights of 20 meters to 1 kilometer and has
an eccentricity between symmetry axis and autocentering plug
of 0.3 to 0.4 millimeters 8],

The Wild and Kern Traverse Targets were used in this
field test. The Wild Target with the base plate removed was
set directly into the grooves on the tribrach as shown in
Figure la. The Kern Target was used with a trivet which also
sets in the grooves of a tribrach as shown in Figure 1lb,

Both targets were durable and easy to set up after the stand
was centered. The theodolite crosshalr is centered directly
on the illuminated "V" of the Wild Target while the
tlluminated "cross" of the Kern Target is centered by symmetry

of light around the crosshair. Both systems are centered
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with ease and precision.

The longest l.ne observed was 4 720 feet long and
although the Kern and Wild Target Faces were visible and
acceptable results were obtained, the pointirgs were very
tedious. The maximum distance of 1 kilometer recommended
by Kern should be adhered to for best results.

The point target designed by Kerr has an adjustable
point which is illuminated from above. (See Figure lc)

This target gives a very definite point for observing when
utilized on short lines. The eccentricity of the center pornt
with respect to the autocentering plug is less than T 0.02
millimeters [8].

A third target designed by Kern for short sights, fits
directly .n the Kern Trivet center hole. It has an effective
distance of from 4 to 40 meters with a centering error of

t 0.03 millimeters. (See Figure 1d)

2.2 Nonproduction Targets

Many using organizations design and produce their own
targets and fixtures to meet their requirements. A target
designed for the survey of the Telstar Tracking System
consisted of two 0.25 inch steel plates joined at right
angles, One plate was the base and was fixed with three
leveling screws and a bull's eye bubble. The second plate
had a machined slot 4 inches long and 0.02 inches wide cut

vertically over a precisely placed brass pointer. The target



was used at night with a variable light source located

behind the slot. No centering error was given,6 but excellent
results were obtained. The survey consisted of seven stations
with 17 lines ranging in length from 149 to 630 meters
observed. Three short baselines were included in the adjust-
ment which had an average correction to a direction of 0.37
seconds of arc and a probable error of a single observation

of ¥ 0.46 _econds M15].

Targets selected for use on the Glen Canyon Dam
Deformation studies were chosen from a variety of designs
tested in the field [13]. The pier target was machined from
a solid piece of metal with a painted face 1.5 inches square.
The centering was accomplished with a 0.5 inch tapered stub
axis which fit tightly into the center hole of the tribrach.
(See Figure 2) The permanent targets selected for the inter-
section stations on the face of the dam were 0.5 inch diameter
cylinders painted with red and white stripes and placed in a
frame painted flat black These targets had no self
illumination ard were therefore used in the early morning
hours or with floodlights., Several of their trial patterns
for target faces are shown in Figure 3.

A third target used in this field test was the omni-
light, which was designed by a member of the United States
Air Force for use in triangulation work done for control of

various missile guidance systems. (See Figure 4) The omni-
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light is best suited for lines of 100 feet to 1 mile, The
actual point of sighting is the bulb filament which may have
a length of 1 to 2 millimeters, but when viewed through the
theodolite scope, it is only a point source of light. When
the illumination is properly adjusted, the target has the
appearance of a 4th magnitude star. The bulb may have any
voltage desired, but inust have a screw base. The best results
were obtained in this test using a 6 volt bulb with 1.5 to

3 volts of power depending on the length of the line. The
proper adjustment of intensity requires a knowledge of the
distance and the proper itllumination or else a second person
must adjust the illumination as the observer sights with the
theodolite. An additional aid for use with this target is a
variable power supply with a blinker device which gives an
intense flash of light for a fraction of a second, making
identification easier. The target has no leveling capability
and iust therefore be used on a level support. The bulb
filament is approximately 6 centimeters above the support

so that a 1 degree tilt causes a 1 millimeter error in
centering.

Bulb filaments are not centered when manufactured,
which makes it necessary to center a new bulb placed in the
holder. The target has two adjustable movements which are
secured by 4 screws located on the top of the target. To

center the filament, sight with a secondary instrument placed



a few feet away on the filament and then turn the target
130 degrees. If the filament moves off center, it can be
adjusted by loosening the screws and moving the filament one
half of the error. After checking this poeition, the target
1s turned 90 degrees and the same process repeated.

The omni-light has a 2 centimeter diameter stub axis
with several sizes of alapters for use with tribrachs or
any other centering device with the proper size hole.

The main advantage of this target is that it may be
observed from any direction or it mav even be observed

simultaneously.

Figure 4

OMNI-LIGHT

2.3 Target and Instrument Support
In order to minimize centering and observation errors,

it 1s necessary to have a sturdy support, The best solution

10



to this problem is the concrete monolith 6 with combined
control point and centering device secured to the top of the
monolith., A second type of support which is not as permanent,
is the wooden or metal stand. The main problem with this
support is that there is a loss of accuracy in centering over
the ground marker. The tripod will not be considered as an
instrument support for short line work because of it's
instability.

The reinforced concrete monolith is effective only when
placed on good footing. If bedrock is close to the surface,
it should be used for footing, otherwise a concrete footing
is necessary. The best specifications for such a footing
were utilized in the Telstar Tracking Survey. The subsurface
portion was 6 feet deep, 6 feet square on the bottom and 4
feet square on the top. The pedastal was 40 inches high
with a tribrach mounted on the top. This design gives a
large bottom surface to prevent settling and the soil on the
sloping sides prevents tilting. After construction, the
monolith should be allowed to cure and settle before any
measurements are taken,

One minor problem with the concrete monolith is movement
due to the heating and cooling effects of the direct sun
light. The errors caused by this -ovement are small, but
could cause problems in cases of very short lines. The

remedy for this problem is to protect the peda.tal with an
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outer shell which leaves a small air space for insulation or
construct a shelter,

The field observations for this study were accomplished
using 4 foot wooden stands. By using extreme care,6 it was
possible to obtain accurate results.

The stands were built to USC&GS specifications [17],
positioned over the ground markers and weighted with 3 fifty
pound sandbags per stand. (See Figure 5) A three grooved
tribrach was then screwed to the top of the stand. All the
stations used in this test were located on concrete or stable
tar and gravel roofs. If the stands are to be placed over
stations on the ground, it 1s necessary to embed the legs of
the stand in the soil and weight heavily.

The centering of the stands over the ground marker was
the main problem. It was accomplished by using two offset
instruments approximately 30 feet away and at right angles.

A pln was positioned on the center of the ground mark and an
omni-light was set in the tribrach on the stand. The stand
was then moved until the pin and the target were aligned by
both instruments. The accuracy of this technique is discussed
in section 3.2

The time and effort required to center stands using
this method are high, but in short line work with stands,
great care must be taken. A device used by the Air Force and

the USC&GS to eliminate some of the work involved is the

12



Figure 5
4 FOOT WOODEN STAND WITH THEODOLITE

Plgure 6
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adjustable tribrach. The grooved portion is round and held
in a metal frame by 4 setscrews which slide the tribrach in
the frame. The stand is centered roughly and then the final

accurate centering obtained by adjustment of the 4 screws.

2.4 Theodolites

The Wild T-3 theodolite number 26794 was utilized in
the control extension phase. This instrument, with the base
plate removed, sat directly into the grooves of the tribrach.
The T-3 was checked completely before use and found to be in
good adjustment. A 15 second collimation error was removed
before use, but whenr the inscrument was jostled or transported,
the collimation error returned. It was finally concluded
that a prism in the micrometer system was loose and the
collimat.on error was left alone. The results were never
noticeably effected.
The instrument used in the second phase of the short line
investigations was the Kern DKM-3 number 65303 modified with
a 5-wire reticule. The DKM-3 was checked and found to be in
good adjustment. It was used with the Kern Trivet and set

directly in the tribrach grooves. (See Figure 6)

2.5 The S5-Wire Reticule
The reticule has 5 short vertical lines with spacing
of 4 minutes of arc between the lines. The number three wire

is the regular center crosshair. (See Figure 7)
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This device is a tool designed to replace repetition
of 5 series with 5 pointings in one series and is used with
the knowledge that instrumental errors in the modern
theodolite are a minimum, The main error involved if the
number of series are reduced is the systematic one caused by

horizontal circle distortions.

Figure 7
5-WIRE RETICULE

The total error in the measurement of a direction
consists of an observation error and a graduation error.
Fondelli [3] showed in his examination of the horizontal
circles in three DKM-3 theodolites, that the average
observation error was 0.3 seconds and the average graduation
error was only C.1 seconds. This being the case, it is
possible to replace 5 series with 1 series of 5-wire readings
with no systematic error. New series can still be initiated
at a new plate setting, but .f 15 pointings are required, the
number of plate settings using the S-wires will only be three

compared to the usual one per series.
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Chapter 3

CENTERING ANALYSIS

3.1 Standard Error of Observed Angle Due to Noncentering

The centering of theodolite and targets over the
control point is a critical procedure in short line
triingulation. The errors in centering can best be seen from

the following derivation [4]). (See Figure 8)

Let

O = True vertex for angle BOA
P = Actual instrument center

L1,2,3 = Theoretical lengths of sides 1,2, and 3

Li,Z = Actual lengths of lines of sight 1 and 2
@ = True horizontal angle
Olz Measured horizontal angle
¢ = Error in theodolite setup
(.8 = 8 - 01 = Angular error

From the Figure

AQ = al + a2

!

¢gin(b-8) (3.2)
L2

a and a, are very small and therefore they may be

Y o a, £8in(360-b) (3.1)

sin a
2

measured in radians, and L, and L, equal Li and Lé

16



respectively giving the following.

a. = . &sinb (3.3)
1 L1
A = ¢(sin b cos @ - cos b sin Q) (3.4)
2 LZ
and
L0 = - ¢ (( 1 _cos @ ) sin b + (352—9) cos b)
& L L
1 2 2
(3.5)
B,
\
L
az*"’ R
A
A
\ L ~ "
Ly L
w8 U1
s L
e L
i .
b -.k:é‘““ PN
¥ .
P €
Figure 8
CENTERING ERROR
Let p - — _ g8 (3.6)
L L
1 2
sin
Q1= L, (3.7)
Then 560 = - € (P sin b + O cos b) (3.8)

From these last equations, it can be seen that a8 is
dependent on the magnitude of Lis L,, 6, €, and b. The

first three values are known from measurements and ¢ 1is

17



approximated from experience. b will vary as can be seen in

Figure 8 from -m to m in a random fashion. If 1t is assumed
that b will be uniformly distributed throughout this interval,
it will satisfy all the criteria of a normally distributed

error. The fundamental expression for the standard error of

AB will then be v

2

r 2
mt, = 7%/(&) ab (3.9)
and after integration K
2 e2p? + 0%
mAg = 2 (3.10)
Now let
: 2
2, .2 l cos 2 sin 9.2 L
pre 2% (£ - 2. &9 oL o
L 2 L, =
¢ L 1 72
Therefore me = 77riI%; (8. 12)

In order to arrive at a quantitative figure, let

L1 = L2 = L , which is close to the usual case, and then
Ly = 2 L sin 3 (3.13)
and
J2¢€ . ¢
m,g =T sin % (3.14)
This equation is plotted in Figure 9 for a value of
€ = 0.5 millimeters and different values for 6 and L.

3.2 Target Centering Errors

A test was conducted on the targets used in this project
to measure any possible centering errors they might have

and to evaluate the plumbing procedures used 1n centering

18
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the wooden stands.

One of the stands was set on a stable surface and .
millimeter scale was positioned on the ground under the
center of the stand. A second order theodolite was then
placed approximately 30 feet away and used to transfer
target centers to the scale. Fach target was positioned
4 times with a 120 degree rotation between each reading, and
in the case of the Kern equipment 6 a reading was also taken
on the centering device of the trivet. The fourth recding
was taken only to compare with the first since this was
actually the same position, The check between the first and
fourth reading gave an indication of the size of the
accidental errors. The measurements are listed in Table 1.

The first set of readings were made on a straight pin
like that used in centering the stands, to check the
consistency of pointing on such a target. The readings all
checked within 0.1 millimeters. Next, the accuracy of the
offset instrument was checked by taking direct and reverse
readings on the transfer of a Wild Target to the scale.
These readings ranged from 0.0 to 0.2 millimeters in
difference. Since a difference of 0.2 millimeters was twice
the error, the average error o° the transfer of centers by
the offset instrument was assumed to be 0.1 millimeter,

The true center was considered to be the mean of the

first three readings on all of the targets and tlte

20



Omni-1li

Omni-11

Table 1
TARGET CENTER MEASUREMENTS

fosition 1 Position 2 Position 3 | Position & |

= B 1 —
103.6 mm 103.6 mm 103.6 mm
103.5 103.6 103.8 . 103.5 mm
103.6 103.4 103.7 103.6
%ht 103.2 103.3 103.2 |
| 103.8 104.0 103.9  lo3.8 |
gc. 1 103.3 103.3 | 103.8 103.3
103.9 103.7 103.5 103.9
2' 103.7 103.2 103.4 103.6
103.7 103.4 103.6 103.7
| 103.5 103.6 103.8 | 103.5
| SR L —

Offset instrument in the direct position

** Offset instrument in the reverse position ]

Table 2
CENTERING ERRORS

Position 1 Position 2 1 Position 3
S —— S — _+ C— -

0.4 mm 0.3 mm | 0.4 mm
-0.2 -0.4 -0.3
gt. 1 0.3 c.3 0.2
-0.3 -0.1 l 0.1
2 -0.1 -0.4 -0.2
| -0.1 0.2 0.0
| 0.1 0.0 ! -0.2

| |

21



differences of each reading from the mean are listed 1in
Table 2 . The average centering errors of the Kern and Wild
Targets were 0.23 and 0.10 millimeters respectively. The
average error of all the targets was 0.21 millimeters and
the maximum error was 0.4 millimeters,

A test conducted by Jones [5] on several kinds of
targets gave approxlmitely the same results. He divided the
total target error into several components and measured each
component with a much higher degree of accuracy than was
obtained in the test made for this paper. The errors are

illustrated in Figure 10 .

&, 2A551.4
.--‘/(L.. v i
LN
0 2
ey sin [") {
A T
e, sin @ %
e, sin 0y
Figure 1C

TARGET ERRORS

The eccentricity between the target center T and the
vertical axis was divided into ey the error parallel to the
target face and e, the error normal to the target face. The

eccentricity between the vertical axis V and the centering

Va4



axis U was designated as eq. The total error, when the target
face was assumed not normal to the line of sight, was then

e = e, cos 0 + e, sin 0 + eq sin @ . In all cases, the angle
@ was found to be extremely small giving the final total
error as e = e, + e, sin § . Irregular errors such as
variations in clamping pressures, tolerance in fits, tilt of
the vertical axis, and releveling were also considered and
measured. The values obtained for the Kern and Wild Traverse

Targets are listed in Table 3

Table 3

TARGET ERRORS

Target e T e I Irregular |

— g + 1 L— —3 4 g l

Kern 147 mm .005 mm .013 mm |
.178 . .028

Wild I 177 .109 .015 |

1 .194 ! .081 1 |

If the sin @ is given the maximum value of 1 , the
total average error for the Kern and Wild Targets are 0.19

and 0.30 millimeters respectively.

3.3 Total Error in Centering of Targets

The error in the centering of a stand and target is the
combination of a 0.1 miilimeter average error in the transfer
from pin to the target with the offset instrument and the
average target centering error of 0.2 millimeters. The total

error at the target station is then 0.J millimeters. The

23



same error occurs at the instrument station because the same
centering procedures are used. The total average linear
error for a direction due to noncentering is then 0.6
millimeters.

By entering the graph in Figure 9 with an average
lergth of lines observed in this test of 800 meters and a
value for 6 of 90 degrees, the standard error of a direction
due to 0.5 millimeters centering error is 0.13 seconds of
arc. The difference between 0.5 and 0.6 millimeters as
calculated is negligible. This anulysis indicates that

centering errors were of no consequence in this test.
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Chapter 4
PROCEDURES

4,1 Single Wire Procedures

Two of the four full sets of observations completed on
the test quadrilateral were made using normal first order
observing porcedures oulined in the USC&GS Special
"ublication number 247 (17]). One of these sets was made with
the Wild T-3 and the second set was observed with the DKM-3

using only the number three wire on the reticule,

4.2 5-Wire Observation Procedures

The method of observation by series was adopted with
the additional requirement that a pointing with each of the
5 wires be made on each target and the horizontal circle
readings taken. The procedure was to center the number 1
wire on the initial target, read the scale, proceed to the
next wire with the slow motion screw and continue until
reaching the number 5 wire. This procedure was followed on
each target moving in a clockwise pattern. After the last
wire had been read on the last target, the instrument was
reversed and the process continued counterclockwise on the
targets. The number 1 wire was still read first on each
target. The series enued with the number 5 wire on the

initial target. A new series was commencew by centering the
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number 1 wire and making a new plate setting. After making
the plate setting, the wire should be recentered with the
slow motion screw according to accepted observing procedures.
This was not accomplished in all cases therefore giving rise
to a possible systematic error.

An alternate procedure is to center the number 5 wire
after reversing the instrument on the last target. The wires
are then centered and the reiidings taken in the order of
5 through 1 on the counterclockwise return to the initial
target. This places the number 1 wire in position to begin
the next series automatically. This technique was not used
in the field, but was tested in order to compare the two
systems. The test and analysis are discussed in section 5.5

A second alternate procedure would be to start with the
number 5 wire in all cases. This procedursz was not tested,
but is consistent in all rules of instrument motion,
Systematic errors plagued the field observations and this
procedure could possibly have solved some of the problems
if it had been tried.

The plate settings adopted for 3 series of 5-wire
readings were:

0. 20, 15,

60, 00, 30,
120 20 45

The coverage of the horizontal circle is limited, but the

26



errors caused by this lack of coverage were found to be
negligible in section 2.5 . The micrometer coverage, however,
is thorough. Due to the 4 minute separation of the wires in
combination with a 5 minute micrometer, the whole scale is
observed at 1 minute intervals for each target. For example,
in Figure 11, the first set of readings on the target at
ARENA ex~luding multiple units of 5 minutes are 0, 1, ', 3,
and 4. The seconds scale coverage is controlled by the
plate setting and is sufficient. The 20 mirute setting for
the direct positions eliminates going below O minutes as the
instrument moves counterclockwise from wires 1 to 5. When
different numbers of series are being observed, plate

settings for the horizontal circle can be determined by

dividing 180 degrees by the number of series.

4.3 General Observation Procedures

The observer was unfamiliar with the collimation by
symmetry technique, but after some practice, proficiency was
acquired. Collimation was made approximately 3 to 4 times
to obtain agreement for a single value which was given to the
recorder. Alignment was always approached from the same side
of the scale in order to eliminate any systematic error in
the micrometer,

All observations were made at night to minimize
refraction and heat distortion. The centering of the stands

was checked every afternoon and the observations bpegan
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immediately after sundown. The number of stations observed

in one night varied from 2 to 3

4.4 Recording Procedures for the 5-Wire Method

A sample recording sheet is shown in Figure 1l with the
sequence given by the small circled numbers. The field
calculations for a series are very simple. A single direction
is the mean of 10 seconds values with the degrees and minutes
being taken from the direct reading on the number 3 wire.
After the direction to each target is obtained, a reduction
to zero initial is made by subtracting the direction of the

initial target from the remaining target directions,

4.. Observation Procedures for Astronomic Azimuth

In addition to the tests in direction measurements,
the 5-wire reticule method was tested on observing astro-
nomical azimuths. The basic techniques used in angle
measurements are also used in azimuth observations with one
ground target being replaced by the pole star.

Station ASTRO, which is a concrete monolith included
in the extension survey, was chosen as the instrument
station for this test and the targets were NORTH BASE and
LANE, which were also in the campus net. The normal
procedure outlined in section 4.2 was used observing the two
ground targets. After the targets had been sighted and the

readings taken, the pole star was tipped with all five wires
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st irting with number 1 . The instrument was then reversed
and the star was tipped five more times starting with the
number 1 wire, The ground targets were then sighted in
reverse order completing the series. The average time taken
for the 10 pointings on the star was 9 to 10 minutes, With
more experience this time could be cut to 6 or 7 minutes.
Using this observing sequence, there is approximately a 5
minute time difference between the direct and reverse
pointings, therefore, a curvature correction must be made.
If the observing sequence on the star is changed so that the
number 5 wire is read first after plunging the scope, the
time difference will vary from 1 minute for the 5-wire readings
to 9 minutes for the number 1 pair of readings.

To eliminate any possible systematic error, the direct
and reverse pointings with the same wire were always combined
for the calculations. The mean direction for the star, each
target, and the mean time are calculated on the field record
and used in the azimuth calculations. A sample recording

form is shown in Figure 12,

The main advantage of this system is that the instrument
remains in a single position for 5 star pointings. With the
striding level mounted on the DKM-3, maneuvering the
theodolite becomes cumbersome ad the striding level 1is
constantly being bumped. Thi method eliminates part of this
problem and allows the striding level time to settle. For

speed, the bubble could be read on wires 1 and 5 and meaned.
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Chapter 5

ANALYSIS

5.1 Observed Angles

The test quadrilateral observations include 4 separate
sets of observations with 22 station occupations over a one
month period. The angles are summarized in Table 4. The
Wild T-3 observations taken in conj'nction with the control
extension survey make up set number 1. The second set was
taken with the DKM-3 using the 5-wire method with three series
per station. The third set of observations was made with
the DKM-3 using only the ceuter wire and taking 16 series.

On the same night that a station was occupied for set three,
a second set was observed with the DKM-3 using the 5-wire
method. The angles from this method were combined to make
set number four.

Out of the 22 station occupations made, 3 were
completely rejected and 2 were part.ally rejected due to
poor misclosures. The maximum variation in an observed angle
was 3.02 seconds of arc, however, if the rejected observations
are excluded, the maximum variation was 1.83 seconds of arc.
Refraction on the lines which had station LANE as a terminal
caused the highest variations. All of the stations were
elevated except LANE, therefore, the lines of sight passed

through different heat layers giving rise to considerable
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distortion. The residuals from the adjustment of edct set
of observations are listed in Table 5 with the first three
highest values marked for each set. In almost all cases, the
highest residuals occur on a line having LANE as a terminal,
A second indication of refraction 1n the observed
angles can be deduced from the graph of angles versus time
in Figure 13. Although the amount of data for such an
analysis is small., there is a trend for the angles to
increase in size after 10:00 PM, This is the period in the
evening when the heat differential is a maximum because the
earth is losing its heat absorbed through the day back to
the air. The period from 7:00 to 9:00 PM proved to be the
most stable period of the evening. During this period the
earth is not absorbing heat as the sun is setting and it has
not begun to lose any heat. These conclusions were also made
by L. Simmons [ 14] when he said:
Experience seemed to prove that the bet.er a
light appeared in the telescope, the better were
the observing conditions. The problem is just as
simple as that. Good appearing lights produced good
results. Almost always, everywhere, the lights look
the best just after sundown.
The number 3 set of observations were all taken just after
sundown in this test and the closures were the smallest
obtained.
Errors in the observed angles due to noncentering

were discussed in section 3.3 and found to be negligible.

Only one case of error from a target not being centered was
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found., and this was on the ARENA-STADIUM line which was
observed on the l4th of April., The stand was checked the
next day and found to be approximately 2 millimeters off
center . The direction was then reobserved and the value
changed by 2 seconds of arc.

The observation errors are controlled only by careful
manipulation of the theodclite and centerine of the targets
on the crosshairs. These errors are minimized by the oprocess
of repetition as long as all the systematic errors are
extracted. The number of repetitions required by the USC&GS
for first order observations are 16, Jordan [6] shows by
graphing the equation for the stardard error of the mean
that very little accuracy is gained by exceeding 10
repetitions, however, this requires observations which
include random errors only. This graph is shown in Figure
14 where the standard error of one observation is given the
value of unity. At station ARENA, the number of series
observed varied from 10 to 30 with no real indication that
the angle obtained with 10 pointings was less accurate than
the one obtained with 30 pointings. This data is listed in

Table 4 on page 33,

5.2 Precision of the Observed Angies
Standard errors for a single direct and reverse
direction were computed for every set of observations made

and are listed i1n Table 4 on page 33. These values ranged
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from £ 1"10 to * 0"44 . The main factors 1n the precision
of a direction were the refraction and heat distortion
eliminating any possibility of drawing conclusions on the

effect of distance and instrumentation on the precision.

N m
M N M=
0.5 ~
e e e T I 2 e Wil S +
12345678910 15 20
n
Figure 14

GRAPH OF STANDARD ERROR OF MEAN

A station adjustment was performed on each set cf
observations at a station according to a system given by
Uotila [16]. This adjustment eliminates the problem of a
zero 1nitial in the calculation of residuals. The first
step is to compute a temporary variance u = Mean - Observed
Value. The u terms are then added algebraically along the
horizontal rows and placed in a nem column denoted R'

The computation for the residual of a sinzle pointing is now
'

v, T U - T where n is the number for that series and s is

*he number of targets. After all of the residuals are
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commuted, they are squared and summed. The formula for the
standard error of a single pointing is then m = JT?T{¥%%TT7
where s is the number of targets and ¢ is the total number
of series. For example computatinns,6 see Table 6

To obtain a residual for each direct and reverse
pointing in the 5-wire method, the direct and reverse
readings for each wire were meaned. The directions were
then computed by subtracting the initial target reading from
the rema‘ning targets. After obtaining the directions for
each wire, the residuals were computed as previously
described. The reason for the extensive computations 1s that
a direction is not obtained for each individual pointing as
in the single wire case. The standard errors for a single
direction are listed in Table 7 for each instrument used in

this test.

5.3 Analysis of Short Line Triangulation Data

The observations from each test were first analyzed
to see if they met first order specifications K and if not,
reobservations were made. After the requirements had bheen
met, the data was adjusted by an electronic computer with an
existing program written for the Geodetic Science Department.
The method of adjustment was by variation of coordinaces.
The results of each test quadrilateral are listed in Table 8
The number of reobservations was relatively small for the

good triangle closures obtained. Set number two had 4
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reobservations  but this was the first set of readings taken

with the DKM-3 by the observer.

Table 7

STANDARD ERRORS OF A SINGLE POINTING
FOR EACH THEODOLITE

Instrument ; N;i—gf_a:fés Standé}d Er}o
. fStaner Erro
=3 1 b 0.9&
DKM-3 ' 1 0.79
DKM-3 ' D) 0.73
_ 4 "

The average standard error of a single observation
determined from the four test adjustments was t 0,30 seconds
of arc. For a line 800 m. ers long, which was the average
length used in this study the linear error was computed
using the angular error of 0.30 seconds and found to be 1.2

millimreters.

5.4 Anaiysis of Astronomical Azimuth Observations Taken

Using 5-Wire Techniques

Because of cloudy weather and lirited observing time,
only two nights of observations were made. One series of
5-wire readings were made on the first night using the plate
level and two series of 5-wire readings were made on a
second night using the striding level. The amount of data
cbtained was insufficient to draw any conclusions on the
accuracy of the azimuth, and there was no true vailue to

compare with, but the procedures were outlined and the
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probable error was within first order requirements,

The ground clearance on the lines to the ground
stations was only 3 to 4 feef and heat distortion was very
bad during the observations, but only one full set was
rejected. This was the numbe: 1 wire reading of the first
nights observations. The azimuth for this observation was
6.3 seconds above the mean on NORTH BASE and 6.1 seconds
above the mean on LANE. The number 1 wire reading was also
high on the second night, but stayed within the 5 second
rejection limit., The computed azimuths are summarized in
Teble 9.

The difference between the mean of the twec nights
observdations was 1.2 seconds on NORTH BASE and 2.3 seconds
on LANE, which 1s good considering the heat distortion., The
probable errors of the azimuths to NORTH BASE and LAN. were
* 0.27 seconds and t* 0.28 seconds respectively. The results
of these observations were encouraging and the method

warrants further investigation,

5.5 Analysis of the 5-Wire inele Observations

The results obtained using the 5-wire method met all
first order specifications, but when compared with the
results of the single wire observations, they were not as
good. The observed angles were consistently high causing
high triangle closures which were reflected through the

computations. For example, in Table 4 on page 33, the
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average observed direct on to ARENA from SISSON was

81o 49' 03?28 as observed with the 5-wire method while the
directions obtained u-.ng the single wire were 81° 49 02?71
and 01?07 . Also, at station LANE, the average directions

to all targets observed with 5 wires were almost 1 second

of arc higher than the directions observed with a single wire.

This consistent increase in the observed angles
obtained using the 5-wire procedures indicated a systematic
error A possible cause of this error can be detected in
the graph of the observed angles in Figure 13 on page 36.

In almost all cases the value obtained from the second series
was over 1 second higher than the first reading, and

although the third series dropped, tt did rot drop back

to the reading obtained on the first series.

The observing procedure used in the field was to always
start with the number 1 wire after plunging the instrument.
This meant that the motion of the instrument which w.s
counterclockwise as the wires were centered 1 through 5 in
the direct position .u% now clockwise in the reverse position
as illustrated in Figure 15a . This type of unsvmmetric
motion of the theodolite has always been avoided because of
systematic errors. For example, ‘f the pointings on the
targets are consistently off, the error w:ll be doubled
using the adopted sequence.

[f the alternate observing procedure which was described

in section 4 2 1s used the 1nstrument motion will always be



counterclockwise as the wires are centered as shown 1n
Figure 15b . This procedure gives rise to another systematic
error caused by consistent increase of the slow motion screw

spring tension.

Initial Target B Target ¢
Direct S5 1 P) - 1 i« 1
Reverse
Reverse L »é 1 0 1 .
Figure 15a

INSTRUMENT MOTION USING ADOPTED METHOD

Direct —5« 1 ’5-4 1 )5_< L
Reverse
Reverse lz 2 1. 2 L 5
Figure 15b

INSTRUMENT MOTICN USING ALTERNATE METHOD

: 5 1 >3 1l 1 1
Direct — - — — R’—
everse
Reverse ). b) - 1-.-_ ._g
— — —— ——— -
Figure 15c¢

INSTRUMENT MOTION USING SECOND ALTERNATE MOT ION

A second alternate procedure would be to start with
the number 5 wire i1n all cases. (See Figure 15¢c) This
procedure was not tested, but all systematic errors should

be minimized as all motions are consistent with accepted



procedures. Instrument motion over the 5 wires 1s the same
as the motion used to move from target to target and the
spring tension is of equal intensity in both instrument
positions. Therefore any errors caused by the slow motion
screw backlash should cancel

There was not enough time to gc¢ back to the test
quadrilateral and verify these findings, however, a small
test was made using the first two sugegested methods on a
temporary setup. The instrument was set up on station ASTRO
and two series were observed on two targets approximately

500 feet away. An angle of 020 53 25?54 was observed with

the method used in the field tests, and a value of

02° 53' 24776 was obtained using the alternate procedure.

The drop of 0?48 was approximately the value of the systematic
error observed in the quadrilateral tests. The first method
also showed the familiar 0.6 second increase ir the second
series. The notes and results {rom this test are shown in

Table 10

5.6 Accuracy of the 5-Wire Reticule

All nhservations using the 5-wire method were analyzed
to determine the true arc separation of the 5 vertical wires.
There were 9 sets of observations excluding those made on
the first night when the procedure was being introduced to
the observer. Th- total number of pointings for each wire

was 98 1n the direct position and 98 in the reverse position.
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If the number 2 and 4 wires were not exactly 4 minutes of arc
from the number 3 wire, the discrepancy wouid show in the
large quantity of readings. The same discrepancy would show
for the number 1 ant 5 wires except that they were 8 minutes
of arc from the number 3 wire. Residuals for each wire were
computed by subtracting the observed value for each wire
from the mean of the five readings for that iastrument
position. This computation gave the number 3 wire a small
error, but this was corrected by subtracting the error for
wire three from all values giving a 0 error for the middle
wire. The residuals for each wire were then meaned to obtain
a value for the displacement of that wire from the tiue
center. The mean values of the arc separation are listed in
Table 10 for the direct and reverse positions and the mean
of the direct and reverse,

This displacement is of no consequence if the readir
from the same wire in the direct and reverse positions are

always combined for a direction,

Table 11
WIRE DISPLACEMENTS

L__Wire No. Direct | Reverse Mean 1
" ' " 11}
1 8 0.77 7 58.98 8 0.90
2 4 0.58 J 59.63 4 0.47
3 0 0.00 0 00.00 0 0.00
4 3 59.57 4 0.60 3 59.38 !
5 8 1.23 7 58.83

7 58.89



Chapter 6
CONCLUS IONS

6.1 Short Line Triangulation Conclusions

This fiei.d study has demonstrated that relative
positioning of targets can be accomplished accurately with
triangulation techniques. Extreme care in observations must
be taken and every poasible error analyzed. For this reason
the procedures are time consuming and laborious, but the
accuracy is hard to match by any other means.

The average standard error of an observation after
ad justment was®0.30 seconds of arc. This figure is close to
the peak accuracy that can be attained with the modern glass
circle theodolite. For lines 800 meters in length as used in
this study, this angular error gives a linear error of 1
millimeter, To obtain a 0.5 millimeter linear accuracy,
the lengths of the lines observed could be no longer than
300 meters. The centering becomes mcre critical also when
the accuracies required are increased. To obtain a 0.5
millimeter accuracy in positioning, it is evident that the
procedures for centering used in this test would be useless,
for the accuracy of centering alone was 0.5 mrillimeters
Monolith stations would be required along with targets

having centering errors less than 0.1 millimeters.
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6.2 5-Wire Observation Conclusions

The 5-wire method proved to be a very efficient system
for observing directions, The field work done in this test
was all on short lines, however, there is no reason why this
method could not be used in any direction measuring capacity.
The main advantages are speed and ease of manipulation. There
is less instrument and observer motion decreasing the
possibility of errors due Lo drag, stand twist, fatigue and
accidental bumping. The precision of the directions
obtained was the highest of any method, but troublesome
refraction and a possible systematic error took away from the
accuracy of the final results., The first set of 5-wire
observations were also effected by observer inexperience.
To eliminate the systematic error, The second alternate
method of observing the number 5 wire first always is
recommended, but further investigation is needed on this

matter.

6.3 Recommerided Procedures

Refraction was found to be the main problem in
obtaining accurate results. There is no technique for
eliminating refraction, therefore, it can only be minimized
by careful planning of the observations. It has already been
deduced, that the best time to observe was just after
sundown, or at sunrise. The experience of this study

indicated that this period of stability lasts for only
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2 hours depending on the season and the weather.

The number of repetitions taken at a station could be
reduced to 10 without loss of accuracy in short line work,
once the systematic errors are worked out. This would make
total observation time per station including setups of 1
hour. For maximum accuracy, the number of ~ccupations that
could be made at one time would be 2. The time required for
observation of one quad would be 2 days.

A second procedure which also requires 2 nights work
per quadrilateral is to observe each station twice on
different nights. The order of observing the stations should
be reversed on the second night.

Although the work outlined in these procedures is
extensive, this is the only way to guarantee results that

are free from systematic refraction errors.
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