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ABSTRACT

A major problem faced by personnel responsible for mgnipulating
aerotriangulation data through transformation and adﬁustment programs
in an electronic computer is that of isolating and detecting blunders
ang ‘wthe~ exr - meone Jztas Thisg.ciydy created an automated data
analysis and rejection program to reduce the turn around time from
initial entry to certification of the final adjustment. Parameters
for establishing the smallest detectable errors for rejection were
determined by analyses of error sources in ground control surveys,
aerial photography, and aerotriangulation theory and operations. Some
seldom considered theoretical and practical error sources in ground
control surveys are discussed and resolved. The data rejection program

chart is listed in the appendix.
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CHAPTER 1

INTRODUCTION

I-1. Background

Highway Engineering Surveys are optimized thrbugh proper application
of photozrametry. The gfeatgst=optimization or cost savings are realized
through establishing supplemental controls by aerotriangulation. Of course,
it is necessary to attain the greatest accuracy possible under standard

production techniques.

However, the aécuracy of the aerotriangulation is dependent upon the
ground control surveying, photographic quality, and photogrammetric process
which may contain mistakes or systematic errors. The consideration and
correction of those systematic errors or mistakes in terms of their sources

could improve the final- results.

A

-

For example, in the traverse computation the application of the second
term correction effects the azimuth up to 5 seconds in a 22 mile course.
On this course, the northing changed 3 feet, easting changed 1.0 feet. If

these points appear in the aerotriangulation adjustment, the results of the

transformed coordinates will contain relative errors.

On the other hand, the imare disnlacement on the dianositives are
nonuniform, and are large enough to create errors of three feet or more

in the transformed points. (Flight height = 3000 feet)



Preparation of ground control data normally has a reasonable amount
of checking of arithmetic work. For example: angle hote reductions are
rechecked by another person; computer traverse input data forms are checked
the same way. Neverthelg§s, human errors are overlooked. Transcribing
work is plagued by transpositions and control points are misinterpreted and

misidentified.

Usually there are enough redundant control points so that a blunder
in one can be detected by examining residual errors. The point with the
largest residual error is removed from the control group and the strip is

recomputed,

The above system usually produces reliable adjustments after three
or more passes through the computer. However, as the number of erroneous
points increase the difficulty of detection radically increases, resulting
in excessive entries to the computer. Excessive man hours in analysis or
remeasurements of ground control points cause disastrous delays to project
scheduling. Therefore, the aerotriangulation operation must be based upon
a complete knowledge of the fundamental problems in all phases of the
geodetic computation, photographic and photogrammetric processings in order

to detect the errors in the adjustment of aerotriangulation.
I-2. The Purpose and Scope of the Investigation
This investigation's principal aim is to establish routines that will

detect erroneous data that make strip adjustments too inaccurate for highway

enginecering surveys. This is to be accomplished by the study of the application



of the theoretical and empirical methods to aerotriaﬁgulation considering
the different errors of ground control surveying, photographic processing,
and aero-polygom, aero-leveling.

A major problem in refining and certifying aerotriangulation adjust-
ments for mappimg control is the detection and isolation of erroneous
ground control points. One possible solution to this problem is the
development of an automated editing routine to check the errors in the

adjustment.

The theoretiéal studies and testing of sources of ground control
survey errors should be keyed on the following problems:
- 1. Azimuth adjustment prior to traverse computation.
2. Effect of earth curvature on surveys in the plane coordinate
system.

3. Atmospheric refraction effects in precise leveling.

The theoretical and testings of sources of errors in aerial photo-
graphs should cover the following problems:

1. The relationship between flight height and accepted errors.

2. Solar altitude.

3. Image motion.

4. Film shrinkage and distortion.

The magnitude of errors to be expected using the photogrammetric
instruments such as Zeiss stereo-planigraph C8; Zeiss stereo comparator

PSK; Wild Autograph A7, A8, B8; Santoni IIC: and Kelsh plotters will be

determined.



The mathematic and numerical anaiysis of a testing strip and computer
program for a strip adjustment using a computer system should be developed on
the basis of data from a large number of models and strips of medium to low
altitude photography to determineé the accuracies that can be expected
from flight strips of given height, lengths, and with various distributions
and densities of control points. The results will be expressed in the
polynomial equation to be used to determine if the standard errors of the

aerotrasmpuiation wiil meet the requirements of Highway Engineering.

Finally, an automated editing computer program will be written and
using the above standard errors as parameters, will automatically detect
and isolate erroneous or misidentified ground control points in strip or
biock adjustment in order to save man hours, computer time and maintain

project schedules in spite of erroneous control.

I-3 Error Analysis

I-3-1 Definition of the Errors:

The adjustment of aerotriangulation deals with those errors which
were introduced during the measurement of the ground control surveying,
photogrammetric precessings, and the error propagation of the bridging
process according to the three types of existing errors, namely blunders,

systematic, and accidental.

Biunders are causcd Ly Taults and

€
£}
Fo
i

procedure such as misrecordings; however, sometimes blunders include

also the theoretical errors for example; most textbooks of surveying

4



have given a questionable theory of systematic refraction in precise
levels as reverse of the correction of the earth curvature; however, .
the correction of systematic refraction may be as much as the correction

of the earth curvature and may have the same sign.

Systematic errors are those errors whose influence on the measure-
ment always follows a certain mathematical function. For example,
the systematic film shrinkage should be corrected by changing the principal
distance for analogue instruments. Results show that the principal
distance of changing 0.lmm will affect the elevation of a control point up to
0.4 feet at the flight height of 1500 feet. The sign of systematic errors
can be negative or positive depending upon the fixed mathematical law
which they follow. Constant and systematic errors must always be detected
and either the correction to the measurement must be established using
the mathematical function or their source must be eliminated. Aerotriangu-
lation adjustment does not deal with systematic errors of the ground
surveying and photogrammetric processings, only accidental errors of those

and sytematic errors of aero-polygon and aero-leveling can be adjusted.

Accidental errors are those small errors which are due to the
imperfectness of the instrument, the film, the flight height, of the air-
craft, and the observer. This type of error has a changing sign and
quantity. In the case of an infinite number of measurements, the number
of positive errors is equal to the number of negative errors. Since it
is impossible to have an infinite number of measurements, the true value
cannot be computed, but the most probable value which is computed from a

definite number of measurcments with the help of adjustment computation



must be as close to the true value as possible.

1-3-2 Standard Error:

In the aerotriéngulation adjustment, the standard error is always
an indicator related to the accuracy of the project involved, and the
adjustment normally assumes only the existance of accidental errors.

It is, therefore, required to have a mathematical conception of the
~ limit of the standard errors of various flight heights in order to detect

the systematic errors or blunders.

Accordingly, ﬁhe Gaussian theory of errors is based upon the following
conception:

A. Small errors are more frequent than large ones.

B. The arithmetic mean is the best value of a quantity.

C. Probability of negative and positive errors is equal.

This can be represented in graphical form. On the X axis, it
indicates the class intervals, and the classes are represented in the
- form of columns. The nurber of deviations represented in each class or
column can be plotted on the Y axis of the graph, and obtain a certain
form of distribution of errors which is called a histogram. The histogram

is represented in Figure 1.

Fig. 1 expfesses the accidental errors of a Wild A-7 single model,

photographs taken at 1500 feet.
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An exact value of a known measurement is defined as:

E.

L

4]

M- T, (1)

where

E = True error

=
]

Measured value

T = True value

,.—.
H

1 ton

If the measurements n’ is equal to infinity, it is evident that the
sum of the accidental errors would be equal to zero, but since n' will never
be as great as infinity, it is desirable to express the errors as a sum of the

squares of the individual errors, which is called a standard error math-

ematically.

52 = §12+E72+....+En2
n

(EE)
n

§ o LEE) (2)

§ means in this definition the square root of the arithmetic mean

of the squares of all Ey, ...., En and is the statistical expression for

each of the errors.

ials 1s tie common equation of thie standard error for the photogram-

metric measurements. lowever, if the photographs are taken at 300 feet



above the ground, the accuracies between the ground control surveying
and aerotriangulation will be equal.- Therefore, the ground control

surveying cannot assume an exact value, as shown in equation (2).
Thus, one must determine the corrections V for 6.

One assumes the true value of the average X to be T and would obtain

the true-errors E-as in equation (1j:

s

Ez-Mz-T

Cieeeas (1)

m
=1
[}

o=
'

-3

The corrections with respect to the average X is

X = My + M, + M
Tt

V=X oM (3)

[V] = nX :’[M] =0

and conseguently

[32]
]

-V; - (T-X)

----------------

&
'
'
<

=)
]
—
=
»
A

(4)

[E] = [V] + n(T-X)



Applying this expression to n measurements, one finds

m
1}

Zav?e (0 e vy atn

En? = Vi + (T-X)2 « 2Vn (T-X) o (5)

[EE] = [VV] +n' (T-X)? + 2 (T-X){V]

According to equation (3), (V] = 0; thus

[E] = n' (T~X)
and
[EE] = [VV] + n' (T - X)

[W] + [E]? = [W] + 1 (E; + E, +,,,,+ED)?  (6)
n’ n’

Substitution of the value {EE] from equation (2) into (6) and one

obtains
2= [v] +52
or
52 = W]
'ﬁ:l
or
§ = /@IT Q)

In this equation one can determine the standard error of the individual

measurements directly from the corrections V.
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CHAPTER II

GROUND CONTROL ERRORS
2-1. Background.

The horizontal and vertical ground control points for aerotriangu-
lation adjustment usually take the form of a traverse and precise levels.
These points should be connected to trigonometric stations and bench

marks.

The measurements of the angles, distances, and elevations are unable
to provide a true value because the results of any measurement always
contain certain errors which were introduced during measuring. Such
errors can be categorized as mistake, systematic, and accidental, which
were presented in an earlier chapter.

2

However, many textbooks and published papers have also expressed the
wrong theories in the traverse and leveling computations, and lead to
errors. This chapter will serve to prove and correct those errors in

ground control surveying.

2-2. Deflection of the Vertical from Geodetic and Astfbnomic Azimuth

2-

-1 ilatroduction:

[ g}

According to reference [10] 'The traverse is a method of surveying

11



in which the lengths and angles between the adjacent points of the network
are measured in previous by azimuths determined in previous surveys or by
astronomical means," and "Azimuth closure is the difference between an
azimuth at a point that has been computed from a known azimuth using the
field observed angles of the traverse and an azimuth at the point that

has been previously determined. The known azimuths may have been deter-

mined astronomically."

The astronomic azimuths are not quite the same as those determined
by a geodetic survey. In theory and practice, the geodétic azimuth is
normal to the ellipsoid; (Fig. 2) and the measured astronomic azimuth is
gravity acted upon the physical 5urface of the earth, which represents
the equipotential surface (Geoid), the difference between astronomic and
geodetic azimuth is the deflection of the vertical. Therefore, the
previously determined azimuth is not identical with the observed astronomic
azimuth. The investigation herein presented serves to show how the deflec-
tion of the vertical for azimuth in traverse should be made.

E

2-2-2 Deflection of the Vertical of Azimuth

The standard method of cobtaining the deflections of the vertical
consists of determining geodetic coordinates (¢&'A&) of a trigonometric
point, observing-its astrcnomic postion (Pa, Ay ) aﬁd obtaining the
deflection components in the meridian f and prime vertical y from the

relationship on Fig. 3.

In the triangle P Z'F, is a very small angle, thus

12



Pz’ = PF

and the deflection of the vertical in latitude can be obtained:

§

PZ - PF = PZ - PE' = (90°-4)-(90° -, )

$-%s  (8)

]

where
T = deflection of the vertical in latitude
q}= gecdetic latitude
$,= astronomic latitude

P = North pole

In order to construct the deflection of the vertical in longitude,
equation (9) may be used:

sin &' = sin %
sin {90°-4,)

or

a'= o secéy (9)

where
«'= deflection of the vertical in longitude = Ay~ Ag

1 = deflection component in prime vertical

The deflection of the vertical im azimuth may follow from Fig. 3 that:

Ay - AG = (g' -g) + (w-u) (10)

where

Ag =& +u = ellipsoid azimuth
AA =¢g' +4' = astronomic azimuth

T = point of terrestrial target

13
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Fig. 3. The components of the deflection of the.vertical.
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When the law of contangent in the triangle PZ2' is used, the component
of (¢'-¢) of equation (10) has the form:

cot {90°-4¢,) sin D = cos D cos (180°-¢') + sin (180°-¢') cot &

or
D tan¢g , = -cosg' + sing- cos €
sin ¢
=«sin (g'-f)
sin ¢
thus
g'-¢ =D sing tang¢ 4 (11

Substitution of the value ofy = D sing into equation (11) we obtain:

' é.-&.-.-"‘i(,tan(fA (11)

It follows also from Fig. 3 that:

cot (90°-h'") sin D = cos D-cos 4 + sin u cot (180°-u')

or
D - tan h" = cosu - sinu cos '
sina !
= sinu¥ cos i - ¢os 4 ' sin u
= sin (u'-w)
sing '
therefore:

sin (u'-4) = D-tan h", sin g’
or (12)
aA-uw= D-tan h - siny’

wiere

h' = vertical angle of the terrestrial target

16



After substitution of the values from (11), (12} into (10}, we
will have:
Ag-Ag = L tan¢, + D * sinu' - tan h" (13)
It is known, that the vertical angle of terrestrial target h" is
always small, thus
AA-AG“ = wl-tancfA (14}
Taking into account thatq =«' cosﬁ»A, the computed deflection of

vertical in azimuth can be derived by equation (15).

Ay - Ag = x'-sin® p

= (A4~ AG) - singp (15)
or
Ag = Ap -4

A = (Ap-AG) - sin¢ p = deflection of the vertical
A, = observed astronomic azimuth
Ag = geodeﬁic azimuth
Ap = astronomic longitude
Ag = geodetic longitude

astronomic latitude

-
b
n

This is the well-known Laplace equation. The deflection of the vertical
may be as much as five seconds and contain an error about ten times greater
than the probable errors of astronomic azimuth cbservation for second order
traverse, therefore, when astronomic azimuths are used to check the angles
of a long traverse, it is necessary also to determine the geographic |
position, 'latitude and longitude" for the computation: of the deflection of

the vertical.

17



2-2-3 Conclusion:

The astronomic azimuths are not quite the same as those determined
By a geodetic survey. It should be pointed out, that reference [62] should
be included, also the standard of accuracy for the determineq geographic

positions.

2-3 Earth Curvature Corrections of Traverse Computation

2-3-1. Introduction:

Computation of traverse data in a plane coordinate system must consider
differences in geodetic angles from grid angles which are a result of
sphérical excess. Some questions have been raised regarding the instructions
for application of second term corrections contained in literature published

by'the U.5. Const. and Geodetic Surveys. [46], (62]

A demonstration of proper application of second term corrections is
contained in this chapter. It explains why, when, and how the azimuth

correction of the second term should be made.

2-3-2., Second Term Correction

The geodetic azimuth is not identical with the grid azimuth; however,
the computed grid azimuth is equal to the geodetic azimuth minus the angle
of meridian, convergence of the grid, plus the correctiéns of the second
term. The comnuted orid aziruth does nnt eaunl the measured azimuth, The

relationship between the ceodetic azinmuth, computed grid azimuth, and measured
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grid azimuth are shown graphically in Fig. 4.

N indicates grid North,'N‘ is geodetic North, 0' shows the angle
of meridian covergence on the grid. AB fepresents the connecting line
between the points A and B on the grid. If one would observe point B
at point A, his sight becomes AB' (the tangent to the line observed,
which is caused by the earth curvature). Therefore, the measured grid

azimutn M Gpes 10T -equa) The compiited azimuth C.

The definitions of the Azimuths G, M, and C are as follows:

G = Geodetic Azimuth: This is the angle from geodetic North

to the point observed.

M = Measured Grid Azimuth: This is the angie on the grid from
grid North to the tangent to the line observed, at the
statibn occupied.

C = Computed Grid Azimuth: This is the angle from the grid
North to a straight_line on the grid running from the point

of  observation to the point observed or defined as:

€C = arc tan Xp-Xj {16}
Y2-Y1

~ “Where Xy, Yl are the coordinates of the point of observation instru-

ment station, and X; and Y are those of the target point observed.

S = Second term = Correction of curvature = Azimuth Correction. This

i3 the diffcrence between the observed grid azirmuth and the computed

azimuth.
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Now the following relationship can be used for Azimuth Computation:
G=M+ 0O (17)

G=C+0-5 (18)

+

M=G-0 (19)

M=C-S {20) (18)

C=G-O’+S (21)

C=M+S5 (22)
S (seconds) = (X, - X,) (Y1 - Y5+ Y2 - Y3) (23)
' Zﬁz sin 1" 3
where Yo and 1 can be taken from the tables. [46]

2f°2 sin 1')

For traverse with courses shorter than three miles, the second term

corrections are negligible.

For courses longer than three miles, the correction will be greater

than 0.4 seconds, and should be applied in the computations.

Computation and application of the Seccnd Term Corrections of a
Traverse are as follows:
A. Computation of the computed grid azimuth from given ground

control points as in equation (16).

Commetaticon of areliminary conrdinates (X,Y) of cach neoint of

a traverse in order to determine the second term correction

in each course.

20



Fig.

4.

3 (n)

—

‘%X(E)‘

THE RELATICNSHIP BLTWEEN GEODETIC-, GRID-, MEASURED-AZIMUTH
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C. Computation of the second term. (See Table 1 and Fig. 5, 6, 7, 8)

The angle correction of the second term is computed by the substraction

corrections to backsight from foresight with clockwise measurement.

D. Final computation and adjustment of the traverse by applying

corrected azumuths.

2-3-3.  Conclusion:

The demonstration traverse shows that application of the second
term correction affects the azimuth up to five seconds in a 22-mile
course. On this course, with azimuth of 75° (approximate), the northing
changed +2.76 feet, and the eastings changed -0.65 feet (see Table 2 and

Fig. 9).

This correction for azimuth determination of the ground surveying

can now be incorporated into the Washington State Highway Department's

surveys procedure.
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Point

To From Second Term Measured Angle For.-Back Sight Cor. Angle
Delm Delphi 0
' 32° 04' 09.7" +0.3" 32° 04' 10.0"
Rock Delphi  +0.3"
Delphi Rock -0.3" _
_ 227° 38' 02.9" +4.9 . 227° 38 07.8"
P-40 Rock +4.6"
Rock P-40 -4.8"
: 357° 22' 07.3" -0.3 357° 22 07.0"
Delm P-40 -5.1"
P-40 Delm +4.8"
102° 55' 41.3" ~=4.8 - 102° 55' 36.4"
Delphi Delm 0 '
Table 1. The second term corrections for azimuth computation.

-



2.3 ~(o.0) = 0.37

Fig. 5. Second correction of angle D.D.R.

- ? -Si-(-48)= _a3"

Fig. 7. Second correction of angle R.P.D.

c.o-(48}=~g48"

Fig. 8. Second correction of angle P.D.D.
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Points Y (N) X(E)
with without diff. with without diff.
Begin: Delphi 608908, 88 608908.88 0.00 . 1341533.25 1341533.25 0.00
Rock 621748.93 621748.92 ¢.01 1349025.41 1349025.43 +0.02
P-40 646019.62 646022.38 +2.76 1462227.72 1462227,07 -0.65
End: Delm 614238.47 614238.47 0.00 1341365.22 1341365.22 0.00
Table 2. Comparison of the coordinates computed with and without second term

corrections.
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2-4 Refraction of the Precise Leveling

2-4-1 Introduction

.

In precise levels, systematic errors can be caused by such factors
as: earth curvaturé, refraction, instrument error, settling (or sub-
siding of instrument and rods during the measurement), rods out of
plumb, inaccuracy of rod intervals and personal reading errors. Accord-
ing to textbooks on surveying {34], [9]}, [43], the refraction of the
curved atmosphere bends the line of sight downward. KXukkamaki [35]
developed a new formula for terrestrial systematic refraction which
states that the deflection of sight, due to refraction from the hori-
zontal line in a distance of 200 feet is 0.00! feet upward when the tem-
pérature near the earth's surface is greater than at 10 meters above.
This investigatioﬁ herein presented serves to prove that the complete

derivation of systematic refraction can be arrived at by general forms.

2-4-2 Theory of Systematic Refraction in Precise Leveling

Horizontal "lines taken by an instrument as back sight and fore sight.
become curved lines by refraction. This phenomenon occurs when a light
ray passes through atmosphere layers of different densities. Under real
conditions, the air temperature decreases with increasing heights above
the earth surface, and affects the refractive index of the atmosphere
which in turn influences the sights observed with levels.

The systematic refraction index is related to the refractive index
vi standard air, wiich can be cxpressed by on approximate fermula [57):

(no-1).100 = 6432.8 + 2949310 + 25540 _  (24)
140-1/a*  41-1/A°
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Where pressure P = 760 mm Hg (hydrargyrum) at 0°C and 9, = 980.665
cm/secz, temperature = +15°C and carbon dioxide (Coz) content 0.03% by

volume at 0°C and wavelength A is measured in microms.

According to H. Burrell and J. E. Sears [3], or Jordan [27], or
Hoepcke [14], the relationship between refractive index n and the refractive
index =, of the standard air is given by the following formula:

(n-1) = (fo-1)P - 5-5-10°8  [25]
(1+2t)760 (1+at)

where
n = index of refraction
‘ng = refractive index of standard air

coefficient of linear expansion = 0.00367

®
1]

P = pressure at mm Hg.
R = vapor pressure at mm Hg.

t = temperature at °C

If the teﬁgprature is assumed as absolute centigrade degree (T = 273.16 +t),
equation (25) can be rewritten as (26).

(n-1) = (0-1)0.3594 P -15.02-10"° L (26)
T T

Differentiation of equation (26) and considering that only the change
of the temperature affected the index of refraction of precise levels and

the numerical value of dp,dt can be omitted without noticeable error,

dn = 1 [10-1)0.3594P - 15.02:107% 141 (27)
T
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Taking the value of wavelength A= 0.56 micrometers and "o = 1.0003
into account, after minor computation, one obtains:

d [100.63P - 15.02¢] « 1076 dT  (28)

n=-1
T2
In this equatibn, if the temperature changes 1°C in the range from
0°C to 30°C, and pressure P = 750 to 680 mm Hg. and £= 0 to 10 mm Hg.,
the mean effect for the index of refractions is obtained:

dn = -1.100% 4t (29)

In equation (29) dt stands for temperature between two stations of
different elevations, thus:

dt = t - tg (30)

where

t = temperature at point h on plumbline of instrument

t0 = temperature at point hpg on plumbline on instrument (See Fig. 10)
Under real”"conditions, an increase of altitude is reflected by decrease

of temperature, therefore, we find varied values of temperatures at different

elevations. It is possible to express them in polynomial form as a function

of height by using' the method of least squares, thereby fitting the sum

of squares of all errors to a curve expressing a minimum of error. Thus,

the temperature t may be adequately represented by:

t =a+bh+ch?+dn® (31

and the polynomial expression for the temperature is plotted in Fig. (11)

where

a, b, ¢, d = the coefficients
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Fig. 10 Refraction in leveling
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A number of formulas have been used in the past to relate height
to temperature. An extensive discussion of these is given by Jordan [28].
The best agreement found, however, is presented by equation (31) of this
publication. It should be recognized thét these various equations are
essentially empirical. For the practice of precise leveling, equation
(31) may be assumed as a linear equation, thus:

t = a + bh (32)

The relationship between temperature and elevation in precisé.levels_
can be seen from Fig. 10. The straight BF indicates a horizontal line.
B'B" and F'F" are the reading of back sight and fore sight. Dy, D2, are
the length between the instrument station I and two rods. E, and E,
are the elevation of B.F points. dRy is the error of refraction in
leveling of back sight. Lines Ay, A, Ay, A2 are the same atmospheric
condition of height at hg, h, hl, hy on plumbline of instrument I. Thus,

equation (32) in different heights may be written by:

t, = a+ bhg,

t =4+ bh
tl = 4 + bhl
t2 = a"+ bhz (32)

The value of the temperature difference may be determined directly by

equation (32) thus:

dt = t-t, = (t2-t1) . (h-hg) {33)

. Combining equation (29), (30), and (33) one obtains the deflection of
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the index for refraction.

dn = 1.10°  (tp-t3) . (h-hy)  (34)
(h2-h1)

According to Snell's law of refraction, when a light ray arrives
at point I with an angle of ¥ then (See Fig. 10)

n - sin & = constant (33)

where ¢ = angle ‘between 'the light ray and the vertical axis of

instrument

From Fig. 10 the angle x = 90°- & thus

n-cos o = constant {36)

The angle of refraction, that is the difference dx between thé
values of « can be expressed as a function of the difference dn between
the indexes of refraction by differentiating equation (36) and giveS
the following relation between the absolute values of da and dn [57]

-n -';inoc dx + cosxdn =0 (37)

and

de = cotx dn (38)

Determining the angles of light rays,f , at any point, f.e. at "P"

of Fig. 1. This may be accomplished by integrating equation (38), thus:

np
B = j cotal dn (39)

T -
ni o

Where My, MNp are index of refraction at point I and p. If the index
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of refraction stays censtant = 1 and « = &' = «', then:

= cotx'.10"% (t2-t1) (h-h) (40)
A= {t2-ti)
(h2-h1)

The correction of refraction in precise levels on IB is carried

out by integrating in the following manner:

D B
E =-5 p dn = cota '-10-% (t2-tl) (h-hg) dD (41)
o ' th2-nl) /e
Take h = ho - tanx - Dand d D = - cotx' dh into account. The

* total angle of correction over the interval between the height of instru-

ment Ho and of backsight H} may be found from

Hy 6 Hy |
dRy = X E=cotlu'! . 10 (tz-t]) J {(h-ho)dh

Ho | (h2-hy) /W
Hy
= cot %m' . 10'6 (ta-t,) i E_HZ-HoH}
(hp-h1)  Hy
= cot2a'- 1078 (t2-t1) [1(H-HE) - Ho(H1-Ho)] (42)

(h2-hl} 2

Equation (41) shows the computation for the correction of systematic
refraction to be applied in precise levels. The computations for the
example are based on the instrument height of 4.5 feet, with a 1.5 foot
height of backsight, 8.0 feet for fore sight. The temperature is assumed
to change 0.1°C per foot [28]. The distance interval for rod-setting

are from 30 ft. to 400 ft. (See Table 3 and Fig. 12)

The values of the refractive corrections in precise levels are
indentical with the one computed by Kukkamaki [25}. Thus the results can

be regarded as sufficiently reliable.



The correction of refraction may be simply written:

dRy = -5 - 108 . D2 (42)

where

D = length of sight in feet and dR] is also in feet.

2-4-3. CONCLUSION:

Most textbooks of surveying have given the questionable theory of
systematic refraction in precise levels. The correction of systematic
refraction is as much as the correction of the earth curvature, (See
Table 3) with same sign (-0.001 for 150 feet), meaning that the combined

correction of the two causes for the length of 150 feet is 0.002 ft.

In interpreting the systematic errors in precise levels, the fol-
lowing facts should be takin into consideration:

Every value to be recorded in the field must be checked immediately
in order to avoid mistakes, all systematic errors should be eliminated

-

as far as possible, and the instrument should be tested before measure-

ment.

The systematic errors of earth curvature, systematic refraction,

and small instrument error must be eliminated by the balanced sights.

In order to avoid any error of the setting of instrument and rods,

the tripod of instrument and rootpiates in their turning points wust be

securely set before measuring.
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Table 3. The corrections of refraction and earth curvature.

Distance Earth-Curvature Refraction Total Cofrection
ft. ft. ft. ft.
30 -2.5-10°5 -5.7-107° -8.3.107°
60 -1.0°10°4 -2.3.10°4 -3.3°1074
, .4 -4 -4
100 -2.3-10 -5.2:10 -7.5-10
150 -6.4-10"% -1.4-10°3 -2.0-10"3
300 -2.5-10-4 -5.7-1073 -5.8-10"3
900 -4.5-10"° -1.0-10-2 -1.4-1072

The error of unsystematic refraction in back and fore sights can

be reduced by carefully choosing a location of the sight high enough

above the ground, 1.5 ft.

According to test, the six testings of levels with Zeiss Ni-2 and

yard rods, (hundredth of yard intervals), show all the tlosure errors

within first order requirement. (Sce Fip. 13)

An extensive discussion of the theory of the density of the air
change in the micro-climatic region when taking precise level is given
by [25].
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- CHAPTER III

MAGNITUDE OF ERRORS IN PHOTOGRAPHS AND INSTRUMENT
3-1. Introducticn

In photogrammetric processes, the importance of high precision
has been well recognized. Much work has been done over the years to
improve camera design, to minimize lens distortion (max. SK), and to
provide better measuring instruments (1 to 10M). A very important
component 1s the quality of the imagery; and this has been receivingr
increasing attention in recent years.

In considering the standard of accuracy required of a photograph,
one should study the sources of errors in sequential steps of the
photograph, which could be grouped in four parts.

1. Flighf'height of the photographs and solar altitude.

2. Image blur.

3. Lens distortion and film shrinkage.

4. Accuracies of instruments.

In this chapter, the mathematical and practical studies and testiﬁgs
of the image motion, film shrinkage, solar altitude, flight height, and
instrument testings are explained. It gives the coupling of the theory
and practical procedure of the image gualitv and provides a useful tool

in the field of photograrmetry.
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3-2. Flight Height of the Photographs

Governing requirements of aerial photography in mapping and its
subsequent uses are dependent upon the extension of control points aﬁd
parameters of project. Therefore, the flight height is of extreme
importance. Usually the flight height is determined by the desired map
scale, the contour interval to be used, and the characteristics of the
plotting instrument.  For example, the standard Kelsh type plotting
map scale would be 1 inch to 50 feet scale for a given flight 1500 feet.
It means that the Kelsh plotter with optimum projection distance compiles
at 5 times magnification from negative to finished map. A universal
plofting machine such as (Wild A-7} could draw the map from the negative
exposed at 2700 feet directly at a scale of 1'/50' and meet all standards.
However, in order to fulfill the requirements of accuracy for supplemental
control as used for measuring profiles, cross sections; spot elevations,
and the determination of points on property boundaries with a universal
instrument; the flight height "H" may be expressed as a function of the
acceptable erro;'tolerance with an empirical constant as equation (43).

H= (43)

e
k -

where
H = flight height
e = accepted error of horizontal or vertical points
K= 0.01% = empiri;al constant for using a 6-inch camera,

such as Wild RC8

{ see chapter v )
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3-3. Solar Altitude

In order to shorten the objectionable shadows and eliminate hot

spots (over-exposed areas owing to diffused reflection of sun), the

solar altitude must' be taken into consideration when taking photography.

The value of the solar altitude is dependent upon the area, time of day,
and the date. This can be computed from fig. 1 as follows:

R R = e R R SR W A N L O ST | (44)

where
h = altitude of the sun
¢ = mean latitude of the area to be photographed
§ = declination of the sun
t = hour angle of the sun
or

t° =(eMTR + 120 + E) - 15° - Ay
1

E = equation of the time
A,= longitude

GMTR = Greenwich mean time

(LMTh + Zoneh)

LyTh

1]

Local mean time

h

Zone” = hour angle between meridian of Greenwich

and the standard time zone

Since for most nurnoses a minimum solar altitude of 20° is considered

necessary for satisfactory aerial photography, {40] photography should not
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Figure 14 Solar altitude.
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be taken at a time when the computed solar altitude is less than this

value in order to avoid the long shadows and darkness of the objects.
During the time period when the solar altituQé is ovef 45° (for Wild RCS8,
6-inch camera) the reflected image of the sun is recorded on the photograph
as shown in Fig. 15. It is then preferable to expose photography between
certain time limits so that no hot spot will occur on the vertical

negative from sun reflection.
3-4 Image Blur

The image motion is a function of the camera shutter speed and
aircraft speed at a given flight height whose magnitude also depends
upon the camera focal length, the location of the point on the image,

and the camera orientation.

In the first consideration, if the camera is vertical, the image
coordinates x, y, f may be obtained from ground coordinates system X, Y,
H as equation (4):

x=s ¥

v X<

(45)

-+

I

where
X, y are the photo coordinates from principal points, f is the focal

length, X, Y zve the groe-d ceordinates frem nadir point (camera station)

P}

and H is the flight height.
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If the ground points are in motion, there will be image motion in

the focal plane, which is obtained by differentiation equation (45).

my = dx = H(dx/dt)-X(dil/dt)
dt He
: (46)
my = dy = H(dv/dt)-Y(dli/dt)
dt H<

In the second consideration, assume the motion of the perspective
center of the camera station X, Y, H is rotated through the angles
W, ¥ , K respectively to ground coordinate system X' Y' H', (H = H'),

which can be written in the matrix form:

X mll mi2 ml3 ) [ x'i
Y | = m21 m22 m23 . Y'| a7
H m3l m32 m33 H'}

or X =M+ X!

where
m's are the elements of rotational M orthogonal matrix consisting
-

of direction cosines or the exterior (w, -]0 ,» K) orientation elements of

the camera station.

Mjy = COSY COSK ; My, = COS ¥ sink ; m13 =-sin ¢
my; = sinw sinyg cosx - cosw sink

m22 = sinw siny sin« + €OSW COSK

M3 = COSY sin w

Mzy = COSW SIN Y COS K + SinWSINK

m3, = coswsingsinw - Sinwcosk

33 < COSLJCOS‘f
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Differentiation of equation (47), one obtained:

i dx/dt Caxr/de ]
| dy/dt =M - é dy*/dt (48)
dH/dt | dnr/ae

Assume X' is defined as the direction of the image motion, thus

dX'/dt = V dY'/dt = o dH'/dt = o

where

V = velocity

Taking these into consideration, equation (48) may be carried out

by the following components:

dx/dt = myqV
av/dt = m, v (49)
dH/dt = m31V

SubStituting equations (49} and (45) into equation (46), and con-
sidering the motion within the exposﬁre time t, the general image motion

equation can be obtained:

My = Vt-(fmll - xm31)
H (50)

=
n

Vt (fm21 - ym31)
H

where

t = exposure time
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in‘;he vertical photography of medium to low altitude (H = 12000
to 1500 or to 300 ft.), the rotation angles are always within a few

deprees., If w =¢¥= K = 0, equation (50) may be rewritten as following:

fv t

X e

H

m

(51)
m =0

W =9 = K=2° the equation of image motion is:

m_ =Vt (0.9998f - 0.002x)
X "
(52)
m, = Vt (-0.144f - 0.002y)
A

These show that the image blur‘deﬁends on tﬁe aircraft velocity,
rotation, and the image distance from the center of the format, the
photo scale, and the camera shutter speed. It should be pointed out,
the aircraft should have good stability in order to reduce the effects

of blurred images caused by tilting at the time of exposure.

Fig. 16 shovws the above relationships with an assumed tolerance of
image blur of 20 microns. On the graph, using a flight height of 1500
feet and the speed of aircraft constant at 90 mile/hour, the shutter
. Speed can be found to be 1/700 of a second. If the shutter speed chosen
1s 1/600, 1/500, and 1/400 of a second, the image motion will be blurred
within 22, 27, and 34 microns respectively, which is shown in Fig. 17. 1t
should be pointed out, that as the flight height increases the minimum

limit of the shutter speed decreases if the aircraft speed remains constant.
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For a very large scale map, such as requires the photographs be
taken at 300 feet above the ground, helicopter may be used to reduce

blurring due to motion. [66]
3-4. Lens Distortion and Film Dimensional Change

The lens distortion results in a variation of the scale of an image.
However, In:Ihxwphgmngxzmﬁam:i%%taaaim;d ‘~lens distortion keeps within
limits of 5 ) to 10M (maximum), and the distortion values are given in
a table or a curve which can be applied and corrected to the x, y image
coordinates.

A very important factoé‘is the distortion of film due to dimensional
change, which may be uniform or nonuniform; the systematic distortions
may be corrected for scale by principal distance changes, but the
nonuniformity of dimensional change in different direc¢tions or areas of
the film which will result in noncorrectable errors. Investipgations of
the nonuniform distortions in aerial film have been conducted by several
research workers using a reseau exposed on the film, the displacement of
the grid intersections up tc 0.03mm (30 microns) was reported. [5}

The procedure used to study the maximum size changes 6f the film
and diapositive by means of a flash plate has been used. The film
{Dupont 114R) is exposed and after processing is contagt printed onto
the diapositive plate under controlled conditions, then the measurements
of the four fiducial marks of the flash plate, film, and diapositive

were made. The results of the measurements (Fig. 18) show that the
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film dimensional change is generally larger than is often assumed. The
difference in the directions of DA, DB, DC in the film are overall

sytematically enlarged. (Maximum 0.07mm)

The systematical displacement of the film may be corrected by
changing the focal length of the projectors for analogue plotters or
by numerical refinements of the photo coordinates by using analytical

photogrammetry. ~

According to Fig. 19, the relationship between the focal length
and film shrinkage is as follows:

af = sa f (53)
a

where
af = correction of the focal length ofr film dimensionai change
f = focal length of the camera
s4a =a' -.a
a= given’;istance between two fiducial marks

a'= measured distance between two fiducial marks

A tested model (flight height = 1500 feet) shows that the focal length

changed 0.1mm, effected in the elevation 0.4 feet on the ground.

If the principal distance is not changed for the film shrinkage,
the affine restitution nust be used in order to obtain the corrected

elevation.



The affine factor can be computed from the given vertical control
points and plotter or tracing table reading of the same points, thus:
i=n

A= 2 - (G /M3)/m (54)

i=1i

where
Af = mean affine factor
M; = given elevation of control points
Gi = measured elevation of control points in plotter
n = number of used control points

The relationship between the elevation measured on the model and
given values can be calculated by:

Elevation in ft. = measured value in plotter
A
f

or
Setting value in plotter = Ay X elevation in ft. (given)
However, the displacements of the diapositive are nomuniform, which
shows a distortion greater than 100 micrens and results in aerotriangulation
transformed points of horizontal and vertical ground control points in

error by three feet {nonuniform distortion caused the model deformation),

It should be pointed out, that this value refers to the nonuniformity

1 siic change which cannot be corrected by simple magnification of the

diapositive or by affine correction.
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The displacement of film or diapostive image may be caused by the
changes in temperature, relative humidity, tension of the film during
the processing in the machine, water droplets left on the surface of
the emulsion during drying, and the effeét of tﬁé temperature and
relative humidity_cﬁanges during the processing from film to. diapositive.
Therefore, the temperature and the relative humidity of the film and
diapositive processing must be carefully controlled according to the

information given by &< Tnim ampurfarturer.
3-5. Accuracy of the Instruments

The accuracy of photogrammetric results depend upon the photographic
qualities of the image and also the precision of the measuring plotters.
A test of a single model by using different instruments such as Zeiss
Stereoplanigraph C-8; Stereo-Comparator PSK; Wild Autograph A-7, A-8,
B-8; Santoni IIC; and Kelsh plotter has beenmade. The photographs
were taken at an altitude of 1500 feet above the ground with Wild RC8
camera. There were 78 very accurately surveyed elevation points in the
model, and the relative orientation (except PSK) was carried out in
the usual manner. The reasured instrument coordinates were then transformed
to the ground coordinates system. The standard error of 78 check points
was 0,24 feet for C~8, 0.18 feet for PSK, 0.14 for A7, 0.15 feet for A8
0.16 feet for B8, 0.16 feet for Santoni IIC, and 0.23 feet for Keish,
(Fig. 20, 21) which shows that the accuracies are approximately equal
for the above instruments. {C-8§ needs changing of the focal length for
film shrinkage). However, the flight height has a direct bearing on the

accuracy of photogrammetric medsurements. The results of the testing
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meet the requirements of the empirial equation (43) for the accepted

error of a given flight height.

.346 Conclusion

The Tesults of this investigation show that the photogrammetric
accuracies vary in accordance also with the three sources of errors:

1. Blunder: A blunder is a mistake in the photogrammetric process.
Such as reflected iﬁage for solar altifude, image blﬁrring, and improper
processing of film and diapositives.

2. Systematic errors: A systematic error is an error that under
the same conditions will always be of the same size and sign, such as
lens distortion, systematic film shrinkage, instrument errors, and
refractions.

3. Accidental errors: The accidental error is the difference
between the measured value (free from blunders and systematic errors) -
and the known value.

-

All blunders-.-must be avoided before photogrammetric processing, and
all systematic errors should be eliminated or corrected as far as possible.
The accidental errors are dependent upon the flight height, the model
deformation, and the model point measurements. It could be concluded
that all errors must be taken into consideration, no matter how well the

other conditions are fulfilled.
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CHAPTER IV -

ERRORS OF THE AEROTRIANGULATION

4-1. Introduction:

Aerotriangulation is a method for determining the ground positioﬁs
of objects through Photogrammetric measurement of images in strips or
blocks of overlapping aerial photographs using relatively few Kknown
ground control points. The photogrammetric strip coordinates are trans-
formed to make a "best fit" with known ground surveyed Eoordinates by

the application of polynomial curve fitting procedure.

The application and analysis of_aerofriangulation requires a
knowledge of the source of errors and error propagation laws throughout
the strips.

-

The errors occuring in aerotriangulation, according to the procedures,
are divided roughly into single model errors and strip errors. The single
model errors of a stereotriangulation can be defined as a constant amount
and sign, occuring in each model, such as lens distortion, earth curvature,
refraction, film shrinkage, pointing efrors, model &eformation, etc. The
strip may contain errors in scale, azimuth, longitudinal bend, and

transversal tilt.

The single model errors were presented in an earlier chapter (III).
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Strip errors will be explained in following procedures.

4-2. Earth Curvature

The effect of the curvature of the earth along the length of the
strip can be applied to x and z directions. The situations are shown
in figures 3? and 23.

in these figures, a vertical photograph and a spherical reference .

surface for the earth are assumed.

The x coordinates recorded at the stereoplotting instrument correspond
to the projection of the s distances onto the tangent plane through N. It
is a well known fact that they are not identical with the correct geodetic
s distances. From figure 22, the correction of x - direction is cbtained.

since s =«-R and § = §

dx = R+« - R-sin «

?

= R(&-(x_- 3 + &5 -..)
e 3! 5!
=R(x -+ &3 - ..) (57)
6
w 3
,=x
6R2

The errors dx for the distance Sy s2,...5p betwegn successive nadir
points in x direction of a strip are:

dxl =0

and
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dxg = dxl + dx2 + ... +dxn4

assume dxy = dxp = dx3z = dxp.1 = dx
thus
dx = (n-1)dxy _ (59)
where
n=x
bh .
and

nunber of the models

=]
n

o
]

airbase

From fieurs 23 it can be seen that

x = A (60).
R
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Fig. 22, Earth Curvature in x direction.
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Fig. 23, Earth Curvature in z direction.



aﬁd

R-dz

R-cos & (61)

since

[]
[,
]

cosx

=1-&_2+dc

2 18 - (62)

Substitution of equation (62) into (61), thus

R-dz=R(-&2+«44 - ..
2 18
= R(1- é]z + {5 L'
AR ARJ
2 8
=R‘&2 + + e 00
2R
or
Y
dz = A (63)

4-3. Atmospheric Refraction:

The atmosphéric refraction causes a radial displacement of image

points due to bending of the optical rays from between the terrain to

the camera,

From Fig. 24. The photogrammetric refraction is a small angle at
the camera between the ray from a ground point and the straight line from
this point. It is a function of the refractive indices of the air in all

the points along the ray. The refractive index is function of temperature,
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pressure, and humidity, which are explained early in Chapter 2-4.-

According to Snell's Law of Refraction, for a light ray which pierces
a boundary and has the form as shown in Fig. 25.

n = sin B (64)
n+dn sin {B+dB)

Where n, dn are the refractive indexes of the layers n and n + dn.

Expanding sin (B + dB) into a series and limiting the term of the
first order of magnitude, one has the differential equation with abso-

lute values:

dB = dn tan B (65)
n

According to Schutt [87] and Fig 26, each refraction dB contributes

to the photogrammetric refraction, the amount:

df = 2, - zg dB (66)
e - g

-

Where z;, 2g and zc are the height of the boundarv, of the ground,

and camera respecfively.

Taking dB as a function of the change in density instead of refractive
index, one obtained the simplest equation as (67): [57]

n? =1 4+2 cg (67)
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Fig. 24, Photogrammetric Refraction.

n+dn

Fig. 25. Snell's Law of Refraction.
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Fig. 26. Refraction at a Boundary Between Two Layers.
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Where g is the density C = 0.00022667 with a= 0.56 U from

equation (24).

‘Differentiation of_equation (67) obtains

dn = c_ dg (68)

n varies about 1.00022 to 1 from ground level to space, thus

dn = 0.0002266 dg (69)
n

Combining equations (65) (66) and (69) and forming the sum over all
boundaries between ground level and camera height, one obtains for the
photogrammetric refraction as equation (70).

ol = 0.000226 tan B ( (% - Zg)dg) (70)
Zz—Zg

The resulting corrections to the photogrammetric refraction for an
angle 36° of wide angle camera for a flight height at 20,000 feet is
104 [57] therefore the corrections of the photogrammetric refractions in

large scale ph&%ographs (flight height 300 feet - 12,000 feet) can be

neglected.

4-4. Refraction of the Targets.

The accuracy of the aerotriangulation is also dependent upon the
resolution of the tarpgets in the photographs. According to testings of
the different targets, it is found that the standard target utilized by
the Washington State Hichways Department after extensive experimentation

gives the best results. This target contains four bright lines and a
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square in the center on a backgrdund as shown in Fig. 27. It should be
noted that the amount of light reflected from the tﬁrget is a function
of tﬁe reflectance of the white bars and a dark background as well as

the quantity of incidentgl light falling upon it. The maximum brightness
value of the targefs with white bars is about ten times that reflected

from the minimum brightness value of the overall dark background of the

target.

4-5. Scale and Azimuth of a Strip.

Transference of scale in aerotriangulation by using a universal
instrument is accomplished by means of height measurements at points
close to the nadir points. One can derive the errors in scale by con-
sidering the errors in height measurement. Errors in scale will

ffect the x-coordinates of the points mainly as shown in Fig. 28,

aXx) =0 first model
a x2 = dbxl second model
A x3 = 2dbxy + dbx, third model

A Xy 5'3dbx1 + 2dbx, + dbxz fourth model

AXg =‘4dbx1 + 3dbxj + 2dbx3 + dbxq fifth model

Since

l
1

dbx; = dbxy = dbxz = dbxg =... = dbx

thus

H

- - T
xn (1+Z+3+...+n-17 dbx
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Fig. 27. Standard Target for Washington State tiighways.
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Fig. 28. Transference of Scale in Aerotriangulation.
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and

1+2+3+ ., .4n'-1 = n'(n'-1)

5 _
(72)
AXqa' = n'(n'-1) dbx
Let~
n' = x
b
then
Ax =1 {x (x - 1)] dbx
R I
or _ (73}
= dbx x + dbx x2
2b 2b<

where

n

AX scale errors in x

o
]

base

According «to equation (73), one finds that the scale change of
each model in the strip manifests itself as the double summation

errors. Therefore, the bx must be set as accurately as possible.

The azimuth errors are mainly relative orientation errors, prlmarlly
Sw ing errors (dk), which result in faulty connections between models

as shown in Fig. 29.

AX, xdk12

Fe

ax, x(.dkl-r%dkz]z
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Swing Errors in the Strip.
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X3 = x-(dk1f§k2+_§_dk3) 2

since -

thus
ax) = xdk?
axy = x(3dk)?
7
axg = x(5 dk)2
2
axy = x[(2n'-1)2  dk?]

) (74)

ax, = x3 dk2 + xz[dk2 - dkz}
k 52 Fr

This error affects mainly the y - coordinates of the points in the

strip.

4-6, Longitudinal Bend of a Strip.

Errors in longitudinal bend of a2 strip occur because of faulty
connections between models of Ytilt and due to earth’s curvature as

shown in Fig, 30.

AX=2A0€2
2
ax] = b (ad + 4y )7
2
- 2
aXy = b (44 + dy+ dY)
2



aX3 = b (ap+ dg + 247 )2
2

X = 6 (a4 +d¢ +n'-1dy )2

2 .
n!
Eax; =n' bla¢+de)2 +n' (n'-1) ba¢+ d¢) dy +
1 2 2
[n’(n-1)(2n-1)] bd¥ 2
12
since

XL.B_= AXy = x{(4¢2+d1' )2] + x2 [d7 ¢ A;d;d‘f ) -

x[dY (ad +dy)] » x3 d4y2 . x? d}'z + x - 5112_
2 6 2. 4b 12

= x[(4¢ +d9) - dj(ad +dp) + di’ ] +

Z 2 12
2(d v(ad +d9 ) - d¥2) 3 [dwzj. (76)
X T{aAd + - + X

76 b Y

This systematic error (d¢ ) for an aeropolygon strip has the same
effect as the earth's curvature and causes a systematic error in x- and z-

coordinates, and the influence of longitudinal bend of each consecutive
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Fig. 30. Longitudal Bend of a Strip.
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model in the strip is also a double summation of errors.

4-7. Transversal Tilt of a Strip.

The error propagation caused by a transversal tilt is shown

in Fig. 31,

Ww = ndw = E_dw
b
and
AX = 0O
ay = Z W =Xz dw
b _ {(77)
AZ = -y w = -xy dw

This gives y and z - coordinate errors. They are not cumulative

but are transferable from model to model.

4-8. Conclusion.

-

The total effects of all these errors are.revealed in the closing
discrepanices in the coordinates of individual points as observed during
the procedure of aerotriangulation. If all systematical errors, including
earth's curvature, are combined, the'following systematic error propagation
formulas are obtained:

AX = dX + aXg *AX F X[ B* Xp + ........
or

- " }
= 80 + agx + azy + adxy + ag4 y" + ..., (78)
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Fig., 31. Transversal Tilt of a Strip.
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where
x is the total error in x coordinate of a point.
2y, 8j... 24 are certain constant
X,y are the coordinates of the particular peint in the strip

similar expressions are derived for y and z.

These polynomials are nonlinear because of the systematic accumulation

of errors tiroughn T, i,

The adjustment of these polynomials of aerotriangulation strips
has been the subject of numerous articles and publications [7], [12],
[15], [17], [33], [40], [42], [54]. The articles agree .in general
that the equation for transforming photogrammétric coordinates into
ground ccordinates can be expressed by polynomials in second or third
degree. (Schut {55], Mikhail [42}, Keller & Tewinkel [33] show that
a conformal transformation in three dimension is not possible if the
polynomial degree is greater than one.) The strip adjustment compu-
tation is first performed by linear transformation; this consists of
scaling, rotating, and translating the strip with the help of the
ground control points, then elevation and horizontal adjustments are
performed. Finally, the strip coordinates of all points will be

transformed to the ground coordinates svstems.
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CHAPTER V.

AEROTRIANGULATION PRECISION ATTAINABLE FOR
HIGHWAYS PHOTOGRAMMETRY
5-1. Introduction.
Since it iS%EﬁzﬂE~@taliy*advantageous to use photogrammetric
methods to obtain topographic maps, creoss sections, and other data
for highﬁay engineering applications such as reconnaisance, location,
right of way requirements, bridge sites, earthwork quantities etc.,
it is imperative to know what accuracy to expect from aerotriangulation

to control the mapping plotters performing such work.

A series of tests of medium to low altitude photographs by analog
aerotriangulation through a Wild Autograph A-7 was recently conducted
to determine the practical accuracies that can be expected from flight
strips of giveq'heights, lengths, and various distributions and densities
of control points.

The photographs were taken by a 6-inch Wild RC-8 camera with 60
percent overlap from heights of 1,500 feet; 3,000 feet; 6,000 feet;
and 12,000 feet in different areas. The number of models treated in

this series is over 150 in 25 flight strips.

Relative orientation was carried out in the usual manner. The

neasured instrument coordinates were then transformed and adjusted
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to the ground coordinates. The residuals of all test points with .
various distributions, densities of control points are plotted and

the standard error of each strip is then computed.

Given the standard errors, of different flights, it is possible
to express them in polynomial form as a function of flight height,

which can be used for determination of the aerotriangulation precision.
Sl e e

5-2, Linear Transformation.

After each strip of aerotriangulation, the measured instrument

coordinates must be transformed to a ground coordinates system.

The linear transformation may be emploved, which consists of
scale change and rotaticn as shown in equatien (79).
E = allx + al2y

N

aZlx + ally

H

It

a3lx + a3ly + a33z - (79)
In which E.N are ground coordinates H is elevation. x, y, z are strip

coordinates. all, ..., a33 are coefficients of the transformation.

Since the transformation formulas are linear in the coefficients
all,...,a33, the computation of the coefficients from the coordinates
of ground control points known in both systems is a simple matter.

Each control point gives three equations. As a minimim, two horizontal
Sk

aree vertlcal greund contrel points are reguired for a lincar .

transformation. Using more control points, the least squares method
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of adjustment may be.applied.

- 5-3. Strip Adjustment and Tests

Since the instrument coordinates are transformed to ground
coordinates, the entire strip will become systematically deformed

horizontally and vertically.

Theoretical investizarions have indicated that the error propa-
gation under uniforrm conditions can be expressed by at least second-
degree functions. of x, y, z coordinates of the strip as shown in

Chapter 1V.

The most frequently used method for aerotriangulation adjustment
is based upon the eqﬁation (78) in x, v, z related to E, N, H
corrections. The transformation adjustments used by the Washington.
State Highway Department of Photogrammetry for strip and block adjustments
have been programmed to utilize I.B.M. (Model 360/50) computer (Schut[Sd])
~and G.E. TimesHare Computer Services (Hou, {21]).

Thé;és flight strips were iﬁdependently adjusted by three different
procedures, (1).Linear transfor;atian with minimum ground control points.
(2) The second order polynomial equations with ground control points in
beginning, middle, and end of the strip. (3) The traverse method. All
test points were targeted and survéyed by ground methdds. The photo-

Srammetric orrars of tho'toct noints were chtained by comparison with

the ground surveyad values of north, east, and elevation. Standard
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errors of adjustment points and check points were computed with

equation (7). The maximum errors for each case were also given.

The different adjustment procedures and results of 25 strips are

shown in the following pages.

Ti~. 32 ASR-33 Teletype terminal with card reader

[

v - B R e e & AT

- ke g - i

“ix, 34 IBM 2730 Remote tel:processing torminal
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5-4. Testing of ten strips of the flight at 1500 feet.

5_4-1. TEST STRIP NO. 1

Test area: "R" St. in Anacortes, 71-7-15

Flight height = 1500 feet; Mean elevation £ 100 feet.

- Models: 4

Horizontal control points: 8

Vcrtical control points: 14

Location of all ground control points shown in Figure: 34
Residuais of all check points shown in Figure: 35

Stand errors of three different adjustment procedures, of this strip

shown in Table: 4
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Fig. 34 Layout of ground control points of test strip |
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. MODEL
¥

-

Linear transformation
Begiﬁning, middle and end (2nd)
Traverse method (2nd)

Fig. 35 Comparition of Discrepancies Resultlng from Different Adjustment

Procedures of Test Strip 1 at Flight Height of

1500

85 -
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. TABLE - 4 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES QF TEST. STRIP i AT FLIGHT
"HEIGHT OF 1500 FEET

Method ~ Linear Beginning, Middle Traverse
Transformation and End (2nd) Method(2nd)

Control points only

RMSE of dE in ft. 0.00 o 0.00 0.00
RMSE of dN 0.00 | 0.00 0.00
RMSE of dP 0.00 0.00 0.0
RMSE of dH 0.04 0.02 0.05
MAX, dE 0.00 - 0.00 | 0.00
MAX, dN 0.00 0.00 0.00
MAX, dH  0.07 ' 0.05 0.11

Check points

>

RMSE of dE in ft.  0.43 0.07 ) 0.13

RMSE of dN ) 0,41 0.1 0.12
RMSE of dP T 0.42 0.16 0.13
RMSE of dH 0.57 . D.14 0.15

- MAX, dE 0.72 0.09 | 0.21
MAX. dN 0.59 . 0.24 0.19
MAX, dH 1.28 0.20 o
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5-4.2 TEST STRIP NO., 2

Test area: Tanner to Lower x-ing, 71-4-29

ey w

Flight height 2 1500 feet; Mean elevation = 700 feet

Models: 7
Horizontal control points: 12
Vertical control points: 38

Location of all. ground control pdints shown in Figure: 36
Residuzls of all check points showm in Figurc: 37
Stand errors of three different adjustment procedurey of this strip

shown in Table: 5
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__________ . Lfnear transformation

_______________ _Begiﬁning, middle and end (2nd)

Traverse method {2nd)

Fig. 37Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 2 at Flight Height of 1500 Feet



’ TABLE 5 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP ? AT FLIGHT
. HEIGHT OF 1300 FEET

Method , Linear Beginning, Middle Traverse
Transformation and End (2nd) Method (2rd)

Control points only

RMSE of dE in ft. - 0.04 0.03 0.04
RMSE of dN 0.01 0.01 0.01
RMSE of dP 0.02 0.02 0.02
RMSE of dH 0.09 0.06 0.09
MAX, dE 0.07 0.04 - 0.07
MAX, dN | 0.02 0.01 0.02
MAX, di 0.19 0.07 0.13

.Check points

-

RMSE of dE in ft. 1.04 0.13 . 0.11
RMSE of dN ' 0.86 0.14 0.14
RMSE of dP " 0.95 0.14 0.13
RMSE of dH 0.95 -~ 0.18 0.20 -
MAX, dE 0.20 0.21 - 0.20
MAX, dN . 0.20 0 0.26 0.20
MAX, dH - 0.52 0.43 o 0}52
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5-4-3. ' TEST STRIP NO. 3

Test area: ~ NITily- %, ¥Ine8t.7ZiTth & Vine Chann. 71-6-16
Flight height £ 1500 feet; Mean elevation £ 250 feet.
Models: 4

Horizontal control points: 7

Vertical control points: 9
Location of all ground control points shown in Figure: 38
Residuals of all check points shown in Figure: 39

Stand crrors of three different adjustment procedures of this strip

shown in Table: 6
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| v Linear transformation
Fooo s -
- @
\} v
o] < 7 & 4 !
© 4 o a4t o 0¥
w? nf o2 *09 0 Lol *oao Cox

Beginning, middle and end {2nd)}

Q

Traverse method (2nd)
&
a2

[ Control paints
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"2 Horizontal point; "3'" Vertical point; '4'" Horizontal & vertical point

Fig.38 Layout of ground control points of test strip 3
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- . MODEL
/

—_———i__Linear transformation

_______________ ngiﬁning, middle and end {2nd}
‘ Traverse method (2nd)

Fig. 30 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 3 at Flight Height of 1500 Feet



1 TABLE 6  RESULTS OF DIFFERENT- ADJUSTMENT
' PROCEDURES OF TEST STRIP 3 AT FLIGHT
"HEIGHT OF 1500 FEET

“Method Linear Beginning, Middle Traverse
Transformation and End (2nd) Method(2nd)

Control points only

RMSE of dE in ft. 0.00 0.02 0.04
RMSE of dN - 0.00 0.01 0.01
RMSE of dP 0.00 _ - 0.01 0.02
RMSE of dH 0.00 0.00 0.01
MAX, dE 0.00 | 0.03 ‘ 0.06
MAX, dN 0.00 0.02 0.01
MAX, dH 0.00 0.00 0.02

Check points

-

RMSE of dE in ft, .24 ' 0.28 | 0.13
RMSE of dN ) .65 - 0.17 0.11
RMSE of dP " 0.40 0.23 0.12
RMSE of dH 0.13 : 0.17 0.13
MAX. dE 0.35 .0.34 0.16
MAX. dN 0.93 ©0.20 0.13
MAX, dH 0.27 - 0.34 0.2
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5-4-4, TEST STRIP NO. 4

Test area: SR 405 - 40th St., 71-158, Rebridge 71-4-15

Flight height 2 1500 feef, Mean elevation £ 200 feet

Models: 5 |

Horizontal control points: 8

Vertical control points: 9

Location of all ground control points shown in Figure: 40
Residuals of all check points shown in Figure: 41

Stand errors of three different adjustment procedures of this strip

shown in Table: 7
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Fig.40 Llayout of ground control points of test strip 4
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————— ;inear transformation

s T Beginning, middle and end (2nd)

Traverse method (2nd)

Fig. 11 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 4 at Flight Height of 1500 Feet

a7



o TABLE 7 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 4 AT FLIGHT
HEIGHT OF lSGO:FEET )

o

Method "~ Linear Beginning, Middle Traverse
Transformation and End (2nd) Method (2nd)

Control points only

RMSE of dE in ft. 0.00 0.00 0.00
RMSE of dN 0.00 0.00 0.00
RMSE of dP 0.00 0.00 - 0.00
RMSE of dH 0.00 0.00 0.05
MAX. dE 0.00 ‘ 0.00 0.00
MAX, dN . 0.00 0.00 | 0.00
MAX, dH 0.00 ' 0.00 0.11

Check points

RMSE of dE in ft. 0.72 D.16 0.15

RMSE of dN . 0.50 . 0.28 - 0.03
RMSE of dP . 0.62 0.23 0.11
RMSE of dH 1.42 0.46 0.14
MAX. dE -1.17 - 0.04 0.29
MAX. dN 0.88 " -0.04 0.05
MAX, dH ' -2.zg 0.70 - 0.18

98



5-4-5, TEST STRIP NO. 5§

Test arca: Connecticut St. Viaduct 4, 71-4-25

Flight height 2 1200 feet, Mean elevation £ 50 feet

Models: 7

Horizontal control points: 9

Vertical control points: 15

Location of all ground contrel points sﬁown in Figure: 42
Residuals of all check points shown in Figure: - 43

Stand errors of three different adjustment procedures of this strip

shown in Table: 8
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ft.
+0.5

0.0

.___;_"__-__"__ Linear transformation

e e Begihning, middle and end (2nd)

Traverse method (2nd)

Fig. 43 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 5 at Flight Height of 1500 Feet



s TABLE 38  RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 3 AT FLIGHT
HEIGHT OF 1500 FEET :

.

Method o Linear Beginning, Middle Traverse
Transformation and End {2nd) Method(2nd)

Control points only

RMSE of dE in ft. 0.00 0.01 0.00

RMSE of dN 0.00 - 0.04 0.00
RMSE of dP | 0.00 0.02 0.00
RMSE of dH 0.04 0.07  0.08
MAX, dE 0.00 0.02 0.00
MAX, dN 0.00 0.06 8.00
MAX, dH 0.06 0.14 0.08

Check points

-

RMSE of dE in ft. 0.13 0.15 0.13
RMSE of dN ) 0.67 0.24 0.10
RMSE of dP ’ 0.43 0.20 0.12
RMSE of dH 1.64 0.16 0.17 -
MAX. dE - 0.17 0.26 0.23
MAX. dN -1.11 - -D.40 0.17
MAX, dH : 2.73 0.40 _ 0.32
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5-4-6. TEST STRIP NO. ¢

Test area: Connecticut Street viaduct. 2. 71-4-25

[

Flight height £ 1500 feet, Mean elevation = 50 feet.

Models: 4

Horizontal control points: 5

Vertical control points: 10

Location of all ground control points shown in Figure: 44
Residuals of all check points shown in Figure: 45

Stand errors of three different adjustment procedures of this strip

shown in Table: 9
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TABLE

9

RESULTS OF DIFFERENT ADJUSTMENT

PROCEDURES OF TEST STRIP

Method -

Control points only

RMSE
RMSE
RMSE

RMSE

of dE in ft.
of dN -
of dP

of dH
dE
dN

dH

Check points

RMSE
RMSE
RMSE

RMSE

-

of dE in ft.
of dN
of dP

of dH

dE
dN

dH

HEIGHT OF 1500 FEET

Linear

Transformation

.00

.00

.00

.00

.00

.00

.21

.19

.62

.28

.20

106

6

AT FLIGHT

Beginning, Middle
and End {2nd)

.00
.00
.00

.00

.00
.00

.00

.05
.17
13
.14

.05

.17

Traverse
Method (2nd)

0.00
0.00
¢.00

¢.00

0.00
0,00

0.00

0.05
0.09
0.07

0.09

0.05
-0.09

-0.14



5-4-7. TEST. STRIP NO. 7

Test area: Connecticut Street viaduct, 3. 71-4-25

-y [

Flight height £ 1500 feet; Mean elevation ¥ 50 feet

Models: 7
Horizontal control points: 7
Vertical control points: 13

Location of all ground control points shown in Figure: 46
Residuals of all check points shown in Figure: 47

Stand errors of three different adjustment procedures of this strip

shown in Table: 10
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TABLE 10 RESULTS OF DIFFERENT ADJUSTMENT
AT FLIGHT

PROCEDURES OF TEST STRIP .

Method

Control points only

RMSE
RMSE
RMSE

RMSE

of dE in ft.
of dN
of dP

of dH

dE
dN

dH

Check points

RMSE of dE in ft.

RMSE

-

of dN

RMSE of dP

RMSE

MAX,
MAX,

MAX,

*More control points needed.

of dH

dE
dN

dH

Linear

HEIGHT OF 1500 FEET

Transformation

0.00

0.00

0.00

0.02

0.00

0.00

0.03

.31

0.22

0.27

110

Beginning, Middle
and End (2nd)

0.06
0.09
0.08

0.00

0.07

0.14

0.00

0.18

0.06

0.13

0.65

0.25

0.09

1.09

Traverse
Method(2nd)

0.00

0.00

- 0.00

0.17

0.23

0.32



5-4-8. TEST STRIP NO. 8

Test areca: Riverton Hts 1,0 Ti-8-24

iy

Flight height ¥ 1500 feet; Mean elevation £ 350 feet.

Models: 5

Horizontal control points: 8

Vertical control points: 16

Location of all.ground control points sﬁown in Figure: 48
Residuals of all check points shown in Figure: 49

Stand errors of three different adjustment procedures of this strip

shown in Table: 11
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Method.

Control points only

RMSE

RMSE

RMSE

RMSE

TABLE 11

RESULTS OF DIFFERENT ADJUSTMENT
AT FLIGHT

PROCEDURES OF TEST STRIP

of dE in ft.

of dnN
of 4p

of dH

dE
dN

dH

Check points

RMSE
RMSE
RMSE

RMSE

*More control points necded.

of dE
of dN
of dp

of dH

dE
dN

dH

-

in fr.

HEIGHT OF 1500 FEET

Linear

Transformation

0.00

G.00

0.00

0.00

0.00

0.00

0.00

0.52

1.00

0.80

6.75

1.29

0.30

114

Beginning, Middle
and End (2nd)

0.13
0.05
0.10

0.00

0.21
.08

0.00

0.42
0.01
0.30

0.86

0.56
0.01

1.71

Travefse
Method(2nd)

0.00
0.00
0.00

0.02

0.00
0.00

0.03

0.56
0.06
0.40

0.15

0.74
0.06

0.21



5-4-9. TEST STRIP NO. 9

Test area: So. 160th To 136th 71-8-24

1500 feet; Mean elevation ¥ 250 feet.

tig

Flight height

Models: 6

Horizontal control points: 5

Vertical control points: 15

Location of all. ground control points shown in Figure: 50
Residuals of all check points shown in Figure: 51

Stand errors of three different adjustment procedures of this strip

shown in Table: 12
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TABLE

PROCEDURES OF TEST STRIP
. HEIGHT OF 154y FEET

| Method

Control points ohly-

RMSE of dE in ft.

RMSE of dN -

RMSE of dP

RMSE of dH

MAX, dE

MAX,

dN

MAX, dH

Check points

RMSE
RMSE
RMSE

RMSE

-

of dg in ft.
of dN
of dP

of dH

dE
dN

dH

12 RESULTS OF DIFFERENT ADJUSTMENT

Linear

Transformation

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.62
0.72

.42

118

9

AT FLIGHT -

Beginning, Middle
and End (2nd)

0.05

0.04

0.00

0.07

g.17

0.02

Traverse
Method (2nd)

0.00
0.00
0.00

0.01

0.00
0.00

0.02

0.14

0.21

0.02



5-4-10. ' TEST STRIP NO. 10

Test area: Pidchach Lake 1/C 71-106-15

Flight height £ 1500 feet; Mean elevation = 100 feet.

Models: 4

Horizontal control points: 4

Vertical control points: 10

Location of all ground control points shown in Figure: §2
Residuals of all check peints shown in Figure: 53

Stand errors of three different adjustment procedures of this strip

shown in Table: .13
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. ' TABLE 13 RESULTS OF DIFFERENT ADJUSTMENT
: PROCEDURES OF TEST STRIP 15 AT FLIGHT
HEIGHT OF 15on FEET

o

Method " Linear ' Beginning, Middle Traverse
Transformation and End (2nd) Method(2nd)

Control points only

. RMSE of dE in ft. 0.00 0.00 0.00
RMSE of dN 0.00 0.01 0.00
RMSE of dP  0.00 0.0l - 0.00
RMSE of dH 0.00 0.00 - 0.04
MAX, dE 0.00 0.00 0.00
MAX, dN 0.00 ~0.02 | 0.00
MAX, dH " 0.00 ' 0.00 o 0.05

Check points

-

RMSE of dE in ft. 0.06 — 0.01

RMSE of dN ) 0.16 _ — 0.03
RMSE of dP ) 0.12 — _ 0.02
RMSE of dH O 0.73 .. 3.11 0.23
MAX, dE 0.07 L= 0.01
MAX, dN -0.20 | ' — ' 0.03
MAX, dH 1.55 4.26 S 0.39

*More control points needed.
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5-5. Testing of ten strips of the flight at 3000 feet.

5-5-1. TEST STRIP NO. 11

Test area: Trosper Rd. to Marfin Way, 5, 70-10-27.

Flight height £ 3000 feet, mean elevation = 140

Models: 8 ' |

Horizontal control points: 4

Vertical control points: 12

Location of all ground control points sﬁown in Figure: 354
Residuals of all check peints shown in Figure: 55

Stand errors of three different adjustment procedures of this stripl

shown in Table:; 14
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__________ __ Linear transformation \\\\\\~
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Traverse mathod {2nd)

Fig.5s Comparition of Discrepancies Resulting from Qifferent Adjustment
Procedures of Test Strip j1 at Flight Height of 1500 Feet
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, \ TABLE 14 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 13 AT FLIGHT
 HEIGHT OF 3zpo0 FEET :

Method Linear Beginning, Middle Traverse
Transformation and End (2nd) Method (2nd)

Control points only

RMSE of dE in ft. - 0.00 0.00 0.00

RMSE of dN 0.00 0.00 0.00
RMSE of dP - 0.00 _ 0.00 - 0.00
RMSE of dH 0.04 ~0.07 . 0.04
MAX, dE 0.00 ' 0.00 0.00
MAX, dN .00 0.00 ' 0.06
MAX, dH  0.07 | 0.09 0.06

Check points

-

RMSE of dE in ft. 0.58 0.27 . 0.18

RMSE of dN 2.52 o 0.39 0.43
RMSE of dP 1.83 0.33 0.33
RMSE of dH 1.21 | o 0.36 0.34
MAX. dE 1.12 | 0.27 0.18
MAX, dN 4,76 ' 0.39 0.43

MAX, dH 2.81 0.27 . Q.46
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5-5-2, TEST STRIP NO. 12

Test area: 80th NE to SR 405, 1, 71-3;5

Filight height £ 3000 feet, Mean elevation = 120 feet.
Models: 7

Horizontal control points: 9

Vertical contrel points: 26

Location of all ground control points shown in Figure:

Residuals of all check points shown in Figure:

Stand errors of three different adjustment procedures of this strip

shown in Table: 15

56
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Fig. 57Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 12 at Flight Height of 3000 Feet
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s - TABLE 15 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 12 AT FLIGHT
HEIGHT OF 3006 FEET

Method ~ Linear Beginning, Middle Traverse
Transformation and End (2nd) © " Method{2nd)

Control points ohly

RMSE of dE in ft. 0.00 0.15 . 0.00
RMSE of dN 0.00 ' 0.03 0.00
RMSE of dP 0.00 0.11 . 0.00
RMSE of dH 0.00 : 0.12 0.09
MAX, dE 0.00 . 0,23 ‘ 0.00
MAX, dN 0.00 . 0.04 : 0.00
MAX, dH - 0.00 - 0.24"- 0.10
Check points

RMSE of dE in ft. 0.65 0.23 o 0.19
RMSE of dN - 2,31 . o.2s 0.30
RMSE of dP - 1.70 o 0.24 0.25
RMSE of dH 0.77 . 0.38 : 0.32
MAX, dE 1.40 . 0.31 0.26
MAX, dN - 3.74 T 0.33 T 0.48
MAX, dH | 1.87 0.81 . 0.7
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5-5-3. TEST STRIP NO. 13

Test area: 830th To SR 405. 2, 71-8-5.

Flight height £ 3000 feet. Mean elevation ¥ 250 feet.

Models: 5
Horizontal control points: 4
Vertical control points: 12

Location of all ground control points shcwn in Figure: 58
Residuals of all check points shown in Figure: : 59

Stand ecrrors of three different adjustment procedures of this strip

shown in Table: 16
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o MOOEL
/

——eeeoe—o—o. . Linear transformation

L S Beginﬁing, middle and end (2nd)

Traverse mathod (2ad)

Fig. 59 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 13 at Flight Height of 3000 Feet



Lo : TABLE 16 RESULTS OF DIFFERENT ADJUSTMENT
' - PROCEDURES OF TEST STRIP 13 AT FLIGHT
. HEIGHT OF 3000 FEET

Method  Linear Beginning, Middle Traverse
: Transformation and End (2nd) " Method(2nd)

.

Control points ohly'

RMSE of dE in ft. 0.00 : 0.00 . 0.30

RMSE of dN 0.00 0.00 ' 0.40
RMSE of dp 0.00 " 0.00 . 0.00°
RMSE of dH 1 0.00 ~0.00 ©0.00
MAX..dE 0.00 : 0,00 ‘ 0.49
MAX, dN o 0.00 g 0.00 : 0.59
MAX, dH ~0.00 : 0.00° 0.00

Check points

-

BMSE of dE in ft.  1.41 0.64 | -
RMSE of dN © 0.93 Y L1 | | —
RMSE of dp T 1.19 ' 0.94 —
RMSE of di 1.28 ©0.77 0.58
MAX, dE 2.56 - 0.64 | —
MAX. dN 1.69 119 ) -
MAX, dH 2.0 | 1.06 - . 0.94
| * '- *

*More control points needed.
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5-5-4, TEST STRIP NO. 14

Test area: Boundary to International Border, 71-10-8.

Flight ﬁeight 2 3000 feet, mean elevation T 1600 feet

Models: 4 . |

Horizontal control points: 6

Vertical control points: 14

Location of all ground control points sﬁown in Figure: 60
rResiduals of all check pbints shown in Figure: 61

Stand errors of three different adjustment procedures of this strip

shown in Table:; 17
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Fig.60 Layout of ground control poeints of test strip 14

136



+0.5
, .. MODEL
5 6 )
_________ . Linear transformation
_______________ Begiﬁﬁing, middle and end (2nd)

Traverse method (2nd)

Fig. o] Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 14 at Flight Height of 3000 Feet
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o

s TABLE 17 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 14 AT FLIGHT
.HEIGHT OF 3000 FEET

Method "~ Linear Beginning, Middle Traverse
Transformation and End (2nd) Method (2nd)

Control points only

RMSE of dE in ft, 0.00 | 0.00 0.004
RMSE of dN - - 0.00 0.00 0.02
RMSE of dp 0.00 © 0.00 0.03
RMSE of dH 0.00 0.00 0.03
MAX, dE 0.00 | 0.00 0.05
MAX, dN 0.00 0.00 0.04
MAX, dH .00 E 0.00 _ 0:07

Check points

-

RMSE of dE in ft. 1.13 0419 0.02
RMSE of dN . 1.54 0.23 0.38
RMSE of dP T3S 0.21 0.27
RMSE of dH 0.81 . 0.38 0.79
MAX. dE 2.53 : 0.21 0.02
MAX, dN 3.33 ~0.31 0.38
MAX, dH : 1.85 _ 0.63 - . L.79

*More control points needed.
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5-5-5. TEST STRIP NO. 15

Test area: Sumner to King Co. Line, 0,‘67-Sf11.

Flight height £ 3000 feet rMeén'eievationKQ 60 feet.
Models: 8

ﬁorizontal control points: 7

Vertical control points: 31

Location of all ground control points shown in Figure: 62

Residuals of all check points shown in Figure: 63

Stand errors of threc different adjustment procedures of this strip

shown in Table: 18
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——em—.2.__ Linear transformation.

N S Begiﬁhing, middle and end (2nd)
‘ Traverse method {2nd)

Fig.c3 Comparition of Discrepancies Resulting from Different AdJustment
Procedures of Test Strip j5 at Flight Height of 3000 Feet
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TABLE

18 RESULTS OF DIFFERENT ADJUSTMENT

PROCEDURES OF TEST STRIP
HEIGHT OF 5000 FEET

Method

Control points oﬁly

RMSE
RMSE
RMSE

RMSE

of dE in ft.
of dN
of dP

of dH

dN

Check points

RMSE

RMSE

RMSE

RMSE

-

of dE in ft.
of dN
of dP

of dH

dE

&

&

More control points needed.

20,

Linear

Transformation

.00

.00

.00

.00

.00

.00

.00

.51

.63

.44

.08

.03

. 26

48
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15 AT FLIGHT

Beginning, Middle
and End (2nd)

0.35

0.15

- 0.52

0.47

0.54

0.58

Traverse
Method (2nd)

0.28

0.34

-0.31

0.49

0.46

0.52



5-5-6. TEST STRIP NO. 16

Test area: Sumner to kKing Co. Line,*l, 67-5-11.

]

Flight height £ 3000 feet, mean elevation = 60 feet

Models: 8

Horizontal control points: 6

Vertical control points: 31

Location of zall grbund control points shown in Figure: 64
Residuals of all check points shown in Figure: 65

Stand errors of three different adjustment procedures of this strip

shown in Table: 19
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‘ © TABLE 19 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 16 AT FLIGHT
HEIGHT OF 3000 FEET

—

Method ‘ Linear Beginning, Middle . Traverse
Transformation and End (2nd) ~ Method(2nd)

Control points only

RMSE of dE in ft.  0.00 | 0.00 0.00
RMSE of dN 0.00 0.00 0.00
RMSE of dP 0.00 0.00 | 0.00
RMSE of dH 0.00 0.10 _ 0.15
MAX, dE 0.00- 0.00 0.00
MAX, dN 0.00 0.00 0.00
MAX, dH 0.00  0.18 0.30

Check points

L

RMSE of dE in ft. 1.58 0.46 0.38
RMSE of dN : 1.68 0.98 0.60
RMSE of dP : 1.63 0.76 0.50

* RMSE of dH -~ 1.10 0.29 0.22.
MAX. dE | 2.71 - 0.48 0.61
MAX. dN 7.21 1,33 0.98
MAX. dH | 3.35 0.55 | 0.45
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5-5-7. TEST STRIP NO. 17

Test area: N. Ft. Lewis to King Co. Line. 70-3-10.

.

Flight height £ 3000 feet. Mean elevation = 280 feet.

Models: 9

Horizontal control points: 7

Vertical control points: 19
Location of all ground control points shown in Figure: 66
Residuals of all check points shown in Figure: 67

Stand crrors of three different adjustment procedures of this strip

shown in Table: 20
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Linear transformation

Y2 Horizontal point;

Fig.66 Layout of ground control points of test strip 17
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__________ . Linear transformation

—————me e Begiﬁﬁing, middle and end (2nd)

Traverse mathod (2n3)

Fig. 67 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 17 at Flight Height of 3000 ~rFeet
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T TABLE 20 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 17 AT FLIGHT
HEIGHT OF 3000 FEET

—

Method ' Linear Beginning, Middle Travérse
Transformation and End (2nd) Method (2nd)

Control points ohly

RMSE of dE in ft.  0.00 N 0.05 0.00
RMSE of dN ~ 0.00 0.12 . 0.00
RMSE of dpP 0.00 0.09 0.00
RMSE of dH 0.00 0.15  0.09
MAX, dE ' o.oda | s 0.07 o . 0.00
MAX, dN 0.00 0.19 T 0.00
MAX, dH 0.00 - 0.29 0.20

Check points

-

RMSE of dE in ft, 0.73 0.02 - 0.07
RMSE of dN - 2.79 0.15 0.22
RMSE of dp 2.04 0.11 0.16
RMSE of dH 3.67 0.53 0.40 -
MAX. dE 1.36 0.03 0.11
MAX, dN  4.47 - 0.21 0.41
MAX, dH . 5.81 0.96 0.69
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5-5-8. TEST. STRIP NO. 18

Test area: Pullman Bypass Bridze Sites, 70-10-28.
Flight height £ 3000 feet. Mean elevation 'S 2500 feet.
Models: 8

Horizontal control points: 9

Vertical control points: 25
Location of all ground control points shown in Figure: 68
Residuals of all check points shown in Figure: 69

Stand errors of three different adjustment procedures of this strip

shown in Table: 21
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=0.5

__________ - Linear transformation

e imn Beglﬁﬁing, middle and end (2nd)

Traverse mathod (2nd)

Fig.co Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 13 at Flight Height of 3000 Feet



TABLE

21

RESULTS OF DIFFER

PROCEDURES OF TEST STRIP
~HEIGHT OF ZC20QFEET

Method

Control points only

RMSE
RMSE
RMSE

RMSE

of dE in ft.
of dN -
of dP

of dH -

dE
dN

dH

Check points

RMSE

RMSE

RMSE

RMSE

-

of dE in ft.
of dN
of 4P

of dH

dE
dN

dH

Linear

Transformation

SV

*More control points

.Q0

.00

.00

.00

.00

.00

.00

.13

.79

.13

.96

.86

77

needed.

154

ENT ADJUSTMENT
18 AT FLIGHT

Beginning, Middle
and End (2nd)

0.15

0.14

- 0.15

0.11

0.23
0.18

0.20

0.33
0.56
0.46
0.46
0.54
1.02

0.88

Traverse
Method (2nd)

0.00

0.00

0.00

0.60

0.40

0.86



5-8-9, TEST STRIP NO. 19

Test area: Pullman Bypass #13, 70-10-28.

Flight height £ 3000 feet. Mean elevation @ 2600 feet.

Models: <

Horizontal control points: g

Vertical control points: ig

Location of all ground control points shown in Figure: 70
Residuals of all check points shown in Figure: 71

Stand errors of three different adjustment procedures of this strip

shown in Table: 22
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Fig.70 Layout of ground control points of test strip 19
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Fig. 71 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 19 at Flight Height of 3000 Feet
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TABLE

PROCEDURES OF TEST

Method

Control points only

RMSE
RMSE
RMSE

RMSE

of dE in ft.
of dN
of 4P

of dH

dE
dN

dH

Check points

RMSE

RMSE

RMSE

RMSE

-

of dg in ft.
of dN
of dP

of dH

dE
dN

dH

22 RESULTS

- HEIGHT OF

Linear

OF DIFFERENT ADJUSTMENT
STRIP 19 AT FLIGHT
3000 FEET

Beginning, Middle

Transformation and End {2nd)

“0.00

0.00

0.00

2.64

0.48

5.98

0.09

0.04

0.11

0.26

0.29

.0.29

*Large residuals more control points needed.
H
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Traverse
Method(2nd)

0.04

0.00

0.06

0.35

1.42

0.30



5-8-10.° TEST STRIP NG. 20

Test area: Pullman Bypass #16.

Fligﬂt height £ 3000 feet. Mean elevation £ 2500 feet.
Models: o6 -

Horizontal control points: ¢

Vertical control points: 12

Location of all ground control points sﬁcwn in Figure: 72
Residuals of all check points shoquin Figure: 73

Stand errors of three different adjustment procedures of this strip

shown in Table: 23
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Fig.72 Layout of ground control points of test strip 20
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Fig. 735 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 20 at Flight Height of 3000

Feet
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OF DIFFERENT ADJUSTMENT

. TABLE 23 RESULTS
PROCEDURES OQF TEST STRIP 20
HEIGHT OF 3000 FEET
Method Linear
Transformation
Control points only
RMSE of dE in ft. 0.00
RMSE of dN 0.00
RMSE of dP 0.00
RMSE of dH 0.00
MAX, dE 0.00
MAX, dN 0.00
MAX, dH 0.00
Check points
RMSE of dE in rt. 0.41
RMSE of dN 0.82
RMSE of dP Q.65
RMSE of dH 1.72
MAX, dE 0.74
MAX, dN 1.40
MAX, dH 3.46

1682

AT FLIGHT

Beginning, Middle
and End (2nd)

0.00
0.00
0.00

0.00

0.00
0.00

0.00

0.52
0.41

0.47

0.60

0.63

1.11

Traverse
Method(2nd)

0.21
g.08
0.16

0.00

0.34
.14

0.00

0.33
0.41
0.37

0.48

0.41

0.55



5-6. Testing of Two Strips of the Flight at 6000 Feet.

5-6-1. TEST STRIP NO. 21

Test area: Sunset Interchange, 69-1-5.

(o)

Flight height 2 6000 feet, Mean elevation ¥ 2300 feet.

Models: 4

Horizontal control points: 13

Vértical control points: 19

Location of all ground control points shown in Figure: 74
Residuals of all check points shown in Figure: 75

Stand errors of three different adjustment procedures of this strip

shown in Table: 24
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Fig.74 Layout of ground control points of test strip 21
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Fig.

Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 21 at Flight Height of 3000 Feet
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s . TABLE 24 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 12} AT FLIGHT
HEIGHT OF 6000 FEET

Method . Linear Beginnihg, Middle Traverse
Transformation and End (2nd} "~ - Method(2n4d)

-

Control points oﬁly

RMSE of dE in ft. 0.00 ' 0.00 . 0.00
RMSE of dN £ 0.00 " 0.00 0.00
RMSE of dP 0.00: 0.00 R
RMSE of dH ' 10.04 | - 0.08 0.2
MAX, &E 0.00 : 0,00 ' 0.00
MAX, dN 0.00 . 0.00 - 0.00
MAX, dH : " 0.07 : 0.14° 0.27

Check points

RMSE of df in ft.  1.32 121 0.92
RMSE of dN 37 ‘' o0.83 0.9
RMSE of dP 2.43 . 1.03 | 0.91
RMSE of dH 0.89 . 0.67 : 0.74
MAX. dE 2.41 - 10.58 2.03
MAX, dN 4.49 ©- 1.38 . 1.38
MAX, ¢H LTS - - L.6t - 1.51

*More control points needed.
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5.6-2. TEST STRIP NO. 72

Test area: Jct. SR 104 to JCT SR 113, 69-6-6.

-y

Flight height = €000 feet. Mean elevation £ 300 feet.

Models: g

Horizontal control peoints: 7

Vertical control points: 19

Location of all ground control points shown in Figure: 76
Residuals of all check points shown in Figure: 77

Stand errors of three different adjustment procedures of this strip

shown in Table: 25
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Fig.76 Layout of ground control points of test strip 22
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TABLE 25

RESULTS OF DIFFERENT ADJUSTMENT

PROCEDURES OF TEST STRIP

Method

Control points only

RMSE
RMSE
RMSE

RMSE

of dE in ft.
of dN -
of dP

of dH

dE
dN

dH

Check points

RMSE
RMSE
RMSE

RMSE

-

of dE in ft.

of dN

of dp

of dH

dE

dN

dH

Linear

. HEIGHT OF 6000 FEET

Transformation

0.00

0.00

0.00

0.00

0.00

0.00

¢.00

5.63

1.66

4,15

9.62

10.30

2.64

19.19

170

AT FLIGHT

Beginning, Middle
and End (2nd)

.00
.00
.00

.35

.00
.00

.63

.78
;48
.64
.01
.23

.82

.56

Traverse
Method(2nd)

0.00
0.00
0.00

0.37

0.00
0.00

0.70

0.46
0.87
0.70

0.85

0.85
1.37

1.48



5~7. Testing of three strips of the flight at 12,000 feet.

5-7-1, TEST STRIP NO. 23

Test area: SR 16 to pt. Suihworth, 71-3-1.

Flight height & 12,000 feet, mean elevation = 200 feet.

Models: 6

Horizontal control points: 20

Vertical control points: 52

Locaticon of all ground centrol pointé sﬁown in Figure: 78
Residuals of all check points shown in Figure: 79

Stand crrors of three different adjustment procedures of this strip

shown in Table: 26
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1. Approiimately half the ground control points
errors.

2. Groumd control points need remeasurements.

contain
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Fig.79 Comparition of Discrepancies Resulting from Different Adjustment

Procedures of Test Strip 23at Flight Height of 6000
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Method

Control points only

RMSE
RMSE
RMSE

RMSE

Check points

of dE
of dN
of dP

of dH
dE
dN

dH

TABLE 26 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 23
HEIGHT OF 12000FEET

in ft.

-t

RMSE of dE in ft.

RMSE

RMSE

RMSE

of dN
of dP

of dH

dE
dN

dH

2.

Linear
Transformation
0.81 0
1.01 0
0.92 0
0.00 0
1.00 1
1.40 1
0.00 0

Beginning, Middle
and End (2nd)

AT FLIGHT

.95

.91

.93

.00

.49

.39

.00

Traverse
Method(2nd)

1.78

0.00

2.72

Approximately half the amounts of ground control points
contain errors.

Ground control points

22,21

. 94.31

17,96

21,

94.

174

need remeasurements.,
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12

25.59
94.90

12,23



5-7-2. TEST STRIP NO. 24

Test area: Jct. SR 410 to ECL Naches, 70-4-22.

Ly

Flight height £ 12,000 feet; mean elevation = 2000 feet.

Models: 6
Horizontal control points: 5
Vertical control points: 15

Location of all ground control points shown in Figure:

Residuals of all check points shown in Figure:

Stand errors of three different adjustment procedures of this strip

shown in Table: 27
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Fig- 80 Layout of ground control points of test strip 24

176



ft.

+1.0
0.0 .
N — - y . o MODEL
_____ . 5 6 /
"I .0
dH
+1.0
0.0 "‘:;\_\1,:}_(\ " 4_;_:_:,:_‘.‘-—-—:-_][____’_h__'
RN / = 7 o
\:‘*—.._,'r
-l .0
\\P_-_____,——'-""'——.—-‘—\\‘ )
™.
™.
_________ __ ALinear transformation
_______________ Begiﬁning, middle and end {2nd)

‘Traverse method (2nd}

Fig. 51 Comparition of Discrepancies Resulting from Different Adjustment
Procedures of Test Strip 24 at Flight Height of 12,000 Feet
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TABLE 27 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 24 AT FLIGHT
HEIGHT OF 12000 FEET

Method . Linear _ Beginning, Middle Traverse
Transformation and End (2nd) ' Method(2nd)

Control points only

RMSE of dE in ft.  0.00 0.00 _ 0.00
RMSE of dN 0.00 0.00 | 0.00
RMSE of dp 0.00 - 0.00 . 0.00°
RMSE of dHi 0.00 - ~0.25 | 0.00°
MAX, dE | 0.00 : 0 0.00 ' 0.00
MAX, dN 0.00 _ 0.00 : 0.00
MAX, dH -~ 000 0.46 0.00

Check points

- .

RMSE of dE in ft. 3.25 0.3% ' 0.21

RMSE of dN . 2.49 091 0.80
. RMSE of dp 2.90 - 0.70 0.58
RMSE of dH 13.10 - 3.76 | 1.98
MAX. dE 5.58 0.39 0.21
MAX. dN 421 . 0,01 0.80
MAX, dH 29,27 - 7.81 _ 3.26

*More control points needed.
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5-7-3. TEST STRIP NO. 25

Test area: Fawn Lake Fire Map (DNR) 71-7-21.

Flight height 2 12,000 feet; mean elevation 2 3,500 feet. .

Models: 5
Horizontal control points: 8
Vertical control points: 7

Location of all.ground control points shown in Figure: 82

Residuals of all check points shown in Figure: 83

Stand errors of three different adjustment procedures ©f this strip

shown in Table: 28
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s : TABLE 28 RESULTS OF DIFFERENT ADJUSTMENT
PROCEDURES OF TEST STRIP 25 ~ AT FLIGHT
HEIGHT OF 12000 FEET '

Method - Linear Beginning, Middle Traverse
" Transformation and End (2nd) " Method(2nd)

Control points only

RMSE of dE in ft. 1.14 0.93 _ 0.88
RMSE of dN 1.10 1.23 0.82
RMSE of dp 1.12 1.09 . 0.85"
RMSE of dH 0.00 | 0.00 _ 0.00
MAX, dE 1.60 - - 1.47 ' 1.40
MAX, dN | 1.42 | 1.97 ; 1.15
MAX, dH - 0.00 : 0.00 - 0.00

Check points

RMSE of dE in fr.~  3.13 2.73 1.60
RMSE of dN o 2.10 C L2 0.72
RMSE of dpP 2,67 ' 2.13 1.13
RMSE of dH 13.80 1.01 5.76
MAX. dE 4.18 a2 2.50
MAX, dN 3.13 2,22 | 0.84
MAX, dH  1e.18 © Loz . 6.93

*More contro} points needed.
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5-8. Precision Determination of the Aerotriangulation Requirements of
Highway Engineering. '

After testing twenty-five strips, it should be possible
to determine the practical accuracies that can be expected from
flight strips of gjven heights, lengths, and with various distributions

and densities of control points.

Given the standard errors at different flight heights, it is
possible to express them in polynomial form as a function of flight
height to be used to determine if the precision of the aerotriangulation

will meet the requirements of Highway Engineering.

In Fig. 84, it is shown that the accuracy changes in form with
increasing flight height. If the accuracy, as a function of flight
height, is plotted, the mathematical function of precision can be
found. Assuming the polvnomial of first, second, and third degree,
~ the most probable value for the coefficient in the polwvnomial can be
found by using f;ast squares. This is to fit a polynomial function
to the observations so that minimum deviation will result.

The equation of an empirical formula is:

ei = Ko +« K1 + K2HZ + K3 H3 (80)

i

where

1]
]

standard error of aerotriangulation

various flight height

"m
il
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Ko, K., K2, K3 = coefficients of the flight height.

These coefficients are the unknowns. (K, = 0.00)

Equation (80} can also be assumed as observation equation and in

matrix form as;:

V=aRX -1 (81)
Where f _ N
4 ) ' . 2 3 .
Vel hl “1 Hl Ko
_ ' - iK1
V = A = x: *
2 3 K,
Vo5 1ty Hys  Hy
K
\ 4 \ P, h 3

By applying the least squares condition,

er |

i'(unknewn) is chosen such that for equal weight the sume of the

squares of the residuzals is a minimum, thus:

X - 2X A L-L'L (82)

For minimization, the partial differentials of this function with

respect to each independent variable must be zero. The partial derivative

matrix is:

——T—-—.. _—T_
ZAAX - ZAL=0
T
Realizing that the L L is constant, or

T T

A AX-AL=0 - (83)
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NO. FLIGHT HEIGHT HORIZONTAL VERTICAL . REMARKS

IN FEET IN FEET IN FEET

1 1500 0.13 0.15
2 " 0.13 0.15
ks " 0.12 0.13
4 " 0.11 0.14
5 " 0.12 0.16
6 " 0.07 0.09
7 " 0.13 0.23
8 " 0.30 0.15
9 " o 0.07 0.17
10 i 0.02 0.23
11 3000 0.33 0.34
12 " 0.25 0.32
13 " — - *More control points
14 " 0.27 0.38 needed.
15 " 0.47 0.46
} " 0.50 0.22
17 " 0.11 0.44
18 " 0.46 0.40
ta " 0.26 0.29
20 ' 0.37 0.48
2 6000 — — *
22 " - 0.04 0.85
<3 12000 - - _ **Ground control points
3} " 0.58 1.98 need remeasurements.
-5 " 1.13 1.01

st polvnemial [Vv],, = 0.46 ft. (W], = 0.75 ft.

gnd nolvnemial . [VV]H = 1.95 ft. {VV]V = 4.76 ft.

srd polvnomial [VW]i = 1,19 ft. W]y = 1.26 ft,

Table 29. The standard errors in various flight height.
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Using the following new notation:

T T

A A=Nand AL=0U (84)

Then the normal equation is:

X=U (85)

The most probable values can be found by computing the inverse of

N, thus:

X=N U (86)

(87)

Where n = number of the testing strips = 25
u = number of unknowns
= 2 for first degree polynomial
= 3 for second degree polynomial
= 4 for third degree polynomial
T

VV < sum of squares of the residuals

The numerical computation of the empirical equation (80) with

various degree of polynomial has been calculated, and the results are

shown in Table 29.

From Table 29, the best agreement of the relation$hips between
Strndard ervors and flishe heights is in equation (89}, with first
Tive . s . . :
swiree of polynomial equation and traverse method of distributions of

Lontrol points.
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e, = 0.000 + 8,2386E -5 x H for Horizontal points.

e,= 0.000 + 1.1460 E -4 x H for vertical pdints. (89

Or simply assumed as:

e = 0.01% x H

5-9, Conclusion

Theoretical studies of error propagation for aerotriangulation have

been executrd ir .Chzrrev v, "Showi»v.that the errors in aerotriangulation

are essentially a double summation of errors.

After testing twenty-five strips, the practical experiments show

the effects on the coordinates and elevations in aerotriangulation, without
adjustment are similar double summation errors. Sources of those errors

are naturally in observation errors that act on the individual model and

make it deformed.

The number and tﬁe distribution of the ground control points indi-
cates the quali@y of the aerotriangulation adjustment. The quality to
be expected, depends of course upon the flight height as shown in
cequation (84) and Table (29). Thus,rthe traverse method of ground
control points distribution is recommended. The control points should
be about equally distributed throughout the strip.

In many strips , as shown in this testing, blunders of the ground
control points are difficult to detect. These mathematical detections

of ground control points will be given in next Chapter (VI).
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CHAPTER VI

DATA REJECTION

6-1. Introduction.

A major problem in refining and certifying aerotriangulation
adjustments for control points is the detection and isolation of erron-

eous or misidentified ground control points.

It is sometimes very difficult to detect the blunders of ground
control points in the aerotriangulation adjustment. For example, in
testing strip No. 23, 20 horizontal control points and 52 vertical
control points have been established and targeted; however, 14 horizontal.
control points and 17 vertical control points contained errors from 2 -
to 100 feet. In this manner aerotriangulation accﬁmplishes a type of

consistency check of ground control surveys,

Therefore;:yne possible sclution to this problem is the development
of an automated editing program with statistical and mathematical

conceptions to check the consistency of input data prior to strip and

block adjustment. -

6-2. General Working Equation.

The basic consideration for detection of ground centrol points is
‘,‘,‘ . - . =
*hnt the residuals of zdjustad points should be smaller than three times

the standard errors for various flight heights, which were determined in

. . .
thapter V. However, as the number of erroneous noints increases the



residuals of all control points increase and it is difficult to indicate
thch points are in error and should be rejected. Therefore, it is
required to have a mathematical conception to detect ground control

 points in error.

Assuming the residuals of all ground control poimts after linear
transformation (79) are the direct observations.
as

dEj, dN; dHy ...... dE,, dN dHn from first point to nth

n’

Then the mean value of the residgals can be computed by using absolute

values! MdE =|dE; + ... + dEq!
n

MdN =1dN; + ... dN, | (91)
n

MAH =idH, + ... + di |
n ¥

The deviatibns between the mean value and individual dE

, dN ,
«H are:
VAE = MdE - 'dE|
VdN = QdN'-\dNi (92)
VdH = MdH - IdH
Where MJE, MdN, MdH = mean value of dE, dN, dH
idE} ,[;N} 138l = iadividual residuals after linear transformation

VdE N VdN s Vdil = deViations of dE, d.\c, di (absolute Values)
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The standard errors are:

GIdE| = /[VdEi « VdEil
n-1
61dN| = »/ [VANi * VdNi] ' (7*)
. n-1
~ —
Gididi = v [VdHi  VdHi]
n-1
If VAEi > 2 & (dE| ; VdNi>2¢(dNi ; and VdH,>2 §{dH| , then a

blunder error exists in the strip which should be rejected ~ After

the rejection of one or more points, the test for blunder errors should

be repeated until no blunder is indicated.

6-3. Computer progran.

The data rejection computer program and aerotriangulation adjustment .
are performed in two steps. These steps are performed one after the

other without operator intervention.

As a first stage, the strip with all ground control points is a linear

transformation to the ground coordinate system for detection and rejection

of the blunders.

Having rejected all data errors, the strip adjustment is performed in

the second stage,

The tomeralized £

Jenerad flow chart for dota rejection and zdjustment is shown

in Fig, 85,
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6-4, Testing.

This test strip was taken from the job of "Tanner to Lower X-ing"
which consists of seven models. The flight height is 1800 feet above

the mean ground elevation of 1000 feet.

In this strip 12 horizontal control points and 38 vertical control

points have been established and targeted as shown in Fig. 86.
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. 0

Fig. 86. Test strip for data rejection.



In order to detect the blunders and systematic errors for ground
control survey and phdtOgraphs this strip area has been flown and
photographed three times. Strip adjustments were passed through the

computer thirty-two times before attaining acceptable results.

| However, by‘using the new develdped computer program for ''Data
Rejection”, this strip adjustﬁent is performed in one pass through the
computer, and five ground control point errors have been detected and
rejectéd. The numerical sample, listing and instructions for this

program can be found in appendices.

6-5, Conclusion:

According to numerous tests, this program is found to be most
accurate for detection of blunders in the strip adjustment. This

program results in hand analysis and computer time savings.




CHAFTER VII

. ‘CONCLUSIONS AND RECOMMENDATIONS
In this investigation, several findings can be noted as follows:

1. The accuracy ot the aerotriangulation is dependent upon the
ground control surveying, photographic quality, and photogrammetric
process. The blunders and systematic errors of ground control surveying

and photographic quality must be avoided before photogrammetric processing.

2. The equation of the standard error for photogrammetric measure-

ments of large scale photographs should equal J/!VV} instead of the

n-1
common equation of/[VV] .
n

3. The astronomic azimuths are not quite the same as those deter-
-

mined by a geodetic survey because of the deflection of vertical. It should
be pointed out that reference [10] gives the questionable theory of

nzimuth closure.

4. The second term correttions in the traverse ‘computation should be
anplied when the courses are longer than three miles. The angle correction
of the second term is computed by the subtraction corrections to backsight

with clockwise measurement. The demonstration traverse shows that appli-

Cition of the second term correction affects the azimuth up to five

o e e e o



seconds in a 22-mile course, on this course, with azimuth of 75°, th¢

northing changed +2.76 feet, and easting changed -0.65 feet.

5. Most textbooks of surveying have given the questionable theory
of systematic refraction in precise levels. The correction of systematic
refraction is as much as the correction of the earth curvature with

same sign.

6. The flight height should be determined as a function of the
acceptable error tolerance with an empirical constant as shown in

Chapter III, and V.

7. In order to avoid the hot spot and long shadows on the photograph,
photography should not be taken at the time when the computed solar’

altitude is less than 20° or more than 45° (for RC8-6 inch camera).

8. The image blur depends on the aircraft velocity, rotation, and
the image distange from the center of the format, the photo scale and
camera shutter speed. It should be pointed out that the shutter speed

should be chosen by using Fig. 16.

9. The systematic displacement of the film or diapositives should
be corrected by changing the principal distance of the projectors for analogue
plotters, or by affine restritution. The film distortjon may be caused

by the change in the temperature, relative humidity, tension of the

film during the processing in the machine, and overly long retention of

the film on the light table during editing.
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10. According to the testings, RMSE in elevations were in the
order of 0.14 to 0.23 feet for a flight height of 1500 feet using the
following plotters: stereoplanigraph C82 Zeiss stereo-comparator PSK,

Wild Autograph A7, A8, 83, Santdni IIC, and Kelsh plotters.

11. The theoretical studies of error prOpagaﬁion for aerotrian-
gulation shows that the errors in aerotriangulation are essentially a
double summation of errors which can be corrected by using polynomial
equations. These polynomials are nonlinear because of the systematic

accunulation of errors throughout the strip.

12. Practical experiments using 25 testing strips show that the
effects on the coordinates and elevations in aerotriangulation without
adjustment are similar to double summation errors. Sources of those
errors are naturally in observation errors thaf act on an individual:;.
model and make if-deférméd. Table 27 shows the standard errors in

various flight strips.

13, The flight height and the number and the distribution of

the ground control points restricts the cuality of the aerotriangulation

adjustment,

14. The control points should be about equally distributed in

Zig-Zag pattern throughout the strip.

15. Ground control noint errors may be detected by using a linear

transformation equations.
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16. The data rejection computer program can be performed in one
péss through the computer, with determined acceptable results,

17." In order to aveid the identification error of the ground
control points, the listing of "all ground control points should be
printed and punched in card form and submitted to the Photogrammetry

Branch.

'18. The vertical control points for large scale photographs should

be determined by precise levels.

19. The systematic errors of earth curvature, systematic refraction,
and small instrument error in precise levels must be eliminated by the

balanced sights,

20. When the vertical control points are to be determined by using
the vertical angle measurements, it is recommended that the vertical
angles should-be measured simultaneously from both points in order to

-

cancel the effects of earth curvature and refraction.

21. Distance measuring instruments, theodolite, camera, plotters,

should be periodically calibrated in order to avoid the constant errors.
22. Wwhen all the residuals of the adjusted points in a flight are

three times larger than the standard error, the photographs may contain

nonsystematic film distortion which causes the model deformation.
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23. It should be noted that the target to be used for large scale

photographs should have the white bars with a dark background.

24, The emprical equation of relationship.bewteen the standard
errors and flight heights are computed by choosing only the minimum
number of ground control points in the strip adjustment. in practice,
however, all check points are used as control, and the resulting

equations meet the accuracier.of production work.

The standard errors of vertical points are noticably larger than
horizontal point errors, however, the emprical equation: 0.01% times
fleight height, may be used for both horizontal and vertical in deter-

mination of acceptable errors.
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CHAPTER VIII

FUTURE RESEARCH

This investipgation has given a range for different flight heights
of the standard errors of the photogrammetric points in the strip. The
investigation has included the mathematical formulation of the ground
control point errors; photogrammetric errors; and errors of aerotriang;
ulation. However, the followihg subjects may be needed for further

research:

1. Semi-analytical and full-analvtical aerotriangglation:

This research is expected to produce recommendations for methods
suitable for proper and efficient use of semi-analytical and full-analytical
aerotriangulation for low altitude, large scale engineering photogrammetry

meeting highway  requirements.
-

2. Sources-of the film deformation:
According to -the testings show the film enlarged, therefore, the
sources of the film deformation must be continuously tested for math-

©hatical corrections and the standard procedures for photographic processing

should be established.

3. Triangulation and trilateration methods and computer programs

for highway surveying:
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It is known that the traverse method for eStabiishing the ground
control points within a large area is not accurate when traversed using
a large number of course, distances, and angle measurements and computed
only by three conditiomequations. - It is, therefore, suggested that
triangulation and trilateration nets be established from and closed to
National Geodetic Survey points, utilizing the Washington State

Coordinate System.

It shows that the new procedures and computer programs for triangu-
lation and trilateration are needed in the Department of Highways. The

photogrammetry section has the facilities to accomplish this project.
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: —_—
) ] ground ’ - Read .
Start p control § - ground con- . '
ar 3 “strip data - trol. Adjust |
R ; decks 4 _ data.Strip- !
“data. a
e !
O B ST e ¢ i
| ground ? “Separate ~ __ 4. Strip data
. control : input da}a’ :
. data | 4 fﬁ_—:
N— * . I E
— %
-~ __ Instrument ?

data P
{

. V ; y __ . i
. Call linear L\‘__f///f,W_J
transformation

3

and residuals ¢
program 4
'[ﬁ ' - compute - standard .
+» mean and ~» error ‘ :
~ mean- . ; :
‘residual F 5 1
BT — . T ;
P ] Co T |yes |
. Strip data Instrument LR : |
' print Data I R ¢ T |
rejected points e N v>26 ot i
- | ~— . e !
| |
e 1§ :
e L VS
f = strip adjust ¢ .or
i program o
—
B ‘ T —_— T
i T onew
: , Sequence
! / of .
‘ S y _data
. compute print '
' residuals — " residuals
© and | : -
Lr;nsf?rmaiiow ] :
| e i e — o '
/ P
print N
/transformed \ End :

lA\'—-—c—'u—l—n_-.-/’

fstrip coord.

263




B. Instruction of Data Rejection and Strip Adjustment Program

iI. Preparation:

The data deck for each strip is made up of punched cards as
follows: .

1. Job card: <columns 1-6; Job No., Columns 10-14; Flight height;
Columns 19-20; number of adjusted control points; columns. 40-64; Job Title.

2. Ground comtv~I . .-irs Cemlomne 5 oto 95 point. no., 10-18; East,
19-27; North, 28-36; Elevation.

3. Equation Card: This instruction card contains the degree of
polynomal of the strip adjustment. Column 1, a minus sign, column 2; the
degree of the scale and azimuth corrections column 3; the degree of the
longitudinal bend correction, column 4; the degree of the transversal
bend correction.

4. First principal point card. Columns 1-4 Strip No. Columns 5-9;
point No. 10-18; instrument coordinated x, 19-27; y, 28-36; z.

3. Last principal point card: same field as in step 4.

6. Instrument cards with tﬁe strip coordinates of all points
which are usedvas control points; same field as step 4.

7. Divider card: column 3; a minus sign; column 4: punch 8.

8. Instrument cards of points to be transformed; same field as in

step 4.

9. Last card ( end of strip or last strip of the group): zero card.

IT. Input data in computer: *

Put the cnards in secuence in card reader as shown in I. Then eall

the program "Adjust".
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II1.

Qutput: (printed)
1. Rejected ground control points.
2. Residuals of all adjusted pecints.

3. Transformed ground coordinates of the strip.




+Cy; Sample Data Sheets - Innut data

71-207 21820 39 222 TANNEHR TO LOWER X-ING
30039 o 81963 -
30041 BH4RR6
30043 94445
30045 : 100583
30145 ' 97375
30046 69294
32047 186559
30048 70599
30049 103340
30350 81660
30951 108690 .
30052 © BapE2
300953 114323
30054 87016
32055 122439
38056 93181
30257 137013
39058 94323
33060 96849
30061 : 128970
30062 ' 99p28
30063 115611
30064 101334
38066 185158
30068 111136
33¢52 70284
49016173536592 16754361 84677
4PD1 71789544221 16788542 BT380
400181 735614934 16641245 9G366
403191785323343 16:93443 94632
420201785925866 16565612
43020 99380

40921174615708 16512457 107620
490221786333 70 16433715 126879
4Be23178650E599 16433350 192489
40224173730251 16293353 104158
&23251?377)3)4 16361274 '

43625 109¢64

a@0861759357%8 163587387 119175,

73137 132360

43@15175:36311 16820337 80318
=222

15911212 © 1354572 337436 881230
15611272 233353 033442 f86052
15833339 137533 136347 082964
15932041 144467 U177 AB34RT
15233043 149574 330993 D8 4944
15032545 153267 337494 #35858

PS02 1nE 13ates sragaa euza3g
15630246  1313%1 020495 77389997
15035347 163414 192014 036719

150383248 . 137476 B ALng uslley
15832049 1643934 WesSy=2 36277
15033559 144677 £B854336 282343

206



15832351
159386352
15033953
150304354
15032355
15836356
150308257
15030958
15038367
156368061
15033862
15030963
150302064
15038066
150302068
15833052
1508429816
15042017
15048018
15040019
15042220
15043020

15040921

15040922
15040023
15040924
15042025
156843625
15046026
8 .
15011212
15611213
15011214
15011216
15011222
15011223
15011224
15011226
15011231
15911232
15011233
15211234
15011242
15811243
15011244
15911246
15611252
15011253
15011254

173959
151653
173516
lelzss
184343
173934
139452
183307
133764
215334
251190

213760

219131
2229849
241614

139646
144359
152318

162826
175289

175286

175286
185145
191223
201219
212433
222605
2225283
2420852

136872
134443
147039
133272
156581
15571¢
164225
157248
173524
174727
167537
133417
1833343
191958
153437
192327

a83@a2
B822909
282442
BI3729
¥ 3389
A7444)
835783
geta24
869566
w78645

870761 -

231815
B7E91D
@TITES
Q7629
giaezl
288613
@84635
82134
g78as51
76471
76471
@74325
2973811
374418
276923
PR3336
@RD336
pe1322

c87836
Q78744
P3T432
2973985
PBTET1

be3626

- Y5575

d94573
896570
331649
61657
982250
g3g926
de8e91l
U3L5686
@do1a279
Jd73614
69724
P76236

- 237879

233271

837918 .
933670

339198
284102
931534

@34692

@g84912
g5664%3
a85149
287642
BE5352

T 885726

@86322
g81269
983415

-G83828 .

V84201 .

V34867

p8s5s82
p853582
BE6TI7
886374
BBs5662

085748 .

886357
@86357
286082

0812380

080274
#3a3519
pHaga2
885479
B79432
URe257
a¥6z27a
G38749
u369449

379408

983613
20126
cH8as69
B¥4533
g931as
36733
P85373
B85728
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15011257 251627 g6eR088. . Q82467
158112853 . 222103 459311 52387
15011262 215630 281338 »B8 100
15811263 213474 71621 884942
15911264 227736 33084 #85881%1 .
15011265 215567 376245 245559
15¢11266 215611 DB4416 089783
15611271 240344 P9 6421 . 235718 .
15011272 233857 283482 26252
15811273 235251 068358 . 230299
15243015 135579 295444 z2aR1726
15073261 219342 B92446 832191
15073263 217478 . 364123 @88299
15873137 235664 268988 290258 .
15874251 206471 29ll6e6 233437
BEBBYLLIYIGR2LYBVVNCRR0000002C00000D
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C, Sample Data Sheets - Cutput Data Sheets

2

Ao dLIGTON STATE HIG0WAYS DEPARTMENT-PHOTOGHAMMETRY RRANCH
AREDOTHIANGULATION ADJUSTMENT

INVOICE NO :71-287 : JOB TITLE :TANNER TO LOWER X~ING

DEGREE OF CORRECTION FOR SCALE,LONGITUDINAL-TRANSVERSNAL-TILE 222

DATA REJECTION -
THE FOLLOWING POINTS HAVE BEEN REJECTEDx

42925 -
4p¢21 -

49022

42020

430920

#ESIDUALS E N H
153 30039 Pe13 -
150 3p04l -Pe12
150 38343 _ ~BelP
1586 3@g4s Beli
158 30145 ~3+01
156 3¢C46 -Beld
150 30847 -0.04
138 33048 ~Qetl-
158 32349 ~0.02
150 306950 Gall
150 . 38851 ~Be@1
sy  30p52 Pe2 1
158 30953 =17 -
15¢ 35854 - Del6
150 38255 - B+ 09
150 39056 . Pe18
153 3gos7 ~B. 25
156 39458 _ Be19
150 30060 DeD4-
138 3¢061 -(3.39
156 30062 ) ~De 0i6
150 30063 -@e21 -
150 30064 -0.16 .
15¢ 38066 . G BT -
15¢ 2163 , .24
150 33352 -3e27
153 48018 -iJe 9 Dell -3.20
15¢  4p013 ~Gel -Ae21 Be D2
idu  4uuly veid e U5 ~Gell
150 4up23 ~eld D17 “Jel4 .
153 4puog De9 -0 05 Pe33 -
150 43pss Be 14
15 40026 =332 - 3¢33 ~fell -
190 43815 Jed9 #e33 . =Ge23
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