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ABSTRACT

Electronic distance measuring instruments (EDMI) are used by
surveyors in routine length measurements. The constant and scale faétors
of the instrument tend to change due to usage, transportation, and
aging of crystals. Calibration baselines are established to enable
surveyors to check the instruments and determine any changes in the
values of constant and scalé.factors. Thé National Geodetic Survey
(NGS) has developed guidelines for establishing these baselines.

In 1981 an EDMI baseline at ISU was established according to NGS
guidelines. In October 1982, the NGS measured the distances between
monuments.

Computer programs for reducing observed distances were deﬁeloped.
Mathematical model and computer programs for determining constant and
scale factors were developed. A method was developed to detect any.
movements of the monuments. Periodic measurements of the baseline

were made. No significant movement of the monuments was detected.



DEVELOPMENT OF EDPMI CALIBRATION BASELINE

1. INTRODUCTION

Electronic distance meésuring instruﬁents (EDMI) are used by
surveyors in routine measgrements of lines wvarying between 100 feet to
two miles or éven more. Modern EDMI are of the solid state type and
therefore, tﬂeir electronic components are stable. However, due to
usage, transpoﬁtation, and the aging of crystals, the constant and
scale.factors tend to change.

EDMI calibration baselines are established to enable surveyors to
check the instyuments and determine any changes in the values of the
constant and scale factors of these instruments. This information
provides the documented history for legal evidence, insurance, and the
like. The National Geodetic Su;vay.(NGS) has developed guidelines for
establishing these baselines.

In 1981, after examining five sites, the Civil Eugineering.Department
.atKIowa State University (I8U) establishedlthe EDMI baseline according
to NGS guidelines. This baseline contains five monuments located on a
line along a ditch at 0, 461, 620, 770, and 1370 meters. The Iowa
Department of Transportation, the Society of lLand Surveyors, and the
Story County Engineer cooperated in this project. In October 1982,
the NGS team measured the distances between the monuments using Invar
tape, HP 3808 EDMI, and MA 100 EDMI. These measurements were adjusted
and the final distances were published by the NGS. The elevation

differences between the mopuments were also measured by the NGS team



gnd'the‘ISU team. The distances have a standard error of 0.2 to 0.7 mm
aﬁd the elevation differences have a standard error of about *0.01 ft.

An observation procedure for calibrating EDMI was established. A
compﬁter program was developed fo; xeducing the diétances.to horizontal,
detecting blunders, and computing the precision of observation.

A mathemaiical model and a computer program were developed to
give the constant and #cale'factors and their standard errors of the
EDﬁI. The program is capable of conStraining the observations, the
known lengths, and the known constant énd scale valueﬁ‘according to
their standard errors. Using this facility, a method was developed to
detect any movement of the monuments.

Periodic measurements of the baseline were made in May 1981, July
and November of 1982, and March, July, and October of 1983 using HP 3800
EDMI and lLeitz Red EDMI. The computer programs were used to calibrate
the EDMI periodically and to detect any movement of the monuﬁents. Ne
significanﬁ éovement of the monuments was detected. This report details

the research carried out in this project.



2. THE PRINCIPLES OF EDMI
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Fig. 1. Distance measurement by EDMI.

In an EDMI an electromagnetic signal is transmitted from the
instrument and reflected back by a prism. The distance D between the

reflector and the instrument is given

where C is the velocity of electromagnetic wave and t is the time taken
by the wave to travel to the reflector amd back. Since O ~ 3 X 108 m/s,
the time t will be very small and difficult to measure accurately.
Alternatively the distance D = nA + L, where n is the total number
of wave lengths, A is the wavelength, and L is the portion of the distance
less than A,
Now C = fA where f is the frequency of oscillation. The equation

of a traveling wave front is given by

X .
y = A 51n.u)(t C) = A sin w(t t)



wherg
W = 2nf

vy = the displacement of the particles perpendicular
to the direction of propagation

x = the distance t_raveled by the wave
to = the initial time

A = amplitude of oscillation

w(t0 + t} = the phase of the oscillation

ST
VARV CAN

Fig. 2. Progressive sinusoidal wave.
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The phase difference between the transmitted and received signal is

given by

wt + 2t — - (wt )} = 2 =
(o] s ]



The phase difference (P.D.) can be measured
= N
. L= on {(P.D.)

Now, if the wave is propagated at two frequerncies, then under certain

conditions

= = <
2D n1A1 + 21_ HZAZ + 22 H 21 Al
<
E2 AZ
For distances
AIAQ _
D < T n, =a, = n(say)
1 2
then 2D = nAl + 21 = n&z + 22
C = L, - 4
Ayt A,
L L
2 1
= <
. D ( Al - AQ') Al + LI : L1 < h1/2
L, ~- 1L
2 1
...()\1_’?\2)7\2+L2, L2<A2/2

Thus by measuring the P.D., it is possible to determine the distance
D. 1In practice two methods are used by the EDMI to measure distance:

1} By choosing three freguencies such as Al = 10 m, A

, = 9.0909,

and AS = 9.95025



AN
5 1q2A < 100 m
1 M2
AA
x 1m3h < 2000 m
17 "3

Thus by measuring L L, to an accuracy of 1 cm, distances

i’ LZ’ 3
of up to 2000 m can be determined without ambiguity.
2) By choosing three frequencies such as Al = 20 m, Az = 200 m,

A, = 2000 m, so that by measuring Ll < 10 m, L_ < 100 m, and

3 2

L3 < 1000 m to three significant figures, distance up to 1000 m
can be determined without ambiguity to the nearest centimeter.
The different frequencies of the signais are created by modulating

the carrier wave either by amplitude or frequency modulation. An

amplitude modulation is given by

v o= (A + Am sin v t) sin w(to + t)
and the frequency modulation is given by

v = A sin (w + Am sin wmt) (to + t)

These modulations are achieved by passing the carrier wave, such as
the laser beam or an infrared beam, through a kerr cell which is controlled

by an alternating voltage at the required modulation.
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Fig. 3. Amplitude modulation. Fig. 4. 'Frequency modulation.
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Fig. 5. Principle of EDML
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Fig. 6. Transmitted and received signal.

‘The phase difference between the transmitted and the received
signal is measured by passing the portion of the transmitted and the
received signal through a volt meter and then delaying the transmitted
signal so0 as to give a null reading. The delay is then proportional
te L. The L is determined by delaying a portion of the transmitted

signal using a device such as a delay wédge (see Fig. 5).

3. THE ERRORS IN AN EDMI
The distance D measured by an EDMI is given by

2D = nA + 2



where
n = total number of full waves
A = wave length of modulation frequency
£ = linear phase difference between transmitped and reflected

signals.
The distance measured is subject to systematic errors. One, which is
independent of the length, is due to tha-distance traveled within the
EDMI system, swing errors, and the like. The other, which is dependent
on thé length, is due to variations of the atmospheric conditions,
frequency drift, and so on.

The errors independent of the length, which are of significant
values, are the constant error, the cyclic error, and the swing error.
The constant error consists of two parts (see Fig. 7), which are 1) CO'
due to uncertainty of the electronic origin of measurement within the
EDMI and 2) Co" due to uncertainty of the reflected position of the beam

within the prism. Thus, the effective constant error

c =c'+cC™"
o o [¢)

The cyclic error is due to the determination of L. The L is
determined by delaying a portion pf the transmitted signal uding a
device such as a delay wedge; When the transmitted signal is
delayed and is mixed with yhe received signal, a zero reading will
show on the‘null meter. Thus, the féading R, corresponding to the
movement by the delay wedge, will depend on L; If we assume that R
is propottional to L, then Qé will have an érror._ This error is

typically small and cyclic with a period of A/2 (see Fig. 8).
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Fig. 7. Constant error.
2
R
CYELIC EFFECT CYCLIC EFFECT
DUE TO PROPORTIONALITY DUE TO CROSS TALK

Fig. 9. Cyclic effect

Fig. 8. Cyclic effect due due to cross talk.

© to proportionality.

In practice there is also an error due to "electronic cross talk" between
transmitted and received signals (see'Fig.‘g). The total error due to
proportionality and electronic cross talk is known as cyclic error.

The cyclic error can be represented by the Fourier series
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n
Y = z (Bi sin(i %) +Ci cos J’irlt_i))

’ . . . .th . . .
where Bi and Ci are Fourier coefficients of the i sinus oscillation.
The swing error is due to the fact that the received signal is

not a direct signal, but one that is reflected via a reflecting surface.

REFLECTING SURFACE

Fig. 10. Swing error.

This error is practically nonexistent in light wave instruments but
does exist in microwave instruments. The effective way of eliminating
this is to use a number of carrier frequencies.

The errors dependent on the length of any significance are the
refr#ctién error and the scale error. The refraction error is due to

the velocity of the electromagnetic wave varying with the refractive

index of the medium according to the equation:

Cn =Cn
o O tt
where
C0 = velocity in vacuum
n_ = refractive index of vacuum, = 1
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“t

#

velocity in a medium

refractive index of the medium.

n
t

The refractive idex of the medium n, depends on temperature T, pressure
P, vapor pressure e, and the wave length of the carrier wave A. The

n, for the light wave is given by

=1
]

n -1
g » . _5.5% -8
t I+(1-¥mt)(?60) 1‘+atx10

where

n_ =1+ (2876.04 4 48864 0'630) x 1077
g A? Aé

t = dry bulb temperature in °C

o = 0.003661

A = in micrometers (um)

The 0 for microwave is given by

103.46 P + 480.24 e -6
t .273.2 + t (273.2 + t)Z

Where
e = e' + de
e' = 4,58 x 10°
a = (7.5 t')/(237.3 + t')
de = -0.000660 (1 + 0.00115 ') P {t - t')

t' = wet bulb temperature in °C
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In practice, the effect of e for light wave is negligible, especially
for distances less than 2 km. Also in practice the frequency is

compensated internally to accommodate the change in velocity. Since
C = fA
dC « df

In wmodern short range instruments, the freguencies are set initially
for average operational conditions and small changes to this frequency
are made prior to the measurement. This effect can be seen from the

following equations

D = Ct T
CO
= _Ilm T
t
Co n COT n
T n T = n "n
.t t
= p' 2.
nt.

where n is the refractive index at which the instrument is initially

set and D' is corresponding distance. Nown = 1 + o

= + o
o, 1 o

where o and o' are of the order of 0.0003. Then
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1 +

— 1] P
D=0 1+ a

D' (1 + (o - «'))

H

fl

I)! 4 D'(O." - 0.")

The correction factor (o - «'), which depends on the differences
in temperature; pressure, and the like, is small, This correction
factor can be computed or obtained from tables and charts. Most modern
short range EDMI have facilities to enter this corfection factor prior
to Meésﬁrement.

The scale exror is due to the change in frequency of the modulation.
In oxder to "lack" the frequency within very narrow limits, a quartz
crystal is inserted in the circuit. The resonant vibration frequency

of a crystal

QUARTZ ' M
CRYSTAL

Fig. 11. Frequency drift.

is a function of its size and shape‘ Because crystal dimensions do
change slightly with temperature and age, the frequency tends to drift,
In practice, the instrument is operated in such a way that the crystal

is in a temperature controlled environment. However, the dimensions
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‘of the quartz.crystél change with "age" and affect the frequency,

resulting in a scale error.

4. THE METHODS OF CALIBRATION

Modern EDMI are of the solid state ¢ype and therefore their elec-

tronic components are stable. However, due to usage, transportation,

and the aging of crystals, the constant and scale factor tend to change.

Also the constant changes for different combinations of prism and EDMI.

The EDMI must be calibrated periodically for the following reasons:

1)

2)

3)

4)

5)

to check the accuracy of EDMI results

to determine the constant and scale factor of the EDMI under
operational‘conditions

to provide documented instrument history for legal and insurance
purposeé |

to maintain a uniform unit of measurement both locally and
nationally

to maintain the standards of accuracy of surveying (e,g., &

X 1()"'6 for third order triangulation, 1/20,000 for'propertﬁ

surveys, etc.).

The calibxation of an EDMI can be. done under laboratory conditions

as well as under field conditions. The values supplied by the manu-~

facturers are generally those obtained under laboratory conditions and

'will not be discussed in this report. The field methods are the subject



16

of this report. The advantages and disadvantages of different field

methods are given below.

Baseline Method (see Fig. 12)

This method consists of measuring the distance between two established
monuments by the EDMI and determining the constant, knowing the calibrated
length between the monuments to an accuracy of 1 part in a million or

better (% 1/106).

BASELINE METHOD

P 278\

Fig. 12. Baseline method.

Advantages Diéadvanﬁages
1) Easy to lay out. | 1) Results are misleading as the
2) Easy to compute the constant cannot be separated
constant. from the scale factor.

2) The EDMI is tested over one

distance only.

Section Method (see Fig. 13)

In this method three or more monuments are set on a 1ine‘and the

6
distance between them determined to an accuracy of *1/10  or better.
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The constant and scale factor of an EDMI are determined by measuring

all combinations of distances.

SECTION METHOD

A B c D

Fig. 13. Section method.

Advantages \ Disadvantages
1) Fairly easy to lay out. 1} The calibration is done over
2) Measurements can be done a limited distance.
quickly. 2) The monuments must be in liné

within limits.

Intersection Method (seé Fig. 14)

In this method a number of monuments are set up at‘known points,
spread out in all directions at different diétances from a central
point. The EDMI is set on this central point and distances are measured
to all other points., From these measurements, the scale factor and

¢

the constant of the EDMI are determined by least squares.
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INTERSECTION METHOD

JAN

Fig. 14. Intersection method.

A@vantages Disadvantages
1) The calibration can be dqne 1) Measurement of distances may
over unlimited distances. be time consuming.
2) A very good determination of ~ 2) The accuracy of C and §
C and S8 is possible. depends on the accuracy of

‘the station coordinates.

NGS Calibration Baseline Specifications

The objective of EDMI calibration is to determine the constant,
the scale factor, and the cyclic error. In most modern short range
EDHI, the maximum cyclic errors are less than 5 mm and the frequencies

are selected such that AI = 10 m, A, = 200 m, A, = 2000 m, and sc on

2 3

so that Ll < 10 m, L, < 100 m, L, < 1000 m, and the like. Since the

2 3

cyclic error is proportional to L and if the distances for calibration

baseline are chosen to be multiple of 10 meters, then the cyclic error
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will be almost megligible for the distances measured. Thus, the NGS

chose the section method of calibration and selected the distances

between the monuments to be multiples of 10 meters. The recommended

design for the NGS baseline is shown in Fig. 15. Thus, the NGS baseline

is‘suitable for determining scale factors and constant of a modern

short range EDMI.

NGS DESIGN REQUIREMENTS

JAY AY A D\

A+
Q 150 m 430 m 800 m 1400 m

Fig. 15. NGS design requirements.

The requirements for establishing an NGS baseline are:

1)

2)

3)

4)

The site selected should have even terrain (see Fig. 16).

IDEAL SITE

m?z

430

800

Fig. 16. 1Ideal baseline site.

The site should be easily accessible to the public.
No nétural or man-made obstacles such as high voltage lines,
fences, or the like, should be present on the site.
The monuments should be on line with an average tolerance 5f

+20" and a maximum of 5°.
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5) Tﬁe precise distances between monuments should be determined
by using two high precision short range EDMI. In additiﬁn,
150 m distance should be taped by Invar tape. The distances
axe to be determined to an accuracy less than *1 mm.

6} Since the 150 m distance will be taped, these two particular
monuments should be established so that the distance between
them is 150 * centimeters. Also the design can be altered so
that the terrain between these two monuments is as even as
possible. This distance can be used to calibrate field tapes.
The calibration tapes to be used have only 0 m and 50 m marks

without graduation at the end tapes.

5. THE MATHEMATICAL MODEL FOR CALIBRATION

According to the specifications of the NGS baseline, only the
constant {C) and scale factor {8) of an EDMI can be determined. The
cyclic error is assumed to be negligible since the distances between
the monuments are in multiples of 10 m and the modulation wavelengths
are in multiples of 20 m.

.Most modern short range EDMI have the facility to set the known
constant and scale factor in the.EDMI prior to measurement. The displqyed
distance is automatically correcﬁed for these errors.

The high precision instruments used by NGS to establish the baseline
distanceés have an accuracy of *i mm whereéas most EDMI have an accuracy

of 3 mm.
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The mathematical model for calibration must determine.the scale
factor and the constant of the EDMI using the NGS baseline. This 'model.
must take into account the fact.that the measurements by EDMI are
comparable to those of NGS measurements and that a priori knowledge of

C and S has a certain precision.

—
e
K

Fig. 17. Baseline distances.

Suppose A, B, C, D, and E are five monuments on line and the true
distances between them are W, X, Y, Z; then the simplest method to
determine the constant of an EDMI is to measure {or obsexrve) all the

distances between the monuments by the EDMI, then
C = Zobserved - Zknown

This method will give only the constant factor and not the scale factor.

Alternatively,
C = observed AB + observed BC - observed AC
which is independent of known lengths

(observed) AB - C - (known) AB
(known) AB

apnd 8§ =
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This method does not use all the observed distances and neither does
it account for the precision of the cbserved distances and the known
distances.

The method selected for determining the scale and constant is a
method of least squares with a facility to constrain a prioxi parameters
according to their precision. Suppose £i is an observed distance with
a‘stgndard errprrof Uﬁi’ and Wo’ Xo’ Yé, ZO are the known distances of
AB, BC, CD, and DE with standard error of ¢, ax, UY’ GZ; G énd S are

the constant and scale factors with standard errors of 0, and 0_; AW,

c s’
AX, AY, AZ, AC, AS are the errors in W, X, Y, Z, €, and 8, respectively;

then

£2i + Ve = al(w + AW) + a2(X + AX) + a3(Y + AY) + aa(z + AZ)

+ C + AC + Ei(S + AS)

is an observation with weight

2
a
- _©
Pgs 5 2
24
wh a a r efficients; v is the residual; © 2 is the
ere a, az, 37 2, are coefficients; 01 e 3 O

variance of unit weight, and

0"02
W+ VW = W + AW with weight P = ~

gQ
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0'02

X+ VX = X + AX with weight PX =3
o
X

2
%

= + i i =

Y + VY Y + AY with weight PY - 5
Y

2
%

+ = i i =

Z VZ Z + AZ with weight PZ 0 P

y

2
%

C + VC = C + AC with weight ?C = ;*E
c

2
: %

8 + VS = 8 + AS with weight PS =
%s

are the constant equations of the parameters. If the parameters are
unknown, then these standarxrd errors can be assumed to be ®, which is
equivalent to assuming that their weight is zero, which makes a

self-calibration. The total observation equation can be written as:

T
Vos ¥ & - (ayy 3y, a5, 3,, 1, 2, X, ¥, Z, €, §)

T
= (ay, a,, 3,4, a,, 1, £.)(&W, AX, AY, AZ, AC, AS)
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VY+O=‘AY
v, + 0 = AZ
VC + 0 = AC
Vg + 0 = AS

Therefore, the observation .can be written in matrix form as V + L = AX

where X = (AW, AX, AY, AZ, AC, AS)T

T

0 0

0 0

6 0 i=1,n
1 0

-0 1

4 0

+‘a13Y-+ ai42 + G+ £iS)\

where n is the number of observations by the ‘EDMI.



25

The weight matrix P of the observations are given by

/
=
S
a
T=)

P = K/o

=}

where K is a proportionality constant.

Thus, by the usual least-squares principle, we have

@l P oax

I
>

P L

alp Ayt alpr

o
i

The variance-covariance matrix EX of the correction for parameters is

]

given by

5, = UOZ(AT pay L
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where

is the variance of unit weight in which N = n + 6 and V = AX -~ L.

The variance of observation is given by

The .adjusted values of C and S are then given by

C=C+ AC
g = 8§ + AS
2 2 2 2
= - = i > >
Of = 0g *Opc T O * gy T Ry Af I %
2 2 2 2
= s - = 3 > >
O = 0g * Opg =0 * 250 % 20 1f 20 U

The values AC/GAC,

freedom (Rainsford.{lol).

AS/GAS satisfy a t-distribution with n-2 degrees of

and AC/UAS >t it can be concluded

if - >
Then if AC/GAC t o,n-2’

o,n=-2

at o confidence level that the scale and constant of the EDMI have

changed; otherwise the constant and scale have not changed significantly.
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6. THE MATHEMATICAL MODEL FOR MONUMENT MOVEMENT DETECTION

In practice the known distances will be determined at a time dif-~
ferent from the observed distances. However, in the intervening perieod,
the monuments may have moved due to natﬁral or artificial causes. If
the movements are large (compared with the accuracy of the observation),
then they can be easily detected. BHowever, if they are small, then a
statistical analysis is required to detect‘the movement .

Suppose O 2 is the variance of unit weight of the least-squares

10

method in determining the C and S of an EDMI at an epoch Tl and if

0202 is the variance of unit weight of the least-sgquares method at the

epoch Tz, then the value

U102
F = > satisfies an F-distribution
%20
if
> i ©
F Fa’nl’nz (n1 and n, are the respective degrees of freedom)

then 010 is significantly different from 020 at 90 - o confidence level.
If so, assuming no blunders, the only possibility is that one or more

monuments have moved in the direction of the line.

Now from the least~squares method we have
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5 2
5 2 . .20
AX Py

5 2
o 2 . 20
AY Py

5 2
g 2 . -20
AZ P,

Again, the values AW/UA , MXJjo ., AY/UA s AZ/GAZ satisfy the t-distribution.
1f one or more of these values is > ta,n’ then the monuments involved

have moved. Also, in normal computation precepts, the weights for W,

X, ¥, Z will be high, and therefore AW, AX, AY, AZ will be small.

However, thé weights for the observations are small; therefore the

residual Vi will be large. Again

Vi
t, =

T

satisfies the t~distribution. Then if ti > ta n’ the monuments involwved
3
have probably moved. By analyzing the t's, the weights of W, X, Y, Z

corresponding to the largest ti can be made zero and a readjustment

done. This procedure can be continued until

2 a,nl,n2
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For suspected small movements the weights of NGS values and the obser-
vations could be made the same in the readjustment and the results

-could be analyzed to detect the movement in the monument.

7. THE COMPUTER PROGRAM FOR CAiIBRATION AND
DETECTION OF MONUMENT MOVEMENT

The computer program using the mathematical model described earlier
. was developed in BASIC language to

(a)-ldetermine the constant and the scale factor simultanecusly

(b) constrain the calibrated distances and measured distances

{c) constrain the known constant and scaie factor

(d) detect any movement of the monuments

(e) maintain the history of the instrument and baseline.

See Fig. 19 for the program flowchart. Appendix III gives the
listing of the program and Appendix I and II give the sample data input.

Appendix IV gives sample output.

SIMULATED DATA
W = 465 X = 175 ¥ = 155 7 = 605

A B C D

4

lasi 4

Fig. 18. Simulated baseline data.

Computations were done using simulated and real data. Tables I,
2, 3, and & give the results from simulated data. Table 5 gives the
results of the self-calibration of Red EDMI using the calibration base-

line at 1ISU.
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Simulated Data

NAME OF INSTRUMENT
NAME OF BASE LINE
DATE OF OBSERVATIO

=

CALIBRATED LENGTHS

Koo

OF BASE LINES AND
THEIR WETGHTS

Y

" INSTRUMENT CONSTANTS )
AND THEIR WEIGHTS  J

] OBSERVATIONS AND
THEIR WEIGHTS

¥

FORM OBSERVATION,
NORMAL EQUATION AND
SOLVE FOR CONSTANT
SCALE FACTOR, LENGTHS

BASE LINE OBSERVATIONS
AND CALIBRATED LENGTHS

UPDATE INSTRUMENT
CONSTANTS

OBSERVER'S NAME
BASE LINE NAME

Fig. 19.

INSTRUMENT NAME AND CONSTANTS

STD. ERRORS OF OBSERVATIONS -
AND CONSTANTS .

Flow chart for calibration program.
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Simulated data were created for different cases for the baseline
shown in Fig. 18.
Case 1

In this case simulted data were created from an EDMI with

Scale factor = 0.0

Counstant = 0.02

Standard error of observation = 0.0
= 0.0

Standard error of the calibrated lengths

Table 1. Raseline simulated data (Case I).

Data

465.02
175.02
155.02
605.02
330.02
935.02
1400.02
795.02
640.02

- 760.02
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Resuits by Usual Computation Procedure

C = 2 observed - Z known
= (.02
or
C = observed AR + observed BC - observed AC
= 0.02
Results by Using the Computer Program
C = 0.019997 % 0.00001
§ = 0.00000002 * 1.4 X 10°°
Variance of unit weight = 8.9 X 1()"6
Case Il

In this case, the simulated data were created for an EDMI with:

Scale factor = 0.0001
Constant = 0.02
Standard error of observation = 0.0

= 0.0

~SBtandard error of calibrated lengths
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Table 2. Baseline simulated data {Case II).

Data

465.066
175.038
155.035
605.081
330.053
935.113
14030.160
795.099
640.084

760.0696

Results of Computation by Usual Procedure

C =

#

[e)
i

Scale factoxrs =

2 observed - X known

0.08, which is incorrect

observed AB + obéerved AC - observed AC

0.02

AB observed ~ € -~ AB (known)
“AB (known)

0.0001
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Results by Cdmputer Program

0.0198 £ 0 00013

[#]
1]

0.0001 + 1.8 % 10~ '

wn
i

Variance of unit weight = 0.0002

Case II1

In this case simulated data were créated for an EDMI with

w
il

0.0001

and movement of 0.01 m to monument B.

Standard error of observation = 0.0

0.0

Standard exrrxor of calibrated lengths
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Table 3. Baseline simulated data {(Case III) and residuals.

Residuals After

Data Adjustment .
W 465.00 -0.0051
X 175.00 +0.0067 largest residual
Y 155.00 | +0.0014
z 605.00 +0.0016
Data
465.077 0.0041
175.027 -0.0028
155,035 ~ -0.0014
605.081 +0.0002
330.043 -0.0020
935.104 -0.0029
1400.16 0.00006
795.099 0.0009
640.084 0.00007
760.096 0.0010

Results of Computation by Usual Procedure

l9]
i

observed AB + observed BC -~ observed AC

0.02
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observed AB - C - AB
ARB

8 =

0.000123 which has an inaccuracy actor of 23/106.

Results from the computer program (ﬁnder normal adjustment)}

0.01889 % 0.02

9]
i

0.000104 % 0.00001

74}
i

Variance of unit weight = 0.003

g 0003

0.0002 Fo.01,10,10 = 4%

indicates an unsatisfactory adjustment.

Computing t for the largest residual, we have

_ 0.0067

t = 0.003

= 2.2 > t 1.8

0.05,10

indicating probable movement of B.

Results of Computation by Computer Program

After analysis using ¥ and T tests, the weights of W and X are

made zero and a recomputation is done giving

C = 0.0198 & 0.0001

-7
S = 0.000100 £ 2 X 10
2

0.00011

Q
]



¥F =

indicating satisfactory adjustment.

Case IV

_ 0.0001 _
0.0002 ~

In this case simulated data were created for an EDMI with

W
i

C = 0.02

Table 4. Baseline simulated data {Case IV).

0.00001

Observed Data with Standard
Error of 0.002

Calibrated Data with Standard
Error of 0.0005

155.

175.

465.

605

330

935.

1400.

760

640.

795.

035

036

065

.082

.056

114

16

097

087

101

414.9997

174.9991

155.001

604.9996
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Results of Computation by Computer Program

Weight of observation = (.25, weight of calibrated length = 1.

[
]

0.0197 £ 0.001

0.000101 % 1.5 x 10~°

[#]
il

Standard ervor of upit weight = 0.0008

Results of Real Data Using ISU Baseline

Observer: Joel Dresel
Instrument: Red EDMI
Date: 5/14/81

Calibrated lengths were not available at that time. The set of

observation readings are shown in Fig. 12. 8elf-calibration results

using the computer program are

]
i

0.0015 £ 0.001

5 5

S = -0.5 % 10 ~ % 0.2 x 10

Standard error of unit weight = 0.0019
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8. ERRORS IN EDMI OBSERVATIONS

REFLECTOR

Fig. 20. Elevation of instrument and reflector.

In distance observations using an EDMI, there are not only internal
errors, such as comstant and scale errors, but also external errors.
Among the external errors, the most significant are those due to:

1) centering EDMI or reflector precisely over the point

2) measurement of height of EDMI or reflector over the point

3) measurement of temperature and pressure.

Centering Error

Most modern EDMI equipment uses a tribrach with optical plummet
for centering. The optical plummet has the advantage that it is unaffected
by wind unlike the plumb bob. However, the line of sight in the optical
plummet, representing the vértical, might be out of adjustment. The
optical plummet has to be checked frequently for maladjustment, or the

observation procedure adopted should eliminate these errors.
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' II .
0O Y00
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/ |\
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POSITION 2 / \ POSITION 1

/ \

D

Fig. 21. Centering error.

Figure 21 illustrates the error in the line of observation. This error

can be detected and adjusted by three methods, the plumb bob, rotation,

or angle method.

Plumb Bob Method

In the plumb bob method, the plumb bob is used to center the tri-
brach over a point which is located inside a laborxatory or building
free of any wind effects. Then the plumb bob is removed and the optical
plummet is checked over this point and any errors are adjusted by moving
the cross hairs. This method is simple but it is difficult to achieve

an accuracy of %1 mm when centering a tribrach with a plumb bob.

Rotation Method

Some tribrachs have the facility that the eyepiece can be rotated
about the center to sight the points. Thus, if the tribrach is first

centered with the eyepiece at position 1, then if the evepiece is rotated
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180° for position 2, the line of sight will be different if the instrument
is not in adjustment (see Fig. 21). The instrument can then be easily
adjusted. This methéd is simple and accurate. However, most tribrach
do not have the facility to rotate the line of sight.

If tribrachs do not have the facility to rotate the line of sight,
then the tripod to which the tribrach is mounted can be set on a

rotatable platform and any centering error could be determined as earlier.

TRIBRACH

TRIPOD.

CENTER

Fig. 22. Rotation method.

However, since a rotatable platform might not be available, the tripod
‘could be mounted on a stand. The center of the stand can then be defined
and the tripod, stand, and the like, could be rotated about this point

(see Fig. 22).

Angle Method

In this method three targets are set about 25 feet from a point 0
such that A 0 B = B 0 C = 90°, A precise theodolite is mounted on the
tribrach which is to be checked for centering. The angles A 0 B and

~

B 0 C are measured accurately after centering over the point 0. Now
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Fig. 23. Angular method.

the tribrach is rotated through 180°, recentered, and the angles are
measured. If the two sets of angles are not the same, then the tri-
brach is out of adjustment.

Supposing the tribrach is out of adjustment, then the lst set of

angles measured is A 1 B and B 01 C. The second sets are A 02 B and

B 0,C. From Fig. 23, since A 0 >> AX, AY

if

AY - AX

M
2
i
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%BmAY+AX

AY=§(¢+B); x=2p-w

where AX, AY are the errors in the centering along A C and 0 B, respec~
tively.

All of the above methods were tested, and it was found that the
angle method is the most accurate and the rotation method the least.
The ﬁlumb bob method was the simplest and the angular method the most
difficult.

After adjusﬁing for centering error, any residual or change in
centering error could be eliminated by measufing the distances in the

forward and backward directions. This can be illustrated as follows

/4
A B

[ww) -

Fig. 24. Compensation for centering error.



44

Let AB be the distance measured. The EDMI is first set at A and
the reflector at B. Due to centering error A'A, the distance measured
by the EDMI is A'B. Now the EDMI is set at B and the reflector is set at
A. The centering error B'B is equal to A'A and is in the same direction
as the line of sight provided that optical plummets are in the‘same
relative positions and the height of the tribrach above the points are

the same in both cases.
. AB = A'B ~ A'A
in the forward measurement and
BA = B'A + B'B
in the backward measurement

A'B + B'A

. AB = 5

which is independent of the centering error.
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Error Due to Height Measurement

Fig. 25. Reduetion to horizontal.

Let HA be the height of station A, and HB above mean sea level
{MSL), respectively. Let LA, LB be the height of instrument at A and

reflector at B, respectively. The slope distance Al 31 measured by

EDMI has to be reduced to the MSL giving A3 B3 or reduced to the horizontal

giving A BZ.
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The distance A 33 is given by

3
2 2
A B2 = BBy - (BB A3A1)
3" 3 A A B_B
1+ 311 1+ 31
R R
where R = 0 A3 = 0 BS’ the radius of curvature of the reference ellipsocid.

The horizontal distance AB2 is given by

- 1/2

_ 2 2
AB, = [AIB AERCAES IR AR % :

- [(HA + hA) - (HB + hB)] sin 6/2

where

o]
]

AB/R

s

8/2 4.935"/1000 ft (4.935" per 1000 ft.)

i

) . L, 172
ABZ [A1B1 - { (HA+hA) - (HB+hB)} _
“ AB X 4.935"
- [(HA *hy) -yt hB)] " osin 1000

.

Since the distances involved in the EDMI calibration are less than one

For these distances

mile, ABZ is normally used instead of A3B3.

(AIBI) x 4.935
[(HA + hA) - (HB + h‘B)] sin 1000

is negligible.
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The difference in elevation between A and B is H. The error 6(AB2)
in ABZ due to the error in 6(H) in H is given by

‘ -
6(AB,) = as, S(H)

L if H = 1 fe, AB2 = 300 ft

Then an error of 0.1 ft in H will give an error of 1/5000 = 0.02/100
= 0.0002 £t in ABZ. Therefore, since the distances measured by EDMI
have an accuracy of 0.01 ft, an errvoxr of #0.1 ft in the height measurement

would not significantly affect the calibration of the EDMI.

Exrror Bue to Measurement of Temperature and Pressure

The refractive index for a light wave is given by

n -1

N P
S T
n = 1.0003
g
& 0.003

The error &t in temperature gives an error 8n in the refractive

index which is given by



8 =

R

i

0.0003

2

(1 4+ at)
0.0003 x 0.003 56t

9 x 10

7

5

a §(t)

t
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The corresponding erxror in the distance is

88 =

S(6n) = S x 9 x 10~

Thus, if 6t = *1° C and S

&

= 45 X 107" = 0.0045.

7

5000 ft, then 88 = 5 x 10° x 9 x 10°

5t

7

Similarly the error in distance due to error

in OP in pressure is given by 88 = S(0.0003)(8P/760). Again, if

s = 5000, OP

#

i

ds

o

iR

1 mm, then

3

5 xX 107 X 0.0003 x 755

15 x 10

0.002

3

x

10

-4

X

1

-2

10

7.

6.

22 %X 10

Thus, it could be concluded that since the distances are measured

to *0.01 ft., the error of *1? C and *1 mm in temperature and pressure

does not significantly affect the measured distances.
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9. COMPUTER PROGRAM FOR MEASUREMENT REDUCTION

g

-
s
—
-

Fig. 26, Baseline statiouns.

In the EDMI calibration using the NGS baseline, the measurements
have to be taken to eliminate both blunders and systematic errors.
Systematic errors due to optical plummet can be eliminated, as seen
earlier, by observing the distances in both directions. These obser-
vations in both directions could be used to detect blunders.

Suppose HF_’ HB are the horizontal forward and backward distances.
i

i
Then we have

where 0& is the standard eryvor of the difference in measurements. The
i
value t = dilod satisfies a t-distribution. Therefore, if t > ta then
- 3.
1. .
the ith measurement may be subject to blunders at (100 - «a) to confidence

level.
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In practice, both the forward and backward distances are measured

with equal precision. Thus, if Gﬁ is the standard error of the horizontal

distance, then

UH could then be used in the calibration program to weight the observations.

The horizontal distance HD is given by

[ 2 2 1/2
Hbh = SLD -[(EF + HI) - (EI + HTR]

4.935 v 1 i

X
10002 36 57

- [(EF + HI) - (EI + HR)] sin | SLBp x

where

SLD = slope distance between two stations

EF = elevation of the instrumen§ statioq (from)

ET = elevation of the target station (to)

HI = height of imnstrument

HR = height of reflector

In Section B it was shown that the correction for refraction error

is smail and that in modern EDMI these corrections are entered in the
EDMI while taking the measurements. The slope distances given by the
EDMI are almost free of refraction error and therefore, no correction

is required in the reduction.
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A computer program in FORTRAN language is written to compute and
print the horizontal distances, the differences between forward and
backward distances, and the standard error of measurements. Figure 27
shows the flow chart of the program, Appendix VII gives the listing of
the programs, and Appendix V and VI give the sample data. Appendix VIII

gives sample output.

10. RECONNAISSANCE AND ESTABLISHMENT OF ISU BASELINE

Before selecting a suitable site in the area, topo sheets and
aerial photographs must be studied. It is also important to discuss
the suitability of the site with knowledgeable local péople such as
county surveyors, engineers, farm managers, and the like. The site

also must be visited and a preliminary taping done.

Sites Selected

The EDMI calibration baseline at I5U was selected after carefully
reviewing five sites. Figure 28 shows the sites that were considered.
In the final selection the following factors were considered.

Site I--Airport Site

Discussions with the airport manager revealed that the future
expansion plans for the airport may interfere with the baseline. Also,

the heavy traffic may endanger the survey crew,
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~ (sTART)

: READ PROJECT
NAME, ETC
=1 ft
\
| - METERS

READ STATION / READ STATION

- EF, ET, HI, HR, SLD EF, ET, HI, HR, SLD
END

COMPUTE _ COMPUTE

HORIZONTAL DISTANCE HORTZONTAL DISTANCE

(METERS) (METERS)
PRINT PRINT
FR, TW, EF, FT, SLE, HD FR, TW, EF, ET, SLD, HD

COMPUTE
DIFFERENCES

TW, FR, DIFF

T

SDEV

SDEY

STOP

Fig. 27. Flow chart of reduction to horizontal.
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Site 2--1I-35 Site

Though this site seemed ideal at first, a visit to the site showed
the presence of obstructions such as high voltage lines. The terrain

was also uneven.

Site 3--I-30 Site

The site was ideal. However, the Department of Transportation
personnel objected because the only approach to the middle monuments
was from the highway.

Site 4--County Dirt Road Site

Even though this site was ideal, it had to be abandoned because
the road is going to be closed. Also landowners of the adjeining tracts

objected to the establishment of these monuments.

Site 5--ISU Baseline Site

This site is on a right-of-way ditch along a county road adjgining
the ISU farm. The site was good except for the presence of a TV tower
at a distance of 500 feet from the baseline. This site was finally
selected, even though it may not be suitable for calibrating microwave

instruments.

Location

The ISU baseline is two miles south of Lincoln Way in Ames, Iowa.
The property is owned by Iowa State University and the most obvious
landmark is the WOI radio towér.

To get to the baseline from the north, one takes Lincoln Way to

the South Dakota turnoff in West Ames and goes south two miles. The

‘
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baseline is located at the north edge of section 19, T83N, R24W,

in Story County. The WOI Tower is located in the center of this section.

Traveling from the south, one takes South Dakota north out of

Slater four miles (see Fig. 29).

Measurement Procedure Adopted to Locate Monuments

The following procedures were used to locate the monuments:

1)

2)

3)

4)

Preliminary taping was done and approximate positions were
marked on the ground,

The theodolite was set at every point and other points were
sighted. The last monument was not visible from th&.lso m
mark.

In order to set the marks at visible locations, a profile
leveling was performed (see Fig. 30). |

After studying the profile, it was decided to build two mounds,
about 2 to 3 feet high at both ends, and position monuments

as shown in Fig. 30. This ensured sufficient clearing‘between

the electromagnetic wave and the ground.

Establishing Monuments

The monuments were established in the following order:

1)

2)

The final positions were staked after checking with the EDMI
for distance and with the theodolite for alignment. The
positions were flagged for subsequent drilling.

Holes were drilled for the monuments and witness monuments.
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Fig. 29. Baseline location.
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3) Before setting the monuments in place, the holes were checked
for alignment by placing the theodolite at the 770 m mark.

4) The positioning of the underground monuments was done with
the aid of two stakes, placéd exactly 6 ft on either side of
the drilled hole. A steeél tape was plumbed directly uﬁder_
the center of the tape. The:undergropnd'monﬂment was set in
6 in. of concrete and positioned with a bent wire affixed to
the end of 'a range pole.

5) The positioning of tlie surface monuments and reference monuments
was done three days after the tinderground monuments were
setf

Two inches of sand was placed over the bottom for protection #nd
the S“ft“&eep hole was then filled with ready-mix concrete. Positioning
of the surface monuments was done in the same manner as the underground
monument except the theodolite was used to ensure the placing of the
monuments on line (see Figs. 31, 32, and 33). The theodolite was set
up over one of the two stakes sighted on a range‘pole at the center of
the range, and then the cap was set on line with the cross hairs of
the instrument. The proper distance was reset at the center of a
tape stretched betwsen two stakes.

The initial and the 1370 m stations were elevated with the aid of
cqucrete forms (see Fig. 33) set over the drilled holes and filled to
a height of 3 ft above the normal ground surface. After the concrete

hardened, these forms were removed and a mound built around the monument.
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Fig. 31. Final adjustment.
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Fig. 32. Positioning the monument.
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Fig. 33. Filling the form.
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In the final layout of the ISU baseline, the spacing is approximately

461 m (1513 £t), 620 m (2035 ft), 770 m (2528 ft), and 1369 m (4492 ft)

from the initial point that lies on the east end of the line (Fig. 34).

RML  RM2 N RML RMZ RMIRMZ RMIRMZ RMI RM2
Fal & Fa a8 - O a

A . A8 . & A
~ . A0 mEL
® o502y O

CaIm o 620m  70m - 1370 m

Fig. 34.  ISU baseline.

To insure relbééiiﬁﬁ'df &ést¥p§§d‘h§hu@épié,.tﬁ¢ precautions were
taken: reference makks.wéfe'séﬁ'afzééch statidn.fof $pproximate relocation,
and an undergroundnﬁahﬁﬁent was set dirvectly under the surface monument
for precise relocatibn; Table 5 gives the diStqnces to the reference

points and Fig. 35 shows the monument construction.
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MONUMENT CONSTRUCTION
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Fig. 35. Monument construction.

Table 5. Reference mark positioning.

"Station RM Distance

0 1 20.9!

2 16.5"

460 1 21.3"
2 18.7'

620 1 . 16.4"
2 16.5"

770 1 1g.2'
2 1z.0'

1370 1 17.6"'
2 i8.1°
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Setting the Monuments and Establishing the Baseline

Three phases of monument location were undertaken: hole.drilling,
underground monument location, and surface monument location.

The hole drilling was performed after all stations were staked
and marked with ribbon for easy identification. Holes were drilled by
the Yowa DOT with a l1~ft-diameter earth drill, 5~ft deep. Reference
mark holes were drilled 6 in. in diametér, 4-ft deep.

Surveying students at ISU, David Varnerxr and John Dierksen, com-
pleted the reconnaisance in February 1981? The monuments were estab-
lished in spring 1981. John Dierksen et al., the staff of ISU
Physical Plgnt, and the staff of Iowa DOT were involved in’estabiishing
the monuments ., In May 1981, Joel Dresel and Robert Lyon measupred the
distances and elevation differences between the monuments. InlOctobef
1982, an NGS team of two plus four ISU students (Scott Kool, etc.)
measured the distances and elevation differences between the monuments.
The 150 m distance between monuments B and € was measured with two
Invar tapes by the NGS team. They also measured all distances between
monuments using both HP 3808 and MA 100 EDMI. A first order Qbservation
procédure was used in these measurements. These measurements were
reduced and least-squares adjustment was done. The final results were
then published by NGS (see Appendix IX).

Also in October 1982, Scott XKool and Robert Lyon did a thifd order
leveling between monuments E and an existing bench mark "IHC" on

Highway 30 (See'Fig._36). Table 6 gives the elevation of E and Table 7
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TO AMES AT LINCOLN WAY = 1 MILE

N

i

=

BENCHMARK I.H.C. EL = 1036.81°

TO BASELINE = 1.25 MILE

- Flg. 36. Benchmark IHC.
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compares the elevation differences between monuments as obtained by

Scott Kool, the NGS team, and Joel Dresel.

Table 6. Mean sea level elevation of monument E(O0).

Forward leveling difference between IHC & E = 13.958 ft.
Backward leveling difference between IHC & E = 13.927
Mean difference in elevation between IHC & E = 13.9425
Elevation of IHC = 1036.81
Elevation of E = 1050.75
Table 7. Comparison of leveling betwsen monuments.
NGS Scott Joel
1982 1982 1981
B - A 3.398 ft. 3.406 ft. 3.43 fr.
¢ ~ B 0.672 ft, 0.663 ft. 0.65 ft.
D-c¢C 1.030 ft. 1.042 ft. 1.04 ft.
E-~-D 3.116 ft. 3.147 ft. 3.16 ft.

11. OBSERVATION PROCEDURE

The objective of the measurement procedure should be to obtain
all posgible combinatijons of distances between the monuments under
normal operations procedures. These measurements can then be used to

a) determine the horizontal distances
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b} estimate the precision of observationg
¢) estimate the constant and the scale factors.
The following procedure was used to obtain all possible combinations
of distances:
1) The tripod with a tribrach was set over each station {(szee
Fig. 37). The centering is performed with the line of sight

of the optical plummet peointing the same direction.
/B8 N\ / &6\ /B 0\ /A N\ /A N\
A B C D E

Fig. 37. Tripod set-up.

2) The EDMI was positioned at one station at a time, and readings
were taken to all other stations by moving the prism. Only
two tribrach should be used, one with the EDMI and the other
with the reflector.

3) Height of instrument, height of reflector, temperature, and
pressure readings were taken for each shot.

4) The known prism constant and the computed atmospheric correction
factor were set in the instrument for each reading.

5) The set of readings are recorded as in Fig. 38.

12. PERIODIC MEASUREMENT AND CALIBRATION OF EDMI

In order to monitor any possible movement of the monuments and to
document the instrument history, the baseline was measured by using
both Leitz Red EDM and HP 3800 instruments in July and November of

1982, and March, July, and October of 1983. The observations in July



68

At ¥ 6¢
ONILLIS *$S3ud
L FTOS R L

gmﬁapmuv LL13S - Apnold

€861 ‘€2 ALnp

‘se30u pla1y srdmwes ‘gg ‘8L
3 a 3 g
| A AN A
N
p°G  |89€°¥96T] @
1°5  |oo0"/S¥2] 9
8% L1iv'6i62] @
1°6  |/b2°zebt| - 3
oll 29
“UHY4 " dW3L . Awpmww y
UTH/CT'HE 3d01S | "s80  J¥LSNI
T1498 - wypedod "p
SL{3u40] 1




69

1983 were made using HP 3B00 belonging to the Towa DOT while all other
observations were made using the HP 3800 and Leitz Red EDM belonging

to ISU. 1In May 1981 observations were made using only the Red EDM,

All observations used the same triple prism. John Jennison, James

Otto, Késtas Kiriakopoulos, Scott Kool, Joel Dresek, and Leon Cornelis
were iﬁvolved in these measurements. All measurements were reduced

using the reduction te horizontal program (RDHZ). If the differences
between the backward and forward measurements of any distance was greater
than the (tl,g) » (standard error of the differences), then that particular
lobservation was checked for blunders, and the like, and if necessary,
reobserved. A new reduction was then completed using new observations.
Table 8 gives the mean of the forward and backward measurements.

These measurements were also used to calibrate the EDMIs periodi~
cally using the calibration program. Table 9 summarizes the calibration
results. It also gi%es the standard error of the adjustment, the cali-
brated lengths and their standard errors, the calibrated instrument

constants and their standard errors. For comparison, Table 10 also

includes the NGS calibrated lengths of the baseline,

13. ANALYSIS OF THE RESULTS

According to the manufacturers, both the Red EDM and HP 3800 have

an accuracy of #3 mm. Thus after elimination of any of the blunders

2 - Std error of the difference 2 N XZ = 21
= (V2)(3) 0.01,9
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Table 9. Monitoring baseline and EDMI.

Summer Fall Spring Summer Fall
July 1982 November 1982 March 1983 July 1983% Cetober 1983
?mu_w_amv Amnw%%mdm error} Aqmmdawv Amnmﬂ.’mﬂa m.HnS..v Qmwmmu Amnmﬁma error) Qmw:mv mmnmmw%mum error) Qmw:cmv Qnmﬁﬁmnm error)
5 HP
W 461.112 * 0.9 461.113 = 1.0 463,134 £ 0.8 461.114 * 0.8 461.113 * 6.9
x 159.232 * 0.8 159.233 £ 1.0 159.232 £ 0.8 159.231 %+ 0.8 159.232 * 0.8
Y - 150.157 * 0.9 150.158 * 1.0 150.158 * 0.8 150.1537 £ 0.8 150.158 * 0.8
Z 598.746 = 0.9 598.744 £ 1.1 598.744 % (.9 598 7446 + 0.9 598.744 £ 0.8
c :a.uca&o mE 1.5 mm ~0.002 Bt 2.3 mm 0.00 m x 1.5 mm ~0.002 m * 1.4 mm ~0. 0002 m % 1.0 mw
s 6x10%22x10 2 x107% 23 x 107° ~2.5 x 107% £ 2 x 107° 5.95 x 107% + 2.2 x 107° 4.7%x10% s 2x107®
QOM G.0032 G.0035 0.0031 0.0029 0.003
Red =

W 461.113 % 1.0 461.113 £ 0.8 461.113 ® 1.2 461.113 % 1.6 461.113 £ 1.4
X 159.231 ® 1.0 159.232 £ 0.8 wmm.mww + 1.2 159.232 % 1.5 159.232 = 1.4
Y 13G,1537 £ 1.0 150.157 £ 0.8 150.158 £ 1.2 150.157 £ 1.5 150.157 * 1.4
Z 598.745 + 1.0 598.745 & 0.8 598.744 £ 1.2 598.745 + 1.6 598.744 * 1.3
4 0.0041 m £ 1.8 am 0.005 m £ 1.7 mm .00l m % 2.1 =m 0.005 m 2 3 nm 0.002 m £ 2.5 mm
s - 0.41 x 107% £ 2.9 x 107 -13.15 x 107% % 2.6 x 107° 2.1 x 107 % 3.3 x 107¢ ~4.3 x 107 & 4.9 x 1078 1.5 x 1078 £ 4 x 1078
o Q.0039 0.0026 0.004 0.005%8 0.0053
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Table 10. NGS (1982) vs. ISU (1981) baseline distances.

NGS Red 81
m mm m mm
W 461.1134 % 0.4 mm 461.1136 % 0.5 mm
X 159.2323 + 0.4 mm 159.2325 £ 0.5 mm
Y | 150.1576 % 0.2 mm 150.1578 #* 0.5 mm
z 598.7442 * 0.4 mm 598.7439 % 0.5 mm
C 1.7 % .8 mm
S 1.8 x 1078 2 1.4 x 107°
o 0.0018 |

then the malfunction of the instruﬁent, such as ceptering error, should
be suspected. Since o?/og satisfies a chi-square distribution xi n’

>
all observations satisfied this test. Based on periodic measurements,
it was found that if the difference between the forward and backward
measurement is greater than 1.5 cm, then the observation should be
repeated. The most serious problem was the centering error or the
failure to enter the atmospheric correctioﬁ. In all cases repetition
of the observation eliminated the problem.

In analyzing AC/UAC > = 2.62, it was found {see Table 9)

“0.01,14

that the values of C for HP in July 1982 were significant at 99%, whereas
the values of Red EDM were significant for November 1982. In analyzing

As/o >

= . i - - » t
AS t0.01,14 2.62, it was found that the value of 5 was significan



73

for observations using HP in July 1982 and July 1983. S was significant
for Red EDM for November 1982.

In analyzing AW{GA s AX/fO. L, AY/UA . &Z/UAZ, >t . = 2.62,
there were no significant changes at 99% confidence level.

In analyzing o %

3.7, no significant changes

> =
02/ 1 FO.O],I&-,IQ

were found for HP measurements. In the Red EDM there were also no
significant changes from July 1982 to October 1983, but comparing May
1981 to July 1983, there was a significant change. But on the other
= XZ(G,N) since o, = 3 mm for Red EDM and XZ(O.OI, 14)

2/0 2

hand, © 0

- 01 0

= 29, the Op1 = 5.6 mm is not significant.

14. CONCLUSION AND RECOMMENDATIONS

The HP measurements indicated that there was no movement of the
monuments. The large change of % in the Red EDM from 1981 to 1983
may he due to cyclic effect or malfunction of the refraction correction
device. It could be concluded that observations by at least two EDMI
is necessary to evaluate any mongment movement.

The significant changes in C and S for both the HP and Red EDM
conclusively illustrate the usefulness of EDMI calibration. These
changes may be due to frequency drift Qf the carrier wave as well to
internal moyement of the electronics.

Precautions have to be taken to prevent any centering error.
Comparing forward and backward measurement is an effective method of

detecting any error in centering.
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The EDMI calibration baseline which has been established can only
he used to determine the scale and constant errors, but not the cyclic
errors. The present baseline could be modified to determine the cyclic
error. One method is to build a 10-m long and 5-ft-high wall at one
end of the baseline with facility to move the prism every 10 to 50 cms.
Another method is to set up monuments every 1 m, 2 m, 3 m, 4 m, and
5 m on either side of the five monuments. It is recommended that these
methods be studied and the baseline and computer program be modified
to determine the scale, constant, and‘cyclic error of an EDMI simul-

taneously.
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APPENDIX 1

Input for Calibration Program
INPUT FOR CALIBRATION

Name of Instrument, Name of Baseline
Name of Organization, Name of Ubserver
Date of Observation
Calibrated value of 0-460, its weight; calibrated value of 460-620,
its weight; calibrated value of 620~770, its weight; calibrated value
of 770-1370, its weight; correction for scale of unknown, its weight;
correction for known constant, its weight

observed distance, its weight

observed distance, its weight

- -

observed distance, its weight

-1, ©
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APPENDIX 11

Sample Input Data
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APPENDIX ITI1

Listing of Calibration Program
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APPENDIX 1V

Sample Output from Calibration Forms
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APPENDIX V

INPUT OF REDUCTION TO HORIZONTAL PROGRAM

Instrument

Project

Organization

Observerl

1 (for feet) or 2 (for meters)

Name of station from, name of station to

Elevation of station from, elevation of station to, height of
instrument; height of refléctor, slope distance (ft/m)

Repeat for all stations

END (type)
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APPENDIX VI

Sample Input for Reduction to Horizontal Program
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APPENDIX VII

Listing of Reduction to Horizontal Program
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APPENDIX VIII

Sample Output from Reduction to Horizontal Program
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APPENDIX IX

18U Baseline Information Published by NGS
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PAGE }

US DEPARTMENT OF COMMERCE — HOAA CALIBRATION BASE LINE DATA QUAD: NR410934
NGS - HATIOHAL GEODETIC SURVEY BASE LINE DESIGHATION: AMES . IOuA
ROCKVILLE MD 20852 -~ FEBRUARY 2, 1983 PROJECT ACCESSION NUMBER: 617034 STORY COUNTY

LIST OF ADJUSTED DISTANCES (DECEMBER 14,1982}

: ’ ADJ. DIST.{M)  ADJ. BIST.(M} 87D,
mmuxmqbqnnz mrm<rn3uﬁam«bqubz ‘ mrm¢gn3vx0mHNmzq»r 3>mz|zbmnmwnamn339

¢ 312,421 461 - : 313.370 461.113% 461.1144 8.4
i 9 312.421 620 313.684 620.3457 620.3470 0.5
1 312.421 778 ‘ . 313.889 770.5033 776.5047 8.5
6 312.421 1370 314.894 1369.2477 1369.2500 8.7
461 . 313,370 629 313.684 159.2323 159.2326 0.4%
461 313.370 776 : ’ 313.889 309.3%00 309.3904 8.4
461 313.370 - 1370 314.854 908.1344 $03.1357 6.6
620 313.684 178 : 313,889 150.1576 150.1578 8.2
621 313.6384 137¢ : 314.8%4 748.9021 1458.9030 8.4
77¢ 313.889 1378 314.894 598.7444 598.7453 g.4

DESCRIPTION OF AMES BASE LINE
YEAR MEASURED: REP
CHIEF OF PARTY: 1982

THE BASE LINE IS LOCATED ABOUT 6.4 KM (4 MI) SOUTHWEST OF AMES, PARALLEL TO AND ALOKG THE SOUTH SIDE OF A GRAVEL ROAD
WHICH INTERSECTS WITH STORY COUNTY ROAD R 38 T0 THE EAST OF BASE LIHE.

TO REACH THE BASE LINE FROM THE JUNCTION OF U.S. HIGHWAY 69 AND LINCOLN WAY (OLD U.5. HIGHWAY 30) IN AMES, 60 WEST OM
LINCOLH WAY FOR 4.8 KM (3.0 MIJ, TO STORY COUNTY R 38 (SOUTH DAKOTA AVE). TURN LEFT ON STORY COUNTY R 38 (PAVED SURFACE)
£ND GO SOUTH FOR 3.2 KM (2.9 MI) TG CRAVEL CROSSROAD. TURN RIGHT AND GO WEST FOR 6.2 KM €0.15 MIJ TO THE 0 METER POINT OK
LEFT (ABOUT THE SAME ELEVATION AS THE ROAD}.

THE 0 METER POINT IS5 A S5TANDARD HGS DISK SET INTG THE YOP OF AN IRREGULAR MASS OF CONCRETE 33 CM (13 IN) IN DIAMETER
PROJECTIHG 8 CI (3 IN) ABOVE THE GROUMD LOCATED 6.4 M (21 FT) S FROM THE CENTER OF A GRAVEL ROAD, 3.6 1 (12 FT)} N FROM A
WIRE FEHCE, AND 2.4 M €8 FT) WNM FROM A ROAD SIGM. THE 461 METER POINT I5 A STANDARD KGS DISK SET INTC THE TOP OF A ROUND
COHCRETE MOHUMENT 55 CM (22 IN) IN DIAMETER FLUSH MITH GROUND LOCATED 5.8 M (19 FT) 5 FROM THE CENTER OF A GRAVEL ROAD,
4.3 M (14 FI) H FROM A WIRE FEHCE, 5.2 M (17 FT) M4 FROM A POWER LIHE POGLE, AHD 9.6 M (2 FT7 LOUER THAN THE GRAVEL ROAD.
THE 620 METER POINT IS A STAHDARD NGS DISK SET INTS THE TOP OF A ROUMD CONCRETE MONUMENT 44 CM (17 IN) IN DIAMETER
PROJECTING 5 CM (2 IN} ABOVE THE GROUND LOCATED 6.1 M (20 FT) § FROM THE CENTER OF A GRAVEL ROAD, 4.0 M (13 FT} N FROM A
WIRE FEHCE, 352.3 M (106 FT} W FROM A POMER LIME POLE, AND 0.6 M ¢2 FTJ LDMER THAN GRAVEL RGAD. THE 770 METER POINT IS5 A
STANDARD NG5S DISK SET IN THE TCP OF A ROUHD COHCRETE MONUMENT 35 CM (I3 IN) IN DIATNETER FLUSH WITH GROUND LOCATED 6.9 M
(21 FT) S FROM THE CEMTER OF A GRAVEL ROAD, 4.3 M (14 FT) N FROM A WIRE FEHCE, 8.2 ® (27 FT) E FROM THE CENTER OF A TRACK
RGAD LEADIHG SCUTH TO A RADIO TOWER AND BUILDING, AND 8.9 M (3.0 FT) LOMWER THAN GRAVEL RGAD. THE 1370 METER PCINY IS A
STANDAED NGS DISK SET INTO THE TOP OF A RCUND CONCRETE MONUMENT 30 €M (12 IN) IN DIAMETER PROUJECTING 18 CM (4 IN) ABOVE
THE GROUND LOCATED 5.8 M (19 FT} § FROM CEHTER OF A GRAVEL RDAD, 4.8 M (I3 FT) N FROM A WIRE FENCE, 6%.8 M {223 FT) E FROM
CENTER OF GRAVEL ROAD (MORTH-SQUTH) IHTERSECTING WITH EAST-WEST GRAVEL ROAD, ARD 2.3 M (1.4 FT) LOWER THAN THE GRAVEL
ROAD. HONE OF THE DISKS ARE STAMPED.

THE BASE LINE IS5 A EAST-WEST BASE LINE-WITH THE 9 METER POINT ON THE mhmﬁ END. IT IS MADE UP OF 0. 461, 620, 778, AND
1370 METER POINTS. - ALL QF THE MARKS ARE SET ON A LINE SOUTH OF AND PARALLEL TO THE EAST-WEST GRAVEL ROAD.

THE BASE LINE WAS mmwmeszmu IN CONJUNCTION WITH THE IOWA STATE UNIVERSITY AT AMES, I0WA. TFOR FURTHER INFORMATIOM,
CONTACT DEPARTMENT OF CIVIL ENGINEERING, IOWA STATE UNIVERSITY, AMES, IOWA 50011. TELEPHOHE (515) 294-3532 OR 6324.
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APPENDIX X

'Bigns on ISU Baseline
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