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ABSTRACT

The airborne photogrammetric system is a complex combination of
measuring tools which form a system used predominantly in most medern
mapping programs. Classic aerial photogrammetry relies on the
projective transformation of known cbject space coordinates into the
photo coordinate system, enforcing the condition of collinearity, in
order to solve for the six unknown parameters of exterior orientation
for each photograph. Errors due to the imperfect determination of the
syetem calibration, particularly those errors related to the interior
orientation elements of the camera lens system, propagate into the
exterior orientation parameters due to the high correlation between the
orientation parameters. Three of the exterior orientation parameters
are the cobject space coordinates of the camera exposure station.

In the future, the position of the exposure station will be determined
by very accurate navigation systems such as the NAVSTAR Global
Positioning System (GPS). Direct measurement of the exposure station
position has the potential of minimizing or totally eliminating the
requirement for signalized control in the object space. The positions
of object space points can be extrapolated from their image coordinates
through the known position of the exposure station. The extrapolation
accuracy will be highly dependent on the precise calibration of the
entire airborne system under normal operating conditions.

Kinematic GPS techniques provide the means to accurately position the
airborne system over a dense set of signalized geodetic control points
8o that the entire airborne can be calibrated in the environment which
it normally operates. This research instrumented the calibration
technique, analyzed obvious sources of systematic error, and
demonstrated the technique by calibrating an airborne system. The lens
system, as well as aircraft induced systematic errors, were modelled and
verified. Certain systematic errors would not otherwise have been
determined by normal laboratory calibrations.

The airborne calibration improved the overall performance of the system.
Relative positional accuracies of 5 cm were achieved for targeted object
space points. These accuracies were achieved from photography obtained
at an altitude of 2100 m above the ground at speeds in excess of 80

meters per second without any knowledge of the object space coordinates.
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CHAPTER 1
INTRODUCTION

Overview - Statistical Control

The calibration of any measuring system isg achieved through the
statigtical control of all the processes which make up the system.
Statistical control is a rather ambiguous term which may take on many
interpretations. For the purposes of this research, statistical control
will be defined as the achievement of confidence in a particular result
or value obtained through direct or indirect measurement. Even
measurements are not necessarily the basic building block of a result or
value. Measurements may be composed of a series of observations whose
gombination yields a single measurement. <Confidence is achieved by
performing repetitive and redundant observations in the normal operating
environment of the airborne photogrammetric system, unbiased by the
measuring technique, procedure, or standard.

Three error types can occur when performing measurements of physical
quantities: blunders, systematic errors and random errors. One must
congider the operating environment in which the measuring process takes
place and develop a measuring system to determine, as nearly as
possible, the true value of a physical quantity. A valid measuring
gsystem will facilitate the repetition of the measurement {(precision),
detect blunders, model or eliminate systematic, and minimize biases in
the remaining random errors.

Statistical control often reguires the use of expensive instrumentation
with a limited availability (such as the NOAA aircraft) and may have to
be obtained from a limited set of observations. Statistical control
can be obtained even with the above-mentioned limitation if the
observing technique will ensure against systematic errors (leaving a
proper mathematical model) and blunders. Statistical control of the
photogrammetric system calibration will be defined as the refinement of
all physical measurement processes to a state where measurement errors
resulting from blunders are eliminated, systematic errors are modeled,
and any remsgining random errors will belong to a defined probability
dengity function, The measurements necessary for the calibration will
take place in the operating airborne environment of an airplane, even if
the operating environment is seldom conducive for isolating all of the
individual error sources. ’

The airborne photogrammetric system is a complex combination of
measuring tools which form a system used predominantly in most modern
mapping programs. The calibration of the airborne system is generally
accomplished by calibrating only the optical components of the camera
subsystem in a laboratory environment. The subsystem approach has two
major drawbacks. First, the laboratory environment is quite different
from the airborne environment both in terms of the atmospheric
conditions and the signal to noise ratio of the measured quantities.
Second, the subsystem approach to calibration does not consider the
correlated effects that may occur when subsystems interact.

Classic aerial photogrammetry is based on projective transformation of
signalized geodetic ground coordinates into the photo coordinate systenm,
enforcing the condition of collinearity in solving for six parameters of
exterior orientation (three exposure station coordinates and three
rotation angles). Errors due to the imperfect determination of the
system calibration are compensated by an effect known as projective

1



compensation. Projective compensation cccurs when high correlation
exists between the interior and exterior camera orientation. That is,
errors in interior orientation are compensated for by the free
parameters of exterior orientation.

In the future, the position of the exposure station will be determined
by very accurate navigation systems such asg the NAVSTAR Gleobal
Positioning System (GPS). Direct measurement of the exposure station
position has the potential of minimizing or totally eliminating the
requirement for geodetic ground contreol. Systematic errors in the
photogrammetric system will no longer be compensated for in the
projective transformation because the image coordinates will be
extrapolated to the ground, through the exposure station of the
photogrammetric system. The exposure station coordinates will not be
treated as free parameters in this case. The extrapolation accuracy
will be highly dependent on the precise calibration of the entire
airborne photogrammetric system under normal operating conditions.

The ideal method of inflight calibration has met with limited success
due to the inability to eliminate the correlation (projective
compensation) between the interior and exterior components of the camera
orientation. The dependency can be eliminated by accurately determining
the exposure station of the camera independent of the photogrammetric
gsolution. Unfortunately, considering the velocity and altitude of the
aircraft, the positioning of the exposure station had been beyond the
practical capabilities of the current technology.

GPS now offers such an opportunity. This report will describe in detail
a complete airborne photogrammetric system calibration combining the GPS
positioning technology with modern analytical photogrammetry.

Regearch Obiective

The objective of the research is to use well-established scientific
investigative procedures to attain statistical control

{defined on page 2) of all the observations in order to study the
spatial relationships between the photogrammetric mapping system and the
Global Positioning System (GPS8) kinematic positioning of the exposure
station, define and integrate yet-to-be-determined timing and positional
biases between photogrammetry and GPS, and develop numerical models to
correct for systematic errors particular to the combined system which
effect the a priori knowledge of the camera exposure station and the
camera's interior orientation as determined in the laboratory situation.

The research objective is verified by calibrating a complete airborne
photogrammetric system as installed in the National Oceanic and
Atmospheric Administration (NOAA) Cessna Citation II jet aircraft during
actual flight conditions over a calibration range at the Transportation
Research Center (TRC) in Marysville, Ohio. The TRC is owned by Honda
Corporation (managed by The Ohio State University), but formerly
established by the Ohio Department of Transportation {(ODOT). The
calibration is performed by photographing carefully designed and
precisely positioned photo targets situated on flat terrain using near
vertical photography.

Previous Attempts at Airborne System Calibration
The introduction of GPS information for the exposure station eliminates

the correlation between the parameters of camera interior orientation
and the parameters of camera exterior orientation in a least-squares
adjustment. In the past, two significant attempts have been made to
uncorrelate the orientation parameters. Merchant (1971) developed the
calibration method of mixed ranges which was accomplished by
establishing a calibration range using a combination of flat and
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mountainous terrain. The large elevation differences between signalized
geodetic control reduce the mathematical dependency between the flying
height and camera constant. The location and construction of a mixed
range calibration field makee this technique difficult to instrument.
The environmental factors may alsc be significantly different from those
encountered in the operational area. Tudhope (1988) developed a
technique for use over flat terrain using a combination of vertical and
high oblique photography.

This method relies less on the terrain configuration, but requires that
the photographs be taken at an attitude which is not normally
encountered in most photogrammetric operations. The strain on the
camera when inclined to the vertical by 4% degrees may become a dominant
contribution to the system calibration. For the purpose of the current
research, a calibration range is required over flat terrain as in
Tudhope's case. The photography is taken at the normal attitude, £flying
height and aircraft velocity. The calibration range is designed to
facilitate its construction in most normal operating areas. Appendix A
contains an unpublished report prepared by the author describing the
establishment of such a range. A summary of this report was recently
published by the author (Lapine 19%0}.

GES Technology
The GPS/photogrammetry calibration is not without its own special

considerations. The GPS kinematic positioning technique recquires
constant carrier phase lock on a minimum of four satellites by two
receivers throughout the photo mission. The photo mission cannot begin
until the integer number of cycles between each receiver and the visible
satellites are determined. This requirement can be satisfied only if a
precise geodetic baseline can be instrumented at the airport which will
accommodate the aircraft parked over one end of the baseline and the
reference ground receiver over the other end. The sparsity of the GPS
gatellites at the time of the research (1988) confined operations to a
two~month period (October-November) during which a minimum of four
satellites are above the horizon during periods of adegquate sun angle
for aerial photography. The four satellite configuration also had to
have sufficient geometric strength to allow adequate three dimensional
positioning accuracy. By August 1990, nearly four hours of five or more
gsatellite coverage is available from mid-July to late October.

Kinematic GPS Positioning
The NAVSTAR Global Positioning System is a U.S. Department of Defense

(DOD) navigation system currently (10/89) comprised of eight Block 1
satellites orbiting the earth in near circular orbits having a radius of
approximately 20,000 km from the earth's center of mass. The present
constellation provides coverage of 4 or more satellites for a period of
approximately 6 hours. The complete constellation of 18 satellites will
enable 24-hour three-dimensional world-wide coverage. The GPS
navigation system was designed to provide instantaneous positioning with
a precision of 10 m, assuming the receiver could decode a protected
navigation message. A study by Lucas and Mader (1988) suggested that a
positional accuracy of 1 m for the exposure station would be necessary
to satisfy accuracy requirements for NOAAR's charting program which
consists of chart manuscripts at scales of 1:20,000 or smaller produced
from 1:50,000 scale photography.

The accuracy required for the exposure station position is obtained by
pest processing the GPS information from two receivers, one static over
a known geodetic position and the other in the aircraft. The technique
is known as kinematic GPS positioning. The positicnal accuracy is
obtained from the ability to eliminate certain systematic timing and
orbital errors through a double~difference carrier phase solution. The
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solution involves solving three double difference observation equations
for the three unknown parameters of position for the mobile receiver.
This solution depends on a priori knowledge of the double-difference
integer cycle counts obtained from observations over a fixed baseline or
from a procedure known as an antenna swap. The double-difference
technique does not depend on the knowledge of the protected message but
requires a continuous carrier phase lock on four or more satellites by
both receivers during the entire photo misasion, including pre- and post-
flight calibration. The pre~ and post-calibration periods are used to
determine, and verify the integer number of double-~difference cycles
(wavelengthg) between the receivers and satellites, respectively.
Appendix A contains an unpublished report by the author which describes
the kinematic technigque in greater detail. Separate studies by Remondi
(1984) and Goad (1989) indicate that kinematic GPS positioning using
ground vehicles to transport the mcbile receiver yields positional
precision of 1 cm for unknown marked points relative to a known point.
To test the above-mentioned studies, the geodetic control for the photo
targets was established by the author using a combination of static and
kinematic GPS positioning. A comparison of the kinematic results
against selected classic geodetic measurements confirms the findings by
Remondi (1984) and Goad (198%). Again, the reader should refer to
Appendix A for a more complete discussion. Based on the results of the
ground survey, the potential for kinematic positioning of the airborne
GPS antenna to an equivalent precision ig realistic. In fact, if the
total error budget for the exposure station is increased to 3 om, the
determination of principal point coordinates to a precision of 2.5
microns using 1:12,000 scale photography would be possible (refer to
Section 6.3.2.a Linear Dependencies). This precision would be most
acceptable for a laboratory calibration.

Systematic Errors
The kinematic positioning of the aircraft yields a position for the

airborne GPS antenna on a fixed time interval throughout the photo
mission. It is necessary to consider several systematic errors which
would otherwige contaminate the transformation of the antenna position
to the exposure station position. The systematic errors include timing
bias between the GPS navigation information and camera exposure station
time tags, timing bias between shutter status pulse and actual lens
opening, bias in the determination of the spatial offsets between the
GPS antenna and camera reference frame, and bias in the interpolation
model used to compute the antenna position at the moment of exposure.

In addition to the biases between GPS and the exposure station, aircraft
induced biases caused by the optical flat between the camera compartment
and exterior of the fuselage, atmespheric refraction, interior camera
orientation and film deformation must be identified and modeled. The
discussion of systematic errors will consume the major portion of this
report.

Previous GPS/Photogrammetry Experiments

Mader (1986) demonstrated kinematic GPS positioning techniques by
transporting a GPS receiver and laser altimeter in an Orion P-3
airplane. The elevation obtained by GPS was compared to the laser
altimeter readings obhtained over Assateague Bay corrected for tides. A
20 com comparison was obtained. Lucas and Mader (1988) demonstrated the
feasibility of the combined GPS/Photogrammetry technology in a test
conducted with the Texas Highway Department in 1985. A second practical
test was performed by Lucas and the Washington State Department of
Transportation. These tests were all performed over flat terrain,
targeted for highway mapping projects. The photography was flown at
large scale (1:3,000) with the majority of horizontal control centered
on the highway route. The tests enabled the development of new software
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for processing the GPS using kinematic double-difference techniques and
GPS controlled aerotriangulation. Lucas's {1989) and Mader's
{unpublished) software were used extensively by the author in testing
the results of the system calibration.

Lucas's and Mader's tests, although extremely important for
demonstrating the technigue of GPS/photogrammetry had their unigue
problems (hardware deficiencies and control problems) and were not
designed for an analytical calibration of the airborne photogrammetric
system. NOAA traditionally maps at much smaller scales (1:20,000) using
very sparse horizontal and vertical control. 1In order to test the
application of analytical calibration of the airborne photogrammetric
system with a priori knowledge of the exposure station, a new target
field was desired that had well-designed and precisely positioned
targets equally distributed across the test field to enable a thorough
analysis of the methodology.

At every step of the regearch, application of accepted principles of
ingtrument calibration were followed. All assumptions were based on
gound statistical thecory, and tested to ensure that the system would
function predictably in the circumstances likely to be found in
practice.

Conclusions and Significant Contributions
The discussion of any system calibration should yield conclusions which

will improve the overall performance of the measuring process. As
mentioned earlier, systems are generally composed of parts, the whole
system being made up of the sum of its parts. Likewise, the following
report is composed of parts which discuse the system calibration of an
airborne photogrammetric system. The parts will be presented in the
chronolegical order of the research project. The discussion will end
with an amalgamation of the parts and the manner in which they fit into
the system. The calibrated system can then be used for improving the
overall performance of the photogrammetric measuring process,

The following items are the most important findings of the research:

1. Definition of Systematic Errors Related to the GPS/Photogrammetry
System
a. Shutter opening to horizon pulse timing bias
b. Spatial relationship of antenna position to the camera
reference frame
c. Propagate the covariance of the antenna position to the
camera exposure station
d. Interpolation modeling of aircraft trajectory between GPS
sampling periods
2. Definition of Systematic Errors in Photogrammetric System
a. Modeling of aircraft induced systematic errors
b. Statistical detection of outliers in image coordinate
observations
c. Derivation of an atmospheric refraction model for a
pressurized camera compartment independent of atmospheric
observations
3. Practical Application of System Calibration
a. Removal of linear dependency between image-space and cbject-

space coordinates through application of GPS positions for
the exposure station



b. Demonstrated camera calibration for nine interior
orientation elements

c. Demonstrated sub-decimeter accuracy for aerotriangulation
without survey control for block photography

4. Solution for GPS Integer Cycles in the Aircraft Situation



CHAPTER 11
GEODETIC SURVEY CONTROL

2.1 Introduction

The Transportation Research Center (TRC) operated by The Ohlc State
University was selected as the site for the camera calibration range.
The TRC had a previously-established set of photo targets already in
place. The targets were established by ODOT and OSU for camera
calibration and were previously used by Tudhope (1988). The Union
County Airport was selected as the base for aircraft operations. Union
County Airport is the nearest airport to the TRC, limiting flight
operations to less than 40 km from the ground receiver, and the airport
facilities could support the NOAA Citation.

The first step in the calibration process was to select a datum and a
point of beginning for the gecdetic control to be used for the GPS
initialization and positioning of the photo targets. The chosen datum
ig the North American Datum of 1983 (NAD83). The selection of NADS3 is
based on its c¢lose approximation to the World Geodetic System of 1984
(WG584) which defines the GPS reference datum. NADS83 and WGS84 are
three-dimensional right-handed rectangular coordinate systems using the
conventions defined for the Conventional Terrestrial System (CT). Both
systems are earth centered and define semi-major axis and flattening for
a reference ellipscid. 'The origin of the system ls at the center of the
Earth’'s mass. The % axis is oriented towards the Conventicnal
International Origin (CIO). The X and Y axes are in the plane of the
ecquator. The X axis is aligned with the Greenwich meridian. A slight
difference for the two datums lies in the definition of flattening. For
distances up to thousands of kilometers, the difference in flattening is
negligible. Since all survey control will be defined relative to the
point of beginning, the difference between the two datums is of no
consequence to the relative accuracy between survey points.

The point of beginning for all geodetic surveys will be established on
NAD83 datum. Union County Airport has a geodetic station, MARYPORT
1986, established by the National Geodetic Survey using GPS. The
station coordinates are published on the NAD83 datum. The point of
beginning, therefore, is satisfactory for initializing the GPS receivers
prior to flight operations as well as serving as the point of beginning
for all survey operations,

2.2 Adirport survey
The following information was contained in an unpublished draft report
by the author to the ODOT Bureau of Aerial Engineering.

2.2.1 Purpgse
The purpose for the survey is to provide geodetic control within the

boundary of the Union County Airport for combined GPS and photogrammetry
operations. Three new stations were established. One new station was
established on the centerline of the East taxiway and used for pre and
post-flight initialization of the airborne GPS receiver. Two other
stations were located 30 m east of the East taxiway and used for
locating up to two different ground based GPS receivers. Precise
knowledge of the smpatial relationship between these stations was
necessary for resclving the GPS baseline components between the aircraft
and ground receivers. The bageline components enable the determination
of the double-difference integer cycle counts for the four GPS
satellites. )



2.2.2 Qrigin

The origin for all navigational and geodetic control for the aircraft
and photo targets is located at the Union County Airport. The selected
point of beginning is MARYPORT 1986, previously positioned by the
National Geodetic Survey using GPS methods. The station is part of the
National Geodetic Survey ADAM Network established at approximately 1800
airports to provide a uniform datum for aircraft navigation in the
United States. At my request, NGS agreed to hold the coordinates for
MARYPORT 1986 fixed in subsequent regional adjustments. The following
published coordinates for MARYPORT 1986 on NADS3 were held fixed
throughout the research:

MARYPORT 1986 Latitude 40/13/29.89678 N
Longitude 83/21/03.28907 W
Ellipsoid Elevation 272.2 M

Note that the Cartesian coordinates are expressed in the more familiar
ellipscidal elements of latitude, longitude and elevation. The
elevation in this case is referenced to the ellipsoid rather than the
geoid, the difference being, the geoidal undulation. When comparing
ellipsoidal elevations to the more common orthometric elevations
obtained from classic spirit leveling, the geoidal undulation must by
applied. The computed geoidal undulation for station MARYPORT 1986 is -~
34.1 meters using the Rapp 360 Model, therefore, the computed
orthometric elevation would be 306.3 meters. Since all future work
would be done with GPS instrumentation, and since analytical
photogrammetry is most adaptable to Cartesian coordinate systems, all
elevations are referenced to the ellipsoid.

The initial azimuth control is computed from MARYPORT 1986 to MARYPORT
AZIMUTH 1986. The second station was also positioned by GPS as part of
the ADAM Network and held fixed in the regional adjustment.

MARYPORT AZIMUTH 1986 Latitude 40/13/32.005895 N
Longitude 83/20/40.59904 W
Ellipsoid Elevation 269.4 M

2.2.3 BAccuracy Reguirements

Classic geodetic ground survey methods were used to extend control
within the boundaries of the Union County Alrport. Third Order Class I
Federal Geodetic Control Committee (FGCC) Standards were followed for
horizontal control and for the monumentation on the active taxiway.
Third Order FGCC Standards were followed for vertical control ties from
a First Order bench mark in Marysville, to and within, the Union County
Airport. The beginning point of the level line was NGS Bench Mark T37
1933, which is part of a First Order Level Line 101. The ending bench
mark was Union County Mark 052, which is part of a Second Order County
Network of Vertical Control tied to the NGS First Order Network.
Although the leveling forma a loop using orthometric elevations, the
orthometric elevations were used only for computing closure. The
elevations within the airport are referenced to the ellipsoidal
elevation of MARYPORT 1986 and orthometric elevation differences from
the leveling. Any error due to a gecid slope relative to the ellipsoid
between stations at the airport should be quite small (less than 2
centimeters as predicted from the Rapp 360 Model) considering a maximum
horizontal separation of 200 meters between Maryport 1988 and any other
station.

The order and classes were chosen based on the relative accuracies
required, available equipment, and existing monumentation quality. GPS
integer cycles are approximately 19 centimeters in length, therefore,
the GPS baseline components necessary to resolve the integer cycle



biases should be known well enough to eliminate any cycle ambiguity.
From past experience, cycle ambiguity is suspected at a 0.3 cycle level,
or & centimeters. Using the published precision for the available
instrumentation and a centering tolerance of 2 millimeters, the
theoretical horizontal error was propagated through the mathematical
model of the designed traverse loops. The largest error ellipse (95
percent) had a semi-major axis of 2.8 centimeters, with a semi-minor
axis of 0.4 centimeters at the 3 sigma level. The software used for
this determination was previously developed by Uotila {(1973) and

Lapine (unpublished). All three new points should be determined within a
tolerance of 0.15 cycles and within the limits of horizontal standards
for Third Order Class 1 of 1:10,000 for survey traversge c¢losure (the
traverse length was 390 meters for a projected closure of 3.9
centimeters).

2.2.4 Mensuration

The horizontal survey (Figure 1) was originally performed on October 17,
1988 and repeated on April 24, 1989. New stations established include
TAXI, NPT, and SPT. TAXI is PK nail driven in the tarmac centered on a
yellow guideline. TAXI is used to initialize the aircraft GPS receiver.
A pecond point, TACK ,a PK nail set in the center of the guideline,
marks the geodetic azimuth for the guideline. Any eccentricity between
the aircraft antenna and TAXI can be directly related to NAD83 using the
azimuth of TACK. Stations NPT and SPT are used to locate the ground GPS
receiver and, as such, form one end of the baseline for kinematic GPS
aircraft positioning. NPT and SPT were originally marked by survey
tacks driven into wooden survey stakes. = The marks were:subsequently
replaced after the April 24 survey with stainless steel rod marks
designed for greater three-~dimensional stability. The new marks were
located on April 26, 1989 and determined to be within several
millimeters of the original marks. All reduced observations and
positions are listed in Table 1.

Horizontal survey operations began by cbserving horizontal directions
and Electronic Distance Measurements (EDM) from MARYPORT 1986 using a
WILD T-2 Theodolite and Hewlett Packard 3808 EDM instrument on October
17, 1988. A Wild T-2000 and DI3000S EDMI were used on April 24, 1989,
A check angle was formed by observing a horizontal angle between
MARYPORT AZIMUTH 1986 and MARYSVILLE NESTLES FOOD STACK 1933. The
observed angle was compared against inverse position computations based
on NADB3 pesitions. A check of 4.0 sec was obtained. This check angle
wasg not repeated on the April 24, 1989 survey. Angles and distances
were measured during both occupations to MARYPORT AZIMUTH 1986, TAXI,
NPT, and SPT. During the April 24, 1989 and April 26, 1989 surveys,
angles and distances were measured at TAXI with the T-2000 and a
combination of DI5S8 and DI3000S8 EDM instruments to NPT, SPT, and
MARYPORT AZIMUTH 1986. Taped distances were measured between NPT and
SPT. A single angle from TAXI to TACK was observed on October 17, 1988
and April 24, 1989. The digtance was taped on the latter occupation.
All directions were observed four times from MARYPORT 1986 and two times
from TAXI. All electronically measured distances were measured ten
times (same setup) without instrument-applied corrections. Barometric
pressure temperature and relative humidity were recorded during
electronic distance measuring sessions. All tripod, instrument,
reflector, and signal heights were measured before and after
observations., Standard NGS recording procedures were followed., During
leveling operations, cellimation tests were performed daily to ensure
the proper operation of the leveling instrument. A Wild N 2 compensator
level was used for single~wire leveling between bench marks. Closed
loops or direct ties between bench marks of the same line were used for
checks.
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2.2.5 Computations and Results
All horizontal directions were checked, meaned to a common initial of

MARYPORT AZIMUTH 1986, All electronically measured distances were
corrected for scale and meteorological conditions and reduced from slope
to geodetic distances. The appropriate reduction formulas were obtained
from the equipment manufacturer's operating manuals. BAll taped
distances were reduced to geodetic distances. All leveling observations
were checked and used without any adjustments.

Three Side-Angle-Side (SAS) computations were computed. The regults are
shown on Figure 2. The misclosure was less than 2 millimeters for all
three SAS computations., As a result of this close agreement, no further
mathematical adjustment was made to the data. The above procedures and
redundancy are assumed sufficient for attaining statistical control of
the survey contreol within the airport.

All positions were computed from MARYPORT 1986. Elevations for the
gtations originate from the published ellipsocidal elevation of MARYPORT
1986 with differential orthometric elevations applied directly from the
leveling resgults. The Rapp 360 Model was used to compute the geouidal
undulation for MARYPORT 1%86. A difference of 0.48 meters was found
between the orthometric elevation as determined from the leveling and
the Rapp 360 Model. 'The Rapp 360 Model predicted 0.02 meter geoidal
slope throughout the airport.

The positions computed from the October 17, 1989 and April 24, 1989
surveys agree quite well, with the exception of station SPT which
differs by 1 om and which was used on Day 301 for kinematic aircraft
positioning. The latest position was accepted because the earlier
determination had insufficient redundancy to confirm the position as
measured. The latest position alsc yields slightly improved estimates
for the GPS integer biasee determined from the known baseline SPT to
TAXI, a baseline length of approximately 30 m.

On April 25, 1989, new monumentation was set for NPT and SPT. The
monuments consist of stainless steel rods driven to refusal and capped
with ODOT rod marks. The rod marks are stamped with the appropriate
station designation. The rod marks are surrounded by Poly-Vinyl-
Chloride (PVC) cases and topped by an aluminum cover. On April 26, 1989
TAXI was reoccupied with a Wild T-2000. The new monuments were re-—
surveyed and found to be within 5 mm of the April 24, 1989 survey. New
poeitions were computed for the Rpril 26, 1989 observations. These
positions should be adopted for future work.

2.3 galibration Range and Target Survey
The following information highlights the geodetic control operations

performed in order to establish positions for the photo targets at the
TRC on NAD 83. For more detailed information on the field work and
techniques, the reader is referred to Appendix A.

2.3.1 Survey Design Considerationsg

The calibration range geodetic control consists of two unique surveys,
one employing static and the other employing kinematic GPS technique.
The static survey uses static GPS observations from three receivers (one
receiver at MARYPORT 1986, two receivers at the TRC) to measure
baselines between the Union County Airport and two primary geodetic
control stations at the TRC. Two additional static baselines were
measured within the TRC to establish a third gecodetic station also
referenced to MARYPORT 1986. The kinematic survey within the bounds of
the TRC established the positions for all the photo targets. The
kinematic survey served two purposes. The first purpose satisfies the
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Table 1 -- Summary of Observations and Results for the

Geodetic Survey at

the Union County Airport

i3

Published Control:

Horizontal Directions

MARYPORT to MARYPORT AZIMUTH:

MARYPORT to
MARYPORT to
MARYPORT to
MARYPORT to

TAXI to
TAXI to
TAXI to
TAXI to
TAXI to

NPT
spT

TAXI to
TAXI to
TAXI to
TAXI to

NPT
SPT

STACK
TAXI
NPT
SpT

MARYPORT

MARYPORT AZIMUTH
TACKR

MARYPORT

MARYPORT AZIMUTH

Geodetic Distances:

MARYPORT to
MARYPORT to
MARYPORT to
MARYPORT to
NPT to SPT

MARYPORT AZIMUTH
TAXI
NPT
SPT

TAXI to MARYPORT
TAXI to MARYPORT AZIMUTH

TAXI to NPT
TAXI to SPT

LR
* %

MARYPORT 1986 (NAD 83)

Latitude: 40/13/29.89678 N
Longitude: 83/21/03.28907 W
Elevation: 272.2 M

MARYPORT AZIMUTH 1986 (NAD 83)

Latitude: 40/13/32.00895 N
Longitude: 83/20/40.59904 W
Elevation: 269.4 M

MARYSVILLE NESTLES FOOD COMPANY STACK

1933 (NAD 83)

Latitude: 40/13/47.61609% N
Longitude: 83/22/29.64177T W
October 17, 1988 April 24, 1989
000/00/00.0 000/00/00.0
201/54/45.8
338/58/47.1 338/58/51.6
339/05/59.0 339/06/01.6
339/55/10.6 339/54/89.7
000/00/00.0
180/41/06.9
185/26/37.8
209/05/54.2
290/01/40.8% 290/01/58.4
April 26, 1989
000/00/00.0
180/41/15.8
185/26/46.2
209/05/57.9
October 17, 1988 April 24, 1589
540.383 540.398
156.167 156.170
189.225 189.233
188.494 188.502
2.800 2.789
April 24, 1988 April 26, 1989
156.173 156.177
398.575 398.580
33.070 33.074
32.457 32.452
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Table 1 -~ Continued

Adopted Coordinates {all work prior to April 25, 1989):

TAXI LATITUDE: 40/13/32.26874 N
LONGITUDE: 83/20/57.45324 W
ELEVATION: 271.48 M

NPT LATITUDE: 40/13/32.75959 N
LONGITUDE: 83/20/56.20991 W
ELEVATION: 271.62 M

SPT LATITUDE: 40/13/32.67125 N
LONGITUDE: 83/20/56.18498 W
ELEVATION: 271.63 M

Adopted Coordinates (All work subsequent to April 25, 1989):

NPT LATITUDE: 40/13/32.75969 N
LONGITUDE: 83/20/56.209587 W
ELEVATION: 271.84 M

SPT LATITUDE: 40/13/32.67116 N
LONGITUDE: 83/20/56.18501 W
ELEVATION: 271.51 M

* Computed
** Wild DISS, all other EDM - Wild DI3000S

requirement to position the photo targets using NAD83 as the reference
datum. The targets were initially positioned by classical techniques
uging a local three~dimensiconal Cartesian coordinate system. The local
datum could be transformed to a world reference datum with sufficient
statigtical control only if a number of the survey points were
positioned by GPS. The second purpose satisfies the need to verify that
the kinematic GPS technique would yield the required precision of 1 om
as predicted by Remondi (1984) and Goad (1989).

2.3.2 geodetic Tie to Airport

As we discussed earlier, the survey control consists of two networks
connected by GPS static baselines. These networks are located within
the Union County Airport and in the vicinity of the TRC. The networks
are separated by approximately 19 km. Three static baselines were
measured between MARYPORT 1986, TRC& and TRC31 in June, 1988. The
misclosure of the 36 km traverse was 3 mm or 0.1 parts per million
{PPM). The baseline between MARYPORT 1986 and TRCE was re-measured in
June, 1989 as a confirmation of the earlier determination made in June,
1988. Both observing sessions lasted approximately 2.5 hours, however
the first session had a maximum of five satellites per epoch, while the
second session had nearly 40 minutes of seven satellites per epoch. The
baseline slope distance is 19358.522 m as determined from the original
chservation. The second determination of the baseline slope measurement
differs by only 0.0014 m! The East, North, and Up components differ by
0.011 m, -0.018 m and -0.007 m, respectively. The normal section
azimuths differ by only 0.2" while the vertical angles between the two
stations differs by 0.1". The two measurements agree well enough
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{1:14,000,000) suggesting that there are no gross errors in the
connection of the two networks as a result of the baseline ties.

A third primary station, TRC3, was established by static GPS baseline
observations. TRC3 and TRCE were used exclusively as the starting
pointe for all kinematic GPS traverses used to position photo targets.
All photo target positions are connected to the point of beginning by a
combination of static and kinematic GPS traverses on the NAD83 datum.

2.3.3 Kinematic GPS Obgervations

The kinematic survey served the purposes of gaining familiarity with the
kinematic techniques which would ultimately be applied to the
positioning of the aircraft GPS antenna in flight, gain an estimation of
the potential precision of the technigque, and obtain sufficient
information to transform the local Cartesian coordinates of the existing
gurvey into the NAD83 datum. The kinematic technigque was so successful
that a transformation between the local datum and NAD 83 was abandoned
in favor of re-positioning all 25 existing targets. Eight new targets
were also positioned along U.S. Route 33 enlarging the existing
calibration range in order to accommodate the operating altitude of the
NOAA aircraft.

The photo targets were posgitioned by transporting the mobile receiver by
truck between selected photo targets. Different combinations of
traverses and targets were attempted to test the repeatability of the
kinematic measurements.

2:.3.4 BAnalysis of Results
The GPS determined positions for the photo targets were used to compute

horizontal distances, horizontal angles, and elevation differences
between adjacent photo targets. These GPS derived distances, angles,
and elevation differences were compared to the adjusted distances,
angles and elevation differences obtained from the classical geodetic
survey. The classical geodetic survey (performed to Second Order
Federal Geodetic Control Committee (FGCC) standards) serves as the
standard against which the GPS kinematic results can be compared. The
photo targets were spaced at distances of 550 m or 275 m. Tables 18,
19, and 20 in Appendix A give the results of the comparisons. If it is
assumed that the standard deviations in the tables are unbiased, they
will represent the accuracy estimates for the measurements. It is clear
that the kinematic GPS technique yielded a horizontal accuracy of 1 cm
as suggested by Remondi (1984) and Goad (1989). It is also apparent
from Table 20 in Appendix A, that the determination of elevation has an
accuracy of 3 ¢m. The results are summarized in the following Table 2.

Table 2 -~ Comparison of Distances, Angles and Elevations
Between the Classic Geodetic Survey and GPS
Kinematic Survey of Photo

Control Stations at the TRC

Measurement Number of Comparisons Mean Sample Std Dev
Distances 29 -0.1 em 0.8 cm
Angles i6 .10 3.3 "

Elevations 34 -34.225 m 2.9 cm
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2.4 Airgraft Survey
The "geodetic"” control survey within the confines of the aircraft is

better defined by the science of metrology. Standard geodetic surveying
tools were combined with special measuring devices to determine the
spatial offsets between the aircraft GPS antenna, a reference point on
the airframe, and the camera reference frame defined by the fiducial
coordinate system. As in all other aspects of the research, careful
attention was paid to the mensuration techniques to ensure that
statistical control was being achieved.

2.4.1 Survey Design Considerations
The geometric relationship between the local reference frame of the

camera (as defined by the fiducial system and related to the aircraft)
and the GPS antenna phase center (as defined in WGS 84 coordinate
sygtem) must be established in order to compute the kinematic GPS
position of the camera exposure station. The vector between the camera
exposure station and antenna phase center can vary as the camera is
allowed to rotate in its mount while the GPS antenna is fixed to the
aircraft frame. For this research, the camera was leveled and locked in
the mount throughout each flight line in the photo mission. A three-
dimensional orthogonal transformation between the local (camera) and
world coordinate systems can be defined by a set of three rotations and
translations. The requirement to define the three rotations can be
minimized during the initial measuring process by defining a coordinate
system whose axes are parallel to both camera and antenna systems. The
resultant coordinate system can be defined relative to the camera or the
aircraft, but in either case, the local gravitational vertical is used
to relate the coordinate systems. NOTE: WGS 84 rectangular coordinates
can be transformed into a local vertical system which clesely
approximates the local gravity vector. The difference being the
deflection of vertical. Two different measurement procedures were used.
The first procedure defines the coordinate system relative to the camera
fiducial system. The second procedure defines the coordinate system
relative to the aircraft. A by-product of both methods is the
definition of a vertical offget point on the belly of the aircraft that
lies on the local vertical projection of the antenna phase center. The
vertical offset of the phase center is used to determine the
eccentricity of the aircraft GPS antenna and the baseline initialization
point (TAXI}.

2.4.2 GPS Antenna to Airframe

The NOAA Cessna Citation II jet aircraft has been specially modified to
carry two Wild RC-10 metric aerial cameras. The cameras are mounted
athwartship of one ancther just aft of the entrance and emergency
hatches to the aireraft. The choice of antenna mount location was left
up to the author. It was decided to install the antenna on top of the
fuselage as close to the cameras as possible to minimize the length of
the spatial offsets between the camera and antenna. The low-wing design
of the NOAAR Citation ensured that the GPS signal would not be blocked by
the wings if banking angles were kept to less than 15 degrees. The
vertical stabilizer, although significantly higher than the GPS antenna,
did not block the GPS signal. It is hypothesized that the stabilizer is
thin enough to allow the GPS signal to "bend" around the obstruction.
The selected location for the GPS antenna was compromised slightly to
enable the simultaneous observations from two thecodolite stations to the
antenna phase center, and its vertical projection inaside and underneath
the aircraft.

After the antenna was installed, the aircraft was flown to Union County
Airport. The aircraft was parked on a section of tarmac making the

aircraft as level as possible. The leveling was judged satisfactory as
indicated by a carpenter's level striding the GPS antenna. The author,
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agsisted by personnel from NOAA, set up two Wild T-2 theodolites, one on
each side of the airecraft. The collimation of each theodolite was
checked prior to the measurements. Proper collimation would ensure that
the line of sight instrumented by the theodolites would not shift
horizontally as the instrument was plunged. The theodolites were
positioned forward of the ¢GPS antenna on either side of the aircraft.
Furthermore, the theodolites were positioned so that the lines of msight
to the antenna intersected at approximately 90 degrees. The thecdolite
setup accommodated a line of sight through both aircraft hatches to the
vertical projection of the antenna center. The theodolites intersected
the center of the antenna {as defined in the side view of the GPS
antenna, Figure 3), and then were plunged down to intersect the vertical
extension of the antenna on the overhead of the interior of the aircraft
by sighting through the open hatches. The theodolites were plunged
further to intersect the vertical extension of the antenna on the belly
of the aircraft. In each sighting, a well-defined target was observed.
The antenna center was marked by a pencil point that rested on the
indicated antenna phase center. The vertical projections were defined
by & plumb bob string stretched tautly by a l16-ounce plumb bok. The
vertical extensions were marked by a red indelible marker. The
intersections were repeated several times to ensure the precision of the
pointings. Both wertical extensions are critical for defining the
spatial relationships between the antenna, airframe and camera.

With the aircraft still lewvel, the wvertical height from the tarmac to
the top of the antenna was determined. A section of a level rod was
laid horizontally across the GPS antenna so that the ends projected
equal distances over each side of the fuselage. A second section of the
level rod was laid horizontally on the tarmac directly below the section
laid across the antenna. The second level rod section was used to
@liminate the unevenness of the tarmac. The level rod:on top of the
antenna was made perpendicular to the local vertical by using a
carpenter's level. Vertical measurements between the twoe rod sections
were obtained several times. Corrections were made for the
eccentricities introduced by the width of the level rods. The
difference between the vertical measurements taken on the port and
starboard sides of the aircraft is a function of the slope of the
tarmac, which was assumed to be linear over the short distance. The
vertical measurements from either side were meaned to yield the height
of the antenna phase center. The height from the tarmac to the belly of
the aircraft on the vertical extension was also measured. The heights
could be verified independently due to the cylindrical shape of the
fuselage whose diameter can be obtained from drawings, and verified by
measuring between the open hatches. These diameters could be compared
to the antenna height measurements after removing the eccentricities of
the antenna to fuselage and tarmac to belly. Table 3 lists the obtained
comparisons:

Table 3 -~ Comparison of Three Independent Methods for the
Determination of the Aircraft Diameter

Aircraft Diameter from Drawings: 1.624 m
Afrcraft Diameter from Hatch to Hatch: 1.625 m
Aircraft Diameter from Antenna Height Measuremente: 1.624 m

Table 3 confirms the accuracy and precision of the determination of the
height of the GPS antenna assuming that the engineering drawing is a
standard for comparison.
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2.4.3 GPS Antenna to Camera

The coordinate system chosen for this investigation is an orthogonal
right-~handed system with the vertical axis parallel to the local
vertical as defined by a plumb line. The coordinate system is
instrumented after approximately leveling the aircraft frame (+/- 10)
and precisely leveling the camera registration frame. The camera
registration frame now defines the horizontal plane of the reference
system. Any effect of not precisely leveling the aircraft will be
discussed later. The camera flight line axis is adjusted nominally
parallel to the aircraft frame by setting the camera mount swing angle
to zero degrees. The coordinates for the antenna phasge center in terms
of the camera fiducial marks can now be defined by a set of spatial
offsets which are parallel to the common axes (Figure 4).

The gpatial offgets defined above are most advantageous for several
reasons. First, most aerial photography used for photogrammetric
mapping is taken in the near vertical attitude which reguires the camera
regigtration frame to be leveled to the local vertical.

Second, the local vertical of the registration frame can be easily
ingtrumented during the measuring of the spatial offsets, and minimizes
the regquirement for leveling the entire aircraft as might be required
for other reference systems. Third, the camera registration frame which
containsg the fiducial marks will be used during the aerotriangulation
process to relate the photo~image coordinates to the survey control.

The spatial offsets, therefore, directly relate the world coordinates of
the GPS antenna phase center to the fiducial coordinate system.

The GPS antenna was purposefully installed as close to the camera mounts
ag possible to limit the length of the spatial offsets. In particular,
the displacement (0.25 m) of theantenna in the nominal flight direction
was minimized as much as possible considering the structure of the
aircraft. The displacement thereby minimizes the error in aircraft
pitch (phi rotation) on the vertical spatial offset. A pitch correction
will be applied based on the pitch angle observed during flight
operations, but this measurement can not be determined with certainty to
petter than 1°. a phi angle of 1% amounts to less than 5 mm of
displacement between the antenna phage center and the camera exposure
station. '

0.250 m * sin(l) = 0.004 m

Prior to the start of the measurement process, the aircraft pitch and
roll errors (phi and omega rotations) are minimized by selecting a
parking spot on a level portion of the tarmac., The aircraft can now be
made level by adjusting the tire air pressure. During flight operations
the pitch angle can be measured to 1° with an inexpensive hand-held
inclinometer, once again minimizing the effect of a small error in the
determination of the pitch angle. The inclinometer used during actual
flight operations wae installed on the aircraft and observed to read 0
while the spatial offsets were being measured and the aircraft was
level. Any change in pitch angle recorded in flight represents the
change in pitch and a resulting change in the spatial offsets subsequent
to their determination.
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The spatial offsets are measured using the following sequence of steps
for Procedure 1:

1. The camera mount swing angle is set to zerc using the swing angle
indicator on the camera mount. This position for the camera nominally
orients the camera X axis in the direction of flight. Any backlash in
the camera mount was compensated by adjusting the zero setting so that
the backlash on either side of the zero indicator was equal. The
maximum backlash was 20' introducing a maximum radial error in the
horizental plane to the antenna of 3 mm (the approximate horizontal
geparation between the antenna and camera is 0.525 m).

0.525 m * g8in{20') = 0.003 m

2. The camera registration frame is then made level to the local
vertical by adjusting the camera mount while ohserving a spirit level
vial placed across the registration frame. The axis of the vial is set
perpendicular to the axis about which the camera was being rotated. The
level vial is reversed to compensate for any non-parazllelism between the
vial and its mount. The camera registration frame now instruments the
horizontal plane of the reference system.

3. The vertical separations, between the four gimbals on the camera
mount to the top of the mount are measured in order to determine a mean
distance about which the mount and, therefore, the registration frame is
rotated. This distance will later be combined with the vertical
distance between the antenna phase center and the registration frame, as
well as the vertical distance between the registration frame and the
entrance node of the camera lens system. A combination of these
vertical distances will determine the vertical spatial offset of the
camera exposure station to the antenna phase center in the camera
coordinate system.

4. The antenna phase center, as defined by the manufacturer, and
documented in a side view of the GPS antenna (Figure 3) is carefully
marked on the upper surface of the antenna structure. The mark is
viewed by two thecdolites set up so that their lines of sight to the
antenna intersect at nearly 90 degrees (refer to Section 2.4.2). These
lines of sight will pass through the door and escape hatch of the
aircraft. The theodolitea are carefully leveled prior to intersecting
the antenna. The theodolite sight lines are lowered vertically to the
inside of the aircraft. A plumb bob is then suspended from the ineide
of the aircraft and moved slowly until both theodolites intersect the
plumb bob string. The lines of sight are elevated to the cabin overhead
while the plumb bob is continucusly adjusted to the intersection of the
lines of sight. The point at which the intersection of the theodelite
lines of sight occurs on the overhead is marked with a red indelible
marker. This point represents the local vertical projection of the
antenna phase center because the theodolites and aircraft were leveled
to the local vertical. Since the camera film plane has also been
leveled to the local vertical, the vertical component of the antenna
phase center to the overhead mark represents a component of the total
vertical spatial offset. This procedure is accurate to 1 mm in the
horizontal components (half the diameter of the plumb bob string). With
the theodolites still in place, the lines of sight were lowered to the
belly of the fuselage. The plumb bob string was once again used as a
target to locate the vertical extension of the antenna phase center.
Thig mark will be used for positioning the aircraft over a known
geodetic position on the taxiway for pre-flight GPS operations.
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5. A 6 mm thick rectangular glass plate measuring 66 cm by 40 cm is
placed on the registration frame (film plane) of the camera so that the
entire registration frame is covered by the glass plate. The glass
plate extends beyond the registration frame through the vertical axis of
the antenna phase center as defined by suspending a plumb bob from the
previously determined mark on the overhead. Several heavy pieces of
steel are placed on the glass to prevent the plate from moving on the
registration frame. The glass plate now instruments the horizontal
plane of the camera registration frame.

6. The horizontal component of the antenna phase center is
transferred to the glass by suspending a plumb bob from the mark on the
overhead to the glass. The glass is marked by carefully transferring a
waxed circle to the glass. The circle is approximately 2 mm in
diameter. The plumb line is repeated to ensure that the circle has been
correctly transferred.

7. A 35 power microscope equipped with crosshairs is placed on the
glass plate in the vicinity of a fiducial or reseau mark. The
microscope mount is constructed to instrument a line of sight
perpendicular to the surface being observed. The microscope is focused
and carefully centered on a fiducial or reseau mark. A waxed circle is
placed in the field of view and brought into focus without changing the
horizontal position of the microscope. The circle is tranaferred to the
glass. The microscope is re~focused on the fiducial to ensure that the
microscope has not moved. Three non-collinear fiducial or reseau marks
are observed and transferred to the glass plate in this manner.

8. The plumb bob is once again suspended from the overhead to ensure
that the glass plate has not shifted on the registration frame of the
camera. The glass plate now contains sufficient information to
trilaterate the horizontal spatial offsets of the antenna phase center
in the reference system of the camera. This procedure was performed for
both camera mounts in the NOAA aircraft.

9. The vertical spatial offset must be measured as a combination of
the following vertical sections:

a. The side view of GPS antenna (Figure 3) is used to

measure the vertical separation from the phase center of the
antenna micro-strip element to the bottom of the antenna mounting
plate.

b. The vertical separation between the bottom of the
antenna mounting plate and fuselage flange is measured with a
steel tape.

C. The thickness of the fuselage skin in the vicinity of the
antenna is obtained from the aircraft engineering drawings and
confirmed by measuring the aircraft skin in the vicinity of the
hatch.

d. The vertical separation from the inside of the fuselage skin
to the cabin side of the overhead covering is measured with a
steel tape through an inspection plate located near the antenna.

e, The vertical separation from the overhead to the
registration frame is measured with a steel tape with the glass
plate still in place on the registration frame.
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£. The vertical separation from the registration frame to the
top of the camera mount, which references the gimbals, is measured
with a steel tape.

The algebraic sum of these vertical separations represents the vertical
gpatial offset from the antenna to the camera mount gimbals. The
vertical separation from the gimbals to the entrance node of the lens
gystem will be discussed in Section 2.4.4. The spatial offsets
described thus far are listed in Table 4.

To attain the confidence required for statistical control of the
measurement process, a second procedure was used to measure and verify
the spatial offsets. In this case, the measurements were referenced to
the airframe of the NOAA Citation.

In this procedure, the spatial offsets were measured as follows:

1. A platform is constructed from a heavy cardboard box that was
placed in the aisle of the cabin on the aircraft frame in the vicinity
of the camera. The platform is adjusted so that its upper horizontal
surface is parallel to the bottom surface and at the same height as the
leveled camera registration frame. The height is verified by placing a
carpenter's level across the box and registration frame of the camera.
The level bubble should be centered.

2. The platform is centered on the vertical extension of the GPS
antenna phase center by suspending a plumb bob from thesmark on the
overhead. Herein lies a major source of inaccuracy. The aircraft must
be level or a significant error in the horizontal spatial arms can
result. A one degree tilt of the aircraft propagated over the vertical
distance from the overhead to the platform follows:

1.032 m * sin(1% = 0.018 m

3. A second red indelible mark is made on the overhead approximately
2 m aft of the antenna phase center mark. The same lateral offset from
the flight axis is used for the second mark.

4. A protractor, 30 cm in diameter, is set on the platform and
centered under the antenna phase center by use of a plumb bob. The
protractor is rotated until the ot mark, 180 mark and the aft mark on
the overhead form a range, The alignment is performed using the 0" and
180° marks as slghts aligned with a plumb bob string suspended from the
aft mark. Once again a leveled aircraft is necessary so that the plumb
line is truly on the axis of the aircraft. Assuming that the alignment
is accurate to half the diameter of the plumb bob string, the alignment
ig within 2' of arc of the flight line as defined by the aircraft frame.

arctan{(2 m/.001 m) = 1.7°'
The maximum error in the spatial offsets will be:
0.525 m * gin(1.7') = 0.0003 m

5. A template is placed over the registration frame of the camera.
The center of the fiducial system is located by intersecting the corner
fiducial marks. This templet is later compared against several
diapositives taken with the same camera. The intersection of the corner
fiducial marks on the templet agrees with the intersection of the corner
fiducial marks on the diapositives within 0.0005 m.
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6. A steel tape is used to measure the horizontal radial distance
from the center of the protractor (vertical extension of the antenna
phase center} to the center of the fiducial system as marked on the
templet. The intersection of the steel tape and the protractor scale is
also noted. It is also necessary to measure the horizontal distances
and angles from the center of the protractor to several fiducial marks
if the horizontal spatial offsets are required in the fiducial
coordinate system. If it is assumed that the fiducial system has been
aligned with the flight axis, the extra measurements are not required.

7. The radial distance and angle of intersection can be used to
compute the horizontal spatial offsets in the reference system of the
atircraft.

8. The vertical spatial offset is measured in the same manner as
described in the other measurement procedure. The distance from the
overhead to the platform is measured instead of the distance from the
overhead to the glass plate.

Table 4 is a comparison of the results., The difference in vertical
separation between the registration frame and overhead is insignificant.
The difference in horizontal spatial offsets is most likely caused by a
combination of the less accurate leveling of the aircraft, determination
of the fiducial center, and the alignment of the platform with respect
to the airframe in procedure 2., Procedure 1 values were accepted. The
internodal separation has been determined by methods described in
Section 2.4.4. The values for Procedure 1 were determined on November
11, 1989. The values for Procedure 2 were determined on

October 17, 1988.

The techniques developed above represent the first significant
contribution of the research.

2.4.4 Pilm Plane to Entrance Node

Modern aerial cameras have a lens system composed of many individual
lens elements. The optical behavior of the light rays passing through
the system of lenses is described by the laws of thick lenses. In
theory, a thick lens has the same refractive characteristics as the
composite of the individual lenses. A thick lens has 2 pointas of focus
or nodes on the optical axis such that when all object distances are
measured from one point (entrance node) and all image distances are
measured from the other (exit node), they satisfy the simple lens
relation expressed by the conjugate~foci formula (1/f = 1/I + 1/0} (ASP
1980). The entrance node represents the location of the exposure
station in the three~dimensional object space coordinate system used for
the aerotriangulation sclution. The vertical separation between the GPS
antenna and entrance node ig, therefore, one component of the spatial
reference frame that must be determined. The vertical separation
between the antenna and film plane has already been determined. The
vertical separation between the film plane and entrance node has yet to
be determined. The separation is slightly different for each lena. For
the purpose of this research i.e., determining the flying height of the
exposure station, a precision of 1 cm will be tolerated. This tolerance
is one order of magnitude below the threshold of determining the flying
height of the GPS antenna (currently thought to be 10 cn).

The mest precise method of determining the nodal separation is to use a
nodal slide; unfortunately, one large enough to accommodate the aerial
camera lens could not be found. The author employed two other methods.
First, the author contacted Wild-Heerburg. Wild-Heerburg provided an
8.5 x 11.0 inch cross-sectional drawing of the lens. The drawing
{Figure 5) noted the intersections of the extreme entrance and exit-—rays
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Table 4 -~ Spatial Offsets Between the GPS Antenna and Camera Exposure
Station

Procedure 2 Procedure 1
Vertical Spatial Offset

Antenna Element to Shim 0.019 m 0.019 m
Antenna Mount Shim 0.003 m 0.003 m
Aircraft Skin 0.004 m 0.004 m
Overhead to Skin 0.084 m 0.084 m
Film Plane to Overhead 1.029 m 1.025 m
Nominal Camera Constant 0.1%3 m 0.153 o
Internodal Separation 0.130 m 0.130 m
Total Vertical Spatial Offset 1.422 m 1.418 m

Horizontal Spatial Offsets
Photo X 0.207 m 0.210 m
Photo Y -0.528 m ~0.834 m

Vector Distance Antenna Phase Center to Exposure Statien

1,830 m 1.530m

with respect to the film plane and the objective lens. The rays were
extended into the lens system to the points where they intersected.
These intersections were assumed to be the entrance and exit nodes for
the lens system. Knowing the nominal camera constant, the print could
be scaled by measuring the exit~ray intersection to film plane distance
on the print. The entrance-ray intersection to exit-ray intersection
distance was then measured from the print. This distance was scaled and
added to the camera constant to yield a reasonable estimation of the
film plane to entrance node separation. This first approximation was
274 mm. Second, the author contacted the U.S8. Geoclogical Survey,
Calibration Laboratory in Reston, Virginia. They suggested a method
which should yield a precision of 0.5 cm. The method is documented in
Appendix B. The distance from the film plane to the entrance node by
this method was 283 mm for both NOAA G and B Cones. The internodal
separation would be 130 mm (283 mm minus a focal length of 153 mm}.
This distance was accepted for the measuring system.

The separation, if any, between the entrance node and the center of the
gimbals must also be determined. Due to the symmetry of the camera
mount and gimbal construction, it is assumed that the optical axis of
the camera coincides with the center of the gimbals. The distance from
the film plane to the entrance node was determined to be 0.283 m. The
measured separation from the film plane to the center of the gimbals was
0.259 m., The difference in vertical separation of the gimbals to
entrance node ig 0.024 m. Agsuming that the roll and pitch angles
seldom exceed 2° the maximum error which can occur by assuming that the
gimbals intersection and entrance node coincide can be expressed as
follows:

horizontal error (m) = 0.024*sin{2°% = 0.0008 m
The maximum rotation angle encountered during the missions flown for
this research (based on the aerotriangulation solution) was a phi
rotation of 1.2°. Therefore the maximum difference between the center
of gimbals and entrance node would be:

horizontal error (m) = 0.024*8in(1.2° = 0.0005 m

The error is considered to be insignificant for this research, therefore
the entrance node and gimbal center are assumed to be the same.
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CHAPTER III
PHOTO MISSION PLAN

Two entirely successful photo missions were accomplished on Octeber 25,
1988 (DOY 299) and October 27, 1988 (DOY 301). Successful mission
implies that the weather and flying conditions were suitable for
obtaining photographic images with less than 5 microns of image smear
and free from cloud patches. ©On those two missions, the GPS also
performed in an acceptable manner, with only emall, but easily
correctable, cycle elips. The findinge of this research are based
entirely on these two misgsions.

3.1 Instrumentation

Up to this point of the research, the author was able to dictate the
environment in which the observations were collected. Individual
measurements were isclated and brought under statistical control, as
defined in the Introduction. From this point on, the author was forced
to consider multiple sources of systematic effects, situation-dependent
variables, and the influence of considerable human interaction. The
success of this research is founded upon the boundless energy and
professionalism provided by the personnel from 08U, ODOT, and of course,
NOAA. The following section describes the instrumentation used to
collect the data and is provided for completeness, but without
explanation.

3.1.1 Aerial Camera System

As mentioned earlier, the NOAA Cessna Citation II aircraft was used to
carry the instrumentation. The aircraft was equipped with a Wild
Heerburg Model RC-10 camera system which included the following
components:

1. Remotely controllable camera mount

2. Intervalometer

3. Navigation sight with leveling mount for remcte camera
control

4. RC~10 15/4 UAG NOAR B Cone with eight fiducial marks

5. RC-10 15/4 UAG NOAA G Cone with film plane reseau

6. Infrared Filter

7. Kodak Plus Pan X roll £ilm

3.1.2 @PS Receiver System
The aircraft and ground reference station were eguipped with Motorola

Eagle GPS receivers. The receivers have the capability of receiving
information simultaneously from four satellites. Although four
gatellites are sufficient for the solution of position, the lack of
redundancy made it difficult, if not imposeible, to recover cycle sglips
in the data. The ground station had a standard Motorecla antenna
preamplifier and ground plane micro-strip antenna. The aircraft had a
gpecially modified antenna preamplifier to accommodate a 2 m separation
from the antenna. The aircraft antenna was an FAA approved ground plane
micro-strip navigation antenna (manufacturer unknown). The aircraft
receiver was equipped with an opticonal Pulse Per Second (PPS) signal
generator. Fach receiver was interfaced to a Compact 286 or 386
portable computer. Raw data from the receivers were collected by the
computere and stored on high-density (1.2 Megabyte) floppy disks. Disk
storage capacity limited flight operations to a maximum of 80 minutes at
a one-gecond data collection rate.

27
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3.1.3 Exposure Timing Apparatug
The RC-10 camera lens cone contained a shutter status device which

generated a pulse to synchronize the RC-10 exposure to an optional
horizon camera. The pulse referred to as the horizon pulse was
connected to a "start port" of a Hewlett Packard frequency counter. The
PPS from the Motorola GPS receiver was connected to the "stop port" of
the freguency counter. The frequency counter had a precision of 10
micro-geconds for a single timing event. A Hewlett Packard desk-top
calculator was interfaced to a crystal clock {synchronized to GPS time)
and the frequency counter. The horizen pulse cleared and triggered the
start of the timing sequence. The next PPS5 from the GPS receiver
stopped the timing sequence and triggered the recording of the crystal
clock and elapsed time between exposure and PPS. The inherent precision
of the system was 0.01 msec, or 3 mm at an aircraft veloecity of 200
miles per hour (89.4 m/sec).

The timing system contained many systematic errors which had to be
discovered and modeled. This effort became one of the major
contributions of the research.

3.2 FElight Design

The goal of the design for the photo mission was to obtain a block of 1%
photographs composed of three strips of five photos which covered the
entire TRC calibration range. The block would have 80 percent forward
overlap and 60 percent sidelap. The physical limits of the calibration
range, the design of the targets, and the minimum operating limits for
the NOAA aircraft had to be carefully considered. The normal photo
scale for NOAA mapping is 1:30,000. Considering a nominal camera
congtant of 6 inches, this requires a flying height of 15,000 ft. At
this altitude, image smear, caused by the aircraft velocity, is also
minimized. The physical limits of the TRC calibration range precluded
the use of 1:30,000 scale photography. In fact, the previously
established target size was optimized for 1:10,000 scale photography
{(Appendix A)}. The NOAA aircraft minimum flying height and velocity are
6000 feet (1:12,000 scale} and 200 miles per hour, respectively. Below
these limits, the aircraft begins to porpoise and looses the ability to
maintain a constant heading, adversely affecting the photo images. To
accommodate the aircraft and photo target size, the calibration range
wag enlarged by establishing a fourth set of 8 photo targets along U.S.
Route 33 which parallels the other sets of photo targets. A compromised
scale of 1:12,000 was choseén. Figure 6 is the NORA flight plan based on
the author's recommendation. The compromised operating conditions did
not adversely affect the ability to calibrate the airborne system.

3.3 ¢GPS Initialization

Many references have been made thus far concerning the initialization of
the GPS receivers before the flight began and to confirm the
initialization after the flight ended. The initialization is used to
determine the integer number of cycles between the two receivers (ground
reference and aircraft) and the four satellites being tracked at some
selected starting epoch. Once the integer cycles are determined for the
starting epoch, the changes to the integer values are computed from the
accumulated cycle count recorded by the receivers as the Space Vehicles
(8V} and receivers change position with respect to one ancther
(satellites are often referred to as Space Vehicles). The integer
counts are actually the double-difference integer wvalue between the two
receivers and two of the four SV's. One 8V is normally selected to be
common between all double-~difference integer values. The total number
of integer countsg is, therefore, reduced to three values. As an example,
the three combination integer values for the two receivers and SV 9,

11 ,12, and 13. would be:
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Difference 1 = 8V 9, 8V 13, Reference and Aircraft Receivers Difference
2 = 8V 9, 8V 12, Reference and Rircraft Receivers Difference 3 = 8V 9,
8V 11, Reference and Aircraft Receivers

The SV 9 is the common SV in the above example. The commen 8V is
usiually the SV which has the highest elevation above the horizon
throughout the tracking period and generally is tracked without loss of
signal lock throughout the mission. It is known (Goad 1989%9) that high
SV elevations reduce the effect of atmospheric refraction by reducing
the path length for the signal through the atmosphere.

3.3.1 Baseline Method

The baseline method for initialization was used on DOY 299 and DOY 301
to determine and confirm the integer values. This method uses the
knowledge of the baseline components between the two receivers teo solve
the double~difference equations for the integer cycle values. The
double~difference equations involve terms of station coordinates, SV
coordinates and integer cycle values. The station c¢oordinates are all
known if the baseline is known., The SV coordinates are computed from
the satellite broadcast ephemeris. The only unknowns are the integers
and they can be solved for using the double~difference observation
egquations. Once the integers are known, the aircraft antenna can be
moved off the baseline because in this situation, the only unknowns will
be the aircraft coordinates. In principle, only one set of observations
is required in order to determine the integers. In practice, the
aircraft remains on the baseline for up to 5 minutes. The data
collected during the S-minute initialization are processed and reviewed
for any drift in the baseline. A drift in the initialization is
indicative of incorrect baseline components. The aircraft returns to
the baseline subsequent to the mission and an additional 5 minutes of
data are collected. The ending data set is processed and analyzed. The
bageline components should equal the beginning valuea. Any difference
or drift ies indicative of cycle slips (Appendix A). Periods of less
than 5 minutes may not be long enough to detect a drift in the baseline
components.,

One might ask how to maneuver a jet airplane directly over the end of
the baseline. The author devised a method which uses a Radar
Maneuvering Board commonly found on commercial and military ships. The
maneuvering board is a 13 in paper square with a 10 in diameter
protractor printed on it. The protractor has concentric circles spaced
at 0.% in increments and radial lines every 10 degrees. The radial plot
of objects such as antenna eccentricities is facilitated by the device.
The center of the maneuvering board is placed over the baseline mark and
oriented to a known azimuth by magnetic compass or other known reference
point (TACK at Union County Airport). The maneuvering board is 10
inches in diameter, o the aircraft need only be guided within 5 inches
of the mark. This tolerance is easily achieved with minimal practice.

A plumb bob is suspended from the antenna phase center reference point
on the belly of the aircraft. The plumb bob point indicates the
eccentricity from the baseline to the horizontal position of the antenna
phase center. The North and East eccentricities can be determined from
the offset and orientation angle as noted on the maneuvering board.

3.3.2 Antenna Swap Method

The antenna swap method discussed in Appendix A can also be used for
determining the integer values. This method is guicker and as precise
as the baseline method without the need for a known baseline. The
problem with this method is the need to exchange the receiver antenna
positions. The aircraft antenna cannot be removed, necessitating the
movement of the entire aircraft! The author, consulting with Dr. Goad
devised a new antenna swap method specifically for this situation. The
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integer values can be determined by an antenna swap without a priori
knowledge of the baseline or antenna locations because the double-
differences resulting from antenna swap cancel out the coordinate
difference information in the observation equation, leaving only the
unknown integer value. A basgeline must be instrumented on the aircraft
such that the aircraft antenna is located at the baseline midpoint. The
baseline need only be about 2 m in length. The specified length is more
for convenience so that the two antennas are not brought so close
together ag to cause a blocked satellite signal. The antenna swap
begins with the reference receiver on one end of the bageline. Several
epochs of data are collected by both receivers in this position. The
reference receiver ig then moved to the other end of the baseline. A
few additional epochs are collected by both receivers in this position.
Sufficient information now exists to compute the integer values between
the receivers and satellites through the normal deouble-difference
equations. The eguations, however, are set up as if both antennas were
moved between the midpoint point and beginning end of the baseline. The
reference receiver is now used to perform a kinematic survey as its
antenna is moved to the reference station. Once the reference receiver
is on the reference point, the coordinates for both ends of the baseline
between the reference station and the aircraft are known, as are the
integers. The aircraft can now become the mobile station. This method
is one of the significant contributions resulting from the research.

3.4 Migsion Scenario

The current limiting factors for GPS controlled photogrammetry are
satellite availability and inflight data storage capacity. At the
present time, both limitations allow for normal mission lengths of
approximately 80 minutes. A well-planned mission is the only way of
insuring that the human, mechanical and electronic interactions will
function together. 1In order to maximize the length of the photo
migssion, ground-based activities must be made as efficient as possible.
Table 5 ig a time table for a 90~ minute photo mission.

The following inflight observations and restrictions are required in
addition to the GPS observations, exposure timing, and photo images:

a. Cabin pressure and temperature

b. Exterior barometric pressure and temperature

c. Expogure interval

d. Drift setting

e, F-stop and shutter speed

f. An estimate of image smear

g. The camera mount may be adjusted for level and drift prior
to the first flight line.

h. The camera mount cannct be changed thereafter.

i. Ground barometric pressure and temperature
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Table 5 -~ A Typical 90-Minute Mission Time Table

T-90 min Mission briefing at airport
T-60 min Maneuver aircraft over calibration point
Set up reference GPS receiver
T-45 min Begin GPS receiver warmup (30-second epochs)
T-15 min Begin engine warmup/pre-£flight checkouts
T~ 5 min Switch to l15-second epochsa
Perform antenna swap
T~ 0 min Switch to l-second epochs
Perform baseline initialization
T+ 5 min Begin taxi and takeoff operations
T+65 min Begin final approach and ianding operations
T+70 min Position aircraft over calibration point

Preform baseline verification

T+75 min Switch to 15-second epochs
Perform antenna swap

T+80 min Begin post mission shut down

T+85 min Return to hanger area

T+90 min End of mission

NOTE: The Mission Time Table allows for both antenna swaps and baseéline
initialization.




CHAPTER IV
KINEMATIC GPS PROCESSING

Although kinematic GPS positioning plays an extremely important role in
the research project, it is not the author's intent to discuss the
technical aspects in great detail. Instead, this chapter will be
devoted to a description of the variocus systematic errors identified
during the GPS processing. The resolution of all errors in the
measuring system is, after all, the goal of the research.

The research is based on two different flight missions. On Day of Year
(DOY) 299 the aircraft was eguipped with the NORA G Cone Reseau Camera.
SV 8, 8V 9, 8V 11, and SV 13 were tracked continuously by the reference
and aircraft receivers for approximately 70 minutea. Figure 7 is the
actual flight pattern for DOY 299 drawn from the processed GPS positions
of the aircraft. ©On DOY 301 the aircraft was equipped with the NOARA B
Cone Camera, with an 8 fiducial mark reference frame. SV 9, SV 11, sV
12, and SV 13 were tracked continuously by the reference and aircraft
receivers for approximately 55 minutes. Figure 8 is the flight pattern
for DOY 301 drawn from the processed GPS positions of the aircraft.

The final values for the kinematic double-difference positions of the
aircraft are obtained from NGS program OMNI. ‘The positions are
expressed as time-tagged NAD83 coordinates for the aircraft antenna
phase center. This file is known as the antenna ephemeris file. The
time tags are expressed as corrected GPS time.

The final version of each antenna ephemeris file is the result of many
attempts to resolve all possible error sources. Confidence in the
solution required for statistical control was not attained until
November, 1989, nearly 13 months after the data had been collected.
Idicsyncracies with the particular GPS receivers and omissions in the
field notes had to be resolved. The greatest single contribution to the
successful completion of the computations resulted from lectures
presented by Goad at The Ohio State University, Spring Quarter, 1988.
The following list contains improvements for the final kinematic double-
difference solutions found in both antenna ephemeris files:

a. Selection of the SV with the highest elevation and without cycle
slips as the common SV for double-difference sclutions and computation
of the integer values (Goad 1989).

b. Discovery that the GPS time tags were not corrected for SV clock
error. This improvement was verified by the author after several
telephone conversations with Motorola engineers and verified through the
uge of the OMNI software. A complete description will be presented in
Section 4.1.

¢. Time Shifting the GPS observations for both receivers to the nearest
integer second. The shift then synchronized both receivers and the PPS
from the ailrcraft receiver to GPS integer time. The time shift in all
instances was less than 3 msec., BAgain, a complete discussion will be
contained in Section 4.1. The processing of the GPS data using an
integer time for each epoch eliminated two important sources of timing
errorg.
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1. The first source of error results from an epoch time~tag
ambiguity. The antenna ephemeris file displays time to nearest
1/100 second, when in fact the time of epoch might have been
several msec after the displayed time. This error will eventually
be corrected in OMNI.

2. The use of integer time in procesgsing also removes any
timing bias resulting from small instantaneous shifts in the
receiver time tags which cause the time intervals between epochs
to become unegqual. Interpolation routines developed by the
author and Lucas (1989) are based on equal-time interval
interpolation algorithms.

d. Resolution of the timing bias between the receiver time and the PPS
time tag. It was not clear if the same time tag was shared by the
observed carrier phase values and the PPS signal considering that both
quantities were based nominally on a one second interval. The
regolution of this investigation required numerous telephone
conversations between Motorola technical representatives and the author.
It was finally determined that the PPS was generated by the receiver's
most recent (less than one-second old) determination of GPS time (King
1988). The design of the PPS signal circuit ensures that the signal
will be generated within 1 micro second of integer or rollover time.

As a result of Items ¢ and d, the GPS position file for every second of
the aircraft antenna's trajectory is now time tagged teo rollover time,
and in agreement with the PPS time tag to within 1 micro second.

e. The S5-minute initialization period was scanned to identify the most
noise free period of observations. This period normally begins several
minutes into the initialization period after the receiver electronics
stabilized and personnel inside the aircraft are settled into pre-flight
preparations.

f. Processing the kinematic GPS double~differences in chronological and
reverse-chronological order to confirm the beginning and ending integer
cycle ambiguity wvalues are the same,

g. Application of the appropriate eccentricities to the coordinates of
the aircraft and reference receiver antennas. The horizontal and
vertical eccentricities resulted from the imperfect centering of the GPS
antennas over the baseline ends. The author devised a method for
determining the aircraft antenna horizontal eccentricities as follows:

1. The aircraft was maneuvered as closely as possible over the
mark.
2. A maneuvering board (described in Section 3.3.1) was

centered on the mark and oriented into the geodetic azimuth
previously determined and marked on the taxi-way guide line.

3. A plumb bob was suspended from the vertical extension of the
GPS antenna as marked on the belly of the aircraft. The plumb bob
point then indicated the eccentricity of the GPS antenna to the
mark on the maneuvering board.

4. The North and East offsets could be obtained graphically
from the maneuvering board.

5. The vertical eccentricity was measured from the mark to the
belly of the ailrcraft. This value was added to the other
previously determined vertical spatial offsets.
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h. Derivation of an improved tropospheric refraction model for program
OMNI which updated the estimates for atmospheric pressure and
temperature at the aircraft antenna based on the previously computed
altitude during the kinematic processing. The following equationg
express the change in pressure and temperature as a function of
altitude:

T, = Ty + (Hy -~ Hy) * B

m * '34.11/8
BP BP, * (T, / Tg)

Where:

BP, = Barcmetric Pressure (mb) exterior to the aircraft

BPg = Barometric Pressure (mb) at the initialization peoint

Hg = Blevation {m) of the aircraft antenna at the
initialization point

H = Elevation (m) of the aircraft antenna in flight

Ty, = Temperature (C) at the initialization point, and

B = The temperature lapse rate in °C/Km

The temperature and pressure at the initialization point are assumed
constant for the entire flight. The constant 34.11 represents the
standard atmospheric change in barometric pressure in mb/100 m change in
elevation as a function of pressure, temperature, water vapor, and
gravity. The temperature lapse rate B is a constant, 6.5, which
represents the temperature lapse rate of a standard atmosphere in °C pér
Km in elevation. This algorithm was submitted by the author for -
incorporation in a future version of OMNI.

The particular details for each antenna ephemeris file is highlighted in
the following two sections.

4.1 Day of Year 299
The data set for DOY 299 had some problems right from the start of

processing. Several epochs of raw data were not recorded properly by
the aircraft's computer disk drive. These epochs were removed from the
data set. Fortunately, the epochs occurred prior to the start of the
first flight line and were not required for interpolation of any
exposure station positions. Once the data set was edited, the raw data
pets from both receivers were converted to the NGS ARGO format (Chin
1988) and pre-processed for cycle slip detection by ARGO. No cycle
glips were detected. The data sets from both receivers were then merged
by OMNI into a single data set. A decision had to be made whether or
not to apply the satellite clock (SV Clock) correction to both the
pseudo~-range and phase data. The pseudo-range data will be used later
to estimate the station clock corrections. Some manufacturers apply the
5V Clock correction during data collection. A decision not to apply the
SV Clock correction was made based on a statement in the Motorola User's
Manual (1887) that the receiver time tags were corrected by the Kalmin
Filter to GPS time. The merging process was executed. Upon examination
of the 8V clock-residual plot generated by OMNI, it was found that each
SV clock-residual plot was displaced parallel to one another. This
indicates that the SV Clock correction was improperly applied. In the
normal case the 8V Clock corrections would have traced a single
everlapping curve assuming the a priori station position coordinates
were correct and no cycle slips had occurred. The fact that the
individual curves appeared to be parallel to one another indicates that
the SV Clock drift was negligible compared to the receiver clock drift
but shifted by a constant amount of time (perhaps due to the poling
sequence used by the receiver electronics). The data were re-merged
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with the 8V clock correction function applied. The clock residual plot
showed a single curve which meant that the SV clock drift had been
applied correctly. At this stage of the processing, the carrier phase
and pseudo-range information for both receivers is mathematically
shifted to integer time. The author chose to investigate if the shift
could be correctly applied to the moving receiver's data. The time-tag
shift capability was originally implemented in OMNI so that receivers of
different manufacturers could be combined despite their method of time
tagging. The technique had only been used for static receivers where it
could be assumed that the shift was time dependent and not related to
the negligible motion of the receiver. It was suspected that the shifts
for moblile receivers may be in error due to the imperfect knowledge of
the aircraft velocity components., The time tags from the mobile
receiver were visually inspected and found to be within +/- 0.5 msec of
integer time. The data were merged two ways. The first merging used
integer time tags. The seccond merging used time tags having a
fractional component of 0.0005 sec. The two double-difference solution
files were compared. The static positions (during pre- and post-flight
initialization were within 2 mm of each other based on a sample mean of
approximately 35 epochs spaced 5 sec apart. Individual samples within
the kinematic portion of the double~difference (during periods when
photography was being collected) were compared. Differences as great as
2 cm were found in this portion of the data set. Considering the
velocity of the aircraft (67 m/sec) differences of up to 3.4 om (67
m/sec * 0.0005 sec) should have heen noted. The error in time shifting
the data 0.000% gec will therefore be less than 1.5 cm. The magnitude
of the difference is not mignificant at the level of precision expected
for the positioning system. The author chose to use integer time for
the time tags and 8V Cleck corrections. All data are now related to a
single set of integer time tags. A final small improvement to the
solution came from the selection of SV 11 (highest elevation)} as the
common satellite for double differences. The solution for cycle
ambiguity values yielded fractional biases which were very close to
integers (+/~ 0.05 cycles), giving confidence that the correct integer
values before and after the mission were determined.

The difficulty in processing resulted mainly from incorrect assumptions
concerning the receiver time tags, noisy starting portion of the
initialization period (first several minutes), and inappropriate
application of eccentricities to the antenna heights. The difference
between the computed ending position of the antenna and the observed
eccentricity between the aircraft antenna and TAXI was less than 2 om.
The final data set is assumed free of cycle slips, and represents the
aircraft antenna location for every integer second of time during the
mission. The processing for DOY 301 was not to be any less difficult.

4.2 Day of Year 301
The field notes indicated that the reference receiver was positioned

over station NPT. The determination of integer values before and after
the mission had fractional biases of 0.30 cycles. Not only were the
biases not close to integers, but a significant drift was detected in
both beginning and ending initialization periods.

A posgible problem with the baseline positions was suspected. The
beginning and ending initialization differed by nearly the difference in
position between NPT and SPT. Substituting SPT for NPT in the solution
for integer values caused the biases to approach integers (+/- 0.1
cycles)., The field records were checked to confirm the possibility of
that the reference receiver was set up over SPT. No conclusions could
be drawn from the records, but checking with several personnel from ODOT
confirmed that the antenna was, in fact, set up over SPT.
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A second improvement resulted from a combination of selecting 8V 13
{highest elevation}) as the common satellite for double differences and
using the improved position {second ground survey) for SPT. The
combination of the above factors yielded fractional biases of 0.05
cycles, thereby increasing the probability that the integer values
before and after the mission were determined accurately.

A final improvement in the processing resulted from the elimination of
cycle slipe detected during the preprocessing phase for SV 3 at the
reference site, and SV 12 on the aircraft. These vycle slips are
detected by differencing the pseudo-range cbservable from the phase
cbeervable (using similar units). Although there will be a bias between
the two quantities, the assumption is that the bias will remain fairly
constant between epochs unless a cycle slip occurs. An instantaneous
change of 20 meters between the pseudo range and phase solutions sets a
cycle~slip flag which is displayed on the final printout from ARGO. The
cycle slip at the receiver site was confirmed by a note in the field log
which stated that one of the personnel involved in the ground operations
was standing very close to the antenna at the time of cycle slip. The
magnitude of the cycle slips were resolved by computing the integer
biases before and after the flight, The game integer bjias was computed
for the SV 13/8V 11 combination from both static periods supporting the
tycle slip detection provided by the NGS ARGO software. Cycle slips of
2 and 1 were computed for 8V 3 and SV 12, respectively. Such small
slips are possible considering the operating mode of the Motorola Eagle
Receivers., The receivers were designed to be used as an integral part
of a real-time navigation system. The receiver software design includes
a Kalman Filter for predicting the phase and pseudo-range during periods
of signal absence. The Xalmin Filter was used to predict (extrapolate)
the correct cycle count accumulation subsequent to short periods of louss
of phase lock.

The beginning and ending static antenna positions for the aircraft
agreed quite well after the cycle slip repair. Since the detected cycle
8lips occurred prior to the first flight line, it would be possible to
compute the exposure station positions using only the ending static
period, thus entirely ignoring the cycle slipe. The difference between
the computed ending position of the antenna and the observed
eccentricity between the aircraft antenna and TAXY was 0.007, 0.080, and
-0.01% meters, in X, ¥, and Z, respectively. The final data set is
assumed free of cycle slips, and represents the aircraft antenna
leocation for every integer second of time during the mission.

The GPS navigation files represent the final NADB3 coordinates for the
alrcraft GPS antenna phase center. From this point on, these
coordinates will be used as a basis for determining the exposure station
coordinates.
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CHAPTER V
IMAGE PROCESSING AND MENSURATION

The discussion, from this point on, will be centered on the
photogrammetric aspects of the airborne system calibration.

5.1 Processing and Printing

The exposed negative film was cut from the roll of Kodak Plus Pan X film
and removed from the camera magazine at the end of each day and
transported to Precision Photo Service Inc., Dayton, Ohio. The film was
processed on their automated facility according to NOAA specifications
(Appendix C) for maximizing film density and resolution, Several test
exposures were taken prior to the mission photography so that the
processing equipment could be adjusted for the specifiec conditions under
which the photography was obtained. The ability to maintain statistical
control of the system calibration is weakest at this point of the
calibration process. To ensure the highest gquality control over the
developing stage, one of the two NOAA photographers always accompanied
the film to Precision Photo. The film was processed on the night shift,
which has better (but more expensive) quality control.

The ODOT, Bureau of Aerial Engineering (BAE) facility was used by the
author to make diapositives. The diapositives were printed on a Log-E-
Tronic, Model IV, printer using Agfa-Gevaert Avitone P3p film. Film
deformation was minimized in the printing process by following a
technique developed for this particular printer by Merchant (19%0). The
negative and positive emulsions were placed between two optically-flat,
6 mm thick plates of glass and pressed against the printer stage using
12 pounds of pressure. The pressure was tested by pulling the printer
mechanism closed using a precise tension device. The tension device is
commonly used for precise steel tape measurements. The specifications
were developed for ODOT to limit distortion in the printing process to
less than 5 microns throughout the format after removal of the uniform
component. The combination of glasgs plates and pressure setting
suppresses the flexure of the printer optical stage and ensures complete
contact between the emulsions. The diapositives were developed at the
ODOT facility using their automated developing technigues under the
author's supervision.

Fifteen photos were selected from each mission flown on DOY 299 and DOY
301. The photo coverage provided sterec imagery of all the photo
targets in the calibration range. Each set was comprised of 3 strips of
5 photos each with 80 percent forward overlap and 60 percent side
overlap.

5.2 Image Cocordinate Obgervations

The image coordinates taken on DOY 299 and 301 were measured on Wild BC-
1 analytical plotter located at the OSU. The image coordinates for DOY
301 were later re-measured on the NOAA Integrated Digital
Photogrammetric Facility, Personal Work Station 1 (IDPF/PWS1l) based on
an Ottico Meccanica Italiana (OMI} analytical plotter. 1In order to
maintain statistical control, both analytical plotteres were tested
agalnst a known standard before the observations were performed. The
BC~1 was also checked before and after each day of observations.

5.2.1 BC-l1 Obsgervations

The BC-1 was used in the mono-comparator mode for measuring image
coordinates from the diapositives generated from each photo mission.
The BC-1 was allowed to warm—up for a minimum of three hours before any
work was performed. The room in which the instrument is kept is
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temperature and humidity controlled. The instrument was not used by
anyone else during the measuring process.

Once the equipment stabilized, a test calibration program was executed.
The test calibration consisted of measuring nine von Gruber grid points
on the measuring stage. The BC~1 software was used to compute an
isogenal affine tranaformation based on the measurements and the known
{(+/- 1 micron) coordinates of the grid pointes. The residuals of the
measurements were generally less than 3 microns, which is the stated
measuring precision of the BC-1 (User's Manual (1984)). The check
calibration was used only as a check on the latest calibration performed
on the BC~1. The results of the test calibrations agreed quite well
with Tudhcope's (1988) more complete Rigid Body Transformation test using
a Jena test grid (+/-~ 1.5 microns).

The image coordinates were measured using a right-handed system defining
the direction of flight to coincide with the direction of the positive X
photo axis and the positive X axis of the plotter. The positive Y photo
axis points towards the port side of the aircraft and is coincident with
the pesitive Y axis of the analytical plotter. The above convention
agrees with the normally accepted convention for analytical
photogrammetry. The diapositives were jinserted in the BC~1 emulsion
down and flattened by glass plate. The measurements contain no
comparator applied corrections for lens distortion or atmospheric
refraction. The measured coordinates are transformed from raw stage to
comparator coordinates but not transformed to the photoe coordinate
system. Careful notes were taken during this measuring process to
eliminate any questions, after the fact, as to the nature of the
measuring process (attain statistical control).

Thirty photos covering missions for DOY 299 and DOY 301 were measured
during a single effort covering a five day period beginning on March 7,
198%. The BC-1 comparator was turned on and left undisturbed to reach
thermal equilibrium for three hours prior to the start of observations
and never turned off throughout this pericd. At the beginning and end
cf each day the check calibration program (as noted above) was used to
ensure the BC~1 was still operating properly and maintaining a constant
calibration. The room temperature was carefully monitored to maintain
an even operating temperature.

The first step in the measuring process for each photograph was to
obgerve the eight fiducial marks on each photo. The marks were measured
twice in the following sequence: 1-5-3-7-2-6-4-8. These points exist on
both the B and G Ceone photography and are identified for completeness in
Figure 9.

The photos obtained on DOY 299 were taken with the NOAA G Cone camera
equipped with a focal plane reseau. The fiducial marks are located on
the reseau. The image measurements for this set of photos also include
measurements of the nearest 4 reseau points measured in the following
segquence:

Pointing #1 - Ground image
Pointing #2 - Upper left resean
Pointing #3 - Upper right reseau
Pointing #4 - Ground image
Pointing #5 - Lower right reseau
Pointing #6 - Lower left reseau
Pointing #7 - Ground image
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Figure 9
Fiducial Mark Map
(Diapositive Plane)
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If any coordinate of the ground image varied by more than 5 microns from
the mean (of peintings 1, 4 and 7), the particular peinting was rejected
from the data set and re-observed.

The photos cobtained on DOY 301 were taken with the NOAA' B Cone camera
which was equipped with the standard eight corner and edge fiducial
marks. The measurements for this set of photos included two independent
sets of observations on all fiducial marks before and after the
measurement of ground images. All ground images were measured twice.
One complete pointing on all ground images was made and then re-measured
a second time. If the second observation of either coordinate wvaried by
more than 5 microns, the observations for that ground point were
repeated. This measuring process was augmented by using the ability of
the BC-1 to automatically return to previously measured points.

The final product of the observations was two data sets of X and Y
coordinates, unbiased by BC-1 applied corrections, oriented in a
conventional two-dimensional right-handed system. These image
coordinates were then transformed into the photo coordinate system. The
transformation corrects the observed image coordinates for distortions
caugsed by differential f£ilm shrinkage. Lens distortions as given in the
laboratory camera calibration reports (Appendix D) were alsc applied to
the transformed image coordinates. The corrected photo coordinates were
then used in an aerotriangulation least-sguares adjustment to compute
unbiased estimates for exterior orientation of the camera based on the
known survey contrel (Case 3 Solution, see Section 6.2). The corrected
photo coordinates will eventually be used for aerotriangulation least-
squares adjustment with a priori knowledge of the exposure station
obtained from the GPS antenna ephemeris file in order to perform a
system calibration {Case 4 Solution). The Case 4 mathematical model
will contain nine terms of interior orientation to model any additional
contributions of lens distortion caused by the installation of an
optical flat installed in the fuselage of the aircraft. The computation
of these terms is made possible by eliminating the correlation between
the terms of interior and exterior orientation by the introduction of
GPS observations for the exposure station. The computed parameters for
interior orientation should reflect the additional influences of the
complete airborne system on the laboratory calibration. The computed
corrections for interior orientation will be tested on a different
camera system in an attempt to prove that their contribution is truly
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related to the aircraft. The justification for the selected
mathematical model will be discussed more completely in Chapter 6.

5.2.2 IDPF Obgervations

The IDPF is a production-based analytxcal photogrammetry system designed
by OMI for NOAA. Within the IDPF is an analytlcal gtereo comparator,
data archive system, and digital processing system. The IDPF provides
the capability for super-imposition. Super-imposition allows the
simultaneous viewing of imagery and the digital mapping data base.

The IDPF was used to measure the diapositives obtained on DOY 301. More
pass-point observations were made since it was felt that an insufficient
number of pass point images had been measured on the BC-1.

The IDPF uses a self-check calibration which is automatically performed
on system start-up. Like the BC-~1l, the IDPF is kept in an
environmentally~controlled room. Unlike the BC-l, there is no
prescribed warm-up period prior to its use.

The imagery is measured in stereo with automatic pointing for all ground
point images entered or previcusly measured within the format. The IDPF
applies lens distortion (see Appendix D ~ Laboratory Calibration
Reports), differential film deformation and transforms the image
coordinates into the photo coordinate system. The parameters for these
corrections are obtained from the data base or can be user supplied.

The output from the IDPF is photo coordinates which can be directly used
for aerotriangulation or compilation. The instrument applied
algorithms for the corrections and transformations agreed with the
author'sa.

5.3 Coordinate Transformation

The image coordinate observations in terms of the comparator coordinate
gsystem are transformed to the photo coordinate system using a general
affine, six-parameter transformation. The s8ix parameter model imposes
the condition that parallel lines will transformed into parallel lines.
Non—~orthogonality and scale differences between the coordinate axes will
be accommodated by six parameters. The transformation of comparator
coordinates also compensates for linear film deformation.

§.3.1 Pilm Deformation

The placement of eight fxduclal marks along the edges of a standard
aerial photograph does not permit the accurate modeling of non~linear
film deformation within the central portion of the photograph and may,
in fact, be the limiting factor for a system calibration. For this
reason, the G Cone reseau photography will be used from this point
forward in the system calibration. The B Cone photography will be used
later to test the conclusions of the system calibration.

The transformation parameters are computed from known reseau coordinates
within a 1 om region of each set of image coordinates in the G Cone
photography. Although only linear film deformation is modeled, non-
linear film deformation can be approximated quite well due to the close
proximity of known reseau point coordinates to the image being measured.

5.3.2 gGeneral Affine Transformation
The following models represent the general affine six parameter
transformation in linear form (Merchant 1988):

X

ax + by + ¢

b4

dx + ey + £
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X and Y are observed reseau coordinates in the comparator gystem

x and y are known reseau coordinates in the photo system as
obtained from a stellar calibration

a,b,¢,d,e, and f are the linear form of the unknown transformation
parameters, where:

C, * cos(a)
C_* sgin(a)
ak
-C

x * sin(a+q)
C, * coglatq)
a

LI SN IR N |

L s T s B+

C, is the constant scale factor in the x axis

C, is the constant scale factor in the y axis

a’ 18 right-handed rotation between the x and X axes

¢ 18 the right-handed rotation angle of non-
orthogonality between the x and y axisg

dx is the separation component along the ¥ axis between

the x and X axis
dy is the separation component along the Y axis between
the y and Y axis

NOTE: Due to the linear nature of the transformation eguations which
regsults in constant scale factors in x and y only linear film
deformation can be compensated.

A solution for the six unknowns depends on a non-zero determinate
expressed by the following eguationt:

a*e - b*d

The transformation was based on observations of the nearest four reseau
points to the image. Eight observation equations of six unknowns can be
formed from the cobservations of the four reseau points. The statistical
detection of cutliers from the reseau observations is weak due to the
small number of degrees of freedom (8-6=2) and the lack of redundancy in
the measurement of the individual reseau points. Therefore, a four
parameter isogonal affine transformation of the following model was also
used to examine the residuals for the reseau observations

(Merchant 1988):

X

ax + by + ¢
Y = -bx + ay + d

The four-parameter transformation imposes the condition of conformality.
A common scale and orthogonality of axis is assumed. The six parameters
of the general affine transformation are reduced to four parameters as
follows:

g =0, and Cx = Cy

since orthogonality of axes and constant scale are assumed
a=e, and b = -d

The higher number of degrees of freedom (8-4=4), increaseg the
statistical probability for the detection of outliers in the reseau
observations. While the four-parameter model may yield more degrees of
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freedom, it may not model the transformation of reseau coordinates as
well as the six-parameter model. The four-parameter mathematical model
imposes more conditions on the solution which may not be entirely valid
for the population being sampled.

The four-parameter transformation was used first for each set of reseau
coordinates. The observations were assigned an accuracy 3 microns as
stated accuracy BC-1 User's Manual (1984) for a single observation. The
accuracy is based on an assumed linear scale error of one micron
combined with other residual errors (some of which may be systematic)
caused by the non-orthogonality of the comparator axes and uncompensated
drift in the BC-1 measuring system. The effect of systematic errors for
a gingle observation is assumed negligible because comparator scale and
non~orthogonality will be compensated for during the transformation of
raw stage coordinates into comparator coordinates. An a priori variance
of unit weight of 1 was assumed when determining the weights for the
observations.

The a posteriori variance of unit weight for each image point
transformation was tested using the Chi Square gtatigtic at a 90 percent
single tail uncertainty level. If the a posteriori variance of unit
weight exceeded the 90 percent single~tail test for four degrees of
freedom (2.3 statistic), the comparator coordinates for that image were
rejected from the final data set. The remaining image coordinates were
transformed using the six-parameter transformation model. In actuality,
little difference (if any) was to be gained by using the six-parameter
model. The six-parameter model is used by NOAA and since the
calibration was being performed for NOAA, the same model was employed.
The use of an accepted model helps attain statistical control over the
measuring and processing systems. This procedure was not used for the B
Cone imagery because of all image coordinates were transformed using the
gsame set of measured fiducial marks.

Additional G Cone image coordinate observations were removed from the
data set based on a Case 3 (mathematical model treats survey coordinates
as weight constrained parameters) aerotriangulation using survey control
but not GPS control of the exposure station. A rejection criteria of 3
sigma (99 percent confidence level) for the image coordinate residuals
(where sigma was the assumed standard deviation for an image coordinate
observation) was used in these cases. The following observations were
removed by the Case 3 aerotriangulation:

507 -~ all photos ~ only 2 sets of image observations and one
of those sets was rejected by the above criteria
508 - all photeos - only 1 set of image observations after
the transformation
542 - all photos - only 1 set of image observations after
the transgformation
543 - all photoa - only 2 sets of image observations and one
set of those sets was rejected by the above criteria
. 927 - rejected in photos 21 and 23 by the above criteria
929 - rejected in photo 24 by the above criteria
998 - rejected in photo 32 by the above criteria
5135 - rejected in photo 35 by the above criteria

The selected set of image coordinates transformed into the photo system
is now ready for further processing to remove known systematic errors.
The following standard errors are accepted for the image coordinate data
set thus far:
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a. BC-) esingle observation 3 microne
The standard deviation of a mean observation can be computed
by dividing the standard deviation of a single pointing by
the square root of the number of independent observations.
Since there were three independent pointings for each ground
image, the standard deviation of the mean pointing is:

3.0/(31/2) = 1,7 microns
b. BC-1 mean observation (3 samples) 1.7 microns

A full discussion of the standard error for an image coordinate will be
given in Section 6.2.2.b.

The a posteriori standard error of adjusted obeervations for the reseau
pointsg seldom exceeded 2 microns. In the several instances when the
standard error exceeded 3 microns, the measured reseau points were
greater than 1 om apart suggesting less accurate modeling of film
deformation. These few cases occurred when the incorrect reseau points
were observed or the bracketing reseau were not useable due to the poor
resolution of the image.
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CHAPTER VI
DATA ANALYSIS

6.1 Identification of Systematic Errors

The goal of the GPS/photogrammetry system calibration is to design a
measuring system which will minimize the sources and magnitude of
errors, enable the detection of remaining error sources and model the
imperfect measuring system. If the goal is obtained, then the measuring
system will have achieved statistical control as defined in the
beginning of this document.

Assuming that blunders can be reliably detected and random errors are
minimized by the measuring technique, known sources of systematic error
must be removed from the observations by modeling their effect. The
difference between precision and accuracy is based on the magnitude of
gsystematic error (Mikhail and Ackerman {1976)) which remains after all
other sources of error have been identified and removed from the
observations. Precision includes only random effect while accuracy is a
combination of random and systematic effects (biases).

A meagure of accuracy proposed by Gauss (Mikhail and Ackerman, 1%76) is
the Mean Square Error (MSE) which follows:

MSE = population variance + (systematic error)2
which can be approximated by
MSE = sample variance + (systematic error)2

when the sample variance is an unbiased estimator of the population
variance.

Ag the systematic errors are identified and removed, the MSE will
approach the unbiased estimate of the sample variance. In this special
circumstance the results of the system calibration can be assigned a
measure of accuracy which represents its uncertainty.

The measuring system associated with GPS controlled photogrammetry has
various gources of gystematic errors which occur due to the measuring
environment and instrumentation. The remainder of the section will be
devoted to an in-depth analysis of each systematic error considered for
the measuring system.

6.1.1 Timing
The general relationship between the survey coordinates of the GPS

aircraft antenna phase center and the exposure station of the camera is
a function of space and time. The spatial relationship is defined by
the vector between the GPS antenna phase center and the camera lens
entrance node. The antenna phase center iz the point within the
antenna's electrical field where the received signals are assumed to
converge, The entrance node of the camera lens (lst node) is defined as
a point within the lens system where all light rays from the object
space will pass as they travel towards the film plane. The object space
is assumed to end at the entrance node and, therefore, thisg point is
algso considered to be the exposure station of the camera defined in
terms of the survey coordinate system. This relationship was presented
in Section 2.4,

Time also plays an important role in relating the GPS position of the
aircraft’'s antenna to the camera exposure station. Generally, it is not
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practical to synchronize the collection of GPS information with the
instant of exposure. The collection of GPS information is synchronized
to uniform intervals of GPS time while the aerial film is exposed
according to a desired overlap dependent on the instantaneous and
continuously varying velocity of the aircraft. It will be shown in
Section 6.1.2 that it isg not necessary to synchronize the two events if
the timing offset can be kept to less than 0.5 sec, requiring the design
of the GPS receivers to collect data as freguently as once a second. At
ground speeds of 150 mph, the aircraft travels 67 meters per secondl

The GPS time of the exposure must be determined to an accuracy of 0.5
mgec (3 cm @ 150 mph) in order to ensure the positioning of the exposure
station to an accuracy of 10 cm, i.e., the predicted precision
obtainable from kinematic GPS positioning. The following discussion
will begin with the assumption that the aircraft motion can be
adequately modeled within intervals of less than one second. Proof of
this assumption cannot be verified directly since GPS receivers with a
faster sampling rate are not available. The excellent agreement between
GPS and aerotriangulated positions for the exposure stations gives
credibility to the assumption. Section 6.1.2 will present a study of
the effect of less frequent sampling intervals on the accuracy of
interpolating the aircraft's trajectory.

6.1.1.a An Example of Svstem Timing Techniques

The experiments conducted on DOY 299 and DOY 301 employed Wild Heerburg
RC-10 camera systems and Motorola Eagle GPS receivers. The time delay
between the exposure and GPS events was determined and recorded by a
Hewlett Packard (H/P)} 100 Mhz Universal Counter and H/P desk-top
calculator. A typical exposure event proceeded as follows:

a. The RC~10 camera system intervalometer triggers an exposure
sequence.
b. The RC-10 shutter control copens the capping shutter which

generates an electronic pulse to trigger a horizon camera.

c. The horizon pulse triggers the start of the H/P frequency counter
{a sophisticated stop watch).

d. The next elactron;cally generated Pulse Per Second (PPS) from the
Eagle GPS receiver stops the fregquency counter.

e. The H/P desk~top calculator records the elapsed time interval
accumulated by the universal counter and time tags the interval by
recording the displayed time of a digital clock synchronized to
GPS time.

The time interval between horizon pulse and PPS will always be less than
one second. The position of the exposure station based on the measured
time difference will be affected by the following factors:

a, The aircraft travels through a non-homogeneous medium which results
in abrupt changes in an otherwise uniform trajectory of the aircraft.
Prediction of these changes would be difficult, if not impossible, if
the sampling rate of the trajectory were not frequent enough. Using a
previous CPS/photogrammetry experiment conducted by Lucas, where every
other GPS epoch was removed, (thus increasing the time interval between
fixes to two seconds), it was demonstrated that the standard deviation
for a sample of survey point poaitions (aerotriangulated minus survey
control) increased from approximately 5 cm to 41 cm. Although this
demonstration was a limited sample, the result of increasing the time
between GPS samples is clear.
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b. A uniform timing interval enables the use of efficient equal
interval interpolation algorithms or finite differencing techniques.

c. Hven sampling intervals will make the detection of biases easier.
This point is most clear when one examines the GPS navigation data set.
During periods of nearly straight-line trajectory, a constant rate of
change ({velocity in cardinal directions) of the coordinates will be
noted. Any deviations can be efficiently and predictably found through
the double differences of the sequential GPS coordinates representing
the position of the aircraft antenna.

d. The longer the interval between epochs, the greater the demand for
long~term stability of the frequency counter. The universal counter
selected for the experiment had a published stability of 0.1 micro-
seconds over one second time spans. This stability estimate is degraded
when starting and ending timing biases are added. A better estimate for
complete timing events of less than one second is 1 micro-second.

The time interval between the horizon pulse and PPS signal was
investigated for the following time-related biages:

a. Horizon camera timing pulse to center of exposure.
b. True exposure time to shutter midpoint of opening.
¢. Timing biases in the timing c¢ircuit.

d. GPS epoch time to output of a one pulse per second (PPS)
timing signal.

6.1.1.b Horizon Camera Pulse to Center of Exposure

The RC=-10 camera generates an electronic pulse to trigger a horizon
camera through an electra-mechanical process. The timing of this pulse
is directly related to the shutter speed in order to generate the
horizon pulse reasonably close to the actual transmission of light
through the open shutter. The timing sequence for shutter opening
beging with a command from the intervalometer to the camera. This pulse
enables a circuit to open the capping shutter for a given time span
{longer than the shutter opening). The actual capping shutter open
command signal is generated by the closing of a reed switch. This
switch is drawn closed by a magnet (situated on one of the shutter blade
timing gears) as it passes beneath the reed switch. The magnet then
passes underneath a second reed switch and the closing of this reed
switch generates the horizon pulse. These pulses are logically "AND"
together so that the capping and horizon pulses only occur when combined
with the intervalometer command. The actual exposure will occur
sometime after the capping shutter pulse when the rotating shutter
blades are properly aligned and the capping shutter is still open.

The transmission of light through the lens system to the film occurs
sometime after the closing of the capping shutter reed switch but not
necessarily before the closing of the horizon camera reed switch. Three
different RC~10 cameras were tested and three different timing biases
for horizon pulse to shutter opening were found. A simple experiment
was devised by the author to determine the timing bias for each camera.
The bias is dependent on gshutter speed and can be accurately modeled
only if a well distributed set of shutter speeds is sampled. Two of the
cameras exhibited a constant timing offset between horizon pulse and
center of shutter opening while the third camera exhibited a timing bias
which was linearly proportional to the shutter speed. To the author's
knowledge, this is the first time the shutter to external pulse timing
bias has been this thoroughly investigated for an aerial camera. Taylor
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(1862 and 1964) reported that the midpoint of shutter opening on a Wild
BC—4 satellite tracking camera which also uses a rotating disk shutter
could be determined with an accuracy of 100 micro-seconds using an
electronically generated timing pulse, a gimilar but not identical
shutter timing measurement process. Subsequent investigations by the
University of Texas Applied Research Laboratory (Coker 1989) revealed
regults similar to the author for a Wild RC-20 aerial camera.

The ghutter timing bias was detected in the first place because the
flight line design included flight lines in opposite directions. A
shutter to horizon pulse timing bias of approximately 3 msec was
predicted from the data. O©Once again, this is the first
GPS/photogrammetry experiment to involve flight lines in opposite
directions. The problem was exacerbated by using different cameras to
photograph the same test area.

6.1.1.c Testing the NOAA G Cone
The first independent determination for the timing bias of the horizon

pulse relative to the midpoint of shutter opening, was performed in a
laboratory getting using the NOAA G Cone. The midpeint of shutter
opening was assumed to agree with the instant of exposure. The bias
between the midpoint of shutter opening and the actual chemical reacticn
between the incoming photons of light through the lens system and the
emulsion of the film is assumed to be negligible. The experzment was
conducted with the assistance of Frank Huffman, an electronic engineer
in the 0SU Department of Gecdetic Science and Surveying. For the
initial test, only the lens cone assembly was available. A small
electronic circuit was designed to simulate the intervalometer. Figures
10 and 11 illustrate the test layout while Figure 12 is a schematic of
the circuit which simulated the intervalometer.

A two channel oscilloscope was used to display the horizon pulse and
shutter-open signal once triggered by the intervalometer. The
electronic circuit mentioned above produced a pulse similar to the
intervalometer which activated the capping shutter and horizon pulse
circuitry contained within the lens cone. The shutter open/fclose signal
for the oscillescope was produced by light passing through the lens
system which in turn illuminated a photo diode that generated an
electric current. Several light sources were used to trigger the photo
diode. Florescent lighting produced the highest current by the photo
diode. The higher current created a well defined step function on the
oscilloscope display, indicating a very low signal to noise ratio and,
therefore, more accurately determinable pulse width. Incandescent light
caused a weaker and sightly delayed reaction compared to florescent
light, The horizon pulse triggered the start of the oscilloscope sweep
while the shutter-open signal was displayed sometime thereafter,
depending on the shutter speed. This test was used to model the timing
bias of the horizon pulse with respect to the shutter opening and the
effective shutter speed. A 75 percent efficiency level of the shutter
opening (see Figure 13) was assumed by measuring from midway up the
slope of the shutter opening to midway down the slope of shutter
closing. Varying the light intensity in subsequent tests proved that
nearly all the slope was due to the reaction time of the photo diode.
Every attempt was made to maximize the light intensity prior to the
measurements. The combined effect of the slope on both ends was reduced
to less than 0.2 msec by using a sufficiently bright light source and by
carefully positioning the photo diode in the plane of focus. Shutter
speeds between 1/400 and 1/1000 sec were sampled a minimum of ten times,
on two different days. PFor the first test, the lens and shutter
mechanisms were allowed to run at a shutter speed of 1/500 sec (the
nominal speed used by NOAR) for approximately 30 minutes prior to
sampling to allow the camera to reach thermal equilibrium (an average
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warm—-up time used by NOAA). The first test took a total of 1.5 hours to
complete. A second test was performed the following day with no warmup
time. The results agreed with the previous day within the resolution of
the oscilloscope of 0.1 msec. The conclusion drawn from the second test
is that the shutter system is got temperature sensitive within a
reasonable coperating range (60 ~800).

The timing bias, however, was shutter-speed dependent. The ¢ Cone was
subsequently tested a third time in the NOAA aircraft using the system's
intervalometer. The results of the third test verified the previous
laboratory experiment, thus confirming that the laboratory environment
was not significantly different from the actual operating environment of
the measuring system. Once again, confidence was gained in the
measuring process, enforecing the fact that statistical contrcl was being
achieved. As will be discussed later, the ¢ Cone was the only camera
lens cone to exhibit a timing bias dependent on the shutter
speed.shutter speed of 1/500 sec (the nominal speed used by NOAA) for
approximately 30 minutes prior to sampling to allow the

camera to reach thermal equilibrium (an average warm-up time used by
NOAA). The first test took a total of 1.5 hours to complete. BA second
test was performed the following day with no warmup time. The results
agreed with the previcus day within the resolution of the oscilloscope
of 0.1 msec. The conclusion drawn from the second test is that the
shutter system is not temperature sensitive within a reasonable
operating range (600—800).

The timing bias, however, was shutter-gpeed dependent.: ' The ¢ Cone was
subsequently tested a third time in the NOAA aircraft wusing the system's
intervalometer. The results of the third test verified the previous
laboratory experiment, thus confirming that the laboratory environment
was not significantly different from the actual operating environment of
the measuring system. Once again, confidence was gained in the
measuring process, enforcing the fact that statistical control was being
achieved. As will be discussed later, the G Cone was the only camera
lens cone to exhibit a timing bias dependent on the shutter speed.

The electronic device designed by Frank Huffman to replace the
intervalometer could be used to measure the effective shutter speed as
wall as the timing bias., The shutter speed is regulated by voltage
supplied to the shutter motor. Under actual operating conditions, the
shutter motor is supplied 24 volts (nominal) but the veoltage is
interrupted by a tachometer feedback circuit to contrel the shutter
motor speed. In the laboratory tests a constant voltage from a variable
regulated power supply was used. The shutter system is designed to
provide a continuously variable shutter speed from 0 to 1/1000 sec as
the voltage is varied from 0 to 15 volts. The voltage and shutter speed
are dependent., The test was desgsigned to check the shutter speed voltage
againgt the effective shutter speed and determine the timing bias at the
gsame time. Figure 14 illustrates the measurements recorded by the
oscilleoscope. Referring to the figure, the beginning of the sweep
indicates the horizon pulse trigger. The points T, and T, represent the
75 percent efficiency level. The actual oscilloscope trace was used to
measure the time differences between the horizon pulse, opening, and
closing events. Each shutter speed determination was performed ten
times.
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Figure 10 - Equipment Test Set-Up For Shutter Timing

Figure 11 - Wiring Set-Up For Shutter Timing Test



nEP
siaoss  — P
MAGNET ON ___é[ 1 ] E—
52 CLOSES Ti_-l—""_'
SHUTTER OPEN i :
\ .
A
819 | 813
- {15}{3)
&2
Km;{s] ZS 10MA5
0 m:zgg
By ScorE {2010 1]

=3

T0 SCOPE A A A

AR

c 1] 220
P jreia) \V4
/ / 1051
NC -
{17104)
o 121 Ui
ALED

¢/MOS, CD400%

{NN] INDICATES A CONMNECTCR ON SOCKET 10ST3
[N] INDICATES A WIRE COLOR

THIS CROUT ENERGIZES SOLENOD MAS FCR ABOUT
§0 WS AFTER THE BUTTCH IS PUSHED AND S1FRES

FOR SHUTTER SPEED, DVDE 0013 BY TALH VOLTALR

;rmm:]

CIRCUIT SCHEMATIC OF INTERVALOMETER SIMULATOR

Figure 12.

Circuit Schematic of Intervalometer Simulator

55



56

Hutusdo xe3inys zo AdusToTIym ueDIDg Gf g1 =anbry

Buuadp Jaiinys 40 Adualdajdidl %G/

L Cl

pesoy) Je33nus \f sufag Suuasdp 833nus

AduaiDa 443 “93INYS %GL




57

In addition to measuring the three events, the voltage supplied to the
shutter motor was also recorded. The midpoint of the shutter opening as
well as the timing bias were mathematically modeled by the following
equation:

T2 -~ Ti = 15*B/C

where Tl = shutter opening
(opening event - horizon pulge event)
T2 = shutter closing
(closing event - horizon pulse event)
B = scale factor for voltage readings
C = volts monitored at the shutter motor

The scaling factor B was included in the model to account for any
scaling error in the volt meter used to monitor the shutter motor
voltage and scale factor correction for the assumed ratio of 15 volts to
1/1000 sec shutter speed relationship. A least-squares solution was
used to compute the unknown parameter B and adjust the observed values
Ti, T2 and C. The arithmetic mean of the adjusted pairg of Tl and T2
yields the horizon pulse timing bias from the center of shutter opening
for a given shutter speed. The shutter speed for a given pair of
adjusted T1 and T2 values is the inverse of their absolute difference.

The same model expressed slightly differently can be used to compute
adjusted shutter speeds for a given supply voltage to the shutter motor.
The following model was used:

A = 15*B/C
‘'where A = shutter speed in msec (T2-T1)
B = scale factor for voltage readings
C = volts monitored at the shutter motor

In this model the unknown parameter is the scaling factor B, while the
observed quantities are A and ¢, The shutter speeds from this model
will of course be the same as from the previous model. With the latter
model, there is no need to trigger the scope with the horizon pulse.

The a posteriori variance of unit weight from the first model was 1.006
with 19 degrees of freedom. The Chi Square (XZ) Test supports that the
variance ie a valid estimate of the a priori variance of unit weight at
the 95 percent confidence interval as follows:

Hp ¢ Si.gma2 equals 1.0; vs H; : Sigma2 not egqual 1.0

orvd 2 y2 -
P(X%19,0.005)>%X X (49,0.975) = 0-95

where X% = 19%1.006/1.000 = 19.114
¥%(19,0.975) = 8.91
x%(19,0.025) = 32.85

Bo it can be seen that
P(32.85 > 19.114 > 8,.%1) = 0.95
and the Null hypothesis not rejected.

Figures 15 and 16 and Tables 6a and 6b summarize the results of this
investigation.
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6.1.1.d Timing Bias Tests of the NOARA B, G, and Z Cones

Armed with the results of the timing bias test from the G Cone, it was
assumed that all camera cones would have the same timing bias. Data
reduction was started for the two missiong , one involving the G Cone
and the other involving the B Cone camera (DOY 299-G Cone, DOY 301-B
Cone}. Initial data processing with the G Cone and GPS data went
according to plan, but the B Cone data would not correlate well with the
GPS information. fThere appeared to be a 2 or 3 msec timing bias between
lines flown in opposite directions. The magnitude of the bias was equal
to, but of opposite sign, to the horizon pulse bias modeled for the G
Cone. 1In order to resolve the problem, a new test was conducted which
included all NOQAA camera cones. The B and Z cones were in operational
status and could not be shipped to The Ohio State University. A new
test was devised to determine the timing bias while the various cameras
were installed in the NOAA aircraft. The experiment was moved to the
operational site of the aircraft. These tests did not require the
special electronic circuit because the Wild Heerburg intervalometer was
uged to operate the shutter. The oscilloscope was triggered directly by
the horizon pulse, while the ocutput from the photo diode used in the
previous tests was displayed by the sweep. A point was made to use as
much of the same equipment as possible to minimize any new timing blases
inte the measuring system. As predicted by processing the flight lines
fiown in opposite directions with the B Cone, the timing bias for the B
Cone proved to be at the center of exposure a timing difference of 3
micro-seconds! The G Cone was re-installed in the aircraft and tested.
The results agreed exactly with the laboratory experiment. This gives
strong proof that there is no difference between the two experiments or
environments. While the equipment was assembled, a third NOAA camera
cone (designated as the Z Cone) was tested and modeled for future work.
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TIMING SEQUENCE

!
!
!
P’

NOAA nGu CONE

& .

NOAA "Z" CONE

NOAA "B" CONE
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Table €éa -~ Delay in Milliseconds Between the Horizon Pulse
and Shutter Midpoint of Opening

60

Wild RC-10 Geodetic Lens Cone Shutter Calibration

Mathematical Model:

Tl =
T2 =

Shutter Opening
Shutter Closing

B= Scale Factor Correction
C = Voltage Monitored at the
Delay = T1 + (T2 - T1})/2

C
volts

15.096
15.189
13.300
11.%95
12.097
12.097
12.028
12.114
10.5817
9.091
8.946
9.041
4.008
8.994
7.456
5.795
6.094
6.094
6.164
6.144

V'PV = 19.240

T2 - Tl = 15*B/C
in Milliseconds
in Milliseconds

for Voltage Readings
Motor Drive Tachometer

Adjusted
T1 T2
msec msec
1.228 2,222
1.186 2.174
1.371 2.499
1.575 2.825
1.545 2.785
1.54% 2.788
1.541 2.789
1.561 2.79%9
1.812 3.238
2.17s8 3.825
2.162 3.838
2.050 3.710
2.132 3.798
2.166 3.834
2.644 4.656
3.506 6.094
3.31% 5.781
3.319 5.781
3.283 5.717
3.194 5.636

Delay
msec

1.725
1.680
1.935
2.200
2.165
2.165
2.165
2.180
2.525
3.000
3.000
2.880
2.965
3.000
3.650
4.800
4.550
4.580
4.500
4.415

Sigmaﬂ2 = 1.006 Degrees of Freedom = 19

B =

1.000050




Table 6k ~— Shutter Speed as a Function of Shutter Motor
Voltage

Wild RC-10 Geodetic Lens Cone Shutter Calibration

Mathematical Model: A = 15*B/C
A = Shutter Speed in Milliseconds
B= Scale Factor Correction for Voltage Readings
C = Voltage Monitored at the Motor Drive Tachometer

Adjusted
cC Shutter Speed
volts mgec
15.096 0.994
15.189 0.988
13.300 ‘ 1.128
11.995 1.251
12.097 1.240
12.097 1.240
12.028 1.247
12.114 1.238
10.517 1.426
9.0%1 1.650
8,946 1.677
9.041 1.659
9.008 1.665
8.994 1.668
7.456 2.012
5.795 2.58%9
6.094 2.461
6.094 2.461
6.163 2.434
6.145 2.441

V'PV = 18.879 Sigmaﬂ2 = 0.997 Degrees of Freedom = 19

B = 1.000051
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For the B and Z Cones, the horizon pulse is generated at or during the
shutter—open sequence so, it was not possible to observe the complete
shutter opening and closing events (T1 and T2). Although it was still
pessible to determine the offset, the shutter speed could not be
directly determined. The shutter gpeed in thege cases came from the
indicator on the intervalometer. 8ince the intervalometer was
calibrated by USGS in May, 1989 and since the resulte of the ¢ Cone
agreed, it is assumed that the intervalometer controlled the shutter
opening as calibrated. BAn attempt was made to capture the shutter-open
sequence by manually triggering the oscilloscope. It proved difficult
to observe the full shutter opening with any regularity. In the future,
a tap on the capping shutter reed switch should be devised to trigger
the oscilloscope display during shutter calibration. Once the shutter
is calibrated to the intervalometer, the test could proceed with more
confidence.

The determination of the shutter bias in the laboratory and aircraft
situation, as well as by use of aerotriangulation, represents the second
significant contribution to the research.

6.1.1.¢ True BExposure to Indicated Exposure Time

A secondary conclusion, inferred from the above tests, is that higher
shutter speeds will result in less timing bias due to the uncertainty of
the exact instant of the "chemical reaction" which creates the image in
the negative emulsion. The image is created from a chemical reaction
precipitated by the incoming light energy and the chemical composition
of the emulsion. The exact moment of "chemical exposure" is difficult,
if not impossible, to determine. Any assumption based on the exact time
of exposure will, therefore, be biased by this uncertainty. Some
undocumented tests were performed by NOAR using a Wild BC-4 camera and
stellar images in the early 1960s. These tests suggest that the instant
of exposure occurs 60 percent of the way through the shutter opening
sequence. The testa, however, were concerned only with a monochromatic
light source from stars. In the case of aerial photography, a broader
light spectrum and, therefore, a more complicated energy spectrum must
be considered. One way to minimize this problem and at the same time
minimize image motion is to use the highest possible shutter speed
thereby shorting the lens opening. The difference between shutter
midpoint and 60 percent opening will become smaller as the shutter speed
increases. .

6.1.1.f Timing Biases in the Timing Circuit
Timing biases were also discovered in the H/P timing circuit composed of

the Hewlett Packard universal counter and desk-top calculator.
Subsequent to the experiment, it was discovered that none of the
recorded time intervals (Horizon Pulse to PPS) ever exceeded 0.5 sec
even though it was logical to expect timing intervals from zero to one
second. It was found that nearly half of the GPS positions for the
exposure stations were in gross error (greater than 35 meters) relative
to the exposure staticon positions obtained strictly from survey-
controlled aerotriangulation. The photogrammetric exposure station
positions were used to determine the time of exposure by reverse
interpolation of the navigation file of one second positions. In every
cage where there was a suspected gross error, the interpolated time
differed from the timing circuit time by almost exactly 0.5 sec. A
timing circuit error of 0.5 sec was suspected. The intervalometer was
set to generate exposures of egual 80 percent end lap (not necessarily
equal time separation) so that the time intervals between exposures were
not guite equal (+/- 0.1 sec}. The difference between the times of
exposure was, however, close enough to accurately predict 0.5 sec timing
biases through a double-difference technique. The exposure timing
information {PPS~Horizon Pulse) for a complete migsion was assembled
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into a single file. The adjacent times were subtracted from one another
{single differences) resulting in a new file having nearly uniform time
differences except at the boundaries between flight lines. The single
differences were subtracted from one another (double differences). The
new double-difference file contained values of zero, one, or large
values. Zero differences infer correct timing differences between
adjacent samples. Differences of one second infer the transition
between 0.5 sec timing errors. The large differences once again
represent the boundaries between adjacent flight lines. To test this
conclusion, the predicted 0.5 sec timing errors from the double
differences were compared against the differences detected between
photogrammetry and GPS determinations of exposure station positions from
the interpclation technigue. A perfect agreement was found between
these methods of detection. Puture missions were pre-processed by the
double-difference technique to eliminate the 0.5 sec timing biases. A
programming error in the H/P universal counter is suspected to have
caused this problem.

6.1.1.g Timing Biases from the GPS Receiver

The PPS signals generated by the Motorocla GPS receiver used in the
experiment were also found to contain timing biases between this signal
and the GPS epochs. 1In this case, it was assumed from the information
contained in the User's Manual (1987) that all timing was coincident
with the GPS time tag for the epoch. The PPS should have the same time
tag as the GPS data (the time tags were not uniformly spaced becausa of
receiver clock drift). Again, the processing of lines.flown in opposite
directions, appeared to have timing biases of approximately 1.5 msec.
The timing biases varied line to line and mission to mission. Although
most noticeable on the comparison of flights in opposite directions,
this bias adversely affected the incorporation of the center flight line
in combination with the side strips. Upon further consultation with
Motorola, it was determined that the timing c¢ircuit for the PPS was
designed to produce the pulse on the GPS “rollover™ or integer second.
The timing for the pulse generation is based on and corrected for the
most recent epoch of GPS information. It is very important to realize
that the initial GPS navigation files were not based on integer time.
The timing bias between the navigation file and PPS was eliminated by
reprocessing the navigation information using program OMNI to shift all
time-tagged information to the GPS integer second. Figure 17
illustrates the potential problems when proceeding from relative time of
the timing device and absolute time (T,) of the navigation file.

Texp = (Tger = AT) + (Tppg = Tyeq) + (Tggp = Typd

In the above equation the time interval (Tg, ~ T,,) represents the
horizon pulse to shutter midpoint of opening as getermined from the
shutter timing experiments. (Tpps = Tier) is the GPS time difference
between the PPS and the nearest integer second. In the case of the
Motorola Eagle, this time interval is zero seconds. The time span for
interpolation can be obtained from the following equation:

Intefpolation Time Span = Tgy = Tpp + T¢

6.1.2 Exposure Station )
The GPS receiver collects the carrier phase and pseudo-range information

pertaining to the trajectory of the aircraft throughout the photo
mission. The raw data are processed by OMNI into trajectory information
consisting of GPS time~-tagged geocentric positions for the GPS antenna
phase center which ieg correlated to the exposure station through time
and crientation of the spatial offset system described earlier. The
antenna position at the time of exposure can be computed by
interpolating the trajectory based on the time of exposure. The camera



66

OTIRUIDS DWTT SJ9H O3 wILUIED ‘LT eanbtg
SpPU029g = Y
Ay, 4+ dXHy - X g = ow [, uonejodiau] uonisog

A&.m.ﬁ — A.Unmwh.v o+ A.:.erﬁ — mAmn—pNv 4- Ah.@ iﬂ.TVm..—U = nmvmm—h.‘

XAy ~Sddy, 1+31, dXdy;  dH, > (]
X sag/asnd wod-pIN oS
. : amsodxy BOZUOH

201a9(q Suruny, woxg 1p

ORIVNADS HALL SdO OL VIHAVO



67

exposure station position can then be computed using an orthogonal
three-dimensional transformation incorporating the spatial offsets and a
pricri estimates for the elements of exterior orientation. The error of
the individual component observations can be propagated during this
process to yield a covariance matrix for the camera exposure station.
Since it is not practical to control the GPS collection by the exposure
event. The antenna phase center position at the time of exposure must
be computed by interpolating the aircraft trajectory after the
appropriate timing biases have been added to the observed exposure time.

The GPS signals are sampled on a nearly uniform time interval affected
only by a very small (1 micro-second/sec) drift in the receiver clock.
The signals, subseguent to being processed by OMNI, have receiver clock
drift removed and have been time shifted so that all antenna positions
are equally spaced in time. The interpolaticon becomes simplified since
the data points are evenly spaced in time. The length of the uniform
interval (time between successive epochs of data) is governed by the ¢GPS
receiver hardware and may be the limiting factor for the accurate
interpolation of the exposure station position from the aircraft
trajectory. A one-second data collection rate is currently found to be
most acceptable. Shorter intervals may be more desirable from the
standpoint of interpolation accuracy, but are not obtainable by the
available hardware. Longer time intervals degrade the interpclation as
suggested in the following study conducted by the author.

The study was performed using GPS data collected at a one-second rate
and then thinned to two-second and four-second rates by remcving the
appropriate sample points. The thinned data sets were interpolated for
the migsing midpeint samples. The intent was to test the ability to
interpolate antenna positions over intervals of two and four seconds.
The GPS data sets used for this test came from two sets of Motorola
Eagle receiver data collected aboard the NOAA Citation and one get of
Ashtech receiver data collected aboard the Texas Highway Department King
Air. Comparison of the interpolated positions with the observed
positions indicate a standard deviation about the mean difference as
great as 41 cm (similar to Lucas' prediction in Section 6.1.1.a). The
number of samples whose position difference was greater than 20
centimeters was recorded for each data set and reported in Table 7.

The sample standard deviations for the various populations suggest a
degradation in position as the interval of interpolation becomes
greater. It is interesting to note that the magnitude of the standard
deviations associated with the NOAA Citation are different from the
Texas King Rir. The population variances were tested for equality using
the F statistic.

Hypothesis: Citation and King Air Population variances are equal, a Two-
sided Test.

Hy 2 Sigma.12 equal to Sigmazz; ve Hy : Sigma12 not equal to Sigmaz2
Alpha significance level of 1 percent.

Reject if F > Fgg 5(1038,872) or if F > Fy (2085,1502)

4 second sample 2 second sample
F = 0.170/0.085 = 2.0; F = 0.015/0.007 = 2.1
2.0 > 1.00 and 2.0 > 0.01 2,1 > 1.00 and 2.1 > 0.01

Thug: BAccept the alternative that siz not equal to szz
Considering the large Degrees of Freedom, this test has a high power
(Hamilton 1964).
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The differences between the two and four-second populations is most
likely caused by the inability to model the aircraft trajectories over a
time span greater than two seconds. The difference between the Ashtech
and Motorola populations may result from the same inability to model the
trajectories or may be causged by a larger signal-to-noise ratioc in the
Ashtech data set. The trend indicates that the shorter the
interpolation interwval, the higher the probability one has of
determining the true antenna position (assuming that the one second data
set represents the true value) at the time of exposure. The logical
conclusion, until further analysis can be performed on aircraft
stability, is that a one second sample rate is most degirable.

An interesting alternative to the above timing situation would be to
activate the camera shutter with the one second timing pulse generated
by the GPS receiver. 1In this procedure one may be able to entirely
eliminate the time difference between GPS fix information and exposure.
Interpolation of the GPS navigation file would be eliminated except
possibly for a constant time offset between the timing signal and the
camera response to the signal. The NOAA photographers were consulted
about this possibility. Their response was that a single exposure taken
on demand could vary from 0 teo 1 second from the time the shutter
release was pressed. A quick test by the author aboard the NOAA
aircraft indicated that the time delay would be on the order of 0.1 sec.
The Wild RC10 service manual states that the maximum time delay between
rotating shutter blade opening and capping shutter delay is leas than 70
msec. The time delay depended on the shutter speed, position of the
rotating shutter blades at the time the pulse was initiated, and the
vacuum status. The Wild shutter schematics were investigated by the
author and Frank Huffman to determine if a circuit could be built to
activate the shutter without the variable delay. It appeared that such
a circuit could be developed for certain shutter speeds, but would
require the disabling of the intervalometer, sensing the vacuum state
and establishing a different power supply and tachometer control for the
shutter motor, a proposition found unfavorable by NOAA at this time.

One major problem with this procedure would be the inability to
accurately control overlap as is the case with the current drift sight.
Some timing bias might still exist in any event. New receiver
technology accommodates the direct input of the shutter pulse into the
receiver memory. ‘The shutter pulse is time tagged to the recorded GPS
time. The new technology eliminates all the timing apparatus used in
this research. Until new camera technology is developed to enable a GPS
driven intervalometer, the author is content with the current timing
methods. The objective of the interpolation is to compute, using a
limited portion of the navigation file, a position for the antenna phase
center at the time of exposure which is within 0.5 sec of the central
time of the limited data set. The interpolation algorithm uses a second
order polynomial whose three coefficients are solved for by least-
sgquares method. The polynomial represents a curve which fits the
aireraft trajectory over a five second period. A different curve ig fit
to each coordinate axls. The coefficients represent the aircraft
position offset, velocity and acceleration in each coordinate direction.
The coefficients are computed from a sample of five consecutive time-
tagged data points most nearly centered about the exposure time.
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The following models are used for interpolating the antenna phase center
coordinates:

2
X, = a, + bt, + ¢ t
17 %x %1 x-1p
X, = a, + bxt2 + oty
- N - L) - 2
X = a + bxti + c,t;
where t, = timei - tima3; when 1 = 1,5; and
time3 = the central time

t, . . . t; are the five consecutive time tags of GPS
1 5 Pt
antenna phase center positional data

Similar equations could be written for the other two models:

F3
a + bt +ct
az + bZt + thz

Y
2

i1

The unknown parameters for each model are:

a = distance
b = velocity
¢ = twice the acceleration

The observation equations are:

- 2 . -
v, = a, + bxt + cxt X =0
2
= + B =
vy a, + byt cyt Y 0
= 2 . -
v, = a, + bt + ¢t 2 =20

The coefficient matrix elements for all three models are the partial
derivatives of the model with respect to the unknowns. The coefficient
matrix is the same for all three models, as follows:

[ 1 t t2
[ 1 t £2 ]
A= { 1 t £2 ]
[ 1 t t2 ]
[ 1 t t?2 ]

The observation vectors composed of the observed coordinate values for
each GPS epoch are:

for X; for ¥; for %;
T A -
T o* T Y2 T %
T Xy = Y3 T %3
X, e {3 A
T %5 ' " Y5 = 25

A least-squares solution minimizing the function
PHI = V' P V

is used to solve for the unknown parameters. The P matrix is the scaled
inverse of the covariance matrix (Sigma L,) for the observed quantities.
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The scaling is represented by sigmagz, the variance of unit weight,
which in this case has the value of 1. The solution for the unknown
parameters begins with the normal equations noted as follows:

V, = BK, + X
GIN
V., = RK, +

where;

-(a'pn) 1(a'px)
-(a'pa) YA pY)
~(a'Pa) 1(a'P2)

Rabate
# 0B

where the ' symbol represents the transpose matrix, assume for the
moment P = I (identity matrix);

A'PA = A'A = [ 5 5t 5£2

[ 5¢ 5¢2  s5t3 )

[ st 5t s5té )
A"PX = A'X = { Xy + X, + Xy + X, + X5 ]
{ xE, ot +oxt +ox + xsé:
{ )62+ x5t + xt? 4w €2 4 x € ]

gimilar equations can be written for A'PY and A'PZ.

The covariance matrix, P, is used to weight the contribution of each
chservation considering the span of time between the central observation
point and the camera exposure station. The assumption is made that the
five observations are independent and, therefore, the covariances
between observations are zero. Several different choices for the
variances were considered. The first choice was equal weights. This
choice was not considered appropriate considering possible non-
uniformity of the trajectory. A second choice was to compute the
variances by giving more weight to the center value of the
interpolation, a central weight scheme. The justification for this
decigion is based on the increasing difficulty to accurately model a
trajectory as the distance between data points increases. This fact was
confirmed by the test used to determine the need for a one-second data
collection rate for GPS observations. The weight for the central values
is, therefore, greatest with decreasing weights for the other data
points as the time span from the data point to the central value
increases. Several central weight systems were tried. The final scheme
weights the data points using a binomial_expansion technigque. The
central variance was chosen to be 1.0 c¢m®*., The following formula for
the variances of the weight matrix follows:

Sigma , =

(22 * 0.01 m? 0 0 0 0 ]
[ 0 2" * 0.01 md 0 0 0 ]
[ 0 0 29 % 0.01 m? 0 0 ]
[ 0 0 0 21 * 0.01 m? 0 ]
[ 0 0 0 0 22 * 0,01 m? ]

Thugs the time separation from the central observation is inversely
proportional to the weight. Again, no correlation was considered
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between observations. Therefore, the P (weight) matrix is a diagonal
matrix with the following elements:

Pyy = 1.0 / Sigmad, = 1/(2% # 0.01 n?)
Py, = 1.0 / Sigma, = 1/(2! * 0.01 m?)
Py = 1.0 / Sigma®; = 1/(20 * 0.01 m?)
P, = 1.0 / sigma?, = 1/(2} * 0.01 m?)
Pes = 1.0 / sigma = 1/(22 * 0.01 m?)

The a priori variance of unit weight is 1.0. fThe validity of this
weight system is supported by using a Chi Square test of the a
posteriori variance of unit weight against the a priori variance of unit
weight. The test indicated equal variances in 43 of 45 interpolations.
The validity must be tempered by the knowledge that the degrees of
freedom for the test is only 2 {number of observations - number of
unknowns, § - 3 = 2}.

The interpolated values for the antenna phase center at the time of the
exposure are expressed as follows:

Xoxp = Ky(1) + K (2)*(timey - time, ) +
K, (3)*(timey ~ timemm)z

Yoxp = Ky(1) + K (2)*(times - time, ) +
Ky(3)*(time3 - timeexp)z

zexp = K, {1) + K,(2)*(time; - timeexp) +

K, (3)*(time; - timeexp)z
The interpolated geocentric position of the antenna phase center at the
exposure time can now be transformed through the previously determined
system of spatial offsets to the position of the exposure station.

The errors due to the cobserved quantities and interpolation can he
propagated through the above system of interpolation equations if the
variances for the unknown parameters, position, and time can be
estimated. Estimates for the covariance matrix for the parameters is
obtained from the inverse of the normal equation matrix scaled by the a
posteriori variance of unit weight. The estimate for timing error is
obtained empirically from the knowledge of the precision for the GPS
time tags, timing delay between the camera and GPS, and the shutter
timing offset measurement. The first two error sources are
insignificant considering the velocity of the aircraft and the stability
of the receiver and timing clocks. The largest contributing facteor is,
therefore, the shutter timing offset. As reported earlier this error is
estimated to be 0.0005 sec. The error estimate for the GPS position is
given by Mader (personal communications} as 2 om in planimetry and 4 cm
in elevation. These values have been accepted as true. Assuming that
there is no correlation between the position, timing and unknown
pvarameters, a combined covariance matrix can be formed as follows:

[Sqy Sy2 S3 0 0]
(S42 S22 Sp3 0 0}
XT [ & 0 b s,° 0 ]
[ 0 0 0 b Sp2)

Syt and 8,y can be formed in similar manner.
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The variances SY2 and SPz represent the estimates of variances for time
and position, respectively.

The partial derivatives with respect to the interpolation equation are:

difda = 1
dF/db = t
dF/dec = t°
dF/dt = b + 2ct
dF/dp = -1

The partial derivatives differ for X, ¥, and Z because the polynomial
coefficients (b and c) are different for each coordinate. The
covariance matrix is also different for all three coordinates since the
covariance matrix for the parameters is scaled by the a posteriori
variance of unit weight for each solution of the parameters. The
partial derivatives of the interpolation equations with respect to the
coefficients, position, and time form the "G" coefficient matrix of one
row by five columns.

The propagation of covariances for each coordinate is computed as
follows:

(G*SXT*GT), (G*SYT*GT), and (G*SZT*GT)

The resulting scalers represents the estimate of the precision for the
interpolated antenna position in each coordinate.

Several assumptions are made about the camera and aircraft attitudes and
the resultant contribution to the error in the exposure station
position:

a. The exposure station will be defined as the entrance node to the
lens system of the camera.

b. The rotational elements for the exterior orientation of the camera
can be determined from aerotriangulation using survey control
only. A slightly less accurate transformation can be obtained by
assuming vertical photography and a swing angle equal tc the
azimuth between two consecutive antenna positions,

c. The pitch and drift angles are measured between the aircraft and
the camera. The pitch and drift angles were zero when the spatial
offsets were measured.

d. The covariance matrix for the exposure station can be obtained
through the various models using a pricri estimates of the
precision for the observations.

The antenna and camera coordinate systems are right-handed as are the
three rotations about the camera axes. The relationship is generalized
in Figure 18. The following three rotations and three translations are
used in the transformation:

1. The antenna coordinates at the time of exposure are
converted from WGSB4 rectilinear to ellipsocoidal latitude,
" longitude and elevation. The latitude (lat) and longitude
{lon) are then used to rotate the WGS84 coordinates into an
East, North, local vertical system.
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2, The propagated covariances are similarly obtained through
the above matrices to obtain covariances in the local
vertical system.

3. The spatial offset components between the camera and antenna
are then rotated into the local coordinate system using the
standard gimbal form. The rotation elements of Kappa and
drift are combined into a single rotation. Rotational
elements of Phi and pitch are also combined. No
determination of roll was made during the flight so, Omega
is treated independently. The combined rotation matrix is
an orthogonal matrix with the property that the transpose isg
equal to the inverse. Since the standard gimbal form
transforms from the survey coordinate system to the photo
coordinate system, the transpose will transform the spatial
offsets in the photo system to the local vertical survey
system. These transformed spatial offsets can then be
algebraically added to the antenna coordinates at the time
of exposure to produce the survey coordinates of the
exposure station.

4. No error results from the transformation (photo ~ survey)
because the angular quantities (latitude and longitude) are
assumed error free (at least in theory). The product of the
gimbal form rotation matrix by its transpose is equivalent
to the product of the rotation matrix by its inverse because
the rotation matrix has the property of orthogonality. This
property causes the product to equal an identity matrix.

The three rotation matrices which make up the gimbal form follow:

( 1 0 0 H

Rl = [ 0 cos{omega) sin{omega) i
[ o -gin{omega) cos{omega) |
[cos(phi+beta) 0 -gin{phi+beta)]

R2 = { 0 1 0
{sin(phi+beta) 0 cos{phi+beta))
{ cos(kappat+tgamma) sin{kappa+gamma) O }

R3 = {-sin(kappa+gamma) cos{kappatgamma) O i
[ 0 0 1

It may be argued that the camera rotates about a set of mechanical
gimbals whose rotational center may or may not be coincident with the
expogure station. If there is any eccentricity between the gimbal
rotational center and the exposure station (discussed in Section 2.4.4),
then the angles of exterior orientation cannot be algebraically summed
with the obsgerved angles of pitch and swing. The eccentricity
discugsion will begin with the particular situation encountered in this
research in which pitch and swing angles are small (less than 2°. A
more general explanation will follow.

By design of the RC~10 camera mount, the optical axis, about which swing
is measured also coincides with the vertical axig of the mount,
therefore swing and kappa angles can be combined without an eccentricity
correction. Such is not the case for the pitch angle. The exposure
station has a vertical separation of approximately 27 mm from the gimbal
origin (the gimbal center is probably at the camera's center
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of gravity). The aircraft pitch relative to the camera mount was
measured during actual flight conditions and is referenced to the
gimbals. A maximum pitch angle of 1.5" was measured and occurred at the
lower limit of the Citation's operating speed. The consequences of not
taking the eccentricity into account are as follows:

Maximum pitch error = 0.027m * sin(l.sﬁ) = 0.0007 m

A displacement error of the exposure station of less than 1 mm in the
direction of flight will occur by neglecting the eccentricity
correction. Since the Citation tends to porpoise (oscillate between a
noge up and down attitude) at the lower speeds which were used in the
research, this error would tend to be frequently less than the maximum
value computed above and was, therefore, not considered a significant
correction. This decision was further reinforced by the fact that the
horizontal reference plane instrumented by the inclinometer used for the
pitch measurement was probably accurate to no better than 0.5° and the
pitch observations were only taken once per flight line. In the future,
NOAA has procured digital inclinometer for the pitch and roll axeas which
are accurate to 0.1%. .

In the most general case, a camera mount consists of a double concentric
two orthogonal axis gimbal. The mechanical design of the gimbals and
the magnitude of the rotation angles may dictate a more thorough
investigation of the effect of the eccentricity.

The gimbal form rotation matrix is formed by the product of R1l, R2, and
R3 matrices. The order of multiplication is important only in the
general case mentioned above. The order of rotation for the specific
case is not critical, considering, the design of the camera mount,
magnitude of the angles (generally less than 2°), and since the
rotations are being treated in a purely analytical application.

The combined rotation matrix would transform survey coordinates to photo
coordinates. Since the spatial offsets are measured in the photo
gystem, the transpose of the combined matrix is required. The product
of the transposed matrix times the spatial offset vector yields values
for the spatial offgets in the survey system. The spatial offsets may
now be algebraically added to the interpclated position of the antenna
position at the time of exposure. The result is a set of GPS
coordinates for the exposure station and the associated estimates for
the position precision.

6.1.3 The Environment - Atmospheric Refraction
The first order theory in photogrammetry employs the condition of

collinearity. Simply stated, the condition of collinearity implies that
a ray of light travels undisturbed in a straight line from the object
space point, through the exposure station and terminates at the film
plane of the camera. Light waves only travel in straight lines when
pasaing through a medium of constant density. In the case of aerial
photogrammetry, the light rays from the object space travel through a
medium of diminishing density as they approach the camera. The change
in atmospheric density causes rays of light to refract (bend) in a
concave manner towards the center of the object space. The refraction
effect is further complicated by introducing an optical flat (window) in
the fuselage which separates the camera environment from the outside
atmosphere. The Earth's atmosphere is very uniform, with an average
temperature lapse rate (gradient) of -6.5° C/Km up to 11 Km and an
average pressure gradient of -100 mb/Km. These gradients suggest a
decreage in atmospheric density with altitude and, therefore, a decrease
in the index of refraction. The standard atmospheric models used to
correct for atmospheric refraction in the object space are based on the
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generalized gradients for pressure and temperature gradients mentioned
above. The atmosphere exterior to the camera compartment will generally
be less dense and, therefore, have a different index of refraction from
the atmosphere within the pressurized camera compartment. Assuming that
the optical flat (window) is perfectly ground as a parallel plate,
cbject rays entering the glass will be refracted away from the center of
the object space as they pass through the denser medium of the glass,
but will be refracted an egual amount towards the center of the object
space as they exit the glass into an atmosphere identical to that on the
exterior of the optical flat. The angular change and shift can be
determined from Snell's Law of Refraction as follows (refer to Figure
19):

nl * sin al = n2 * gin a2 = n3 * gin a3

Where:
nl = the index of refraction of air outside the
aircraft (71.0003)
n2 = the index of refraction of Crown Glass (- 1.52)
n3 = the index of refraction of air inside the aircraft
al = the angle of the incident ray
a2 = the angle of the refracted ray
a3 = the angle of the exiting ray

The above egquation can then be rewritten assuming equivalent atmospheric
conditions inside and outside the aircraft as:

nl * g8in al = n2 * sin a2 = nl * sin a3,

nl * sin a3,

gsince nl * gin al
al = a3.

The light rays on either side of the window are parallel. The shift
occurs in the object space. The consequences of the shift will be
discussed in greater detail in Section 6.1.5.

The atmosphere of the camera compartment is generally pressurized and
heated resulting in a denser atmosphere than exterior to the aircraft.
The denser atmosphere in the Citation camera compartment will cause the
light rays emerging from the window to refract less towards the center
of the image space s80 that the light ray will no longer be parallel to
its path prior passing through the window. The interior atmospheric
refraction combined with the refraction of the window tends to have a
canceling effect on the exterior atmospheric refraction.

The NOAA Citation II is equipped with a window in the fuselage which
isolates the camera from the environment exterior to the aircraft. The
cabin of the aircraft is pressurized to the nominal atmospheric pressure
at ground level up to an altitude of 2750 m above MSL, above this
altitude the cabin pressure is slowly decreased until a pressure
equivalent to 2750 m is reached at the maximum operating altitude of
12,200 m.
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The following atmospheric model was derived by Saastamoinen (1%74) to
accommodate this situation:

Saastamoinen Model for a Pressurized Cabin

R - i - - “6
K. = -2.316*((P, Py) /(2% Zy) 34.11*Pa/Ta)*10
where:
K. = constant of photogrammetric refraction
P,r Py and P, = atmospheric pressure (mb) at the ground, exterior
o% the axrcraft, and within the aircraft, respectively
T, = absolute temperature (Kelvin) within the aircraft
and %, = are the elevation of the exposure station and
eaevatxon cof the ground, respectively

The constants 2.316 and 34.11 accommodate the standard atmospheric
gradients for temperature, pressure, water vapor and gravity. This
model requires knowledge of meteorological quantities not measured at
the time of the experiment and which may be impractical to measure under
most operational conditions.

The atmospheric pressure at the expeosure station (assuming an
unpressurized camera compartment) was computed as described in Chapter 4
but will be repeated here for completeness.

T, = T, + (Hj - H) * B

Bpa == BPQ * (Ta / Tg) '34.11/3

Barometric Pressure (mb) exterior to the aircraft

Bpg = Barometric Pressure (mb) at the initialization point {airport)
Hg = Elevation {(m) of the aircraft antenna at the airport

H, = Elevation (m) of the aircraft antenna, and

Tg = Temperature (C) at the axrport

B = The temperature lapse rate in °C/Km

The temperature and pressure at the airport are assumed constant for the
entire flight. The constant 34.11 represents the standard atmospheric
change in barometric pressure in mb per 100 m change in elevation as a
function of pressure, temperature, water vapor, and gravity. The
temperature lapse rate B is a constant, 6.5, which represents the
temperature lapse rate of a standard atmosphere in °C per km in
elevation. The above model also depends on accurate observations of
atmospheric temperatures and pressures on the ground and within the
aircraft.  Unfortunately, accurate records of the barometric pressure at
the airport (assumed ground level) were not taken. The altitude of the
aircraft and the temperature exterior to the cabin were, however,
recorded in flight. An unbiased estimate of the aircraft altitude was
also determined from the GPS observations. From the above cbservations,
the ground pressure and temperature could be computed as follows:

1. The computed altitude of the aircraft based on the GPS observations
was 2060 m. The recorded altitude from the aircraft's altimeter which
wag set at the airport based on the known airport elevation was 2164 m.
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2., The difference between these values can be uged to determine the
difference in local barometric pressure at altitude and the ground.

3. The altitude difference of 104 m is approximately 10 mb when
computed from a simplified standard pressure gradient of .1 mb/m. The
nominal value for atmospheric pressure at MSL used by aircraft pilots
when setting their altimeter is 1013 mb.

4. The pressure at the airport, therefore, might have been 1013 mb ~ 10
mb or 1003 mb. The correction was subtracted because the altimeter
reading was high, reflecting a lower pressure.

5. The ground temperature can be computed from the above eguations by
solvgng for Tg instead of Ta. The computed ground temperature would be
7.4 .

6. Asg a check, the atmospheric pressure at 2060 m (the GPS determined
elevation) is now computed from the above egquations based on the
computed ground temperature and observed exterior temperature at
altitude. The computed atmospheric pressure at altitude is 806.8 mb.

7. Once again, using the simplified pressure gradient of 0.1 mb/m, the
atmospheric pressure at MSL would be:

806.8 mb + 0.1 mb/m * 2060 m = 1012.8 mb

versus the nominal assumed value of 1013 mb. Thus supporting the
previous assumptions.

Unbiased estimates for the unknown ground temperature and atmospheric
pressure have now been computed. The atmospheric pressure in the
aircraft was assumed to be at ground level pressure, 1003 mb (as
computed in step 4 above) because the aircraft was operating below
2750 m.

The accuracy of cabin temperature and pressure are subject to some
degree of speculation if it is assumed that the cabin pressure remained
at ground level throughout the flight and that the cabin was heated
evenly to 60° ¥F. The regulation of the aircraft interior, however, is
carefully controlled and any deviations will be assumed insignificant.
In the spirit of maintaining statistical control, an independent check
on the effect of atmospheric refraction must be developed. A new model
for atmeospheric refraction will be derived which combines the refraction
effects from the ground to the window and from the window to the camera.
The new model will alsc be independent of the precise knowledge of the
ground level meteorological parameters. The model has the form:

Kr = R + dR;
where:
. R is the refraction caused by the atmosphere
external to the camera compartment
dR is the refraction caused by the pressurized
camera compartment

Schut (1969) and Bertram (1966) used a similar summation of various
contributing sources for the computation of atmospheric refraction based
on a standard atmosphere. Saastamoinen {(1974) used their model to
compute the average index of refraction from the ground to the flying
height minusg the index of refraction at flying height {nm - nl). This
model is equal to the photogrammetric refraction (R). Olsen (1984)
showed that the refraction caused by the pressurized cabin could be
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computed from Snell's Law if knowledge of the indexes of refraction on
both sides of the window and the angle of the incident ray are known.
Employing certain assumptions about the difference of refraction and the
angular change between the incident and exit rays, Olsen showed that the
change in refraction dR is equal to nl -~ n3, the indexes of refraction
cutside and inside the aircraft, respectively.

A new atmospheric refraction model based on a standard atmosphere can be
derived from Saastmoinen's and Olsen's models as follows:

K. = (nm - nl) + (nl - n3) = nm - n3.
where:
nl is the index of refraction at the flying height
nm is the mean atmospheric refraction
n3 is the atmospheric refraction inside the camera
compartment

The similarity of this mcodel with Saastamoinen's model for a pressurized
cabin is easily recognized. The difference between the average index of
refraction and the index of refraction at the flying height can be
computed from any standard atmospheric model. The indexes of refraction
nl and n3 can be computed as follows:

(n3 =~ 1) * 10% = 79,0 * (p3/t3)

(nl - 1) * 10% = 79.0 * (pa/ta)
where:

pa is the atmospheric pressure at the flying height

ta is the air temperature at the flying height

p3 is the atmospheric pressure in the aircraft

t3 is the temperature in the aircraft
Remembey pa and ta can be conveniently observed during the mission.
Table 8 compares the difference between Saastamoinen's pressurized
camera compartment model and the

Table 8 -- Comparison of Atmoépheric Refraction Models

Radial Distance Saastamoinen R+dR Difference
from Principal Pt. Pressurized Cabin Mean Atm.
from PP (mm) {microns) {micrens) {(microns)
o 0.0 .0 0.0
15 0.2 0.2 0.0
30 0.5 C.4 0.1
45 0.8 0.6 0.2
60 i.0 0.9 0.1
75 1.4 1.2 0.2
90 1.9 1.6 0.3
108 2.4 2.0 0.4
120 3.0 2.6 0.4
150 4.5 3.9 0.6
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combination of the ARDC Model (standard atmosphere model) and the
computation of dR from direct cbservations.

Table 8 shows little difference between the models, thereby verifying
the accuracy of the computation of atmospheric parameters from
observations of the exterior temperature and altimeter during flight
operations.

The total atmospheric refraction correction was very small (less than 5
microns) even for the images at the extreme distances from the
perspective center. The systematic correction K, 6 based on the newly
derived combined model was applied to the image coordinates of the
vertical photograph in the following manner:
da = K. * tan(a) = K. * r/c

where: da is the change in nadir angle

a 1s the nadir angle

r is the radial distance from the prinecipal point

to the image
¢ is the camera constant

r =c * tan(a)
dr/da = ¢ * seca(a) = ¢ * (r2 + cz) / c?
dr = (¢ * (r? + c?) / ) * K_* z/c
dr = K * (r + r3/c2) =K. * (1 + rz/cz) * r
where:
dr is the radial distortion in the plane of a vertical photograph caused

by atmospheric refraction. The radial distortion can be expressed in
terms of the photo coordinate system as follows:

dx x * dr/r

image

dy = * dr/r

¥i mage
substituting in the equation for radial distortion,

2 )l
Kr * (1 + xf/ct) * X image

dy = K. * (1 + r2/c2)

dx

It

yﬁmge

The derivation was performed assuming vertical photography. The actual
photography was within 2 degrees of vertical for all photographs. The
deviation from vertical will not introduce any measurable systematic
error. The corrections dx and dy can now be applied to the transformed
photo coordinates.

6€.1.4 The Camera

The nine interior orientation elements for the camera describe the
equivalent camera constant, the principal point coordinates, and lensa
digstortion., The six parameters of lens distortion include: three
coefficients of radial (aberration) distortion, and three coefficients
of tangential (decentering) distortion.

The equivalent focal length is the linear distance from the rear nodal
point, measured along the lens axis, to the plane of best average
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definition across the entire photo plane. Often, a calibrated camera
constant is given which represents an adjusted value of the eguivalent
focal length computed to distribute the effect of lens distortion across
the entire photo plane.

The principal point coordinates represent the location of the
perpendicular intersection of the optical axis with the film plane in
terms of the fiducial cocordinate system.

As was mentioned earlier, camera calibrations are normally performed in
a laboratory where it is possible to separate the linear dependency
between interior and exterior orientation elements. Laboratory
calibrations performed in the United States by the U.8. Geological
Survey do not duplicate the actual operating conditions because the
laboratory and operating environments can be significantly different.
The laboratory calibration does not attempt to duplicate any of the
disturbing effects which occur naturally during the taking of
photographs. The limiting ability to simulate actual flight conditions
will effect the ability to accurately determine the intericr corientation
parameters. The stellar calibration for the 6 Cone and a laboratory
calibration for the B Cone were used ag a first order approximation to
correct the image coordinates for the systematic errors induced by
radial and tangential lens distortion components.

Radial Lens (Seidel Aberration) Distortion Model
dx = {Ki*rz + Kz*r[' + Ks*rb)*(x - Xg)

dy

il

(Ry*r? + Krrt + Rorr®)y*(y - yp)

where:

dx and dy are the components of radial
distortion

Kyr KZ' and K.3 are the coefficients of Seidel
Aberration distortion

%, and y, are the principal peoint ceoordinates

0 0 A p ;

x and y are the image point c¢oordinates

Tangential Lens (Decentering) Distortion
Conrady-Brown Model (Brown 1966)

ax = (Py*(r? + 2x%) + 2P,xy) (1 + Py*r?)

dy

]

(2Pyxy + Pp(r? + 2y%))(1 + Pyrr?)

where:
dx and dy are the components of tangential
distortion
P,, P,, and P, are the coefficients of decentering
1 2 3,
distorfion
x and y are the image-point coordinates

The components of radial and tangential distortion can be combined to
form a model for systematic lens distortion as follows:
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System Distortion Model - Based on a camera calibration

dx = (Ky*r? + K*rt + Korebyr(x - x) +
(Py*(x? + 2x%) + 2Pxy) (1 + Pg*r?)
dy = (Kp*r? + K*rh + Ko*rd)*(y - yp) +

(2P,xy + Py(r? + 2y%))(1 + Py*r?)

The Calibration Sheets for the ¢ and B Cones are contained in
Appendix D.

6.1.5 The Aircraft

The effect of the optical flat separating the interior and exterior
atmospheric environments and the resulting cabin pressure were mentioned
in section 6.1.3. The optical flat becomes part of the camera lens
system when calibrating a complete measuring system. The following
discussion of the effects of the optical flat begins with a first order
theory which assumes an optical flat with perfectly parallel surfaces
and progresses to a second order theory where parallel surfaces are not
agsumed.

A first order theory would assume that the optical flat is represented
by a plate of high quality glass of uniform density whose major surfaces
are ground flat and parallel to each other. If these conditions are
met, any light ray passing through the glass would be refracted by a
density change at the entrance and exit interfaces of the glass
surfaces. The incident and exit rays would remain parallel to each
other if the atmospheric density were the same on either side of the
glase (atmospheric pressure differences are compensated by the
Saastamoinen Model for a Pressurized Cabin).

The optical flat in the NOAA Citation is a 40 mm thick plate of crown
glass with a refractive index of 1.52. The shift and distortion in the
object space can be computed from the following equations (ASP 1980):

Py = sin(Phi ) * By /[ Agug

Phiglass = arcsin(P,)

Dy = A, * cos(Phi, )

Dy = Rgiass * €08 (Phig ,g)

Dy = 1 - (D,/D,)

D =T * sin(Phi; ) * D,

C=T* (1= (B / Bgaes)

DIS = T * (tan(Phi,,) - tan(Phig,e,) = C * tan(Phi )
where:

Phi,;. is the angle of incidence

Phiglass is the angle of refraction in glass

A.ir 18 the refractive index of air (1.0}

Ag@ss is the refractive index of glass (1.5)

T is the thickness of the glass plate

D is the radial shift of the exiting ray away from the
center of the glass
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C is the vertical shift towards the camera of the
optical ray

DIS is the radial distortion which results from the
combination of D and C

Table 9 lists some refractive shifts and distortions in the object space
caused by the NOAA Citation's optical flat, assuming the flat is
perpendicular to the optical axis of the camera.

In the second order theory (ASP 1980) an optical flat introduces three
types of aberrations, a displacement of the image plane, radial
distortion accompanied by astigmatism, and disturbance of the resolving
power. If the flat is placed between the object space and the first
lens vertex (Figure 20), as in the case of a window installed in an
airplane, the radial distortion will be outward from the center of the
lens system. The thickness of the window will determine the
displacement of the object plane. The displacement is approximately
one-third the thickness of the window. The effect on image resolution
ig hard to determine in advance. It is advisable to consider the
requirement for an optical flat at the time the lens is being designed.

It is important to understand the effect of the optical flat on the
interior orientation elements of the lens cone. The introduction of the
glase plate will not change the focal length, because, the location of
the entrance and exit nodes are not shifted with respect to the film
plane or positive plane. Lens distortion is, however, -introduced. The
distortion occurs in the form of astigmatism, barrel distortion and
spherical aberration. These three aberrations in combination cause both
radial and tangential distortion. The full extent of these distortions
ig hard to determine because the window is not anluded in the
laboratory calibration.

The window will be treated as a component of the lens system in the
final system calibration and it's effects will be modeled by tangential
and radial distortion components discussed previously.

The second order theory does not make any assumptions about parallel
and/or flat surfaces for the optical flat. The plate may, in fact,
deform due to the cabin pressure. The optical flat in the NOAA Citation
is 56 om long by 48 cm wide, and 40 mm thick with a total surface area
of 2688 cm?.

A cabin pressure of approximately 3 psi (interior - exterior atmospheric
pressure) exerts 1250 pounds of force on the optical flat. The optical
flat is mounted on a rubber gasket in a frame which prevents side-to~
side movemerit but does not constrain vertical movement. The mounting
arrangement prevents the glass from breaking under pressure by allowing
it to distort. 1If the optical flat is approximated by a circular plate
of area equal to it'gs true rectangular shape, Reuleaux's Formula {(Cberg
and Jones 1935) can be used to determine that the deflection of the
center of the plate would be approximately 0.1 mm assuming the glass has
a modulus of elasticity of 25,500,000. The deflection is small because
of the plate thickness. The plate, under pressure, would become very
#8lightly concave on the cabin side and thinner at the center where the
most pressure and least support exists. Considering the small change in
the radius of curvature caused by the deformation and considering that
both inner and outer surfaces would deform the same amount due to the
mounting design, a differentially small cross-section of the plate would
still have parallel surfaces.
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Table 9 =-- Refractive Shift of a 40 mm Thick Optical Flat

Phi,;. Phi e D C Distortion
degrees degrees mm o mm
c 0.0 0.0 13.3 0.0
5 3.3 1.2 13.3 0.0
10 6.6 2.3 13.3 0.0
15 5.9 3.6 13.3 0.1
20 13.2 4.9 13.3 0.3
25 16.4 6.3 13.3 0.7
30 19.5 \ 7.8 13.3 1.3
35 22.5 9.4 13.3 2.1
40 25.4 11.2 13.3 3.4
45 28.1 13.2 13.3 5.3

The effect of the refraction caused by the deforméd optical flat would
be extremely small and difficult to determine with any confidence.
Since the plate cannot be expected to deform in a perfectly uniform
manner, the digtortion cannot be defined as strictly radial or
tangential distortion. Instead, the overall effect of the distortion
will be considered as contribution to the other second-order effects
described next.

Another deviation from the first order theory would be to assume that
the optical flat and/or the airspace between the optical flat and first
lens vertex may not have parallel surfaces. Considering the airspace
first, the optical flat in the NOAA Citation (Figure 21}, is located
within 6 om of the first objective lens of the camera system. Realizing
that the NOAA aircraft generally flies in a slight nose up attitude and
the camera is level, the close proximity between lens and optical flat
may induce a systematic distortion caused by a differential change in
atmogpheric refraction acrose the field of view. The airspace in this
case would approximate a thin prism. Considering an optical flat which
does not have parallel major surfaces, the optical flat would also
approximate a thin prism. Ray tracing through a thin prism forms the
basis for the Conrady~Brown model (Merchant 1973) for tangential lens
digtortion.

It is impractical to confirm the existence of parallel surfaces or
parallel air space by direct measurement. The distortions caused by
these effects, however, ars similar to radial and tangential lens
distortion. The effect of such systematic errors can be modelled in the
system calibration by incorporating the Conrady-Brown lens distortion
model. As stated earlier, the observed image coordinates have been
corrected for lens distortion based on a previcus laboratory
calibration. The Conrady-Brown mathematical model will be used to
determine the combined effect of the optical flat and differential
atmospheric refraction on the combined lens system for the mission flown
on DOY 299. If the systematic effect determined is not related to the
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G Cone lens system or the GPS control of the exposure station, then the
model should be transferrable to the B Cone mission flown on DOY 301.

6.1.6 The Ground Survey Control

Ideally, the photogrammetric targets positioned in the survey control
system should be free of blunders, corrected for systematic errors, and
have reliable estimates for the random error. The survey control used
in thisd measuring system was determined by kinematic GPS control
surveys. The precision estimates are discussed in the Chapter 1 and
Appendix A.

Conventional survey control established for photogrammetry is separated
into ellipscidal coordinates for location and orthometric heights for
elevation. The transformation of these coordinates to a three-
dimensional rectangular coordinate system consistent with the projection
equations cannot be done without introducing some error. An assumption
must be made that the orthometric heights can be converted to
ellipsoidal heights by applying accurate values for the local geoid
undulation. A localwvertical reference system is most preferable
because the exterior orientation parametersa contain rotational elements
which relate the photo ccordinate system to the local~vertical reference
system. Both reference systems are three~dimensional rectangular
coordinate systems. The earth-centered GPS reference system can be
mathematically transformed into a local-vertical system without
introducing any error because orthometric heights are not used.

To highlight the potential problem of using orthometric heights, the
author compared the orthometric heights obtained from the conventional
survey at the TRC to the ellipsoidal heights obtained from the GPS
survey. A slope between the heights along the longitudinal axis of the
tegt track of 6.5" was computed. The slope was 3.2" as determined by
the RAPP 360 Model. The slope amounts to 10 centimeters over the 3.2 km
length of the track if left uncorrected. This source of error was
avoided by using geocentric rectangular coordinates for the signalized
control and exposure stations in lieu of the necessgity of determining
more accurate local geoidal variations. All elevations are referred to
the ellipsoid in lieu of the geocid.

All of the systematic errors discussed thus far have been removed from
the observations during the various processing stages. Table 10 lists
the identified error sgsources, their model, and the manner in which the
correction was verified.

This concludes the discussion of systematic errors.
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6.2 Photogrammetric Solution

The observed image coordinates can be transformed into object-space
coordinates if the elements of exterior orientation and interior
orientation are known. The usual photogrammetric aerctriangulation
sclution depends upon a certain number of image coordinate measurements
of objects with known coordinates in the cbject space. The elements of
interior orientation are assumed known and the elements of exterior
orientation are treated as unknown parameters that are solved for in an
over-determined system of observation equations. The cbservation
equations are derived from a three-dimensional projective transformation
of object-space coordinates to image-gpace coordinates.

The condition of collinearity is normally imposed on the observation
equations. The condition of collinearity assumes that if a ray of light
ig allowed to pass undisturbed through the atmosphere and lens system to
a location in the film plane, this path will be a straight line. The
atraight line is defined by the cbject-space coordinates, entrance node,
and image coordinates. The condition of collinearity forms the "First
Order Theory" of photogrammetry, as described by Bender (1971).

The "Second Order Theory" of photogrammetry assumes that the
collinearity condition is vioclated since the image coordinates are
distorted by the systematic effects of film deformation, atmospheric
refraction, and lens distortion. The Second Order Theory incorporates
corrections for the distorting influences. The research, thus far, has
reached the Second Order Theory.

The "Third Order Thecry" of photogrammetry assumes that additional
distorting influences are identified and modeled in the observation
eguations. Brown ((1969) and Gruen (1978) are two prominent researchers
who have developed polynomial models to describe various effects not
otherwise removed by the Second Order Theory. Two factors they have
considered are film platen flatness and thermal gradients within the
camera optics. The polynomials may accurately model real conditions,
but these conditions do not necessarily occur all the time or in every
measuring system. The polynomial models generally improve the results
of the aerctriangulation solution because all unknown arror sources,
identified or otherwise, tend to be absorbed by the polynomials. Some
of the srrors abaorbed by the polynomial may be time or situation
dependent, therefore, the polynomial would not accurately model the
measuring system at a different place or time.

For thig resgearch, only the First and Second Order Theory mathematical
models are adopted. The observation equations are derived from a
projective transformation, imposing the collinearity condition, and
containing parameters of interior orientation used to model the effect
of the optical flat on the airborne system. The effect of the optical
flat is, therefore, assumed to be independent of time and place. Proof
of this statement will come from the application of the optical flat
distortion model derived from the G Cone photography to correct photo
image coordinates obtained by the B Cone installed over the optical
flat, but on a different photo mission.

6.2.1 Obgervation Equations

The observation equations incorporating First and Second Order Theory
asgume that the systematic effects of film deformation and atmospheric
refraction have been removed from the observed image coordinates. These
corrections were applied during the transformation of comparator
coordinates to photo gystem coordinates.
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The film deformation was eliminated by transforming the comparator
coordinates using a six-parameter general affine transformation based on
observations of the closest four reseau points. The details of this
tranasformation were discussed in Section 5.3. The transformation will
also eliminate linear scale distortions in the comparator system as
well. The localized nature of the transformation made possible by
reseau photography enhances the ability to accurately model film and
comparator distortions. Although non-linear effects are not directly
medelled, their effect is minimized by the close proximity of known
reseau coordinates. The photo coordinates were corrected for the
effects of atmospheric refraction using a pressurized cabin model., The
model was discussed in Section 6.1.3.

The photo coordinates were then corrected for lens distortion, as
determined from a stellar calibration. The photo coordinates are now
agsumed to have been corrected according to the Second Order Theory. If
no further disturbing effects exist, the condition of collinearity has
been achieved.

The research will use a modified version of the Third Order Theory of
photogrammetry by assuming that the optical flat has had a disturbing
effect that can be modeled by the same elements of interior orientation
used in the Second Order Theory.

The derivation of the observation equations begins with the General
Projective Equations (Gimbal Form) (GPE). The GPE are used to transform
object~space (gurvey) coordinates into image-space (photo) coordinates.
The transformation requires the solution of six parameters (3 rotations
and 3 transglations). The transformation assumes right-handed Cartesian
coordinate systems for the photo and survey coordinate.systems. The
rotations in this solution are right-handed rotations:of Kappa about the
2 survey axis, Phi about the Y survey axis, and Omega about the X survey
axis {(in the general case, the rotations can be defined in any
consistent convention). The rectangular coordinates X or and 2,
define the locaticn of the entrance node (exposure staglon) in terms of
the survey coordinate system.

The three rotation matrices which make up the gimbal form follow:

{ 1 , ] 0 |
Rl = [ 0 cosa{omega) sin(omega) )

[ 0 ~gin{omega) cos (omega) |

{ cos(phi) 0 ~gin{phi}) ]
R2 = [ 0 1 0

[ sin(phi) 0 cos(phi) ]

{ cos{kappa) sin(kappa) 0 ]
R3 = ([-sin(kappa) cos(kappa) 0 ]

{ 0 0 1 ]

The three translations which are used in the gimbal form are:

DX = (X - Xg)
DY = (Y = Yg)
DZ = (Z - zo)

where: X,,Y,, and 2, are the coordinates of the exposure station.
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The GPE c¢an now ba written as:

[x = x4] = {DX]
[y = vl = {R1 * R2 * R3] * [DY]
[z = 2z4] = {Dz}

The coordinates x, y, and z represent a three-~dimensional right~handed
coordinate system of the photo system whose origin is at the exposure
station. The coordinates x, and y, define the principal point in a
fiducial centered systen. he coordinate difference z-z, represents the
camera constant, because the z is coordinate is always zero in the two
dimensional photo coordinate system!.

The condition of collinearity is now applied to the GPE. Using similar
triangles and vertical photography (Figure 22) the following
relationships can be developed:

]

/X
y' /¢
The coordinates x' and y' are the photo coordinates of an object-space

point whose survey coordinates are X' and ¥' and ¢ is the camera
constant (labeled f in Figure 22) defined as z ~ z,.

c/ 2'; or x''=¢c * X J @

¢ / 2' or y' =¢c*Y' J 2

The mathematical model based on the GPE becomesa:
f(x) = (x - x) - ¢ *X" [/ 2z
£{y) = (¥ - ¥y —c*Y" /2

The values for X', ¥', and %' being obtained from the matrix
multiplication RI1*R2+*R3.

In summary:

X, ¥
Xgr Yor and ¢

photo coordinates in the reseau system
principal point coordinates in the
reseau system, with c defined as the
camera constant

]

Xgr ¥y, and 2, = gxposure station coordinates in the
survey system
X, Y, 2z = object-space coordinates in the survey
system
Kappa, Phi, Omega = Gimbal angle rotations relating survey

and photo system

In the ganeral case the six parameters of exterior orientation (Kappa,
Phi, Omega, X,, ¥,, and Zy) are unknown. The kinematic GPS solution,
howeaver, provgdes a priori knowledge of the exposure station coordinates
X3¢ Yo, and Z It will be shown that the a priori knowledge can be
used,%o elim nata certain linear dependencies between parameters of the
combined Third Order Theory model. The elimination of the linear
dependence makes possible the analytical calibration of the airborne
photogrammetric system.

The next step in the development of the mathematical model is to add the
model for combined lens distortion. The combined lens distortion model
derived in section 6.1.4 is repeated below.
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dx = (Ky*r? + Ky*ré + Rgrrfyw(x - xp) +
(P, (r? + 2x%) + 2Pxy) (1 + P3*rd)
dy = (Ry*r? + Krrd + Revrb)y*(y - yg)

(2Pxy + Py(x? + 2y%))(1 + Py¥r?)
The mathematical model based on the GPE become:
f(x)

£(y)

Xgr Yqr S0 Ky Ky, Ky, Py, Py, Py, Kappa, Phi, and Omega will be treated
as unknown parameters in a leaBt-squares solution.

it

(x ~ %5) = ¢ *X' /2 +dx=0

(Y = ¥g) ~e*Y" [/ 2' +4dy =0

The above set of egquations are known as the mathematical model which
relates the unknown parameters to the observed quantitiea ({Merchant
1973). The various parameters involved in the solution can be treated
differently, leading to the definition of four cases for the solution.

Case 1 considers the photo coordinates as the only observed quantity.
The survey coordinates and interior elements of orientation are given as
correct. The exterior elements of orientation are gomputed by least
squares.

Case 2 considers the photo coordinates and exterior elements of
orientation as cobserved quantities. The survey coordinates are given as
correct. The interior elements of orientation are assumed correct. The
exterior elements of orientation are adjusted by least squares. For
this research the exterior elements X,, Y,, and Z, are directly
observed. The following mathematical models must be included in the
solution:

[
o

F(Kappa) Kappa0 - Kappa,

F(Phi) = Phig - Phi, = 0

#
o

F(Omega) = Omega, —~ Omega,

F(Xg) = Xgg = Xgg = 0

F(¥y) Yoo = Yoa = 0

F(ZO} = 200 - an = 0

Kappa, Phi, and Omega are assigned a weight of 0 (infinitely large
standard error).

Case 3 considers the photo c¢oordinates, exterior elementsa of
orientation, and survey coordinates as observed quantities and treated
as weight constrained parameters. The survey coordinates of the pass
peints which do not have geodetic positions are still considered as
observed gquantities. The interior elements of orientation are assumed
correct. Adjusted values for all observations are computed by least
squares. The following additional mathematical models for observations
of survey coordinates must be added to the Case 2 Solution:
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F(Xj) = xjg - xia = 0
F(Y;) =Y~ ¥, =0
F(Zj) = Zja - zjﬁ = 0

The sub-script j identifies a particular control point. A total of 3 *
j equations must be included in the solution.

Case 4 considers photo coordinates, interior and exterior slements of
orientation, and survey coordinates as observed guantities. Adjusted
values for all observations are computed by least sguares. The
following additional mathematical models must be added to the Case 3
Solution:

F(xp) = X35 = Xq,

F(¥p) = Yoo ™ Yoa

F(c) =c, - c,

F(K1) = Klj = K1,
F(K2) = K2y ~ K2,
F(X3) = K3, - K3,
F(P1) = Pl - P1,
F(P2) = P2y - P2,
F(P3) = P3; - P3,

The Case 4 solution can only be used if the correlation between Z and c
can be removed. As discussed earlier, Merchant (1972) experimented with
mixed ranges, Tudhope (1988) experimented with convergent photography,
this research uses the a priori knowledge of X,,Y,, and Z; as did Brown
who experimented with the USAF's USQ-28 Geodetic Sub-system in 1969.

The correlations are discussed in Section 6.3.2.a.

The mathematical model based on the GPE contains non~linear terms., The
model is approximated by using the linear terms of a Taylor's Series
Expansion to approximate the model. The non~linear terms of the
Taylor's Series Expansion are dropped. The observation equations may be
expressed according to the following notation (Merchant (1973):

av + B%x® + B%x®* + Bix' + E =0

B®, B%, B are the design matrices which represent the partial
derivatives from the Taylor's Series Expansion with respect to the
exterior orientation, survey and interior orientation parameters
respectively. The A matrix is the identity matrix composed of the
partial derivatives with respect to the image coordinates. BAll partial
derivatives can be found in Merchant (1973).
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The observation equations for the rest of the mathematical models
follow:

V8 - x* + Ef =0
Vs_xs+Es=o
vi - x4+ B =0

The combined get of observation eguations becomes:

v + B°%® + B%X® + BiXxi +E =0

Ve . x* s E* = 0
vE - X% + ES = 0
vi ~xt+ el =0

A discussion of the formation of the normal equations and exploitation
of the normal equation pattern is presented by Merchant (1973) and will
not be repeated here.

6.2.2 Weighting System

In Cases 1, 2, 3, and 4, it is assumed that covariance estimates are
available for the observed quantities. For this research, it will also
be assumed that there is no correlation between the observation types.
In fact, all the cobservations within each type are assumed to be
uncorrelated and, therefore, all weight matrices will contain only the
diagonal elements of the observation variances. The variances represent
accuracy estimates for the observations. An individual weight can be
expressed as follows: o

Wi ® aigmazo / sigmaaij
or
wip =1 / sigmaaij
when: siqmazo = 1

All the welght matrices are therefore scaled by a common a priori
variance, Sigma, having unit weight. A value of unit weight assumes
that the inverses of the observatiocnal weights are true estimates Of the
accuracy of the measurements themselves. The a posteriori variance of
unit can be computed from the weighted squared sum of the obgervational
residuals divided by the degrees of freedom. The variance of unit
weight is usefu% for assessing the results of the adjustment. The
statistical Chi® Test can be used after the adjustment to compare the a
priori to the a posteriori variance to see if both variances could be
equal with a certain probability. If the test passes, one can assume
that the a priori estimates for the cobservation accuracies were
reasonably correct, and unbiased assuming a normal distribution. One
may also draw a conclusion that the mathematical model was correct. If
the test fails, it must be ascertained first if the computations were
performed correctly, second if all systematic errors were accounted for,
third if the proper number of condition and/or constraint equations were
determined, fourth if the actual functional relationship of the
equations is correct, finally if the proper stochastic model was
agsumed.
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6.2.2.a Survey Coordinates
The standard errors for the survey control coordinates are estimated

from the kinematic GPS survey by comparison with the conventional
survey. The conventional survey served as a standard for comparison of
distances, angles and height differences because the sgtandard errors for
the adjusted coordinates are on the order of 2 mm. The comparison of
GPS to the conventional survey adjusted distances, angles, and elevation
differences are listed in Table 2 in Section 2.3. A standard error of 1
cm is estimated for each coordinate based on the comparison., The
coordinates are assumed to be uncorrelated. It is acknowledged that
some correlation might exist between kinematic GPS$ coordinates as
correlation exists between all survey coordinates, the author does not
believe that the omigsion of correlation would seriously bias the
regsults of the adjustment. The estimate was checked by computing the
sample variance for each coordinate based on repeated observations. The
sample standard deviations were also close to 1 cm in magnitude.

6.2.2.b Photo Coordinates

The standard error for the photo coordinates is obtained from a
combination of sources which include the BC-1 measuring system, the
operator's peinting ability (personal equation), and image sharpness.
The standard error of a BC-l1 cbservation is 3 microns aas stated by the
manufacturer. This estimate will be degraded by the operator’'s
familiarity with image mensuration {almost none in my case), and image
guality. The G Cone camera is optically tuned to the orange spectrum
while the targets at the TRC were white on black, somewhat degrading the
image sharpness. In fact, the low altitude targets could not be
observed unless the image was near the center of the photo. This was
not the case with the B Cone photography. Since there is no statistical
basis for estimating the contribution of the operator's ability and
image sharpness, standard errorg used in other projects such as the Ada
County, Idaho photo-gecodesy project, Tudhope's camera calibration thesis
and NOAR IDPF were compared.

The a posteriori standard error for image coordinates obtained from the
Ada County Photo~Geodesy Project was 2.7 microns for G Cone imagery.
This estimate is based on six observations of each image point along
with six reseau peoints for each image. The targets for this project
were painted orange to take maximum advantage of the optical system
resolution. BAn estimate for the standard error based on three
observations per point (the number of observations taken on the BC~1)
would be:

2.7 microns * 672 / 3¥2 = 3.8 microns

Tudhope used a standard error of 3 microns for his work performed on the
same BC-1 but with imagery obtained from a camera unbiased for the black
and white targets. NOAA uses a standard error of 5 microns for all
image coordinates measured on the IDPF, regardless of the number of
pointings. Based on the above comparisons, a standard error of 4
microns for all image coordinates was adopted.

6.2.2.¢ Elements of Exterior Orientation

The standard errors for the rotation and translation elements of
exterior orientation will be treated differently. The rotational
elements will have an infinite standard error so that the rotations will
be solved for as free parameters in the adjustment. The translation
elements {exposure station coordinates) are treated as observations,

T'he standard error for exposure station coordinates was computed during
the interpolation and transformation of antenna coordinates to exposure
station coordinates. The error propagation . technique is explained in
Section 6.1. The standard error for X, and Y, is 5.0 cm for flight
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lines 1 and 3 which are flown against the wind (i.e., lower ground
velocity). The standard error for X, and ¥, is 6.5 cm for flight line 2
which is flown with the wind (higher grouné}speed). The standard error
for all 2, coordinates is 4.0 cm (nearly constant velocity). It should
be noted ghat the standard errors depend on the aircraft veloecity, thus,
the reascon for slightly larger estimates for flight lines flown in the
direction of the wind.

6.2.2.4d. Elements of Interior Orientation

The standard errors for the elements of interior orientation will be
infinity. The elements will be treated as free parameters in the Case ¢
adjustment. The elements are initially assigned standard errors of zero
to stabilize the solution during the first two iterations. This
procedure is used to separate the influence of interior orientation
parameters on the exterior crientation parameters and is fully discussed
by Tudhope (1988).

6.2.3 The Least-Squares Scolution

Ten photographs were selected from the block of three strips of five
photos each. Four photos were selected from the center strip. The
three center photos were selected from each side strip. The block
maintained 80 percent overlap and 60 percent sidelap and adequately
covered the entire set of photo targets. The ten photos contain 152
measured image points. Table 11 summarizes the various guantities
involved in the solution.

The direct obgervations include the x and y image coordinates which are
measured on the BC-1 analytical plotter. GPS provides observations of
the unknown translation parameters of exterior orientation. The survey
coordinates have been directly measured at the phase center of the GPS
antenna by kinematic GPS observations. The survey coordinates are
introduced to the sclution as weight constrained parameters. The
solution has

n+r«u = degrees of freedom
or
292 + 120 - 159 = 283 degrees of freedom

Table 11 -- Observations and Parameters Involved in the System
Calibration Least-Squares Adjustment

Direct Obgerved Unknown
Observations Parameters Parameters
{n) (r} (u)
Image Points 292 0 0
Exterior Orientation :
Rotations 0 30
Translations 0 30 30
Interior Qrientation 0 0 9
Survey Points 0 S0 20

The linearized observation equations of a non-linear model require
reasonably good estimates for the unknown parameters. The unknown
rotational parameters are estimated from a Case 3 solution. The
parameters of interior orientation are initially assigned estimates of
zero because the lens distortion contribution (from the stellar
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calibration) has been applied during the process of transforming
comparator coordinates to photo coordinates, leaving only the small
effect of the optical flat. The calibration solution will yield
estimates for the unknown terms of interior orientation resulting from
the optical flat. A second calibration solution is performed with image
coordinates left uncorrected for the laboratory calibration of interior
orientation elements. The difference between the two solutions for
interior orientation elements was the values of the laboratory
calibration. The contribution of the optical flat on interior
orientation has therefore been iscolated from the total interior
orientation valuea. This fact is important because it demonstrates that

both solutions provided unbiased estimates for the interior orientation.
Proof of this statement will be accomplished by transferring the

interior orientation model for the optical flat to a second camera
system and determine iLf the aerotriangulation results are improved.

6.3.2.a Linear Dependencieg
If a design matrix contains two or more rows or columns which are scaler

multiples of one another or if a linear combination of rows or columns
are equal, the condition of linear dependence is said to exist. 1In this
asituation, the matrix fails to have full rank. Provided that the design
matrix combines with the weight matrix in the formation of the normal
matrix, the normal matrix will also lack full rank and will have a
determinant of zero. It is not possible to compute the Cayley Inversa
of a matrix which has a determinant of zero and, therefore, a unique
solution for the unknown parameters is not possible and an infinite
number of solutions will exist for the observation equations. The point
of the research ig to eliminate known linear dependencies by employing
GPS poeitioning in the first place. <

Until now, great importance was attached to the need to reach a state of
statistical control in order to calibrate the measuring system. Even if
the state of statistical control has been reached, it is poasible that
certain unknown parameters in the solution are highly correlated or
linear dependent. The solution of one unknown may depend on another
unknown. In the classic sense of a least-sguares solution, linear
dependency prevents a unique solution of the unknown parameters for the
system calibration.

As an example of the linear dependence which exists in the analytical
calibration using vertical photography over flat terrain (this
research), consider the relationship between the flying height (Z-Z;)
and camera constant (c) in the application of the condition of
collinearity. The mathematical model can be expressed as follows:
f£(x) = (x - %) ~¢c*m/q=20
£(y) = (y ~yg) —c¢*n/g=0
assume vertical and crab-free photography, so
Kappa = Phi = Omega = 0,
and therefore,
Rl = R2 = R3 = 1
m =X - X4
n=Y"‘Y0

q =32 - 3%
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assume flat terrain, so

q =2 = Zn = a constant

f{x)“x"}(o-c*(x“xO)/(z“’ZO):O

and;
Ey) =y ~yg=¢c* (Y ~Y¥y) / (2 ~1Zy) =0
X = x = ¢ * (X - X3) / (Z - Zp)
dxg / dXg = ¢ / (% - 2,) = constant
similarly
Yo=Y = ¢ * (Y - Yy) / (2~ Zy)
dyy, / d¥y = ¢ / (%2 - 2Z;) = constant
and

C = (x~ Xg) * (Z = Zy) / (X = Xg)
de /[ dZg = - (%= %) / (X = Xg) = = {y~ yg) / (¥ = ¥4};
using similar triangles;
dec / d23 = - ¢ / (Z - Z,) = constant

It can be seen that it is not possible to separate the unknown
parameters of interior and exterior orientation. It also cannot he
assumed that the Kappa rotation will be zero. Similar dependencies can
be developed as noted by Tudhope (1988} and derived by XKenefick (1971}).
GPS control for the exposure station coordinates eliminatas the linear
dependency by direct observation of X,, Yy, and 2Z,. If a priori
knowledge of the exposure station is not available, the dependency can
be eliminated by using orthogonal Kappa rotations for the variocus
photographs. Tudhope (1988) usad such a procedure in combination with
convergent photography for calibrating the aerial camera.

Secondary dependencies also exist between x, and Phi and between Yo and
Omega when Kappa is very small as follows:

dx, / dPhi; = (cz + xz)/c = ¢ + x2/c

dy, / domega; = (c¢? + y?)/c = ¢ + y¥/c
The above equations indicate that changes in Phi and Omega can partially
compensate for errors in x, and Yo- A8 x and y become relatively small
compared to ¢, as in the case of narrow angle cameras used in
terrestrial aystems, perfect projective compensation is approached.
That ia:

dx, / dPhi; = (cz + xz)/c = ¢ + x2/c -
as lec -> 0

dy, / dOmega; = (¢ + y’)/c = ¢ + y?/c -> <

as y2/¢ -> 0



CHAPTER VII
RESULTS

The resultes of the calibration for the NOAA photogrammetric system based
on the G Cone as its major component will be presented in the form of
tables and figures. Each table or figure will be followed with a brief
digecussion of the results. The chapter will conclude with the results
of aerotriangulation utilizing the B Cone with, and without, the system
calibration derived from the G Cone information. Chapter VIII, the
final chapter, will attempt to summarize sgome of the more unique
results.

7.1 NOAA G Cone Camera Calibration

Table 12 represents the results of the system calibration based on a
priori knowledge of the exposure stations determined during inflight GPS
kinematic positioning of the aircraft.

Table 12 -~ Final Values from the Case 4 Least-Squares
System Calibration Sclution

Parameter Initial Value Final) Value S8td Error
Xq ~0.0087 mm 0.0105 mm G.008%7 mm
Yo -0.0153 mm 0.0260 mm 0.005% mm
c 153.2970 mm 153.2200 mp 0.0051 mp
K1l 0.26 10° 0.11 107 0.13 10°
K2 -2.22 10712 0.34 10712 1.51 10°%
K3 58.50 10718 ~14.36 10718 53.4 10718
Pl 0.00 -0.28 107¢ 0.17 10°%
P2 0.00 -0.36 10°¢ 0.16 1078
P3 0.00 -0.38 1074 8.96 1077
Std Error

Xy 0.044 m
Y, 0.044 m
Zq 0.025 m

A Priori A Posgteriori
Sigmagy? 1.00 0.87
Degrees of Freedom _ 253

The Table 12 represents only a summary of the results. The final
iteration is contained in Appendix E. Included in the final iteration
iz a portion of the covariance/correlation coefficient matrix for the
adjusted parameters of interior and exterior orientation. The initial
values for lens distortion were obtained from a stellar lens calibration
of the G Cone camera performed in 1985 (Appendix D). The final values
for lens distortion are significantly different from their initial
values which reflects the effect of the optical flat, in particular, and
the system performance, in general, on the lens system. The standard
error for the exposure station coordinates before and after the
adjustment agree well in X, and Y, (4.4 cm vs 5.0 cm). The Zy standard
error after the adjustment is slightly smaller than the a& priori
gtandard error (2.5 vs 4.0 cm). No significance is attached to these
standard error differences. The assumptions being made are:

108
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1. All major sources of systematic error have been carefully
determined and eliminated prior to the adjustment.
2. Any remaining systematic errors were modelled and scolved for

during the adjustment or are insignificant at the achieved level of
accuracy for the calibration.

3. All other sources of error are assumed to be random and normally
distributed (although a normal distribution is not required for a least-
squares solution). Making the above assumption, it will be aasumed that
the standard errors approximate the true errors.

If a normal distribution ia assumed, then the a posteriori variance of
unit weight can be tested to see if it could be equal to the a priori
estimate using the chi? statistic.
Chi? = d.f.* a posterjori variancejfa priori variance
= 253 * 0.87 / 1.00 = 220
for alpha = 0.5
12 = . 2 =
Chif, ¢ = 199; Chifyy 5 = 316
or even for alpha = 5.0
2 = . 2 =
Chif, ¢ = 208; Chiy, ¢ 297
Thus the a posteriori variance of unit weight could be equal to the a
priori variance of unit weight, then it can also be assumed that the a
priori estimates for the standard errors of the observations are valid.
The new terms for interior orientation are the summation of the stellar
and system calibration values (which agree with the second calibration

solution performed with image coordinates uncorrected for the laboratory
calibration) as follows:

Xg = 0.002 mm; ¥, = 0.011 mm; ¢c = 153.220 mm
Kl = 0.37 107; K2 = -1.88 10°'%; K3 = 44.14 1078
P1 = -0.28 10°%; P2 = -0.36 10°%; P3 = =~0.38 107%

The above values for interior orientation can be directly computed from
the Case 4 solution if the transformed image coordinates are not first
corrected lens distortion as determined from the stellar calibration.
The tangential distortion terms are the same ag in Table 12 because the
stellar calibration did not include terms for tangential distortion.
Therefore, it c¢an be assumed that the stellar calibration can be
separated from the system calibration.

The presence of the tangential distortion terms in Table 12 suggest that
the optical flat and/or the air gap between the optical flat and the
entrance node introduce the effect of a thin prism as discussed in
Section 6.1.5,.

Figures 23 through 27 illustrate the magnitude and distribution of the
combined radial and tangential distortions as a function of radial
distance from the principal point.
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Figures 23 through 27 portray lens distortion components in the
traditional manner representing only the magnitude of the distortion.
Figure 23 represents the maximum and minimum radial {(aberration) and
tangential (decentering) distortion. Distortions for the stellar
calibration, system calibration (effects of the optical flat only) and
combined effects are shown. The maximum and minimum tangential
digtortions are oriented at 135° and 45°, respectively, from the
positive x photo axis and refer only to the system calibration. Figures
24 and 25 separate the components of radial and tangential distortion.
Figures 26 and 27 illustrate the minimum and maximum combined
distortions.

Figures 28 through 30 illustrate the same distortions but are plotted
for all directions about the principal point for radial distances of 40,
80, and 120 mm, respectively. Note that the shape of the distortion
plot suggests radial distortion, but shifted relative to the principal
point due to the domination of the tangential distortion.

Once again, in the spirit of obtaining statistical control, the theory
and accuracy of the author's algorithms were tested by an independent
method. The combined distortion model along with the combined model for
photogrammetric refraction for a pressurized camera compartment was used
to correct the raw image coordinate observations obtained on DOY 299.
The corrected image coordinates combined with the & priori exposure
station coordinates interpolated from the GPS antenna positions were
used as the only input to aerotriangulation program GAPP (Lucas 1989).
The output from GAPP is survey coordinates for the targeted points. The
comparison of aerotriangulated survey control against the kinematic GPS
ground survey control values serve as a basis for evaluating the
accuracy of the system calibration. The comparisons are contained in
Table 13.

The Root Mean Square (RMS) values are computed by the from the following
equation:

RMS = SQRT (d2/n)

where: d is the difference between survey and
aerotriangulated coordinates
n is the sample size

A mean of zerc is assumed instead of the sample mean.

The significance of these comparisons has far reaching consequences on
the way photogrammetric surveys can be conducted in the future. Lucas
(1988) demonstrated the potential for photogrammetry without ground
control; the above regults support the concept and represent a very
significant contribution of this research.

Three other sclutions were performed with the G Cone imagery using GAPP.
The first two solutions use the image coordinate corrections as before.
In the first solution, eight survey control stations were constrained
with no GPS information of the exposure stations introduced. The second
solution used the same eight constrained survey points, but also
introduced the GPS information for the exposure stations. The third
golution uses only GPS information for the exposures stations and the
image coordinates are corrected using the stellar calibration and
Saastamoinen's photogrammetric refraction model for a pressurized cabin.
The means and standard deviations are given in Table 14.
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Table 13 -- Comparison of Aerctriangulated Survey Control

Utilizing GPS Positions for the Exposure Stations Without A Priori
Enowledge of Ground Control, to the Known Survey Control Using the NOAA
G Cone Camera Lens

Point East (m) North (m) Elevation (m)}
501 -0.002 0.000 -0.045
502 0.014 0.052 -0.078%
503 -0.007 0.019 ~0.062
504 0.028 0.023 -0.139
505 0.056 0.017 ~-0.116
506 0.074 -0.019 -0.250
511 -0.0G7 0.026 -0.017
512 0.003 0.011 -0.018
513 0.004 0.016 -0.094
514 -0.008 0.002 : ~0.074
521 -0.023 -0.006 ~0.088
522 ~0.029 0.018 ~0.140
523 0.002 -0.024 -0.043
524 0.003 -0.007 -0.038
525 0.008 -0.022 -0.039
526 0.018 -0.041 -0.038
527 ~-0.096 0.016 0.104
528 ~0.036 «0.037 0.071
543 0.014 0.075 0.164
544 0.057 ~0.004 -0.033
545 0.003 ~0.016 -0.095
546 -0.027 -0.031 -0.1056
547 0.006 0.007 -0.129
548 -0.028. . 0.064 -0.241
51285 -0.009 0.001 -0.081
5135 -0.029 0.004 -0.045%
5225 0.027 0.017 -0.088
5238 -0.028 -0.020 -0.058
Mean «0.001 0.0085 -0.068
std Dev 0.032 0.028 0.085

RMS 0.032 _ 0.028 0.106
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Table 14 =-- Survey Control Differences for the NOAA G Cone
Camera Lens (Aerotriangulation - Ground Control)

Solution Mean (m) Std. Dev. (m)

g8 Constrained Survey Points

East -0.010 0.027
North -0,008 0.032
Elevation -0,002 0.103

8 Conatrained Survey Points + GPS

East 0.001 0.026
North -0.010 0.026
Elevation -0.025 0.054

GPS Only without the contribution of the System Calibration

East 0.081 0.371
North 0.0%0 0.429
Elevation 0.704 0.180

Note that the constrained solution without GPS positions for the
exposure stations matches the GPS Only solution given in Table 13 very
well., The constrained golution with GPS improves the solution for
elevation slightly. The GPS solution without system calibration
{contribution of the optical flat) is significantly worse, however it
would still meet NOAA's criteria for 1 m precision of survey control.

7.2 NCAA B Cone Camera Tests

The calibrated system parameters in terms of interior orientation are
based on the G Cone calibration. The system calibration may, in fact,
be no more than a form of self-calibration where the model for lens
digtortion acts as a polynomial to absorb situation dependent variables.
In order to test the validity of the system calibration, the B Cone
camera was installed in place of the G Cone camera in the NOAA Citation
and a second mission was flown on DOY 301. To make the test as
independent. as possible (in the spirit of statistical control) a
different set of GPS satellites was used. The system calibration
parameters (effect of the optical flat) for aberration and decentering
distortion were applied to the B Cone camera imagery along with the
combined photogrammetric refraction model and laboratory lens distortion
parameters. Table 15 lists the comparison of aerotriangulated survey
control to ground survey control.
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Table 15 -~ Comparison of Aerotriangulated Survey Control Utilizing GPS
Positions for the Exposure Stations Without A Priori Knowledge of Ground :
Control, to the Known Survey Control Using the NOAA B Cone Camera Lens

Point Easgt {(m} North (m) Elevation (m)

502 0.130 0.163 ~-0.069
503 0.116 0.084 0.031
504 0.1583 0.00% -0.018
508 0.160 «0.031 0.036
506 0.097 -0.031 0.157
511 0.0587 0.068 0.089
512 0.058 0.037 ~-0.065
513 0.01é -0.007 -0.071
514 0.0717 -0.025 ~-0.15%4
521 0.054 0.055 0.008
522 0.003 0.028 -0.180
523 -0.009 -0.028 -0.163
524 0.012 -0.049 «0.279
525 0.087 -0.071 =0.287
526 0.079 -0.066 -0.068
827 0.042 0.002 -0.026
528 0.059 0.140 0.144
543 0.071 0.008 =-0.009
544 0.039 -0.112 -0.266
547 =0.101 ~-0.014 -0,279
548 =-0.001 0.065 0.039
5128 0.035 0.027 -0.053
5138 0.024 =-0.013 -0.099
522% -0.026 . 0.004 -0.220
5238 -0.026 «~0.0865 -0.241
Mean 0.047 0.007 -0.081
Std Dev 0.059 Q.064 0.131
RMS 0.07% 0.063 0.151

The results for the B Cone are also very good. The fact that the
standard deviations for East, North, and Elevation are larger than the
same G Cone values is most likely due to the effect of non-linear film
deformation which cannot be adequately modelled by the eight fiducial
marks in the B Cone. The three additional solutions performed for the G
Cone were repeated for the B Cone and the results are given in Table 16
below. Once again, there is not much difference between solution 1 and
the above results. Solution 2 shows a similar improvement in the
elevation determination. Most aignificant is the obvious degradation of
the results when the system calibration parameters are removed. It
becomaes very obviocus that the system calibration is not merely a self-
calibration of the G Cone lena. It should also be noted that the
solution without the system calibration parameters became s0 unstable
that certain exposure station coordinates were rejected during the GAPP
golution.
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Table 16 —— Survey Control Differences for the NOAA B Cone
Camera Lens (Aerotriangulation - Ground Control)

Solution Mean (m) std. Dev. (m)

8 Constrained Survey Points

East ~-0.023 0.029
North 0.014 0.086
Elevation 0.020 0.121

8 Constrained Survey Points + GPS

East ~0.021 0.033
North 0.001 0.077
Elevation 0.006 0.098

GPS Only without System Calibration

East 0.101 0.508
North 0.274 0.602
Elevation 1.427 0.265%

As a final test, the ARDC model without compensation for the pressurized
compartment was substituted for the combined refraction model. The
results for both data sets were degraded, thus confirming the relevancy
of a need for a pressurized cabin atmospheric refraction model.

The results of the system calibration are the most significant
contribution of the research. Inflight calibration of the entire aerial
system has been successfully demonstrated. Moreover, the operational
practicality of aerotriangulation without ground contrel has been
conclusively demonstrated.
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CHAPTER VIII
Conclugions

8.1 Summary of Resgults
The integration of precise GPS positioning for the exposure station used

as the only source for object-space contrel in aerotriangulation
requires very accurate knowledge of the interior orientation of the
airborne measuring system. No longer can projective compensation be
tolerated in order to compensate un-modeled systematic error sources
into the unknown parameters of exterior orientation. Instead,
systematic errors will propagate into the very survey contrcl being
egtablished by aerotriangulation. To eliminate the systematic errors,
the airborne photogrammetric system will be calibrated through the use
of GPS control of the exposure station combined with known survey
control to determine valid a priori values for a system calibration.
Any standard aerotriangulation solution can be used once the interior
orientation parameters are properly modeled in the solution.

Once the system is calibrated, GPS positions for the exposure stations
will be the only source of object-space control for the photogrammetric
process. A vector defined by the exit node of the lens system and the
image coordinates of a point in the film plane will be projected into a
vector in the object~space solely on the strength of the interior
geometry of the camera and measurable disturbances in the object space.
The object-space vector will be defined by the entrance node of the lens
system and the object-space cocordinates of the point whose image was
measured in the plane of the photograph. The ratic of these vectors is
nearly equivalent to the nominal scale of the photographs. The large
ratic between image and chject-space vectors necessitates very accurate
knowledge of the measuring system parameters. The scolution for three-
dimension object-space coordinates depends on an intersection of object-~
space rays from several photos. The effect of un~modeled systematic
errors on the point of intersection is not easily predicted, because the
intersection error will depend on the geometric relationship of the
various object-space rays. The obvious solution is to avoid systematic
error influences in the first place by a rigorous analytical calibration
process.

8.2 Major Contributions
The following items are the most significant findings of the research

and which econtribute to the successful calibration of the NOAA Citation
Il airborne photogrammetric system by eliminating significant sources of
systematic error:

1. Definition of the spatial relationships between the GPS$ position
of the antenna phase center to the photogrammetric exposure
station which include the following:

a. Mid-point of shutter opening to the horizon pulse timing
bias

b. Spatial relationship of antenna phase center to the camera
reference frame

. Covariance error propagation of antenna phase center
poeition to camera exposure station

d. Interpolation modeling of the aircraft trajectory between
successive GPS positions

e, Establishing credible rationale that the maximum time

interval between GPS position information should be 1 second
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Determination of the following systematic¢ errors in the
photogrammetric system:

Modeling of the aircraft induced systematic errors related
to the optical flat

Statistical detection of outliers in image coordinate
observations by using a combination of general and isogonal
affine transformations of obgerved reseau points

Derivation of an atmospheric refraction model for a
pressurized camera compartment independent of atmospheric
cbservations

Practical application of system calibration

&

b.

Removal of the linear dependency between image-space and
object-space coordinates through application of weight
constrained GPS positions for the exposure station
Demonstrated inflight calibration of the airborne
photogrammetric system through the determination of the nine
interior orientation elements

Demonstrated sub~-decimeter accuracy for aerotriangulation
without survey control for block photography

Solution for GPS integer cycle ambiguity in the aircraft situation

~~= The End ---
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KINEMATIC GLOBAL POSITIONING SYSTEM SURVEY PROJECT
Ohio Transportation Research Center
Marysville, Ohio

The Survey Purpose

The purpose for this survey is to prepare a facility for ground and
airborne kinematic GPS experiments by establishing high-quality three-
dimensional geodetic control based on the WGS84 reference system. The
network will be used for primary research as partial fulfillment of a
Doctoral candidacy for Commander Lewis A. Lapine, NOAA.

The Transportation Research Center (TRC)

The TRC was built by the State of Ohio in 1972 to encourage
transportation research studies. The entire facility was recently
deeded over to the Honda Motor Corporation, but remains under the
management of the Ohio State University. The site offers many
advantages for the research project. The physical layout of the TRC is
compatible with the need for continuous expanses of the horizon to
provide adequate satellite visibility. The facility already has an
existing high-gquality network of photo-control points ideally suited for
the kinematic GPS applications both by ground vehicles and aircraft.
The TRC is secure enough to allow valuable equipment to be left
unattended for several hours duration, is not congested by traffie, and
containg an on-gite runway for the aircraft operations. The survey area
is located entirely inside the boundaries of the OChio Transportation
Regearch Center in Marysvilile, Ohio. The major feature within the
facility is a four~lane, seven-~mile long, high-speed, oval test track
{(refer to Figure 31). The track has parallel, two-mile long,
straightaways and 1.5-mile long, steeply banked, 180-degree turns. The
existing TRC photo control, once converted to the GPS datum, can be used
to provide a highwprecision position for the aircraft by conducting a
well~planned photogrammetric survey. GPS kinematic positions of the
airborne camera exposure stationa can then be compared and their
precision evaluated. A combination of aerial triangulation and
kinematic aircraft positioning by GPS may lead to a method for
gimultaneously calibrating the entire airborne photogrammetric system.
This type of research fits well with the intended use of the facility
and NOAA's need for GPS controlled photogrammetric mapping in areas of
sparse geodetic controcl. The requirement to re~define the exisating
local control datum fits well with the additional requirement of
implementing ground-vehicle kinematic GPS applications for FAA airport
survey projects conducted by NOAAR. Although direct coordinate
comparisons would be difficult, chord distances and derived angles can
be easily computed for checking the GPS measurements against the
existing geodetic control.

The Existing Photo Control

Along the inside edge of the high-speed track is a blacktopped low-speed
lane. It is on thig lane that 25 photo target points had been
established by a 1983 conventional ground survey. The centers of the
photo targets are marked by PK nails. A service road runs down the
central portion of the oval and has 10 similarly targeted points. These
points, as well as approximately 15 other higher precision points, form
the framework for the ground-vehicle kinematic survey. The target
locations are generally free of any obstructions to the horizon above
approximately 20 degrees elevation. The high-speed banks are steep
enough to obstruct the horizon to 22 degrees at their centers. A single
overpass over the track prevents a complete circuit of the track during
kinematic operationa. Fortunately, the overpass can be aveoided by going
up the bank and across to the other sidal
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The photo targets are of two types, low-altitude targets spaced
approximately 225 meters apart, and high-altitude targets generally
spaced 550 meters apart. The targets are composed of an inner circle
painted white with an outer concentric black circle. The outer circle
diameter is three times the diameter of the inner circle. The design of
these targets provides for high-contrast images on the aerial
photographs. The white center portion of the low and high-altitude
targets are 28 cm and 49 c¢m in diameter, respectively. These sizes are
chosen for 800 meter above ground level (AGL) and 1500 meter AGL flying
heights in order to yield 50 micron photo images. 1In certain instances
the two types are intermixed. The targets all lay in straight lines
along the track straightaways and service road. A third strip of high-
altitude targets has subsequently been added to the test area along U.S§.
Route 33 which runs parallel to the test track straightaways. This
control was required in order to use the NOAA Cegsna Citation II jet
which must £fly at higher altitudes. The survey was performed entirely
by kinematic GPS procedures.

The Terrestrial Survey

The horizontal and vertical control surveys were performed in 1983 by
personnel from the Ohic State University, Department of Gecdetic Science
and Surveying and the Ohio Department of Transportation (ODOT), Bureau
of Aerial Engineering. The network was designed to function as a
photogrammetric calibration test range to be used by ODOT, Bureau of
Aerial Engineering. The 1983 survey project report states that first
order horizontal~control techniques were used for angular and distance
measurements. Although the documented procedures do not follow strict
Federal Geodetic Control Committee Specifications, the adjusted
horizontal control coordinates yielded an average standard error a
posteriori of 3.1 mm in the x coordinate and 4.0 mm in the ¥ coordinate.
These values are presumed for the primary monuments only. In addition,
secondary control and photo-target positions have alao been established
by classical geodetic techniques. Single~run leveling was also
accomplished to all primary and secondary stations. The primary station
marke are three-dimensionally stable, sleeved rod marks similar to the
NGS design. A cluster of four sleeved marks have been re~surveyed
periodically to monitor any motion. The marks have a design stability
of 4 mm despite seasonal variations including frost heave. The
secondary monuments are un-sleeved deep rod marks, which appear
undisturbed by mowing operations and frost heave. The photo-target
centers are marked by PK nails driven into asphalt.

All coordinate computations are reduced to a plane elevated at 330
meters above sea level. The chosen datum is strictly local in nature
and could not ba used for the kinematic GPS/ photogrammetry experiment
due to transformation difficulties. A more complete description of the
survey is contained in a draft report entitled, Aerial Photo Test Field
at the Transportation Research Center (TRC) of Chio, prepared by
Profaessor Dean Merchant, Department of Geodetic Science and Surveying,
05U, August, 1983.

The Kinematic GPS Survey

The kinematic GPS gurvey was performed using some of the same marks and
photo targets established in the terrestrial survey. The purpose of
this survey was to experiment with kinematic GPS technigues, gain an
estimation of the potential precision of such methoda, and cbtain
sufficient information to transform the plane coordinate system used in
the terrestrial survey into a new local plane coordinate system based on
the WGS84 System. The kinematic GPS positions of the NOAA aircraft
could then be similarly transformed into the local system for comparison
purposes. The photo targets would then be used by a NOAA aircraft/photo
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system equipped with GPS for photogrammetric mapping missions. The
transformation of photo-target positions into the WG384 System would
hopefully eliminate datum ambiguities during system calibration while
the new local system simplifies the transformation of photo coordinates
into geodetic coordinates. The field work was completed according to
the schedule in Table 17.

once the GPS survey was computed, it became apparent that an excellent
and consistent agreement existed between the two coordinate systems.

The comparison was based on computed distances and angles obtained from
the corresponding coordinate systems. The agreement was so good, in
fact, that a transformation of the original terrestrial coordinates was
not necessary. Instead, the kinematic survey was expanded to include all
required photo targets. Closures of several millimeters obviated the
need for any adjustment. Repeat cobservations were combined by a
weighted mean based on the number of observations.

The Ground Vehicle Kinematic Equipment

The survey was conducted using three Trimble 4000 $X, S~channel, GPS
receivers. These receivers are of the single Ll frequency phase
comparison type. Data were sampled at a 15~second epoch rate and
recorded on Kaypro 2000 portable computers. A specially equipped NGS
field truck was used to transport the kinematic GPS receiver and
antenna. The truck utilized shock-mounted racks for the receiver and an
antenna mount. The antenna was mounted atop a rigid pole attached to
the vehicle by a three-degree-of~freedom support mechanism. The mount
enabled the transport of the antenna and it's vertical, placement over
the survey mark without ever being detached from the vehicle. The
unique feature of the mount is that the pole could be made vertical over
the mark despite the tilt of the vehic¢le (Figure 32). . The antenna was
always supported at the same height above the mark. The antenna mount
worked so well that only weight reduction of the pole could improve the
system's original design.

The Survey Operations

The first survey priority was to connect the TRC network to the national
network. The operations, therefore, began with static baselines being
observed from the Union County Airport (MARYPORT 1986) to TRC8 and
TRC31. MARYPORT ies a National Geodetic Survey GPS station established
as part of the FAA airport survey program and is directly determined on
the National Geodetic Reference System of 1983, TRC8 is one of 12
three-dimensional marke set during a high-precision survey performed and
adjusted by Professor Dean Merchant. TRC31l is a supplemental
horizontal-control monument but also part of the same survey. A fourth
static baseline was later observed between TRCE8 and TRC3. TRC3 is one
of the 12 three-dimensional network marks.

Station MARYPORT was held fixed (NAD83) for all subseguent computations.

MARYPORT 1986
Latitude 40/13/29.8%9678 N
Longitude 83/21/03.28907 W
Ellipsoidal Height 272.2000 m

The first three baselines had a total misclosure of three millimeters
over the 36 kilometer length. The baseline between TRC3 and TRC8
checked the adjusted 1983 value by 1 millimeter. The baseline between
TRC8 and 31 checked the adjusted value by 5 mm.
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Day of Year
1985
201
201

203

208

209

210

215

216

218
235

245

Obgervations
Static
Static

Kinematic

Kinematic

Kinematic

Kinematic

Kinematic

Kinematic

Kinematic

Kinematic

Kinematic

Kinematic

Stations
MARYPORT, TRC8, TRC31
TRC8, TRC3

524,523,522,%21,528,527
526,528

$11,512,512.5,513,513.5
514,207,206,205,204
203,202

%14,513.5,513,512.%5,512
511,207,206,205,204
203,202

225,226,504,227,228,8505
£06,507,528,527,526
525

524,523.5,523,522.5,522
505,506,507,508,528,527
526,525

§24,523.5,523,522.5,501
502,503,504,505,506,507
508,528,527,526,525

514,513,220,501,221,222
223,224,225,226,227,228
505

220,501,221,222

220,501,221,222,223,224
22%,226,227,228,505

£31,532,533,534,535,536
537,538
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Once computed, TRC3,8, and 31 were held fixed as follows:

TRC8
Latitude 40/18/03.62946 N
Longitude 83/33/20.43478 W
Ellipsoidal Height 297.04%6 m

TRC3
Latitude 40/18/59.09640 N
Longitude 83/33/56.1258% W
Ellipsoidal Height 304.0561 m

TRC31
Latitude 40/18/35.74241 N
Longitude 83/32/34.40455 W
Ellipsoidal Height 301.1056 m

During kinematic operations at least one Trimble receiver was operating
on TRC3I or TRCS simultaneously with the kinematic receiver. Both
receivers collected information at a 15 second epoch rate from the same
four or five gatellites. fThis procedure enabled the relative double
differencing reduction of data. A static sampling interval of 90
seconds yielded seven epochs of data which appeared satisfactory as long
as at least two rung are accomplished per session. A shorter sampling
interval may be adequate, but a longer sampling interval or longer epoch
{(i.e., 30-second rate) would be inefficient and should only be used in
open-traverse (no position check) type operations.

The Antenna Swap Procedure '

Prior to the start of kinematic surveylng an "antenna swap" was
performed between the kinematic receiver and the base station rece;ver.
It should be made clear that there is no electronic or hardware
difference between the receivers. The base station receiver simply does
not move from traverse point to traverse point as does the kinematic
receiver. The antenna swap enables the quick and sure determination of
integer cycles between the base station location and the satellites
being monitored at the time (see Section A.1 for a discussion on integer
cycles). To perform an antenna swap one simply exchanges the position
of the base station antenna with the kinematic antenna (Figure 33). 1In
the case when the base station was located at TRC3, the kinematic
antenna was initially set up over TRC14; a distance of 4.0633 m as
measured in 1983, 4.065 m as measured by this survey crew in 1988, and
4.066 m as measured by the antenna swap! A full antenna-swap procedure
normally consisted of 1 minute in the normal arntenna positions, followed
by 1 minute in the swapped positions, followed by another minute in the
normal positions. In each position the antennas were oriented magnetic
nerth to aveid possible eccentricity due to antenna-phase center
ambiguity. . Do not proceed until a complete antenna swap has been
performed free of cycle slips! Upon completion of the swap, the
kinematic antenna was installed on the vehicle. Throughout the antenna-
swap process careful attention was pa;d to the computer displays to make
.sure that there was no interruption in continuity of data recordings.
The personnel moving the antennas were careful to keep their heads below
the antenna-ground plane and to avoid any large tilts to the antenna.
Another antenna swap was performed each time the kinematic receiver
completed traverse loop. | A

In fact, antenna swaps need to be done only if there is a change in
aatellltes, or if there are cycle slips since the last antenna swap, and
it is only necessary to obtain integers for each satellite once during
the survey, if no cycle slips occur.
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The Cycle Slip
The occurrence of cycle slips can be detected if the continuous epoch-
count display on the computer is reset to zero. In this situation the
satellite signal has been momentarily interrupted, that is, the signal
has been blocked from reaching the antenna by some physical obstruction
(2 head, tree, building, or severe meteorological phenomena such as
lightening). Considering the speed at which the satellite is traveling,
the fact that the kinematic receiver position is also changing, and that
a cycle . is only 19 centimeters in length, many cycles can be lost in
just a fraction of a second. Cycle slips can cause minor inconveniences
in processing to a total loss of the traverse. Based on this
experiment, generally, only one satellite will suffer cycle slips during
a traverse, if care is exercised. The greateat source of cycle slips
encountered in thisg survey resulted from getting too close to trees
aleng the service road or travelling through the high-banked turns when
Space Vehicle 8 was below 20 degrees altitude. Survey operations were
normally conducted only when all satellites were at least 25 degrees
elevation above the horizon.

The data logging program gives the current elevation and azimuth for
each satellite (Space Vehicles as they are often called). One need pay
attention only that the line of sight is clear at those azimuths and
altitudes.

The Kinematic Traverses

Three kinematic traverses were performed (Figure 34). In each case, the
base or home station for the traverse was TRC3 or TRC8. A traverse, in
this case, only refers to the route of the kinematic survey. Each
station along the route is posxtloned by a three dimensional wvector from
the base station. There is no  limiting speed at which the receiver must
be transported.  In this survey, speeds up to 70 miles per hour were
recorded in the high-speed turns. It is most important to aveoid tilting
the truck to avoid satellite blockage by the antenna~ground plane ox
objects above the horizon. Therefore, the high-bank turns were avoided
ag much as possible, as were steeply sloped berms.

The first traverse covered all marks on the service road. This survey
was used to work out the details for kinematic operations. The second
traverse connected 17 of 18 high~altitude targets on the high-speed
track. One high~altitude target, 521, was not connected due to its
close proximity to the overpass. This traverse covered the entire
seven-mile circuit of the high~speed track. The third traverse
connected the low-altitude targets on one side of the high-speed track
to several of the high-altitude targets on the same side of the track
and to two targets on the service road. This traverse cut across the
center of the track and proceeded half way around the track. Several of
the targets were positioned from different base stations as a check on
the consistency of the base network. Each traverse route was attempted
at least twice during a single session and repeated on different days.
On July 19th and 21st the kinematic sites were occupied for two minutes
each. This observation time was reduced to 90 seconds without any
detrimental effects for the rest of the survey. By reducing the statie
time from 120 to 90 seconds, it became possible to run even the longest
traverses twice in a single-satellite session.

The average time from becoming static at one target until the time the
antenna was again static on the next point was 3 minutes. Upon arriving
at each point the truck was stopped and the engine stopped. The driver
and front-seat passenger got out and plumbed the antenna over the mark.
The antenna was then aligned to magnetic north. ©Once the antenna was
motionless the driver informed the recorder, who then waited for the
next satellite epoch and recorded the displayed UTC time of the epoch.
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The person recording the time remained in the back jump seat monitoring
the data collection throughout the kinematic portion of the survey.
Ninety seconds were added to the beginning time, and when this new time
was displayed by the computer, the antenna was returned to the transport
position on the truck. The beginning and ending times denote that
portion of time when the antenna remained motionless on the survey
marker. In all, seven l5-second epochs were recorded in the static
mode. A special form (Figure 35) waas devised for record keeping
purpcses. With certain simple modifications to the antenna rack, the
operation could easily be handled by two people, a driver/antenna tender
and a recorder. The recorder need never leave the vehicle.

The Computations

All GPS data, both static and kinematic, were reduced using Trimble
Navigation Limited software TRIMVEC - GPS Relative Positioning Solution,
Version 88.080MB. Routines for converting between three-dimensional
Cartesian cocordinates to geodetic latitude, longitude and ellipsoidal
height, and space inverse solutions were taken from NOAA Technical
Memorandum NOS NGS-13, Class Notes for Geometric Geodesy Part 1.
Mathematical Projections by Richard H. Rapp were used for converting
geodetic coordinates to a local plane coordinate system. Several
customized routines were written by the author for comparison purposes.
Kinematic processing techniques will be discussed at length in Section
A.2.

The Results

Since the terrestrial survey was computed on a plane elevated 330 meters
above sea level, it was not poasible to make a coordinate-by-coordinate
comparison with the GPS coordinates. The results of the kinematic
survey were, therefore, compared against the terrestrial work in three
ways. First, the horizontal chord distances between adjacent targets
{(either high or low-altitude) were computed from the GPS three-
dimensional coordinates and compared against plane distances computed
from the adjusted "plane coordinates™ from the terrestrial adjustment.
The three-dimensional horizontal-chord distance was determined from GPS
vactor by correcting the space vector between adjacent targets for the
elevation difference between the two marks. The average difference in
distance was -1.0 mm with a mean standard deviation of 8 mm for 29
comparisons (Table 18).

The second comparison was made between horizontal angles computed from
the GPS coordinates and the "plane angles" computed from the adjusted
terrestrial control. The average difference was 1.1 sec with a mean
standard deviation of 3.3 sec for 16 comparisons (Table 19). Table 21
contains the final photo target c¢oordinates as computed in NADS83 three-
dimensional Cartesjian coordinates, latitude, longitude, ellipsoidal
height, and local three-dimensiocnal coordinates.

The third comparison was made between the ellipsoidal heights and
vertical elevations from the terrestrial control (Table 20)}. The
average difference is -34.225 m with a standard deviation of 0.029 m for
34 samples. The predicted geoid height from Rapp's 360 model is

~34.150 m.

The Personnel

Commander lLapine is extremely grateful to the Bureau of Rerial
Engineering for the tremendous support offered throughout the survey
operations. In particular, much thanks to the Bureau Chief, Mr. Edward
Smith, who authorized the overtime and interruption of normal duties of
the Bureau survey crew. My gratitude is extended to the Survey Chief,
James Hadley, for his foresight and understanding of the value of this
new technology. Most important, I wish to thank the survey crew



138

composad of Greg Gerst, Steve Arter, Jeff Arter, Paul Reed, and Jim
villacres. It was their sweat and surveying expertise which produced
such fine results. I would alsc like to thank David Conner , the
National Geodetic Survey Geodeti¢ Advisor to Ohio, who devoted many
valuable hours to the survey, most of which he could not afford to
spare. Thanks to Professor Clyde Goad, whose boundless energy and
devotion to teaching got me interested in kinematics to begin with, who
wrote and re-wrote goftware based on my suggestions and reviewed this
report. Lastly, I would like to thank Mr. Walt McPherson, Madeline Grey
and Milt Dunlop who, being responsible for the Operations and Safety of
the TRC, went along with an operation which I am sure stretched the
limits of the operating guidelines for the high-speed track. Thanks is
also extended to GRH, a great surveyor and friend, who did not want to
be officially recognized.
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Figure 35.

Xinematic Observation Form
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Table 18 <~ Comparison of Distances GPS Minus Terrestrial
(meters)
Stations Number of Observations Difference
202-203 219 +0.0079
203=-204 282 -0.0143
204-205 339 +0.0008
205=-206 334 +0.008623
206-207 273 +0.,0063
501-502 291 -0,008%
502-~503 214 -0,0026
503-504 203 -0.0038
504-505 308 +0.0087
$05-506 479 =-0.0059
806-507 437 +0.0043
511-512 262 -0.0023
512-513 g2 +0.0058
513-514 447 -0.0084
521-5822 339 -0.0125
522~-523 415 ' ~0.0085
523-524 408 +0.0111
524-528% 386 -0.0094
525~526 348 -0.0029
526-527 319 +0.0083
527-528 335 +0.0030
220221 197 -0.0019
221-222 128 -0.0087
222-223 110 +0.0133
223-224 89 -0.0058
224-22% 117 +0.0001
225-226 148 -0.0062
226-227 . 148 ~-0.0038

227-228 134 +0.0118

N = 29 Mean Diff = -0.0014 Std Dev = 0.0076



Table 19 -- Angular Differences GPS Minus Terrestrial
({seconds of arc)
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N = 16

Stations

202,203,204
203,204,205
204,205,206
205,206,207

501,502,503
502,503,504
503,504,505
504,505,506

505,506,507

511,512,513
512,513,514
521,522,523
522,523,524
523,524,528
524,525,526
525,526,527
526,527,528

Mean Difference = 1.11 Std Dev = 3.3

Diffarenceas

-11.55
~00.22
+00.54
+03.49

~00.20
+04.73
+06.91
+01.92
-00.53

+04.94
~-00.79
-01.43
+00.42
-08.12
+04.40
. =-04.01
+02.71



Table 20 -~ Comparison of Elevation Differences, Ellipsoidal

Minus Terrestrial Heights (meters)
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N = 34

Station

202
203
204
205
206
207

221
222
223
224
225
226
2217
228

501
502
503
504
505
506
507
508

511
512
513
514

521
5§22
523
524
525
526
527
528

bDifference

-34.244
=-34.227
-34.240
-34.228
-34.209
-34.209

-34.266
-34.217
«34.2286
~34.228
-34.24%
~34.256
~34.248
-34.223

-34.280
-34.258
-34.244
-34.231
-34.220
-34.216
~-34.194
~34.176

~34,25%9
-34.2582
-34,239
~-34.216

-34.241
~34,221
-34.231
-34.203
-34.183
~-34.181
~34.169
~34.149

Mean Difference = 34,225

Predicted Geoid Height = -34.150

$td Dev = 0.029
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A.1 Cycles - A Layman's Description

Imagine looking through a narrow vertical slot at a line shaped like a
gine wave passing by on the other side of the aslot. The height of this
slot is adjusted to be only slightly taller than the amplitude of the
sine wave. The image one would perceive is that of a small line segment
moving up and down the slot. Next assume that the #sine wave has no
negative component, but that these negative lobes have been inverted so
that the sine wave now has all positive lobes., We will adjust the asize
of the slot accordingly to match the new amplitude of the wave. Again
the image as viewed through the slot would be of a small line segment
which travels from the bottom of the aslot to its top and then back down
again.

Given a time T, the sine wave is just touching the bottom of the slot,
we begin counting aevery time the line segment again touches the bottom
of the slot. At time T, the sine wave is again at the bottom of the alot
and we stop counting. The count would represent the number of half
cycles which passed the slot. If each of these half cycles was 10
centimeters in length, we could multiply the number of times the line
segment touched the bottom of the slot subsequent to time T; by 10 and
obtain the horizontal chord length of the sine wave segment. If we
began counting at T, with some arbitrary integer and increased this
value by one each time the wave touches the bottom of the slot, the
difference between the starting and ending values would be the number of
half cycles which passed the slot.

The above description is basically what happens electronically inside a-
GPS receiver which operates on a phase measurement proceas. The sine
wave is# the carrier phase transmitted by each of the satellites and the
glot is an electronic filter. The cycles or phase change, in addition
to the ocscillator output, because of the relative motion between the
receiver and the respective satellite. The relative motion ias due to
the satellite traveling along its orbit and the earth revolving about
its axis. If the receiver is being moved as in a kinematic survey, this
motion will also add the relative motion between the receiver and
satellite. At the baginning of survey operations there is no way to
determine the total number of integer cycles between the receiver and
the satallite. However the receiver's electronics is accurately able to
keep count of the cycles as they increase or decrease from some
arbitrary initial value. This starting value then is increased or
decreaged according to the relative motion between receiver and
satellite (as the satellite gets closer to the receiver the count
incroases, as the satellite moves away from the receiver the pattern of
gine waves reverse and the receiver reduces cycles to the ccunt).
Differences in this count over an interval of time represent the total
numbaer of accumulated cycles.

A procedure to be known as an antenna swap, is used to determine the
integer number of cycles at an initial time between the satellites and
thae ground receiver.

In addition to the integer number of cycles, the receiver alsgo is
capable of resolving the partial cycles between succeasive intager
cycles. The resolving power of partial cycles is generally 1 part per
thousand of the half-cycle length, and tenths of millimeters, which are,
of course, influenced by many different error sources. With care, these
errors can be reduced to an ultimate precision of 2 parts per million
over the length of the baseline distance. The discusasion of these
errors is beyond the scope of this discussion.
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Ona last point, some receivers have the capability of varying the width
of the vertical slot. This ability makes it possible to maintain lock
on the signal under a variety of conditions. When the receiver is
motionless, the slot is very narrow, which reduces signal neoise and
improves resolution. Under kinematic conditiona the slot can be made
wider to avoid loss of lock at the expense of more signal noise and
slightly less resolution. This capability is very desirable when
kinematic operations are considered.

A.2 Kinematic Processing and Cycle-S5lip Handling

The Trimble Software, Relative Positioning Version 88.080MB, is
specially modified for handling kinematic data as well as providing all
the standard static processing capabilities. This version also allows
up to 10 base stations and a nearly unlimited data set size by creating
a scratch file of data on any IBM compatible PC equipped with a math co-
processor, 540K RAM, and a hard disk drive.

NOTE: From this point on I assume the reader knows the basic operating
instructions for TRIMVEC Software as this report is not intended to be a
Primer.

The processing begins by specifying the two stations to be processed,
followed by the standard questicna for ephemeris file name and data file
names. The data for the first station should be for the base station.
Request the display of message files and ensure the antenna heights for
the swap stations are correct. The roving antenna height will be input
later in the processing. '

Next select main menu Item 16, for processing antenna swap data. From
the sub-menu, select item to convert recorded UTC times to week-seconds.
At this time convert all recorded times from the recording form {Figure
38) to week-seconds.

wWhen asked for the day count, enter the total number of week days that
have elapsed beginning with Sunday and including the UTC day before the
times listed on the recording sheet. As an example, if the observations
began on Wednesday 1350 UTC; the week day number would be 3 for Sunday +
Monday + Tuesday. Next begin to convert all the times. If UTC midnight
is pasged, add 24 hours to the recorded time. Record the week-seconds
returned by the program above the recorded time on the form.

Processing Without Cycle Slips

Once all the times have been converted, select sub-menu

Item 1 and begin processing the antenna swap data. NOTE: The computer
time may be a second later than the actual UTC epoch time. This can be
determined if the recorded time differs from the chosen sampling
interval (i.e., if a 30-second sampling interval is chosen then all
times should end with either 0 or 30 sec). When entering times into the
following menus, always correct the beginning, but not ending, recorded
times for this difference. This will ensure that all desired epochs are
included in processing. The above note applies to all future time
entries. Process the first swap only by entering the times (week-
seconds) into the "Original Station" menu, when the base etation and
roving antennas were on their respective marks, then select "E" to exit
this menu. Next enter the times into the "Swap Station” menu, when the
antennas were in the swapped positions, type "E" to exit and save.

Select sub-menu Item 2, to process swap data. Respond "Y" to viewing
the observations, select 3 iterations, and 1 for each epoch to be
processed. Observe the residual column as the data are processed. At
the end of the first iteration, the RMS may exceed the limits of the
format statement, but the baseline distance should be very close to the
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actual distance between swap and base marks. If not, interrupt the
processing by striking the space bar and exit. Check for an incorrect
time entry or incorrect conversion. If no mistakes are found, the
recorded time may be incorrect. Try to resclve the problem and
reprocess. There la a danger that if you continue without resolving the
problem, the program may edit away all the data, at which point the
program must be reloaded from scratch.,

Once the first swap is processed, continue adding new swap times to the
original set and reprocess all the data simultanecusly. Exsrcise
extreme care not to introduce cycle-slip contaminated data. If no cycle
slips exist anywhere in the data, all swaps should be processed,
yielding a valid baseline for the swap point! The cycle biases thus
obtained, can now be converted to integers and haeld fixed by selecting
the appropriate item from the sub-menu.

Return to the main menu, select Item 10 and ocutput the awap baseline.
Since only two stations were input, only one baseline will ever exist at
a time in the processing. A suggested name for this file is the first
four letters of the base station name and Day of Year with the extension
"swp" (i.e., TRC321GC.swp}.

Select Item 15 from the main menu to get the secondary menu. Select
Item 4 and reset the antenna height for station 2 to the roving antenna
height. Salect sub~menu Item 6 and enter the geodetic position for
station 1 that you want to bhe held fixed. Check this input by selecting
#ub menu Item 1l and view station number 1. Return to the main menu,
select Item 16, to return to the kinematic processing.

Assuming there were no cycle slips anywhere in the data, you can begin
processing each kinematic baseline by entering all times for which the
roving antenna was on the particular mark being processed. These times
are entered inte the "Original Station” menu of Ttem 1. The "Swap
Station™ menu should be empty. Select Item 2, responding as before.
Obgserve the RMS value and baseline length at the end if each iteration.
These values usually stabilize by the third iteration. The RMS value
should generally be less than 4 centimeters and all residuals less than
0.1 meters. Sometimes the recorded beginning or ending epoch isa
contaminated by antenna metion. This can be detected by the larger
raegiduals of either the first or last set of observations for a
particular interval. This difference may only be detectable during the
gecond iteration. The final RMS may also reflect this condition because
all the epochs have been affected. If motion is suspected, exit from
the processing and adjust the appropriate time in sub-menu Item 1 and
reprocess the data. The precautions for identifying erronecus data, as
mentioned during the instructions for processing swap data, are also
recommended at this stage of tha data processing. If after the second
iteration, any of the raesiduals are greater than 1, cycle slips have
occurred in the data. Exit the processing mode and handle the data as
outlined in a future section.

Once the solution has stabilized (usually by the third iteratiocn),
return to the main menu and select Item 10 to output the baseline. A
suggested name for the file is the first six characters of the station
name; the extension becomes the Day of Year of the observations.

1f any of the observations become edited during the iterations, (an
asterisk next to the residual) a few more iterations are recommended
until the RMS and base distance stabilize. When all the baselines have
been processed TRIMVEC can be exited.
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Handling Cycle Slip Data

The processing becomes much more complicated when cycle slips have
occurred during data collection. There are several common situations
when cycle slips occur:

1. If while conducting a traverse, one or mora satellite channels
suffer cycle slips, note as best as possible, the UTC times of the
occurrence. If the cycle slipes occcur between traverse stations,
return to the previous station, if possible, and re-observe. If
by returning the signal will only be obstructed again, continue on
to the next station. A more complicated problem is two or more
occurrences of cycle slips on the game satellite between antenna
gswaps. In this situation it is not possible to recover the
integers until a new antenna swap is performed. The ¢ollected
data can still be processed. At the completion of the traverse,
raturn o the base station and perform anothaer antenna swap.

2. If a new satellite has been acquired during a traverse, again note
the UTC time and perform an antenna swap after completing the
traverse. 1If possible, the acquisition of a new satellite should
be scheduled while the antenna is motionless on a traverse
station. Data collection can be extended on a given station to
accommodate the change in satellite status. The integers for the
new gatellite computed from the next antenna swap will
automatically be used on all previously collected data. There is
a strong poseibility that the first few epochs of data will be
contaminated and should not be included in the baseline
processing. )

3. A satellite sets during a traverse, again note the UTC time but an
antenna swap is not necessary at the end of the traverse. Aas
noted above, the change in status should be scheduled while
motionless at a traverse station. The last few epochs may be
contaminated by cycle slips and, therefore, should not be included
in the baseline processing for that station.

Antenna-Swap Processing With Cycle Slips

The first antenna swap must always be free of cycle slips. Starting
from this premise it will always be pcossible to process the first sgwap.
If all five satellites are included in the swap and no other satellites
are involved, in reality, no more swaps are required. Extra swaps,
particularly at the completion of the day, however, are very good
insurance.

If a second swap is required because of a change in satellite status
other than cycle slips, the second swap can be added to the first swap
without any special processing. In fact, all swaps prior to the first
cycle slip can be added into the swap computation.

assuming the cycle slips have cccurred for a satellite which already has
an integer count, the next set of swap data can be added to the
processing after deleting the satellite (for the time period of the swap
only) which contains cycle-slip data. To accomplish the deletion,
raturn to the main menu, select Item 6, chocse the delete option, select
all stations ("99"), select only the satellite number you want to
dalete, select times by week-seconds, and enter the appropriate start
and stop times. The start time should be a few seconds early and the
stop time a few seconds late. Return to the swap processing menu and
continue antenna swap processing. All future baseline processing which
involves the satellite with cycle-slip data will be processed in a
different manner.
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If the cycle slip occurs during the first traverse and several other
traverses are completed without further cycle slips to that particular
sataellite, it may be better to delete the satellite data from the first
swap and determine integers from the subsequent swaps. In this manner
more uncontaminated data can be processed, but the firat set of baseline
epochs will require special processing.

The bottom line to processing swap data with cycle alips is to first
process the largest amount of cycle-slip free data., Then add in
additional swap data which is cycle slip free by virtue of having
deleted those satellites which suffered cyecle slips. Eventually,
integer counts should be calculated for every satellite. It is then
important to understand which portions of the various traverses that the
integers baelong.

Next the processing of baselines can begin. The procedure is much the
same as for cycle-slip-free data, but the data ordering may vary. First
process as many of the visits to a particular station as possible using
cycle~slip-free data and applicable integers. This procesaing will
determine the integers for the baseline. Next, add in the remaining
times for the station. Select sub-menu Item 5 to process data using
fractional parts only. Process the complete set of station information
in the regular manner. Notice in the residual column the wordg "frac-
resid®. Tha integers are not belng used. This should not present a
problem because the integers werae previously computed with cycle alip
free data. Be extremely conscious of the residuals because it will be
difficult to detect antenna motion from the noise of the fractiocnal
biasas.

Upon completion of the process you may find that the RMS is higher than
upual. What this means is not exactly known at this time. The more
cycle~slip~free data available, the more reliable the solution. After
output of the baseline, return to the sub-menu, select Item § again, but
use the integers instead of the fractions. Process the next baseline,
again selecting the cycle-slip-free data, and repeat the fractiocnal
processing for the remainder of that station's data. Continue until all
baselines have been computed.

If all else fails, and you have returned to the previous mark each time
cycle alips occurred, it is possible to use the Trimble advanced
diagnostic subroutines to locate the slips and correct the slips by
adding the appropriate biases to the data. Slips can be identified by
comparing the integer portion of the data collected prior to, and after,
the slips occurred. The fractional parts should be approximately the
same.

Use common sense and exercise patience, the rest will come easy.
GOOD LUCK!



Table 21 --

Ground Control

NRDB3 Geocentric Coordinates for Targeted

Station

501
502
503
504
505
506
s07
508
511
512
513
514
821
522
523
524
525
528
527
528
541
542
543
544
545
546
547
548
202
203
204
208
208
207
208
221
222
223
224
225
226
227
228
245%
2465
5235
5225
5125
5135
515ecc
Sl7ecc
SlB8ecc

X

546905.711
547175.655
547442.852
547709.417
547976.572
548243.461
548510.255
548777.143
546165.661
546434.094
§46700.787
546968.009
545685, 388
§45953.311
£46219.938
546493.994
546754.136
547026.093
547288.057
547554.985
547490.378
547166.813
£46842.323
546511.375
546172.680
545857.129
545548.520
545261.075
546236.886
546370, 304
546503.682
546637.278
546770.830
546904, 309
547052.162
546974.988
547109.387
547242.630
547375.944
547509.273
547642.622
547776.168
547909.510
545995.860
545701.213
546356.943
546086.656
546567.317
546834.392
547226.306
547863.418
548179.183

Y

-4839092.510
~4839313.303
-4839535.692
-4839757.828
-4839980.279
-4840202.522
-4840424.701
~4840646.979
-4839539.265
-4839759.543
-4839981.5238
-4840206.011
-4839741.984
-4839970.014
-4840192.416
-4840409.911
-4840637.017
-4840856.826
-4841081.565
-4841303.654
~4841746.82%5
-4841497.054
~4841243.831
-4840988.288
-4840726.907
~-4840480.752
-4840227.406
-4839978.198

-4839592.13%

~4839702.890
~4839813.406
~4839924.253
-4840035.902
~4840147.520
-4840253.149
~4839146.542
~-4839258.134
-4839368.986
-4839480.229
-4839591. 348
-4839702.478
-4839813.528
-4839924.757
-4840588.267
-4840355.703
~-4840301.201
«4840081.169
«4839870.268
~4840093.09%
~-4840460.879
~4840876.947
~-4841123.318

Z

4105479.046
4105183.190
4104885.758
4104588.725
4104291.171
4103993.810
4103696.503
4103399.071
4105052.603
4104755.526
4104457.781
4104162.014
4104879.952
4104575.823
4104278.506
4103985.608
4103683.745
4103388.414
4103088.917
4102791.688
4102292.960
4102633.820
4102969.709
4103314.880
4103668.7¢69
4103992.655
4104326.261
4104658.533
4104980.49¢6
4104831.330
4104682.277
4104533.313
4104384.868
4104236.499
4104097.783
4105406.203
4105257.038
4105108.752
4104960.013
4104811.417
4104662.731
4104514.173
4104365.381
4103852.346
4104154.558
4104132.046
4104427.254
4104606.307
4104309.491
4103828.364
4103250.845
4102923.937
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Determination of Internodal Separation

The positicn of the expcosure station is defined by the survey
coordinates (X,,Y¥,,Z;) of the entrance node of the compound lens system
of the aerial camera. The cbject space ends at this point as all light
rays are assumed to converge (at least according to the first order
theory of compound lens optics). The image space deoes not theoratically
begin until the light raye begin to diverge at the exit node of the
compound lens.

The position of the entrance node must be spatially relatable to the GPFS
antenna phase center if a priori knowledge of the exposure station is to
be used to uncouple the correlation between interior and exterior
orientation elements. The uncoupling of correlation will accomplish the
primary goal of calibrating the airborne photogrammetric system inflight
and ultimately enable aerctriangulation without survey control.

The physical location of the entrance node will be assumed to lie on a
vector defined by the optical axis of the lens system some measurable
distance from the principal point. Since all light rays are assumed to
pass through the nodes, a single ray of light entering the lens system
will pass undisturbed through the compound lens even 1f the optical axis
is rotated about either nodal point.

Nodal Silide Bench

A nodal slide bench is classically used for determining the back, front,
and equivalent focal lengtha, inter-nodal separation, radial and
tangential distortions, and resolving power of a lens or lens system by
visual methods. The slide bench is constructed in such a manner that
the compound lens system and a viewing microscope can be mounted on a
precision set of ways. A parabolic¢ mirror at one end of the bench is
used to produce a collimated beam of light which is parallel to the
ways. A target assembly is also instrumented on the ways. By
determining the back and front focal lengths of a lens with the nodal
slide bench apparatus, the inter-nocdal separation can be determined.
Distortions as small as 2 microns have been determined by this method,
therefore very accurate nodal separation determinationg are posaible. A
nodal slide bench located at the U.S. Geological Survey (USGS) is
capable of measuring inter~nodal separations to an accuracy of Q.1 mm.
The accuracy of such a determination would be more than adequate for the
purpose of relating the GPS antenna phase center to the entrance node.
Unfortunataly the USGS nodal slide bench is not large enough to handle
the RC-10 lens system.

Man' o de Banc
The determination of the inter-nodal separation of a large lens system
such as the RC-~10 lens cone can be determined without a nodal slide
bench and still not suffer a significant loss of accuracy. The lens is
rested on its side (optical axis parallel to the floor) at an elevation
above the floor such that approximately half of the lens diameter is
above the level of a convenient table. The table is covered by a piece
of paper which is long enough to overhang the table by approximately 1
foot. The lens {cbjective lens first) is slid up against the edge of
the table pressing the overhanging paper between the lensg and table. An
ocbserver stations himself behind the image plane of the lens
approximately centered in the image space. A helper sticks a pin
through the paper and into the table approximately 1 foot from the
obijective lens., A second pin is pushed through the paper approximately
2 feet from the objective lens on range with the first pin as determined
by the observer. The cbserver must be careful not to change his
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position during the process of placing the pins on range. In this case,
the observer viewed the placement of the pins through a Wild T2
theodolite. The observer shifte to one side of the image space and the
process ig repeated with a second set of pine. This process is repeated
for five or more different observation points in the image space. The
pina should begin to form a fan-~like array. Once enough sets of pins
are position to satiefy the observer, the lens is carefully slid back
away from the table. The overhanging paper is raised even with the
table and properly supported., The raye of pins can now be graphically
extanded until they intersect at a common point. This point will be the
entrance node. The lens cone can be measured from the vertical plane
that came in contact with the table to the film plane. The distance
from the intersection of rays on the paper to the fold in the paper
where it overhung the table is measured and subtracted from the distance
measured on the lens cone. The algebraic difference is the distance
from the film plane to the entrance node. This determination was made
for the NOAA B and G Cone lens. In both instances the distance was
measured as 283 mm +/~ 5 mm. Assuming a nominal focal length of 153 mm,
the internodal separation is 130 mm for each lens. This compares to 121
mm scaled off a drawing supplied by Wild. The 5 mm accuracy estimate is
based on the size of the small circle of intersections formed by the
various rays.
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SPECIFICATIONS AND REQUIREMENTS

General Specifications

All photographic items produced by the contractor shall be:

1!

2.

Profesaional quality, contrast and density appropriate to
NOS requirements, exact focus, precise indicated scale.

From material required to perform a task as listed on NOAA
Form 76-16.

Aerial rell film, unprocessed and processed, shall be stored
in accordance with manufacturer's specifications (reference
Kodak Professional Black and White Films Manual P-5, Kodak
Data for Aerial Photography Manual M-29) and in a secure
area approved by NOS.

Specific Quality Standard, Specifications and Reguirements

In addition to General Specifications, all photographic products
are subject to specific quality standards that define the
parameters necessary to establish an acceptable visual and
measurable level of performance consisting of:

1.

Residual Silver Test - A residual silver test shall be
performed to verify thorough fixation of photographic black
and white material. A test sclution, Rodak Residual Silver
Test Solution ST-1l, or equivalent, shall be used (reference
Kodak Data for Rerial Photography Manual M-29). The test
shall be performed on the emulsion side in a c¢lear area of
the procesased material. Tesats that indicate insufficient
fixation shall be cause for rejection of the task.

Archival Asgurance Test - To verify that the wash of
photographic material is sufficient to meet archival
guality, a test shall be performed on the emulasion side in a
clear area of processed photographic black and white
material using Xodak Test Solution HT-2 and a Kedak Hypo
Egtimator or their equivalent (reference Kodak Data for
Aerial Photography Manual, M-29). Tasts that indicate
ingufficient wash shall be cause for rejaction of the task.

Dimensional Stability

a. Aerial Pilm (Original) - Changes in dimensional
stability due to processing and drying of aerial roll
film is determined by comparing the differential
change of the focal plane dimensions (fiducials as
reference points) as stated in the Camera Calibration
Report, compared to the same points as recorded on the
film. This differential change shall not exceed
0.1 mm.
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b. Print materials - Change in dimensional stability due
to processing (i.e., excessive time or temperature in
developing, fix, wash, or drying) of the print
material shall not exceed the dimensional
characteristics specified by, and measured according
to, the manufacturer for the product used (see Kodak
data supplied in each box of materials.)

Distortion - Distortion induced in printing on film or other
stable base material is determined by comparing the
diffarential change of distance between points on original
as compared to the distance between identical points on the
raproduction. Distortion shall not exceed 10 micrometers.

Fiducial Marks - Each print or transparency shall show the
fiducial marks on each exposure. The marks are located in
each corner of the format and at the center of each sida.
All of these fiducial marks and other marks intended for
precise measuring, such as recorded reseau marks on the
geodetic camera, shall be clear and well-defined on the
prints or transparencies and shall be printed so that the
standard deviation of repeated readings of the coordinates
of each made on the comparator shall not exceed 3
micrometers. Both the radial and the tangential resolution
on the prints will be consgidered.

Border Mask

a. Border regquirements for black-and-white contact prints
and transparencies:

The B/W paper contact printe may be required to have a white
border. When required, it will be created by the use of a
mask extending not more than 1/16 inch inside the outer edge
on three sides of the format but not obscuring the
fiducials, title, or recorded information {RC-10 exposure
number). The fourth side shall extend 1/2 inch outside the
format to expose recorded Wild RC-8 camera data, exposure
number, level bubble, etc. Wild RC~10 camera information
that is recorded outside the format area is not required on
NOS prints and shall be ignored.

A border mask is not required on film positives, direct
negatives, or black and white negatives from color. A mask,
if used, muast be placed either on top of the platen gurface,
or on the bottom surface of the glass printing stage of the
printer. The printing surface of the platen and the glass
stage plate shall be clear of any tape, mask, or any
material that prevents a direct uniform pressure between the
printer platen, film stock, film original and the glass
stage plate. No mask material shall be sandwiched between
any of these surfaces while printing film stock material.

b. Border requiremente for color contact prints and
transparenciesg:

An opaque mask shall be placed on the underside of the glass
stage plate of the electronic automatic dodge printer. The
mask shall be so positioned that no printing light falls
outside the film area nor shall the mask extend inside the
picture to block the fiducials or title information.
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c. Requirements for ratio prints (enlargements}:

All tasks, with the exception of Code G, shall have a border
mask ocutside of the four sides of the format area.

Code G - Photograph to be masked to show area speclfied on
marked (cropped) print accompanying NOAA Form 76-16.

Film Titling - Newly processed aerial film shall be
delivered to the COTR for inspection and upon acceptance the
film will be returned to the contractor for titling.

Titling data obtained from the NOAA Form 76-15 accompanying
each roll shall be in the picture area and not less than 1/8
inch nor more than 1/4 inch from the format border. No
titling shall be in the fiducial area. All titling shall be
printed on the film base (non-emulsion side) and the
pressure adjusted so as to prevent film daformations. The
title shall consist of NOS {agency), date, lens code, film
identifier, and exposure number. Film identifier shall ba:

Film Identifier

Panchromatic

Color MS

Black & White Infrared
Aerochrome Infrared
Color Negative

ZOWO

C
c
Sample - NOS 12-20-81 EP 2946

Exposure number titled on each frame shall be the number
recorded con the film for that frame. In the event that the
numbering sequence is repeated during the calendar year an A
shall be prefixed to the ensuing numbers. The lens
identifier is the capital letter notation in the box
"Camera/Drive Unit No," on NOAA Form 76~15.

RC~-8 (Wild) exposed film -~ title so that exposure number is
located inside top right corner of frame as viewed with
related instruments (clock, exposure number) to the right of
the frame. '

RC-10 (Wild) exposed film - title soc that exposure number is
located inside top right corner of frame as viewed with
recorded exposure number at the top left side of frame.

Codes and Related Specificaticns - A code category (A
through L) system is used by NOS to enable the lahoratory
technician to produce a product in accordance with NOS
requirements and specifications. The code category for each
task will be noted in the code category bloék appearing in
the top portion of the NOAA Form 76-16, or in the QC column
located on the bottom porticon of the computer/ telephone
hookup requisition.

All densitometric¢ values will be obtained ocutside of areas
containing sun spots, snow, or dense shadows unless
otherwigse stated on NOAA Form 76~186.

Codes and related specifications are as follows:
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Code A - Photographs to be of generally good photographic
quality for general distribution and not for a specified NOS
requirement. Color and Black & White printa or diapositives
as compared to the original, having a shift of not more than
0.10 correction will be accepted.

B&W D Minimum D _Maximum
Prints 0.25 1.30
Diapositives 0.28 1.35
Color
Prints 0.15 1.90
Diapositives 0.15 1.%0

Code B - Color prints or tranaparency to match original
film. Change in color balance (fidelity) compared to
original not to exceed the value of a 0.05 color correction.

"V" D minimum not less than 0.1%
"Ur D maximum not to exceed 1.90

Code C - Color print or transparency with coler fidelity to
be improved over original (i.e., remove a general color
overcast, or, for infrared color,accent the reds, etc.).
Desired correction may be stated on NOAR 76-16

Code D - Photographs to be uged for shoreline delineation,
sharp contrast between water and beach, holding detail in
beach. B&W infrared contact prints shall be made on an
electronic printer set in a no-dedge mode. B&W infrared
ratio prints shall be made with no dodging. B&W infrared -
water portions outside of any sun spot area shall range in
density from an average of V 2.61 (step 18) to a density of
V 0.50 (£ 0.15) in white sand or beach. These
specifications are valid only when read on print film on a
transmission densitometer.

Specific user requirements may cause a variation in the
above specified print densities.

Code E ~ Color photographs to be used for water penetration;
maximum detail in underwater areas. A color shift equal to
the value of a 0.05 color correction or as specified, will
be acceptable.

WATER LAND
ITEM D MIN. D MAX. D MAX.
CONTACT PRINTS 0.7 1.00 1.50
DIAPOSITIVES 0.8 0.90 1.40

D minimum shall not be less, nor D maximum more, than
specified.

Code F - Photographs to be used for exhibit; highest
photographic quality as to display requirements, uniform
tone maximum image detail, normal color rendition, etc.

Code G - Special cropping of photograph is required, a copy
of the photograph with the specifications will be sent with
requisition.
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Code H - Photograph requires special filtering to enhance

specific details as per instructions on NOAA 76-16 (i.e.,

generally in producing black and white negative from color
trangparencies).

Code I - Prior to printing, consultation with user is
requested.

Code J - Airport survey gquality with maximum detail
sharpness of trees, buildings, towers, runways, taxi strips,
runway markings, etc. Runway numbers must be viaible.
Individual tall images must be retained.

Material D MIN. D MAX.
B/W contact prints 0.20 1.30
B/W diapositives 0.2% 1.40
B/W ratio prints 0.20 1.30

D minimum shall not be less, nor D maximum exceed, that
apecified.

Code K - Paper negatives from color transparencies; Paper
negative contrast and density shall be such as tc present a
reasonable paper negative, not for reproduction purpose, but
used to photo-identify general land features for checking
flight line coverage.

Code L ~ Aerial Film Processing to be in accordance to
inatructions stated on NOAA Form 76-15 and NOS raequirements
and specifications.

Aerial Film Processing, Requirements and Specifications

a. Exposed, unprocessed aerial film shall be shipped
directly to the contractor for processing. The film
will be in a sealed container as supplied by the film
manufacturer. Each container will have listed on the
manufacturer's label the camera identification letter
and a number corresponding to the consecutive number
identifying the NOAA Form 76-15 Photographic Flight
Report (see Attachment 1Il) accompanying each roll.
Bach roll of processed film shall be returned to ROS
in its original container. Film rolls shall not be
interchanged or placed in new containers without
authorization by the NOS COTR. The Flight Report will
accompany each roll and shall be returnad as a part of
the processed film shipment to NOS. The COTR will
assign the "SPOT NUMBER" (file locator number) to
procesdged roll before it is returned to the
contractor.

b. The contractor will furnish any labels he deems
necesgary for NOS to affix to film containers listing
preprocessing information.
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Aerial film shall be processed in chemistry formulated
as stipulated by the film manufacturer (Kodak Data for
Aerial Photography Manual M-29). No change to an
alternate formula shall be made by the contractor
unleas approved by the NOS COTR or an authorized
representative.

Determination of the exposure setting for film used by
NOS is based on strictly controlled processing to
produce a specified gamma for black and white film, or
a specified density range for color film. The formula
and time (through speed) for development and
processing temperature used to obtain the given
processed film specifications shall be defined ae a
*Standard" for processing a particular film type.
Processing to a standard applies to color films only.
A deviation from thias standard may be requested by NOS
to adjust for over or under exposure of the aerial
film and shall be so stated in the Phetographic Flight
Report under "Recommendations” and on the contractor's
labels. The exception to this is Rerocolor Negative
2445, where testing and extended development is not
paermitted. Black and white aerial films are processed
to developed senai-strips that the lab technician has
cut from unexposed film at the trailing end of the
roll. The through speed and temperature are derived
from this sensi-strip that renders the specified gamma
for the particular black and white film type. This
sengi-strip will he returnad as part of the processed
film ghipment.

Prior to processing a roll of aerial film the
contractor shall expcose a controlled calibrated
sengsitometric gray scale, having a minimum of eleven
steps, on the film leader of each roll. Length of
unexpoeed leader for this purpose will be noted in the
Photographic Flight Report accompanying sach roll.

Extra exposures for test development purposes
(excluding Aerccolor 2445) may be exposad on the
trailing end of the roll by the aerial photographer.
The number of extra exposures, if any, will be noted
in the Photographic Flight Report. If the roll
contains no extra exposures the film will be processed
under "standard"” conditions unless stated otherwisae
under Recommendations, Photographic Flight Report. O©On
rolls containing extra exposures the contractor,
before processing an entire roll, shall cut as many of
the extra exposures as needed to process as test
samples for processing contrel. The samples shall be
inspected and the contractor at his discretion will
adjust the processing procedure to obtain a product
meeting NOS specifications, or, the best possible
product under circumatances of extreme over or under
exposure by the photographer. Samples shall be taped
to end of roll and delivered as a part of the roll to
the COTR. :

Aerial Film Processing Record, Laboratory Development
Section, NOAA Form 76-15 shall be completed by the
contractor.
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h. Densitometric Specifications -~ Original aerial roll
film shall be processed to the following:
1. Black and White (Standard)
Bagse Fog D Minimum D Maximum
Film Not to Exceed Above Base Fog Not to Exceaed Gamma
2402 0.10 0.20 % 0.10 1.35 0.9 * 0.05%
or
1.2 £ 0.05
150PE 0.12 0.20 = 0.10 1.35 1.2 %+ 0.05
2424 0.18 0.20 = 0.10 1.45 1.9 £ 0.08
2. Color
STANDARD DEVELOPMENT FORCED DEVELOPMENT
BASE = 0.10 SCENE "V" READOUT BASE + 0.10
Film c M Y MIN MAX V c M Y
2443 2.87 2.85 2.85 3.05 0.186 2.05 2.70 2.70 2.55 2.65
0.10 0.10
-0.08 -0.10
2448 3.25 3.27 3.12 3.00 0.20 1.9% 3.02 3.00 2.95 2.90
0.10 0.10
~-0.08 -0.10
2445 0.25 0.24 0.25 0.20 0.20 1.46
.10 0.10
~0.05 0.10

Proper allowances will be made for the presence of sun spots, dark water
bodies, deep shadows or snow fields if, in the opinion of the COTR, the
contractor has exercised reasonable care to assure that the negatives
(or positives) meet the requirements of density.

i.

c.

Residual Silver Test and Archival Assurance Test
{raference Kodak Data for Aerial Photography Manual M-
29) shall be made by the contractor and retained as a
part of the roll. Negative test result shall be cause
for rejection of the task.

C tione/Description

1. Glass Surfaces -~ Stage plates for contact prints and
negative carrier surfaces for enlargers shall be clean, fres
of dirt, dust, fingerprints, scratches or matter that would
cause photo image deformation or film damage.

2. Contact Printer

a.

Shall be an electronic automatic dodge and exposure
printer with the capability to print in a no-dodge
mode.

Platen pressure shall be adjusted to ensure positive
contact over entire printing surface. (Nota - a
micro-flat glass sandwiched between airbag and print
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medium must be used to ensure proper contact to film
for the printing of all diapoeitives.

c. Glass printing surface (Stage plate) induced
distortion not to exceed 10 micrometers measured
diagonally across the printed surface.

d. Printing light source (Cathode ray tube) as dictated
by printing material. (Note - full spectrum light
source shall be used to produce black and white
negatives from color transparencies.)

3. Ratio printer (Enlarger)

a. 10 x 10 format negative carrier.

b. Negative Carrier free of heat that would damage
negative (transparency).

c. Distortion free, color corrected lens - Schneider
Componon 300 mm or equivalent.

d. Lens axis perpendicular to negative carrier and easel.

e. Negative carrier parallel to easel.

£. Vacuum eagsel to take up to, and including, 40" x 40"
gtock.

g Vacuum easel flat within 0.5 mm over whole surface.

h. .9% to 5X enlarging capability.

i. Accuracy of ratio scale to 0.01X and interpolated to
within +0.001X.

j. Ratio printer shall be free of building and equipment
induced vibration.

4. Aerial film processing equipment

a. Pilm processed in an approved system that meets photo-
grammetric standards (i.e., low torque, controlled
drying, uniform development, ete¢.).

b. Capability for adjusting development to compensate for
over/under exposure.

5. Densitometer -~ The densitometer for reading black and white
and coler values shall be calibrated and maintained to
equipment manufacturer's specifications. The equipment shall
have a range of 0 to 3.00 with an accuracy of $0.02.

6. Film Titling Machine - To title aerial film, a mechanical
ink drafting device approved by the COTR, shall be used.
This device must not cause any deformation to the £ilm. A
heat imprinting machine is not an acceptable technique.
Height of character(s) not to exceed 3/16 inch.

Photographic Printing Material -

Materials are to be the brand name as listed, or equivalent.
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Paper Prints -~ black and white

a. Kodak Kodabrome II or Kodak Polyfiber DW N (semi-matt)
b. Kodak Kodabrome II or Kodak Polyfiber DW F (glossy)

<. Kodak Panalure

Print Film
a. Dupont Cronapague or
b, Eastman Type S0181

Film

a. Kodak Aerographic Duplicating Type 4421
b. Kodak Direct Negative Type LPD-4

C. Kodak Separation Negative type 4131/4133

Color
a. Ciba Print P-3 CPS 462
b. Ciba transparency CTD 661

¢, Kodak Ektacolor Plus

d. Kodak Vericoler Print Film
e. Kodak Ektacolor print Film
£. Kodak Aerochrome Duplicating
g. Kodak Duratrans

Aerial film supplied by NOS, processed by contractor

a. Plus X type 2402, 250' reoll

b. Agfa 150 PE, 250’ roll

<. Infrared type 2424, 250' roll

d. Color M. 8. Type 2448, 125' roll and 200' roll

a. Color Infrared type 2443, 125' roll

£. Color Aerccolor Negative Film, Type 2445, 125' roll
and 200' roll.

additional photographic materials for Special Projects
activities may differ from the materials listed above.
These materials will be furnished by NOS.
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Camera Calibration Report Wild RCl0 SN 1777 (B)

Camera type: Wild RC10 Camera gerial no. 1777 (B)
Lena type: Wild Universal Lens serial no. UAg II 3043
Aviagon II
Nominal focal length: 153 mm Maximum aperture: f/4
Effective date: June, 1988 Test aperture: £/4
Fiducials: No. Lf (microna) ¥Yf{microns)
FOO1 106000 105996
FOO2 105992 -106003
FOQ3 ~-106003 -106000
FOO4 -106000 106000
FOOS 0 109989
FQO06 109996 -7
FOC7 -3 -110001
FOO8 -109999 -1
Principal distance: 1582717.9 +/= 3.0
Principal point cocrdinates Xp .0 +f= 2.1
Yp 0.0 +/« 3.3

Radial lens distortion:
Ki = -0.587870819D~13 +/~ 0.8%5032550D~-14
K2 = 0,.583765233D-23 +/- 0.10616050D~23
K3 = ~0.18880698D-33 +/=- 0.37862235D~34

Tangential lens didgtortion:
R4 = -0.13530654D0~10 +/- 0.88711529D-10
RS = -0.20687093D~-20 +/= 0.36265628D-20
PHI = 068 42 05.6510 +/= 039 34 41.7837

Standard deviation of unit weight: +/-0.75

Degreaes of freadom: 197
Format and fiducialsg:
FOO04 FO05 FOO1
+ + +
FO08 + PP+ + FOO8
(Xp,¥Yp)
+ + +

FO03 FOQ7 FOO2
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CAMERA CALIBRATION OF THE NOAA G CONE CAMERA
NO. OF PHOTOS: 10
NO. OF CONTROL POINTS: 30
DEGREES OF FREEDOM: 253
NO. QF CYCLES: 10
VARIANCE OF UNIT WEIGHT = O0.86791E+00

RESULTS
INTERIOR ORIENTATION
X Y z

0.108503E~-01 0.260380g~01 -0.153220E+03

STD ERR 0.573182E-02 0.586389E~02 0.505075E-02
WEIGHT 0.00000CE+Q0 0.000000E+Q0 0.0000CCE+Q0
Ki*10**-6 K2#*10**=-12 K3*10#*-18
0.108497E-C1 0.342287E+00 -0.143612E+02

STD ERR 0.12824%E-01 0.1511%8E+01 0.533850E+02
WEIGHT 0.000000E+Q0 0.C00CC0E+Q0 0.C00000E+00
Pl#10**-5 P2*#10%%=12 P3*10#**-18
~0.278275E+C0 «0.363643E+06 ~Q.382223E+14

STD ERR 0.171840E+00 0.158873E+06 0.896076E+13

WEIGHT  0.00000CE+0QQ 0.000000E+Q0 0.000000E+00
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COVARIANCE /VARIANCE/CORRELATION COEFFICIENT MATRIX

ROW 1
0.100000E+01
0.184875E+00
0.309142E+00
0.533257E~02
0.220210E+00
0.672335E+00
-0.191914E+Q0
0.793816E-01
0.668986E+00
0.223694E+00
-0.399508E-01
-0.6528238+00
0.822955E-01
0.100894E-01

0.679951E+00

0.193588E+00
-0.183070E-01
0.666733E+00

ROW 2

0.519768E-05
-0.171798E+Q0
0.456254E+00
0.146057E+00
~0.156376E+00
~0.420551E+00
-0.128460E+00
-0.390595E-01
-0.398913E+00
0.155774E+00
0.149664E-01
0.343387E+00
-0.110063E+00
-0.204100E-01
-0.402330E+00
0.171646E-01
0.219722E-01
-0.408107E+00

ROW 3

0.225330E~05
0.829700E+00
-0.102915E+00
~0.134813E-01
~0.7275878~02
0.139619E+00
0.421273E~02
0.228916E~01
0.116189E+00
0.202347E-01
0.119897E-01
-0.971381E-01
0.370411E-01
-0.232639E-01
0.122481E+00
0.220307E-01
0.453595E-02
0.111382E+00

0.154644E+00
-0.220379E+00
~0.126318E+00
0.583703E+00
-0.606652E-02
-0.414460E-01
0.580564E+00
0.649453E-01
0.336796E-01
-0.470351E+00
-0.317209E-01
0.701045E~01
~0.487143E+00
0.108856E-01
-0.1B2539E~01
0.552778E+00
0.256861E-~01

0.100000E+01
0.186239E+00
-0.173858E+00
0.744134E+00
-0.781535E-Q1
-0.738475E~01
0.749544E+00
~0.254201E-01
0.227896E~01
-0.7542395E+00
0.685399E-01
0.368083E-01
-0.743167E+00
C.349653E~01
«~0.236430E-01

0.762751E+00

0.186456%E-01

~0.310919E-05
-0.759570E+00
~0.296270E~01
-0.592628E~01
~0.103243E+00

0.127849E-02
~0.403420E-01
~0.538864E-01

0.1995788-01

0.651823E«01
~0.673780E~01

0.100396E-01

0.469722E-01
-0.129613E+00
-0.629412E-02
-0.381509E-~01
-0.123442E+00

0.778342E~01
~0.823857E+C0
0.160524E+00
0.674828E+00
0.318072E~-0C1
0.923730E-01
0.668269E+00
-0.138162E+00
-0.456705E-~Q1
-0.673756E+00
0.168346E+Q0
~0.740240E~01
«0.630234E+00
0.188669E+00
0.327260E-01
0.680443E+00
0.140233E+00

~0.104980E+00
-0.119436E-~01
-0.111444E+00
~0.416805E+00

0.561001E-01
«0.742900E~01
«(.411346E+00
~0.278675E+00

0.855252E-01

0.305778E+00
-0.168709E-01
-0.492369E-02

0.343074E+00

0.993416E-01
=0.296598E-01
~0.412329E+00
-~0.111029E+00

0.100000E+01
~-0.787779E-01
-0.2005%7E-01
0.136878E+00
0.4105850E-02
0.242633E-01
0.118165E+00
-0.851536E-02
-0.372135E-01
«0.768691E~01
0.627944E-01
0.147852E-01
~0.112579E+00
0.270117E-02
«0.135446E~01
0.115884E+C0Q
0.838676E-02

~0.139224E+00
~0.371919E-01
-0.,110062E+00
-0.118842E+00
0.588462E+00
0.297156E-01
0.956603E~02
0.584451E+00
~0.133025E+00
0.552897E-01
-0.488121E+00Q
0.909743E-~01
«0.944971E~02
0.560044E+00
0.295399E~01
-0.215070E~01
0.556487E+C0

0.180835E+00
«~Q.780823E+00
«0.779005E-01
«0.193885E+00
0.745352E+Q0
-0.%09967E-01
-0.163340E-01
0.737384E+00
0.239927E~-01
0.708926E-01
«0.759912E+00
0.10%275E~01
«0.545127E~01
0.754454E+00Q
0.855318E-01
-0.212784E-01
0.748108E+00

~0.910614E+00Q

0.354945E-01
-0.520108E-01

0.236%247E-01
~0.368654E-01
«0.103685E+00

0.602352E~02
-0.358423E-01
~0.114068E+00
-0.4639878-01

0.296378E-01
-0.681458E-01

0.235084E-01
-0.2108118-01
-0.141938E+00
-0.167924E-01
-0.4186%0E-01
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ROW 4
~0.102344E-04
«0.977652E+00

0.,106497E+Q0

0.203460E-01
0.735241E~-03
~0.220517E+0Q0
~0,316862E-02
-0.299172E~01
-0.174133E+00
-0.251136E~-01
«0,135234E-01
0.169789E+Q0
-0.524417-01
0.254756E-01
~0.197591E+00
~0.285392E-01
¢.508852E-02
-(.185836E+00

ROW &
0.160220E-02
0.100000E+0C1
~0.998515E-Q1
-0.211080E-01
0.493178E-03
0.275566E+00
~0.163579E~-02
0.182572E~01
0.2270178+00
0.305651E-0]
0.676566E-02
-0.211894E+00
0.583395E~01
-0.187849E~01
0.239326E+00
0.342816E~01
-0.131557E~01
0.235628E+00

ROW &
-0.674344E-01
-0.797521E+02

0.989937E~01

0.218645E-01
0.864195E~03
~0.319027E+Q0
0.5816318~02
-0.143632E~01
~0.265333E+00
~0.347523E-Q1
~0.208521E~02
0.244592E+00
-0.612043E-01
0.146646E-01
-0.271718E+00
~-0.391357E-01
0.180580E-01
-0.272684E+00

0.113434E-04
0.936268E+00
0.377448E-01
0.570941E-01
-0.629927E-01
-0.408240E-02
0.330508E-01
-0.260153E-01
~0.34949SE-01
~0.809767E-01
0.175097E-01
-0.132355E~01
-0.559587E~01
0.229839E-01
0.13314%E-01
0.447614E-01
0.374034E~01

~0.152318E-02
-0.988042E+00
-0.48%9612E-01
~0.544755E-01
0.7313188-01
-0.5427348-02
-0.286849E-01
0.247646E-01
0.370910E~C1
0.791046E-01
~-0.394015E-01
0.1060188~-01
0.476618E~01
~0,159663E~-01
-0.157311E~-01
«0.408056E-01
«~0.233254E-01

0.583010E-01
0.100000E+Q1
0.5138008-01
0.479980E~01
-0.891783E~01
0.904011E-02
0.225586E-01
-0.223400E~01
~Q.3847028~01
-0.741438E-01
0.542912E~-Q1
~0.161102E-01
-0.446606E-01
0.105799E~01
0.200589E-01
0.377604E-~01
0.169728E-0Q1

~0,589855E~04
0.146280E+00
0.238316E~01
-0.221034E+00
0.178906E~-02
-0.255702E-01
-0.188235E+Q0
-0.701576E~02
0.479148E-01
0.14200CE+00
-0.660448E-01
-0.203941E-01
0.183263E+00
-0.170467E-01
0.104663E-01
~0.192767E+00
-0.191860E-01

0.633613E-02
-0.189106E+00
-0.305711E-0L
0.278926E+00
-0.364356E~02
0.182842E-01
0.240460E+00
0.152951E-01
~0.640443E~01
«0.175248E+00
0.684970E~01
0.178123E-01
~0.226160E+00
0.303710E-01
~0.457050E-02
0.240003E+00
0.288221E8-01

~0.204806E+00
0.225259E+Q0
0.412219E-01
~0.326549E+00
0.425864E-Q2
-0.184686E-01
-0.277356E+00
-0.2128978-01
0.698114E-01
0.205887E+00
-0.705882E-01
-0.107506E-01
0.255585E+00
-0.4106178-01
0.150681E-02
-0.276666E+00Q
-0.373138E~-01

0.1000C0E+C1
-0.415932E-01
-0.986796E-01
-0.3502888-01
0.230501E-01
-0.270784E-01
-0.527113E-02
0.326259E~01
0.634993E-01
0.389606E-01
-0.441127E-01
«0.288944E~02
-0.361385E~01
0.174811E-01
0.521543E~01
0.146392E~01
0.459748E-01

-0.189578E-01
0.657198E~01
0.96785CE~01
0.344533E~01

~-0.1258938E-QL
0.288562E~-01
0.631286E~02

-0.225613E~-01

-3.7039408-01

-0.3562628-01
0.4243288-01
0.1690938-01
0.510597E-01

~-0.4475098-02

~0.678951E«01

-0.358284E-02

~0,335163E-01

0.641025E+00
-0.858173E~01
-0.961084E~01
«0,.355565E~-01
0.323134E~02
-0.282604E~01
-0.796357E~02
0.132544E-01
0.764241E-01
0.297439E-01
-0.414954E-0Q1
~0,272618E-01
-0.616622E-01
~0.648439E«02
0.800249E-~01
~-0.198716E-02
0.239654E-01
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ROW 7
~0.811461E-03
-0.491332E-01

0.3228298-02

0.182821E-01
-0.965999E-01
-0.719084E+0Q0

0.105039E+00
-0.117312E-01
-0.674160E+00C
~-0.128760E+00
~0.332450E~02
0.659108E+00
-0.871407E-01
0.677437E-01
-0.705882E+00
~0.135023E+00
0.555821E~01
~-0.663031E+00

ROW 8
-0.338680E+02
0.157867E+05
-0.102352E+0C
-0.490742E-01
0.817174E-01
0.456808E+00
0.507596E~01
-0,235034E-01
0.439707E+00
~-0.665183E-01
0.205091E-01
-0.372335E+00
0.804610E-01
-0.209457E-01
0.413198E+00
0.894735E~02
~0,609295E~01
0.425232E+00

ROW 9

0.158780E+11
-0.135284E+13
0.1000C0E+0L
0.116039E+00
0.6631238-03

~-0.250074E~01

-0.163494E+00
0.257988E-01
-0.205347E-01
0.188040E+00
0.426504E~01
~-0.435753E~01
-0.752345E-01
-0.101831E-01
-0.139743E-01
0.5981328-01
-0.970727E-02

-0.452668E-02

~-0.120349E~04
0.206645E+01
0.473172E~01
~0.454930E+00
«0.462247E~01
«0.145237E~01
=0.448082E+00
0.219791E-01
-0.113536E~01
0.345935E+00
0.262161E~01
-0.554026E-01
0.343191E+00
-0.422390E-01
-0.527760E~01
-0.432045E+Q0
0.278832E-01

-0.727423E+03
-0.727853E+06
0.832749E-01
~0.614270E+00
0.391085E-02
-0.347682E-01
-0.632281E+00
~0.588998E-02
0.225111E-01
0.626068E+00
-0.460635%E-01
0.778811E-02
0.600128E+00
0.326428E-01
«0.588957E~01
«0,630893E+Q0
0.445644E-C1

0.239738E+11
0.473556E+14
-0.306735E~-C1
0.483069E+00
=0.635830E-01
0.909731E-02
0.466128E+00
0.243486E-01
~0.126410E-01
~0.431118E+Q0
0.36543%E-02
«~0,728671E-01
~0.486269E+00
0.371049E-01
~-0.560935E~01
0.417840E+00
0.221703g-01

-0.683728E-04
0.100000E+01
-0.590339E~01
-0.715595E+00
-0.280914E-01
~0.198907E-01
~-0.684474E+00
0.516905E~CQ1
-0.658324E~02
0.681610E+00
~0.108262E+00
0.311724E-01
0.624396E+00
-0.104119E+00
0.597564E-01
-0.709269E+Q0
«0.117538E+00

0.284817E+02
0.336883E+03
0.747873E-01
0.440223E+0Q
-0.713067E~-02
0.450069E-02
0.444048E+00
0.150199E+00
-0.157442E-01
-0.334573E+Q0
0.363881E-01
0.229449E-01
-0.360028E+00
~0.488587E~01
«0.231531E-01
0.4366%7E+0Q
0.945449E-01

«0.465779E+10
0.497097E+10
0.426890E-01

-0.454733E~01
0.587090E-01
0.402978E~02

-0.231509E~0Q1

«0.211734E+QQ
0.237801E-01

-0.278932E-01
0.2791128-01

~0.143454E8-01

-0.122783E-01
0.137545E+00

-0.119402E-01

-0.312700E-02

-0.195163E~01

0.322376E~03
0.123398g~01
0.474679E-01
0.246818E-01
~-0.460683E+00
~-0.207658E-01
-0.317094E-01
-0.442250E+Q0
0.770982E~-01
=0.169867E-01
0.363273E+00
-0.497970E-01
~0.268762E~01
-0.423576E+00
«0.544631E-01
-0.972867E~02
~0.415788E+00

«0.847474E+02
0.100000E+01
-0.161835E-01
0.738638E-01
-0.620602E+00
0.107544E-02
-0.454672E-01
-0.609604E+00
0.831622E~02
~0.171314E-01
0.628398E+00
0.284749E-01
0.174039%E-01
-0.5986524E+00
-0.612409E-01
-0.283371E-01
-0.602173E+00

0.122388E+11
-0.145711E+18
-0.184889E-01
-0.3243928-01
0.490257E+00
0.279551E-02
0.101738E~01
0.4435328+00
0.120588E~01
0.370813E~02
-0.452447E+00
-0.561796E=02
0.154936E-01
0.458061E+00
~0.365386E-01
0.172164E-01
0.446881E+00
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PHOTO NO. 1

X0 Y0
6424.667 6042.129

STD. ERROR
0.040 0.039

WEIGHT

400.000 400.000

POINT NO.
24
9
23
a
by}
16

2058.485

625.000

EXTERIOR ORIENTATION

KAPPA
2.18766

0.022 0.00001

0.00000

RESIDUALS IN X
0.229753E~02
-0.103429E-02
0.6852158-03
0.391643E~02
0.465345E-C3
-0.211359%E-02
-0.159011E-02
0.223239E~02
-0.271681E-02
-0.231364E~02
0.147845E-02
0.174915E~02
0.217707E-02
-0.217559E-02
-0.751103E-03
-0.462795E~02
0.902172E-03

PHI OMEGA
-Q.01002 0.00048
0.00004 0.00004
0.00000 0.00000

"RESIDUALS ON CONTROL POINTS
{PHOTO CO~ORDINATE UNITS)

RESIDUALS IN Y
0.149228E-02
0.353674E~02

-0.291992E~02
0.344239E-02
0.995935E~02

~0.486052E~02

-0.697199E-02

~0.456148E-02
0.154735E-02
~-0,.919570E~03

-0.232864E-02

-0.22448%E-02
0.133193E-02
0.350190E-02
0.195442E-02

-0.182191E-03

-0.288697E-03
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PHOTO NO. 2

X0 YO
6144.426 6454.218

STD. ERROR
0.039 0.037

WEIGHT

400.000 400.000

POINT NO.
10
9
23

EXTERIOR ORIENTATION

Zo KAPPA PHI OMEGA

2058.058 2.18678 -0.00247 -0.0039%1
0.021 0.00001 0.00004 0.300004

€25.000  0.00000 0.00000 0.00000

RESIDUALS ON CONTROL POINTS
{PHOTO CO-ORDINATE UNITS)

RESIDUALS IN X
~0.973267E-03
-0.630546E-03

0.231214E-02
0.403432E~02
0.406123E-04
-0.195183E~02
0.383470E-03
0.829492E~-03
0.442927E-02
0.220297E-02
0.242770E~02
«0.142614E~02
-0.555712E-02
«0.142461E~03
0.297325E-02
0.3763138~-02
«0.237755E=-02
-0.251800E-02
«0.518122E-02
~0.594905E~03

RESIDUALS IN Y
-0.267082E~02
0.973358E~03
-0.1422778-02
0.158044E-02
0.177581E~02
~0.863360E~03
~0.225546E-02
-0.297151E-02
0.383158E~02
-0.350231E-02
0.678013E-02
0.2605838-02
0.4759548-02
-0.6913058-03
0.3164128-02
-0.102487E~02
-0.726885E-02
~0.986216E-0Q3
0.302626E-03
-0.261913E~02
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EXTERIOR ORIENTATION

PHOTO NQ. 3
X0 YO 20 KAPPA PHI CMEGA
5837.173 6910.082 2057.868 2.18034 0.00619 ~0.01009

STD. ERROR
0.040 0.040 0.024 0.00001 0.00005 C.00004

WEIGHT
400.000 400.000 625.000 0.00000 0.00000 £.00000

RESIDUALS ON CONTROL POINTS
(PHOTO CO~-ORDINATE UNITS)

POINT NO. RESIDUALS IN X RESIDUALS IN Y
10 ~0.140349E8-02 -0.310730E~02
24 «~0.346994E-03 -0,383273E-02

9 ~-0.115113E-02 ~-0.223344E-02
8 0.268548E~-02 0.218441E-02
7 -0.102024E-02 0.23264%E~-02
15 0.404112E-02 -0.172746E~02
14 ~0.165571E~02 0.519629E-02
26 ~0.769617E~03 0.238568E-02
13 -0.4871408~-02 0.118375E~02
25 -0.2624388~-03 ~0.217143BE-02
12 0.504742E-02 -0.173033E-Q2
11 -0.19580Q0E~02 0.100934E-02
22 -0.110940E~04 -~ .866081E~02
21 -0.162785E-02 -0.1054228-02
20 0.351672E-Q3 0.515833E-02
19 ~-0.178906E~03 0.2518178~-02
2 0.392856E~02 0.441780E-03
4 0.193490E-02

0.1921208-02
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PHOTO NO. 4
X0 Yo

EXTERIOR ORIENTATION

KAPPA

5554.979 7338.928 2056.570 2.1724

STD. ERROR

0.043 0.041

WEIGHT

400.000 400.000

POINT NO.

7

8
23

9
24

2

3
14
26
13
25
12
11
21
20

0.027  0.00002

625.000 0.00000

RESIDUALS IN X
0.111121E-Q2
~Q.380287E-02
~-0.101323E-03
0.418124E-02
0.653727E-02
-0.633249E-02
~0.801822E~-03
0.537243E~02
-0.837097E-03
0.255396E~02
0.172915E~02
0.7466%9E~03
~-0.2969678-02
-0.6037238-02
-0.444641E-02

OMEGA

0.01014 ~0.01495

0.00008 0.00004

0.00000 0.00000

RESIDUALS ON CONTROL POINTS
{ PHOTO CO-OQORDINATE UNITS)

RESIDUALS IN Y
-0.18783%8-02
-0.720119E~-04
~0.354908BE-02

0.177323E~02
«~0.142850E-02
«0.205665E~02
0.309909E~02
~(.220559E~02
0.577349E-03
G.177665E~-04
-0.718395E-02
-0.266830E-02
0.378103E-02
0.663783E-04
0.936835E-02
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PHOTO NO. 5

EXTERIOR ORIENTATION

X0 YO 20 KAPPA PHI OMEGA
6300.205 7498.652 2055.832 -1.04739 0.02117 -0.00780

STD. ERROR
© 0.083 0.083 0.027 0.00002 0.0000%8 0.00004

WEIGHT
236.686 236.686 625.000 0.00000 0.00000 0.00G00

RESIDUALS ON CONTROL POINTS
{PHOTO CO~QRDINATE UNITS)

PQINT NO. RESIDUALS IN X RESIDUALS IN Y
28 0.124480E-03 -0.167642E-02

29 -0,173936E-03 0.589931E-03

7 -0.211217E-02 -0.276789E~02

8 0.615066E~02 0.108776E-03

24 0.488007E~03 «0.625152E~02

—
O

-0.604541E~02
-0.141279E~02
0.213801E-~02
«0.201635E~02
0.435865E~02

0.375519E~02
0.211917E~02
«0.437689E~03
0.464876E-03
0.452122E-02
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PHOTO NO.

Xo
6778.148

8TD. ERROR

0.052

WEIGHT
236.686

6
Yo

7065.045

0.054

236.686

POINT NO.

29
30
10

9
23

[ R N ¢ )

625.000

EXTERIOR ORIENTATION

KAPPA

2055.558 -1.03757

0.025 0.00002

0.00000

RESIDUALS IN X

0.184241E-03
0.354418E-03
0.342230E-02
0.503131E-02
0.329343E~02
-0.211372E-02
~0,.603727E-02
«0.590362E-03
0.495308g-02
-0.435124E-02

PHI OMEGA
0.01679 -0.00782

0.00005 0.00005

0.00000  Q.0C000

RESIDUALS ON CONTROL POINTS
{PHOTO CO-~ORDINATE UNITS)

RESIDUALS IN Y
-0.559266E~03
-0.382592E-02

0.423402E-02
0.433765E~03
~0.259378E-02
0.541999E-02
0.122859E-02
-0.187142E-02
-0.192599E-02
0.312108E-03

177



PHOTO NO. 7

Xo YO
7052.102 6642.316
ETD. ERROR
0.052 0.054
WEIGHT
236.686 236.686
POINT NO.
28
30
10
24

625.000

EXTERIOR ORIENTATION

KAPPA

0.028 0.00002

0.00000

RESIDUALS IN X
~-0.108729E-03
~0.353565E~0Q3
-0.122761E-02
-0.113095E~-0Q2

0.2124248-02
0.1209368-02
~0.1870298-02
0.262512E-02
0.862826E-013
0.287877E-02
-0.381441E-02

2056.414 -1.03532 -0.00262

PHI OMEGA
0.00180

0.0000% 0.00008

0.00000 0.00000

RESIDUALS ON CONTROL POINTS
{PHOTO CO~ORDINATE UNITS)

RESIDUALS IN ¥
0.171418E~Q2
0.3896128-02

-0.714025E-02
-0.676556E-02
-0.213007E-04
0.147869E~02
0.441137E-02
-0.495519E~02
0.579799E~02
0.370Q092E-02
0.661827E~05
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PHOTO NO. 8
X0 YO

EXTERIOR ORIENTATION

KAPPA

5435.434 5683.054 2057.602 2.15605

STD. ERRCOR

0.042 0.042

WEIGHT

400.000 400.000

POINT NO.

0.024 0.00002

625.000 0.00000

RESIDUALS IN X
0.309854E-Q3
0.184078E~03

~-0.317566E~02
0.136806E~02
0.393846E~02
0.540029E-02
~0.333879E-02
-0.413417E-02
-0.179536E-02
-0.122032E~-02
~0.115058E-02
-0.221415E~03
-0.178948E~03
0.269544E~02
~0.327782E-02

OMEGA

~0.00944 -~0.00408

0.00005 0.00004

0.00000 0.00000

RESIDUALS ON CONTROL POINTS
(PHOTO CO~ORDINATE UNITS)

RESIDUALS IN ¥
0.165127E~02
-0.487084E-02
0.330095E~02
0.307155E-02
0.966094E-03
«0.186741E-02
0.328163E-02
«0,323321E-02
-0.445037E-02
0.205131E-02
0.171421E-02
-0.148826E-02
0.580965E-~02
-0.486408E-02
-0.22%9727E-02
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PHOTO NO. 9
X0 Yo

5162.097 6121.97%8

STD. ERROR

c.041 0.040

WEIGHT

400.000 400.000

POINT NO.

27
18
19
20
21
22
11
12
25
13
26
16
10

9
23

8

7

EXTERIOR ORIENTATION

KAPPA

2056.853 2.16163

0.024 0.00001

625.000 0.00000

RESIDUALS IN X
~-0.328096E~03
-0.597261E-02

0.585363E-03
0.115664E-02
-0.220066E-02
0.366003E~02
0.527937E~04
-0.356038E~-02
0.2331578-02
~0.877914E-02
-0.574176E-02
0.1515978-02
0.183964E~02
0.4444328~02
0.4504888-02
0.8554168-03
0.276926E~02

PHI OMEGA
-0.01311 0.00023

0.00005 0.00004

0.00000 0.00000

RESIDUALS ON CONTROL POINTS
{(PHOTO CO~ORDINATE UNITS}

RESIDUALS IN Y
~0.165445E-02
-0.2258264E~-02
-0.228240E-03
~Q.234041E-02
-0.246687E~02

0.135190E-02
~-0.204390E~02
0.370855E~02
0.107827E~02
«0.313714E-04
0.662621E~0Q2
0.165432E~02
0.4404578-03
0.358123E-02
0.504869E-02
~«Q.270771E~02
~-0.851703E-02
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PHOTO NO.10
X0 Yo

EXTERICR CR

KAPPA

4882.293 6565.074 2055.2%7 2.167

STD., ERROR

0.043 0.044

WEIGHT
400.000

POINT NO.

10

9
23

8

7
11
25
13
26
19
20
21
22

400.000 625,000

0.028 0.00002

0.00000

IENTATION

PHI OMEGA

-0.01238 0.00369
0.00008 0.00004
0.00000 0.00000

RESIDUALS ON CONTROL POINTS

{PHOTO CO-ORDINAT

RESIDUALS IN X
0.142308E-02
~0.200741E~03
«0,617757E-02
0.134285E-03
0.128644E-02
0.669256E~03
~0.129854E-02
0.453345E-03
0.129606E~02
-0.302873E~02
-~0.545067E~02
0.678442E~02
0.456697E-02

B UNITS)

RESIDUALS IN Y
0.132925E~02
0.1733378-04
0.588826E-02

-0,113887E~02
0.111081E-02
0.470922E~02

~0,380968E-02
~0.106371E~02

-0.263233E-02

-0.444097E-02
0.290244E-02
0.987067E-03

~0.5776908-02
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FINAL VALUES FOR SURVEY CONTROL

Y

7964.092
7577.147
7188.155
6799.692
6410.582
6021.772
7404.845
7017.396
6628.465
6239.414
7177.343
6779.583
$390.716
6007.852
§612.963
§226.899
4835.211
5123.288
5585.525
6013.422
6452.871
6887.125
6822.4845
6434.064
6585.251
6199.252
£§9€0.130
B095.682
7520.720
6859.957

POINT # X
1 §213.772
2 6457.532
3 €698.477
4 6938.629
.5 7179.437
& 7419.930
7 5428.687
8 5671.00%
9 5911.397
10 6152.042
11 4928.876
12 5169.826
13 5410.111
14 5658.320
15 5891.841
16 §137.505
17 6372.8380
18 §611.381
15 5303.796
20 5017.521
21 4738.956
22 4480.963
23 5791.109
24 6031.783
25 5290.011
26 5534.184
27 4001.179
28 7113.317
29 7786.494
30 7858.398
PARTIAL CORRELATION COEFFICIENT

1 12 -0.34570E+00

2 18 ~0.341C9E+00

3 24 -0.29008E+00

4 30 -0.27574E+00

5 36 ~0Q.18248E+0Q0

6 42 «0.19667E+0Q0

7 48 -0.18513E+00

8 54 -0.23084E+00

9 60 «0.24918E+00

10 66 ~0.20799E+00Q

c/z

Z

292.805
292.001
291.187
290,310
289.425
288.481
293.429
291.310
289.911
291.720
254.932
294.096
293.284
292,233
291.502
290.457
289.612
299.041
300.734
296.557
293.782
295.081
290.169
290.046
293.712
292.779
305.059
289.281
287.891
289.704
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STD. ERR
WEIGHT

STD. ERR
WEIGHT

STD. ERR
WEIGHT

Cage 4 solution using image coordinates corrected only for refraction

CAMERA CALIERATION OF THE NOAA G CONE CAMERA

X
0.248793E~03
0.578757E-02
0.00000CE+00

K1*1Q**wg
0.355604E~01
0.133519E~-01
0.000000E+00

Pl*10%*-6
-0.242619E+00
0.178914E+00
0.000000E+00

NO. OF PHOTOS:
NO. OF CONTROL POINTS: 30
DEGREES OF FREEDOM:
NO. OF CYCLES:
VARIANCE OF UNIT WEIGHT =

RESULTS

INTERIOR ORIENTATION

Y
0.971624E-02
0.604185E-02
0.000C00E+00

K2#*10**wl2
0.173156E+01
0.157508E+01
0.000000E+00

P2*10*%.12
-0.354803E+06
0.164400E+06
0.000000E+Q0

10

249
10

0.93624E+00

Z
-0.153220E+03
0.526738E-02
0.00Q00CE+00

K3*%10#**-18
0.401192E+02
0.556748E+02
0.00Q0QCE+QQ

PA*10**.18
~0.406937E+14
0.101037E+14
0.000000E+00

183



184



185

LIST OF REFERENCES

American Soclety of Photogrammetry, (1980), Manual of Photogrammetry,
Fourth Edition, Banta Publishing Company, New York, New York.

Andersen, Oyatein, (1989), "Experience With Kinematic GPS During Aerial
Photography in Norway," Unpublished paper, Department of Surveying,
Agricultural University of Norway, As, Norway.

Bender, Lee U., (1971}, "Analytical Photogrammetry, A Collinear Theory",
RADC~-TR=-T71-147.

Bertram, 8., (1966}, "Atmospheric Refraction", Photogrammetric
Engineering, Vol. 32, No. 1, pp. 76-84.

Brown, D.C., (1966), "Decentering Distortion of Lenses", Photogrammetric
Engineering, Vol. 32, No. 5.

Brown, D.C., (1969), "Advanced Methods for the Calibration of Metric
Cameras", presented at the Symposium on Computational Photogrammetry,
SUNY, Syracugse University, New York.

Chin, M. Miranda, (1988), "ARGO User's Guide," Unpublished National
Geodetic Survey Manual, Rockville, Maryland.

Coker, Clayton, and Clynch, James R., and Brock, Chris, (1989),
"Calibration of the Exposure Status Signal from the Wild RC20 Aerial’
Camera," Technical Report, Applied Research Laboratories, The University
of Texas, Austin, Texas,.

Curry, Sean and Baumrind, Sheldon, (1986), “"Calibration of an Array
Camera, " Photogrammetric Engineering and Remote Sensing, Vol. 52, No. §,
Pp. 627-635,

Bixon, Wilfrid J, and Massey, Frank J., Jr, (1969), Introduction to
Statigtical Analysisg, McGraw-Hill Book Company, New York, New York.

Easton, R. L. (1980), "The Navigation Technology Program," Global
Pogitioning System, Veolume 1, Papers published in "Navigation,"” The
Institute of Navigation, Washington, D.C.

Frager, C. §., (1980), "Multiple Focal Setting Self-Calibration of
Close~Range Metric Cameras," Photogrammetric Engineering and Remote
Sensing, Vol. 46, No. 9, pp. 1161-1171,

Goad, Clyde, (1989), "GPS Lecture Notes," Unpublished, Department of
Geodetic Science and Surveying, The Ohio State University, Columbus,
Ohio.

Gruen, A., (1978), "Experience With Self-Calibrating Bundle Adjustment,”
Proceedings of the American Society of Photogrammetry, February-March,
Washington D.C.



188

Halliday, David, and Resnick, Robert, (1966), Physics, Parts I and II,
John Wiley and Sons, Inc., New York, New York.

Hamilton, Walter Clark, (1964), Statistics in Physical Science, The
Ronald Press Company, New York, New York.

Kenefick, Jehn F., (1971), "Ultra-Precise Analytics,"Photogrammetric
Engineering, Vol. 37, No. 11, pp. 1167-1187.

Kenefick, John F., (1972), "Analytical Self-Calibration,"Photogrammetric
Engineering, Vol. 38, No. 11, pp. 1117-1126.

King, Michael and Durboraw, I. Newton III, (1988), "A Detailed
Description of Signal Processing in Motorola's Eagle GPS Receiver,”
Unpublished Proprietary Report, Motorola Inc., Tempe, Arizona.

King, R. W., Masters, E. G., Rizos, C., Stolz, A., and Collins, J.,
(1985), Surveying With GPS, Monograph 9, School For Surveying, The
University of New South Wales, Kensington, N.S$.W. Australia.

Lapine, Lewis A., (1990), "Practical Photogrammetric Control By
Kinematic GPS," GPS World, Veol. 1, No. 3, pp. 44-49.

Lucag, James R., {1963), "Differentiation of the Orientation Matrix by
Matrix Multipliers,® Photogrammetric Engineering, Vol. 29, No. 7, pp.
708-715.

Lucas, James, R., (13987), "Rercotriangulation Without Ground Control"
Photogrammetric Engineering and Remote Sensing, Veol. 83, pp. 311~314.

Lucas, James, R., (unpublished), "Photogrammetric Evaluation of Airborne
GPS,"

Lucas, James R. and Mader, Gerald L., {(1988), "Recent Advances in
Kinematic GPS Photogrammetry,” GPS 88 - Engineering Applicatjon of GPS
Satellite Surveying Technology Proceedings, American Society of Civil
Engineering Symposium, Nashville, Tennessee.

Lucas, James R., (1989), "GPS-Assisted Phototriangulation Package (GAFF)
User's Cuide, Version 1.02," NOAA Technical Memorandum NOS CGS 2,
Geodetic Information Center, NOAA, Rockville, Maryland.

Mader, Gerald L., (1986}, "Dynamic Positioning Using GPS Carrier Phase
Measurements, " Manuscripta Geodaetica, No. 11, pp. 272-277.

Mader, Gerald L., (1990), "OMNI Users Guide," Unpublished National
Gaodetic Survey Manual.

Merchant, Dean ¢., (1971), "Metric Calibration of the Aerial
Photographic System by the Method of Mixed Ranges," Department of
Gaodetic Science and Surveying, The Ohio State University, Columbus
QChio.

Merchant, Dean C., (1973), Elements of Photogrammetry, Part I -
Geometric Photogrammetry, Department of Geodetic Science, The Ohio State
University, Columbus, Ohio.

Merchant, Dean C., (1973), Elements of Photogrammetry, Part I1 -
Computational Photogrammetry, Department of Geodetic Science, The Ohic
State University, Columbus, Chio.



187

Merchant, Dean C., (1988), Analytical Photogrammetry Theory and
Practice, Fourth Edition, Parts I and II, Department of Geodetic
Science, The Ohio State University, Columbug, Chio.

Merchant, Dean C., (1989) "Positioning the Photo Aircraft by the Global
Positioning System, Photogrammetric Promises and Challenges,” ’
Proceedings of the ACSM/ASPRS Spring Convention, 1989,

Merchant, Dean C., (19%0), "Aerial Photographic¢ System Calibration,®
Department of Geodetic Sclence and Surveying, The Ohio State University,
Columbus, Ohio.

Mikhail, Edward M. and Ackerman, F., (1976), Observations and Least
Squares, University Press of America Inc., Lanham, Maryland.

Mikhail, Edward M. and Gracie, Gordon, (1981), Analysig and Adjustment
of Survey Measurements, Van Nostrand Reinhold Company, New York, New
York.

Moffit, Francis H., (1967), Photogrammetry, Second Edition, The
International Textbook Company, Scranton, Pennsylvania.

Oberg, Erik, and Jones, Franklin D., Editors, (1935), Machinery’s
Handbook, Fifth Edition, Tenth Printing, The Industrial Press, New York,
New York.

Qlsen, Jon, (1984), "A Systematic Error in High Altitude ?ﬁotography,",
Unpublished paper, Gecdaetisk Inatitut,

Operating and Service Manual, "5316A 100Mhz Universal Counter®, Hewlett
Packard Corporation.

Remondi, Benjamin William, (1984), "Using the Global Positioning System
(GPS) Phase Observable for Relative Geodesy: Modeling, Processing, and

Results, " Doctoral Dissertation, Center for Space Research, University

of Texas, Austin, Texas.

Remondi, Benjamin William, (1984}, "Performing Centimeter-Level Surveys
in Seconds with GPS Carrier Phase: Initial Results," NOAA Technical
Memorandum NOS NGS 43, Gaeodetic Information Center, NOAA Rockville,
Maryland.

Saastamoinen, J., (1972), "Refraction," Fhotogrammetric Engineering,
Vol. 38, No. B, pp. 799-810.

Saastamoinen, J., (1974), "Local Variation of Photogrammetric
Refraction," Photogrammetric Engineering, Vol. 40, No. 3, pp. 295-301.

Schut, G.H., (1969), "Photogrammetric Refraction®, Photogrammetric
Engineering, Vol. 35, No. 1, pp. 79-86.

Spilker, J. J., Jr., (1980), "GPS Signal Structure and Performance
Characterisatics," Global Positiocning System, Volume 1, Papers published
in "Navigation," The Institute of Navigation, Washington, D.C.

Taylor, Eugene A., (1963), "Optical Tracking System for Space Geodesy,"
The Use of Artificial Satellites for Geodesy, Proceedings of The First
International Symposium on the Use of Artificial Satellites for Geodesy,
North-Holland Publishing Company, Amsterdam, Holland, pp. 187-192.



188

Taylor, Bugene A., (1964), "Calibration of the Coast and Geodetic Survey
Satellite-Tracking System," Invited Papers, The International Society
for Photagrammetry, Technical Commission V, Lisbon, Portugal, pp. 13-36.

Tudhope, Robert Lorne (1988), "Dynamic Aerial Camera Calibration
Combining Highly Convergent and Vertical Photography,” M.S. Thesis,
Department of Geodetic Science and Surveying, The Ohio State University,
Columbusg, Ohio.

Uotila, U. A., (1973), "Useful Statistics for Land Surveyors," Surveying
and Mapping, March, 1973, pp. 67-77.

Uotila, U. A., (1%88), Adjustment Computation Notes, Department of
Gaodetic Science, The Ohio State University, Columbus, Chio.

User's Manual, (1984), "Wild Aviolyt BCL1," Release 3.20, Wild Heerburg
Limited, Switzerland.

User's Manual, (1987), "Eagle Mini~Ranger Global Positioning System
Receiver," Motorocla Document Number: 68-P29027U, Motorola Inc., Tempe,
Arizona.

Wells, David, Bditor, (1986), Guide to GPS Positioning, Canadian GPS
Associates, The University of New Brunswick Graphic Services,
Fredericton, New Brunswick.



