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EXECUTIVE SUMMARY

Five test flights were conducted to study the use of GPS in
Photogrammetry, three in Iowa, one each in California and Texas.
These tests show that GPS can be used to establish ground control
by the static method and to determine camera location by the
kinematic method.

In block triangulation, six GPS controls are required and
additional elevation control along the centerline is also required
in strip triangulation.

The camera location determined by aerial triangulation depends
on the scale of the photography. The 1:3000 scale photography
showed that the absolute accuracy of the camera location by GPS is
better than five centimeters. The 1:40000 scale photography showed
that the relative accuracy of the camera location by GPS is about
one swimmskmeter.

" In a strip triangulation elevation control is required in
addition to the camera location by GPS. However, for block
triangulation camera location by GPS is sufficient . Pre-targeting
of pass and tie points gives the best results in both block and
strip trlangulatlon.

In normal mapping for earth work computations the use of 1:6000
scale photography with GPS control instead of 1:3000 scale is
recommended.

It is recommended that research be done in the use of GPS for
navigation in aerial photographic missions. It is highly
recommended that research be done in the use of GPS to determine
tip and tilt of the aerial camera, that is required in
stereoplotting.



Use of GPS for Photogrammetry

Introduction
A typical engineering project involves planning,
reconnaissance, preliminary survey, design 1layout survey,

construction and maintenance. Global Positioning System (GPS) can
be used in preliminary survey, layout survey, and maintenance,
while photogrammetry is invaluable in reconnaissance, design, and
maintenance. ‘The advantage of GPS is its ability to determine
precisely the location of points at any time, anywhere in the
world, on a local state or global coordinate system; and
‘photogrammetric techniques can identify and locate objects, produce
topographic maps, and three dimensional data fairly rapidly and

cost effectively. When using photogrammetry for 1location or
mapping purposes, three dimensional coordinates of some points,
obtained by other methods, are required. Thus, GPS and

photogrammetry can complement each other in the implementation of
engineering projects. During the era of World War II, topographic
maps were produced by analogue stereo plotting instruments, using
aerial photographs and ground control established by conventional
survey methods. With the advent of computer technology, digital
imaging and analytical plotters, aerial and terrestrial
triangulation softwares now produce the digital topographic
information used in earth work computation, highway design and
other analysis within Geographic Information Systems (GIS).

During the last decade, GPS technology has improved
considerably. At present, we have in orbit the complete
constellation of satellites needed to determine three dimensional
coordinates (location) of points anywhere in the world, at any
time. Using static mode of processing, locations can be determined
with a relative accuracy of about t 2 cms. Using kinematic mode,
locations of moving vehicles, such as aircraft, can be determined
at every second with a relative accuracy of * 5 cms or better.

A prerequisite for producing digital data or topographic maps
from aerial photographs is either ground locations of three or more
points per stereo palr or six exterior orientation elements (camera
location, heading,tip and tilt) of each photograph. In the past,
‘the locations of three or more points per stereo pair are
determined by conventional survey methods or by a combination of
conventional survey and aerial triangulation methods. The aerial
triangulation methods currently used need at least three to nine
control points to process a block of photographs. Also, most
modern softwares such as Albany can process about 4000 photographs
simultaneously. ‘

This research project shows, that not only can conventional
survey methods for establishing ground control be replaced by GPS,
but that the conventional aerial triangulation methods can also be
modified so that the location of camera obtained by GPS, known as
airborne GPS, can be used to eliminate the need for ground control
points. This important finding will result in considerable time
and cost saving to the Ia DOT.

Aerial triangulation without any ground control requires a




block of photos with 60% forward and 60% side overlap . In
addition, at least one strip with different £flying height and
targeted pass and tie points will help to eliminate any systematic
error. It appears that further research in Airborne GPS may yield
results that eliminate the need for aerial triangulation to
determine the exterior orientation elements of photos; a
prerequisite for topographic mapping or collecting digital three
dimensional data in earth work computation.

These findings were the results of five projects Mustang,
NOAA, St. Louis, California, and Texas. The Mustang project was
conducted to evaluate the use of GPS for establishing ground
control in aerial triangulation. In this project a strip of 33
aerial photos were taken at 1500 ft flying height over Highway 30
between Nevada and Colo, covering an area of about 6 miles. Aerial
triangulation using GPS control indicated

- an accuracy of better than 10 cns,

- that 6 GPS points together with elevations along
the center line, provides the best result for
strip aerial triangulation.

In 1991, a flight using National Oceanic and Atmospheric
Agency’s (NOAA) aircraft, Cessna Jet, equipped with GPS antenna,
Trimble GPS receiver, and Wild RC 20 camera, was done over the
Mustang project area at 1500 ft and 3000 ft flying heights. Three
strips of photos at the lower flying height and one strip at the
higher flying height were taken with 60% forward overlap. The
lateral overlap of the lower strips were 30%. The GPS control, Pls
along the center line and a number of pass and tie points were
targeted prior to flying. A number of softwares, DOT, Albany,
FORBLK and AGPS, were used to adjust the aerial triangulation data.
The high altitude photos were observed both by IaDOT and ISU. The
agreements between softwares and data collection were found to be
satisfactory. The analysis of the data indicates that camera
locations by GPS 1is better than 10 c¢ms using the aerial
triangulation as the standard. The analysis also showed that
aerial triangulation using a block of photos with 60% forward and
30% lateral overlaps can be adjusted with only camera location and
without any ground control. A strip of photos with 60% forward
overlap can be adjusted with camera locations and, at least, one
elevation control. There exists a systematic error between camera
location and ground control. The AGPS, the software that
compensates for the systematic error, appears to give satisfactory
results. A combination of high and low flights eliminates most of
the systematic error between ground control and camera locations,

In 1992, a flight using twin engine aircraft owned by Maps
Inc., of St Louis and equipped with LMK 2000 camera and Ashtech’s
GPS receivers, was done over the Mustang area. Unlike 1991 flight,
a 60% lateral overlap was used for the lower strip and all pass and
control points were targeted. The Ashtech receiver collected data
every half second as opposed to the every second collection by the
Trimble receivers in the /91 flight. The photo coordinates were
observed by ISU using Wild Stereocomparators. Even though all pass
points were targeted, some natural points had to be used because
the photographs were not taken at the location planned. If GPS can



be used to navigate the aircraft, then pin-point photography over
the flight line can be achieved, eliminating the use of pug or
natural points .

The 792 flight of photos were adjusted using Albany, AGPS and
FORBLk softwares. The results show that 3000 ft flying height
photography with GPS control can be used for earthwork computation,
in place of the 1500 ft flying height photography now being used.
This substitution will result in a saving of 25 to 50% in control
and plotting time.

These results show that using high and low flight photography
with camera locations by GPS can yield satisfactory aerial
triangulation adjustments; and that camera orientation parameters
determined using ground control may have systematic errors. The
results shows that the camera location determined by GPS and the
photo coordinates determined by stereocomparator are comparable,
indicating that it is important to target pass and tie points.
Further indications are that the relative accuracy of camera
locations are better than 1 cms. These results alsc show that
lower order ground control combined with camera location by GPS,
yvield excellent results while eliminating any systematic errors
between ground control and camera locations. Thus, PIS established
during preliminary survey can be combined with camera location to
do the aerial triangulation, eliminating the need for additional
ground control survey. ‘

The California project was done by the U.S. Forestry. This
consists of 4 strips in the North-South direction with 60% forward
and 40% side overlap at 20,000 flying height using Zeiss Top
camera. The Trimble GPS receivers capable of collecting
pseudorange and kinematic phase data were used. The data were
processed using Albany, AGPS, and GAPP (used by NOAA) softwares.
The results indicate that kinematic data are superior to
pseudorange for camera location. The accuracy of aerial
triangulation using ground control is about one meter, which is
satisfactory for the scale of photography used. The error is
partly because of the pugging tie and pass points and of the 40%
lateral overlap. When compared to aerial triangulation using
ground control, the accuracy of camera location by kinematic
processing is better than 1 m. The AGPS software indicates that
the systematic error between camera location and ground control can
be eliminated using heavy weights on camera location and photo
coordinates and light weights on ground control. Doing so results
in standard error of unit weight of one. It can be concluded that
camera location is as good or better than the photo coordinates,
indicating a relative accuracy of 2-3 cms in the camera locations
determined by GPS.

The Texas project was conducted by the Texas DOT. This
consists of three strips in the North Easterly direction at 1500 ft
flying height with 60% forward overlap and 24 to 48% side overlap.
Using the Albany software and the middle strip, the camera location
as determined by GPS is better than 10 cms. The Albany results
show that the standard error on control is less than 5 cms for the
middle strip and is less than 1 meter for the block, indicating
that tie and pass points have errors resulting from pugging or
geometry of the location due to low side overlap. The side overlap



of 50 to 60 can be maintained as planned if the navigation of the
flights was done using GPS or other external devices other than
visual navigation. Adjustments using AGPS software indicates that
the best results are obtained by constraining the photo coordinates
and camera location heavily, and lightly constraining the ground
coordinates. AGPS software also shows that there is systematic
error between ground control and camera location, which can be
eliminated by the AGPS software,

At present IabDOT uses photogrammetry in collecting three
dimensional data for highway design and earthwork computation. 1In
this process IaDOT spends annually about §$100,000 for aerial
photography; $20,000 on about 20 aerial triangulation projects and
about $£70,000 on 125 miles of conventional surveying for ground
control. IaDOT already possesses 3 GPS receivers that are being
used in preliminary survey. By using GPS for ground control, the
costs (of establishing control) can be cut by 25% and the accuracy
of the survey can alsc be improved. By using airborne GPS the cost
of ground contrel can be further reduced by 25%, and the cost of
aerial triangulation reduced by 25%. If multi antenna airborne GPS
can be developed the cost of aerial triangulation and ground
control survey can be further reduced by another 25 to 50%. Also,
aerial photographs and the exterior orientation elements from
multi-~antenna GPS can be used on a real time basis to update GIS,
so that the data can be analyzed for highway maintenance and for
studying natural disasters caused by hurricanes, flocds,
earthguake, etc. Thus, research on airborne GPS using multiantenna
is highly recommended. ' ‘

The work done in the research project and its conclusion and
recommendation are presented in the following chapters.

Chapter 2 describes the GPS system

Chapter 3 describes the photogrammetric system

Chapter 4 describes the Aerial Triangulation

Chapter 5 describes airborne GPS

Chapter 6 describes test flight and results of five projects

and Chapter 7 gives the conclusjon and recommendation



2.0 THE GILOBAL POSTITIONING SATELLITE (GPS) SYSTEM

For the past decade, the U. S. Department of Defense has been
developing the GPS system. When this system is fully operational,
perhaps by 1993, approximately 18 to 24 satellites will orbit at
about 20000 km above the earth in three to six orbit planes. The
objective is to provide visibility to four to six satellites about
5° above the horizon, at any time anywhere in the world, so as to
provide sufficient geometry (see fig. 2.1). These satellites will
emit two coded signals that can be used by a receiver to determine
the receiver’s position, velocity and time. Presently, there are
about 19 operational satellites. Of the nine original Block I
satellites, only six are operational; the Block II satellites are
being continuously deployed. The present configuration gives a
window of about 18 hours for three-dimensional observations and
about 24 hours for two-dimensional observations. In the near
future,we will have the full constellation of satellites enabling
GPS location at any time.

2.1 Satellite Orbit and Signal Characteristics

The satellite, m, of the GPS, orbits the earth along an
elliptical (nearly circular) path (see fig. 2.2). The satellite
operates in a 12~hr orbit at an altitude of 20,183 km with an
inclination of 55° to the eguator. A constellation of 18 to 24
satellites in three to six orbital planes, 30° to 60° apart, is
proposed. At the time of this writing, it appears there will be 24
satellites in six orbital planes. Two systems of nomenclature
exist. One system is the NAVSTAR (Navigation Satellite Timing and
Ranging), which is launch dependent. The other is the 8V (space
vehicle) system, which is related to its designated p-code.

The satellite coordinates [x,y,z] on an earth centered WGS~
72/84 geocentric coordinate system (see Figs. 2.2 & 2.3) are

determinﬁg by using these orbital parameters:

(A) = gguare root of semi-major axis of the satellite
orbit.

e = eccentricity of the elliptical orbit

1, = longitude (right ascension) of the ascending node or
reference time

i, = inclination angle at reference time

® = argument of perigee

M, = mean anomaly at reference time, corresponding to time
anomaly V and eccentric anomaly E

t,. = ephemeris reference time or epoch of perigee

Their corrections are

i = rate of inclination

An = mean motion difference from computed value

1 = rate of right ascension

C,, = amplitude of the sine harmonic connection to the
argument of latitude

C, = amplitude of the cosine harmonic correction



ORBIT 2 ORBIT 1

A

Figure 2.1 GPS System



EARTH-CENTERED
-y SYSTEM

(MAJOR AXIS OF
SATELLITE ORBIT)

X ASCENDING NODE

GREENWICH
MERIDIAN

Figure 2.2 Satellite Orbit



W SATELLITE

ELLIPTICAL PATH

E
k
CENTER OF 7 . PERIGEE o
ORBIT ot @ e}
» A - M = FOCUS OF THE ELLIPSE~-
SEMI-MAJOR AXIS - EARTH CENTER OR CENTER
. OF MASS

Figure 2.3 Satellite in the Elliptical Plane



O

C., = amplitude of the sine harmonic correction term to the

orbit radius

C. = amplitude of the cosine harmonic correction to the orbit
radius
C;. = amplitude of the cosine harmonic correction term to the

angle of inclination
C; = amplitude of the sine harmonic correction term to the
angle of inclination. '

These parameters and corrections are provided by a control segment
that consists of four monitor stations (MS): an uplocad station
(ULS), and a master control station (MCS). The monitor stations are
located at Hawaii; Elmendorf A¥B, Alaska; Guam:; and Vandenberqg AFB,
California. Using the data collected at the Mss, the MCS, located
at Vandenberg AFB, computes the satellite’s orbital parameters and
their correction terms. The ULS, also located at Vandenberg AFB,
updates the navigation message (containing the orbital parameters)
of each satellite at é6~hour and 24~hour intervals. The message also
includes AODE (age of data):
AODE = t, - t,
where t, = the time of last data

The satellite transmits signals L, at center frequency of 1575.42
MHz and L, at center frequency of 1227.6 MHz. [Each of the two
signals is modulated by a 10.23 MHz clock-rate precision, P signal,
and/or a 1.023 MHz clear/acquisition (C/A) signal. The C/A code is
short, repeating every millisecond. Each satellite broadcasts a
different C/A code from the family of 1023 specified codes. The
selection of codes minimizes interference between C/A signals and
permits positive satellite identification. The p-code is a long
sequence, repeating every 280 days, and each satellite is assigned
a week - long portion of this sequence. The high~rate, long-
duration p-code appears as random noise to an observer and hence is
described as pseudo~random noise.

Each of these two modulation binary signals has been formed by
a p-code or C/A code, which is module 2 added to 50 bps (bits per
second) data to form P + D and C/A + D, respectively. The
modulation D contains information regarding the satellite
ephemeris, satellite c¢lock correction terms (af,, af,,afy),
ionospheric delay term (TGD), and the like.

The I, in the phase component of the carrier is modulated by
the P signal; P + D and the gquadrature carrier are modulated by C/A
+ D. Thus, the L, signal transmitted by the satellite is given by

Sy, (t) = A P; (t) +D; (L) cos (w,+¢) +A,C, (t) D;(£) sin(w, t+d)

The I, is biphase modulated by the p-code; thus the L, signal
transmitted is given by

Sp,(t) = BP;{(t) D;(t) cos (w,+u)

2



10

2.2 Receiver system operation

After the antenna of a GPS receiver is positioned over the
point, the antenna cable and external battery pack (if used) are
connected with receiver. When the receiver is switched on, the
system initiates a self test procedure to verify system integrity.
If a problem is located, an error message will remain on the
display and operation will stop. After the self-test, the receiver
begins an automatic search for all satellites. The status of each
satellite Dbeing searched 1is displayed on the "Skysearch"
information displayed on the front panel of the receiver . Channel
numbers and their associated satellites, SV, are listed across the
display. As the receiver scans the frequencies, the status (STAT)
number of the search changes from frequency number, to SN
("sniffed") and finally to "LK" as the system "locks" on the
frequency of the particular satelliite. As the satellites are
located, the total number found is displayed as SV. Before a
satellite is located, the display shows the time elapsed since the
receiver was turned on. After the first satellite is found, the
receiver time is set and GPS time is displayed. After the "GPS-UTCM
parameters are collected from any satellite, which takes about 12
minutes, the Greenwich mean time (GMT) is displayed.

The receiver collects and displays orbit parameters from each
satellite found and computes elevation, azimuth and other
information. Tracking information, displayed on the front panel by
pressing a specified key, shows the satellites (SV) being tracked,
the number of continuous (CNT) data collected from the satellites
since last Jlock or cycle slip, the elevation (Elev) to each
satellite, the azimuth (AZM) to each satellite, the range accuracy
(URA) to each satellite, the health (HEL) of each satellite, and
the age of satellite, also indicating the time elapsed since the
lock with the satellite was lost From the information received from
the constellation of satellites, the receiver computes and displays
the latitude (Lat), longitude (Long), altitude (ALT), the course
over ground and speed over the ground of the receiver. In addition
it computes and displays information on destination points ({known
as "way points") the distance to destination (DTD), the course to
destination (CTD), and time to destination (TTD). The position and
navigation, displayed, seen on the front panel by pressing a
specified key, shows LAT, ILON, ALT, C€OG, S0G, DTD, CTD, TTD, and
also the quality of geometry The quality of the geometry is
measured by GDOP, which has several components: PDOP (af+af+af),
HDOP (0,2+0 %), VDOP (0?), and TDOT (ojF).

The satellites tracked and data collected can be controlled by
the control parameters menu,that can be changed by the operator
Initially, before tracking of satellites, the operator can enter
the estimated ¢,A parameter of the position (P0S) using the "data"
entry mode. The operator can control the data recording interval,
the minimum number of satellites to be used, the minimum elevation
of satellites to be used, the use of elevation control in static
mode, and the use of unhealthy satellites. The satellite selection
menu enables the specific satellite data to be collected. The site
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information menu is used to enter site name, session ID, receiver
nunber, antenna number, month/day operations interval, the
instrument height, wet and dry bulb temperatures, and barometric
pressure. It can also be used to contreol the recording of data as
well as the number of epochs to be recorded in the kinematic
survey.

The history of recorded display show the amount of data
collected from each satellite. The record & delete file directory
menu shows the names of files in the internal memory and can also
delete any files or close any file during observation. The
differential GPS display are used in special real tinme
differential GPS applications. The way points for navigation are
used in the application of GPS in navigation.

2.3 General Operating Theory

2.3.1 Stand-Alone Mode

The receiver performs a cross-correlation operation to extract
the signal and recover the data from the satellite. The receiver
initially generates an appropriate C/A code, compensating for both
Doppler shift and the estimated time difference, and performs a
cross-correlation with the received signal. The correlation
function between the received signal and the generated C/A code is
given by ,

Ci(t-t!) 8, (£) = A,Ci(t-t") P,{t) D;(t) cos (w,t+¢)

+A,Cl (e-t!) C; (£) D, () (sinw, t+0)

where C’(t-t’) is the C/A code generated by the receiver shifted in
time t’ with respect to C/A code generated by the satellite. The
correlation in maximum C’(t-t’). C(t) is one. Thus, a value of t’
can be determined when the maximum correlation occurs. Because the
period (T,) of C/A code is set at 1 m sec, the transit time is

7/ = t’+n where n is an integer. The pseudo range, R’, between the
satellite and the receiver is given by R’ = C7/ where C is the
velocity of the electromagnetic wave.

The cross-correlation of the C/A code also enables access to
the data code D(t), which contains satellite orbital parameters,
satellite clock error, ionospheric delay, and so on. Using these
data, the receiver computes the satellite coordinates (U,,V,, W) and
the error in transit time. The corrected pseudo range, R, 1s given
by

R = C(t/-(-Ars) =t = E(USMU)z"'"{VS“V)z"'(WH"’W)z)]1/2"CA‘E

where U,V,W are the receivers coordinates and
Ar, = satellite clock, ionospheric and atmospheric error
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A1 = the synchronization error between satellite and receiver
clock :
7T = corrected transit time.

Thus, by using pseudo~range measurements to four or more
satellites, the four unknowns, U,V,W, and A7 are computed (see Fig.
2.12). The computations are performed every epoch. Since there are
12 channels, data from 12 satellites are collected every epoch.
The (U,V,W) coordinates are converted to latitude ¢, longitude A,
and elevation H and displayed on the display screen of the
receiver. If only those satellites are visible, then the receiver
can compute the three unknowns. In practice, if the elevation is
constrained, the receiver can use three satellites and compute the
¢, A, and Ar.

Because of the relative motion of the satellite with respect
to the receiver, the signal is subject to varying Doppler shift.
The electronic correlation process must time-shift the receiver
codes at rates proportional to the Doppler shift. Since

1

£= 3T,

where

A = wave of signal

1 = portion of the distance < A and

t = portion of the time < T,
we have

- 1
t= ZTf
{where f=frequency)

therefore

1 £
= = =T =
dt = ZT,df = T,%d1

However, the phase angle ¢ is given by
b= 0t

where

that is,
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w = 2%
Ta
dd = wdt
therefore
dl=-2-1%¢
also _

R,~Ry = (c/27f) (¢,~¢,) = dl (delta range)
and because

(Ug=0) 2+ (V,=V) 2+ (W,-W) 2 = 2

we have

(Ug=U) (dU=dU) +(V,~V) (dV,=dV) + (W,~H) (dW,-aW) =RdR=Rd1=-——2i(’;_,d¢

where (dU_,av,,dW,) and (dU,dv,dwW) are the velocity components of
the satellite and receiver, respectively. Using the delta range
and2 Ve}oc.‘.izt}(/2 of the satellite, the velocity of the receiver,
(AU +dV +dW )} '", was computed by the receiver every epoch. The delta
range is derived by tracking the carrier phase and computing the
change in the carrier phase to the satellite over every subsequent
epoch. By knowing the velocity of the satellite from the satellite
orbital parameters, the velocity of the receiver is computed and
displayed using the delta range or Doppler shift of three or more
satellites. The computed positions ¢,A, h, and the receiver’s
velocity, dU, 4V, dW, as well as pseudo range, doppler shift and
the like are stored in the central memory’s every epoch for future
references,

2.3.2 Differential GPS

If receiver 1 and 2 (see Fig. 2.4) are located at two
stations, then the phase difference, A¢, between the signals
received by the two receivers corresponds to the difference in
distance traveled by the signal to the two receivers. Thus, A¢ =
ADcos8 (see Fig. 2.13) where @ is the direction of the signal with
respect to base line and AD is the component of the difference in
distances to the satellite in the direction of the baseline. Since
the wavelength of the carrier wave is 19 cm, only portions of phase
difference less than 19 cm can be measured initially. In practice,
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the distance between the receiver can be estimated by using the
stand alone mode to with in * 5 m. Thus we have

Ad = U,+U+ADcosB+v+t

where
U, = predicted phase difference between stations
U = unknown integer
A¢p = measured phase difference
v = measured noise
t = clock synchronization error
Now, if we observe the phase difference to four or more satellites
then the clock synchronization error will be the same. Since

AD = ﬁfﬁx&“ﬁfﬁy+‘%sz

where D = estimated distance between two stations,

AX,AY,A7 = estimated difference in X,¥Y,7 coordinates between
two stations, and
§x,8y,8z = corrections for estimate of difference, so
we have

dx
Ad = U;+3¥§cosﬂ,f§3cose,i§§cosﬂ Syl +U+t+V
D D D 3z

If A¢,, A¢,, A¢;, and Ap, are cbservations to four satellites, then

z, 'A¢1—U01—U1' -V, %’_‘cose AYcosB %gcosﬂl 1] &

zZ Ad,-U, -0, |-V,

2 1 DR I B I - O AYcosB AZcosB 1] 1%

Z|  |Ad-U, -0y| |-V, D D D Sz
- AZ AY AZ

Z, Ad U, ~U,] v, ffycosﬂ 5 —=~cosb, 5 Sfoosh, 1|LT

If the measured noise, v, 1is random and the integer U is
determined, éx,48y,62, and t can be determined by the principle of
least squares using a number of observations of four or more
satellites. In practice this is done by post-processing the data
collected. The unknown integers, U, are determined by single,
double, float double, and triple-differences method.

Suppose S(k;,j,1i) is the 51gna1 carrier phase received by
receiver K from satellite j at epoch i and S(kz,j,l) is the carrier
phase at receiver K, from satellite j at epoch i; then
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i

S(Klyjf i) C'j+n1‘u'“¢xi

]

S(Kzf F. 1) Cj+ﬂzﬁ“¢xz

where, C; is the initial phase of the signal from satellite j, n,
& n, are 1ntegers, and ¢, and ¢,, are phases measured by receivers
X, and K,.

A single difference, 8D(j,1i) is formed by differencing the carrier
phase observable from two receivers k, and k, at the same epoch i
from the satellite j. Thus

SD(j,1) = S(K,,J,1)-S(K,.,F.1)
=(0,=n,) TGy +by

= UsvAdy+t

where U. is the integer for satellite j, t is the receiver clock
error, and A¢,,is the true phase difference. SD(j,i) is independent
of the satellite clock error.

A double difference DD (j,,J,,1) is formed by dlfferenc1ng a
single difference between a reference satellite j and another
satellite j, at the same epoch i. This results in

Do(jlszp i) = SD(jz: i) ”Sp(jly i)

= U33+A¢j1“A¢jz

ox
=(U;,~U;)) f%?(cosel—cosez) f%?(cosﬂlwcosez) f%?(cosel—cosez) &
bz

The double difference DD(]1,32,1) is independent of (éx,8y,82z), the
receiver clock error. By keeplng track of the complete cycles in
the phase measurement the integer ambiguities can be determined.
If the ambiguity (U 1) 1s solved as a variable, then the solution
is known as float double difference.

A triple difference TD (j,,j,,1i) is formed by dlfferenclng the
double difference for the same satellite pair at some integer of
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succeeding epochs i and i + 1. Thus
TD(J,,d,,1) = DD(J,,J,, i+1}-DD(J,,J,, 1)

= 5%?(cos&“wcosBU*n~coseu+“2)6x+f%¥(cosﬂuucosauﬁ3~cosﬂu+wz)

+l%¥(cos&u—cosﬂu+“-cos&m+cosau+nz)62

The triple difference is independent of the integer ambigquities and
c¢lock error. The triple difference solution needs a number of
observations and since the coefficients of 6x,68y, and é§z are small
compared to double difference, it may not be reliable.

2.3.3 Static Mode

In a static mode the receivers collects data in differential mode
for 45 minutes to about 2 hours, depending on the distance between
the two stations and the accuracy required.

2.3.4 Kinematic Mode

The kinematic mode consists of one receiver remaining primarily
static over a known station while a rover receiver collects data at
unknown points as it travels. To initiate the kinematic survey, the
exact position of two points must be known very accurately. The
master receiver occupies a Known point; and the rover, the other
point known point. The master remains on its known point and the
rover move sequentially to the other unknowns points throughout the
survey. After the final unknown point, the rover is returned to its
first known point location for few minutes of data collection
2.4 Post Processing Software

Post-Processing Software, which includes post-processing of
data in static, kinematic, and as well as a variety of coordinate
conversions,are provided by the GPS manufacturers.

The receiver is connected with the post processing computer
with the appropriate cable with RS 232 connector on the back panel.
The software presents the following main menu:

a) auto processing

b) down load receiver

¢) editing Planning

d) manual processing

e) post mission

f) select directory

The "auto processing? option will allow the user to
automatically process the data in static or pseudo-kinematic modes.
The "download receiver" option enables the user to download the
data from the receiver to the PC using a program "HOSE," which also
allows the direct download of an almanac file for use in a
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satellite visibility program. HOSE program bendata, navigation, and
site files in the PC. The "editing/planning" option enables the
user to convert files to print and edit various data files by using
the program called "file t001" in order to produce a satellite
visibility chart using the "GPSMAP" program and the almanac—data
file. "Manual Processing” allows the user to run the "ANTSWAP" used
in kinematic surveys and create both common navigation files using
"COMNAV" program and create log files used in the kinematic survey
by using "Gem log" program, run "KINSRVY," the program for
computing the rover position using data collected for kinematic
survey, run the "Line Comp" program for computing the baseline
vector from static or pseudo~kinematic data, run the "Make U file,"
which c¢reates the U file consisting of difference phase data files
from the bendata and navigation files from each of the base
stations, and run the "Make Inp" program to create and edit
Baseline.Inp files required in "line comp." The "post mission"
menu enables the user to create data for adjusting networks, and
"select directory" permits the user to choose different directories
in the PC.

The common procedure used in this project , is to download the
data from the receiver and create the Bendata, navigation, and site
data files. Then, by using the manual processing, the U files and
Baseline.Inp files are created and the Linecomp/kinsurvey is
executed. The programs will compute and print the baseline vector,
baseline distance, base line azimuth, latitude, longitude, and.
elevation as well as the X,Y¥,2 coordinates of the base stations
using double difference, float double difference, and triple
difference. They alsc provide statistical data for analyzing the
results. [ -}
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3.0 PHCIOGRAMMETRIC SYSTEM

3.1. Introduction

Photogrammetry is defined as the “science or art of obtaining
reliable information by means of photography". Ever since the
invention of the pin-hole camera, man’s guest for discovery has
led him to find many uses for photography: storing information,
documenting evidence, identifying objects, locating places,
determining shapes and sizes of objects, determining land and
property boundaries and plotting contours. Photogrammetry uses
photography to do all these and more. The scope of
photogrammetry is changing rapidly as new fields of scientific
knowledge are opened by fresh discoveries. With the advent of
space and computer technologies, photogrammetry is able to map
earth systems and record global changes in real time and to do
all these with efficiency and accuracy hitherto considered to be
impossible.

3.2. Theory of Photogrammetry

The theoretical developments in photogrammetry have advanced very
rapidly from single photo~gecmetry to multi-photo adjustment
using constraints in exterior orientation from kinematic
satellite tracking, and in interior orientation from dynamic
calibration. These developments can be described under the
following headings: single photo-geometry, analogue stereo
photogrammetry, analytical photogrammetry, close-range
photogrammetry, terrestrial photogrammetry and digital
photogrammetry.

3.2.1. Single photo-geometry

A single photo can be treated as a proijection of objects in space
through a single point 0, the center of the lens. The simplest
case is a perspective projection where a point (X,¥) on an object
plane is projected as an image point (x,y) through the
perspective center onto an image plane (see figure 3.1). The
(x,y) coordinates are related to (X,Y) thus:

a, X + a,yY +a),
31 X + 85, + Ay,

(1)

L @ X @y, Y + ag
3 X + @3,Y * &y,
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Fig. 3.1 Aerial and terrestrial photogrammetry.

(Note: All figures in Chapter 3 are from
the following reference. K.Jeyapalan,

"Photogrammetry" in Encyclopedia . of Earth
Science, Academic Press, New York, 1991.)
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where,
841-+--+.85 are constants which depend on o, f and H
0 = the angle between the planes

f = op = the perpendicular distance from center of the lens
to the image plane

H = ON = the perpendicular distance from the center of the
lens to the object plane

0 = the center of the lens or perspective center
P = the principal point
N = the nadir point

Line POp is defined as the principal axis of the lens. If the
line POp is horizontal, the projection is described as a
horizontal or terrestrial photograph; if it is vertical, it is
called a vertical or aerial photograph. If it is neither, but
the image of the horizon appears, the projection is known as a
high obligque; if the image of the horizon does not appear, it is
known as a low oblique.

When mapping the earth, points on its surface are projected onto
a number of planes (see figure 3.2). Typically, a map has a
scale distortion, meaning that the distance on the ground is not
exactly equal to the scaled distance on the map, and an azimuth
distortion meaning that the direction on the ground is not
exactly equal to the direction on the map. In mapping, these
distortions, especially the azimuth distortion, must be minimized
because projections with no azimuth distortion, known as
conformal projections, are popular in navigation and cadastral
surveys.

At a first glance, an aerial photograph would appear to be a
suitable projection for mapping the earth. However, an aerial
photograph has three distortions; namely, lens, tilt and height.
If g is the image of object Q, then according to the perspective
projection the points g, 0, Q must lie on a straight line (see
figure 1). However, this is not so in practice. The deviation
of these points from a straight line is due to lens distortion
and refraction in the atmosphere. Modern cameras use lenses
designed by computers, to reduce the distortion to about + 2
seconds equaling about 0.005 mm on the photograph.

The tilt distortion is due to the fact that the photograph is not
truly vertical. However, with modern technology it is possible
to take vertical photographs with a tilt of about + 1 to 2
degrees. This photograph can be made into a equivalent vertical
photograph by having about four or more control points for which
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the coordinates (X,Y¥Y) on the map are known. The process of
producing the equivalent vertical photograph from the near
vertical photograph is known as rectification. The analogue
instrument capable of producing the rectified print is known as a
. rectifier. It should have five degrees of freedom to determine
scale, tilt in Y direction, tip in X direction, and the
translations in X and Y directions. A scanner developed by using
modern computer technology scans the photograph and produces a
digital point by point (pixel by pixel) image which can be
displayed on the screen of a computer. The point by point image
can be corrected for tilt distortion, displayed as a map and a
hard copy obtained, if necessary. In practice, a number of
aerial photographs are taken over an area. If these photographs
are assembled after rectification to form a continuous photo
image, it is known as a controlled mosaic. The controlled mosaic
is equivalent to a map except for its height distortion. Aerial
photographs assembled without rectification are known as
uncontrolled mosaics.

The vertical distance of a point from a mean level surface is
known as the elevation. Height distortion is due to the fact
that the points on the surface of the earth are not of the same
elevation. Points of the same elevation will be on a plane
parallel to the reference surface. The map point of a surface
point Q is Q,. If g, g, are the image points of Q and Q,, then g
g, are referred to as the height distortion (see figure 3.3).
From figure {3.3) we have

pg _ £

No,  H
pg, _ f
N91 H“.b.

dr = height distortion, r = pq,

Thus, if the elevation of the points are known, then the height
distortion can be corrected for point images. The elevation of
points are cobtained from (a) Digital Terrain Model (DTM) data,
(b} interpolated from contours of existing maps, and (c¢)
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determined from stereo images either manually or using
autocorrelation techniques. A photograph in which height
distortion is eliminated is called an orthophotograph. An
orthophoto is equivalent to a topographic map except that it does
not show contours. Furthermore, in an orthophotograph all
information recorded by the camera or sensor are shown without
interpretation, whereas in a map selected features are shown with
interpretations.

3.2.2. Stereo-photogrammetry

Equation (3.1) gives the perspective transformation of points on
an object plane to points on an image plane. However, if the
objects are three dimensional, the image points are central
projections of the object points (see figure 3.4} and are given
by

8, X + a,,Y + 8,52 + a,,
85, X + @5, Y + a,,7 + a,,

(3.2)

Ay X + 8y, Y + 35,7 + &y,
A3 X + @3 Y + 352 + Ay,

y:

where (X, ¥, Z) are three dimensional coordinates. ay;, a;5 +++..
a;, are the constants depending on the exterior orientation
elements (X,, Y5, Zy, x, &, ® ). The principal distance £, and
{(x,y) are image polint coordinates with respect to the photo
coordinate system (x%,yv,2), whose origin is at the center of the
lens and the z axis is perpendicular to the image plane. The
coordinates (x%,, Y;, Z,) of the principal point in the (x, y, 2)
system are known as the interior orientation elements.

(X4, Yy, Z;) are the coordinates of the center of the lens in the
cbiject coordinate, and k, ¢, © are the rotation angles about
{(x,y,2) axes of the photo systen required tc make the photo
system parallel to the object coordinate system. Thus,

ay, = ~(ap Xy + aply + a5,2y)
@y = (85X, + @Y, + a,,Z;)
Ayy = (a3 X, + @Yy + @yyZg)

Unlike the set of equations (3.1), the set of equations (3.2)
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suggests that for a single image point there are a number of
cbject points that could satisfy them. In other words, given
(x,y) of an image point, we cannot solve uniquely for (X,Y,2) of
the object point from a single photo. However, if the images are
formed on two different photographs, then from four equations it
is possible to solve for the three unknowns. A pair of human
eyes uses this principle to see objects in three dimension. This
physiological phenomenon is known as stereo-vision. The depth of
perception depends on the paralytic angle, % (see figure 3.5). A
pair of photographs known as stereo pairs are used to obtain the
three dimensional coordinates of an object. This methodology is
known as stereo-photogrammetry. The distance between the two
photographs, 0, 0, = B, known as "air base" is comparable to the
distance between two human eyes, known as "eye base". In an
ideal vertical photograph the difference in x coordinates, known
as px or X-parallax, can be used to calculate the elevation h of
a point from the eguation

3.2.3. Analytical Photogrammetry

In analytical photogrammetry the interior orientation elements of
the camera are precisely determined by camera calibration
methods. The photo (x,y) system and the principal point is
defined by fiducial marks at 4 or 8 points along the border of
the photograph (see figure 3.6). The image coordinates (x,y) are
measured by comparators to an accuracy of about + 0.001 mm and
the exterior orientation elements (X,,Y;,%Z,,k,%,0) are calculated
by using three or more control points for WhlGh (X Y,Z2) are known
and the set of equations (3.2). This procedure is known as
resection. Knowing the exterior and interior orientation
elements of the stereo pair, the object coordinates of any point
A whose images a,, a, appear on the stereo pair can be computed
using the two sets of equations similar to (3.2) and the image
coordinates of a; (x4, Yﬂ and a, D%: ¥a). The pair of points
(a,,a,) are known as conjugate points and the procedure of
determining the object coordinates using the conjugate points is
known as intersection. The entire procedure of resection and
intersection is known as analytical photogrammetry and is done
simultaneously for a number of points or a single point by
software which can be run on a personal computer, workstation or
mainframe. The software uses the method of least squares with
constraints where more eguations than unknowns are used in the
solution. The egquations with more reliability are given higher
weights to determine a weighted average solution. This method is
known as simultaneous adjustment by constraint.

3.2.3. Analogue Photogrammetry
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In analogue photogrammetry the object coordinates are determined
by mechanical or optical mechanical methods. In this method the
diapositives, the positive print of the negative film, are placed
on a projector, which has the same interior orientation elenments
as the camera, and the rays corresponding to the original rays
which produce the image are projected back (see figure 3.7). The
exterior orientation elements (X;, ¥,, 24, k, &, @),

(Xo! 1Yy’ 125" ,x",%’,0") of the stereo pair are determined in two
steps:

- relative orientation in which five of the twelve elements
are determined

- absolute orientation in which the other seven elements are
determined.

When rays are proijected from the stereo projectors, the
corresponding rays from the conjugate points will intersect in
space provided the projectors are in the same relative position
as of the original cameras. However, if they are not, then the
rays at a distance Z from the projectors will have X and Y
separation known as X parallax and Y parallax, py. The Y
parallax at a object coordinate X, ¥, 2 is given by

2 2
py = (Y, - Yé) - —;:(Z0 - Z({) + Xk - (X - BY¥ - -S-g—;ug-z-(m—m’)

+.§X¢ +.:£§l§Lg¢’
Z Z

Due to linear dependency, only 5 of the 12 exterior orientation
elements can be determined by measuring the py at 5 or more
points. Typically, Y parallaxes are eliminated iteratively at
the standard six points. This can be done mechanically or
analytically, in a sequence, by elements which do not affect the
Y parallax at the previous point.

If the Y parallaxes are eliminated at 5 or more points, then the
corresponding rays will intersect in space creating a model of
the true earth surface or object. The model so created can be
scaled and leveled so that the object coordinates (X,Y¥,%Z) can be
determined by measuring the model coordinates (X,Y,%). Two or
more planimetric control points for which (X,Y) and X,Y) are
known are reguired to do the scaling and 3 or more height control
points for which Z and Z are known are required to do the
leveling. The scaling and leveling procedures determine the
seven exterior orientation elements which are not determined by
relative orientation. The scaling and leveling are done by
mechanical translation and rotation of the stereo projectors.
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The stereo projectors are also known as stereo plotters.

once this model is created it can be used to plot both
planimetric and contour maps at specified scales depending on the
flying height of the aircraft and capability of the stereo-
plotters. A reference mark known as the floating mark, made
either on a tracing table or created by optical illusion from a
pair of marks on the viewing system, is used to trace the
features as well as the contours. The position of the mark is
plotted directly under it or on a coordinatograph connected by
mechanical linkages to produce the maps (see figure 3.8).

3.2.5 Digital Photogrammetry

The object coordinates created by analytical or analogue methods
can be transformed either directly or via encoders to a computer.
The spatial coordinates can be used by computer algorithms to
display points, lines, sgquares, rectangles, circles, ellipses,
and other shapes. The attributes to points, lines and polygons
can also be entered into the data base. The data base can then
be used to plot maps in different perspective such as
planimetric, contour, three dimensional view etc. Data can be
saved in different layers, each layer containing different
features such as roads, buildings, etc. This information, now
known as a Geographic Information System {(GIS) can be displayed
separately or in combination and plotted in a map form.

Digital photogrammetry can also rasterize the photograph into
point images or pixels with radiometric values. Different
objects have different radiometric values which depends on the
energy emitted and reflected. By assigning different colors to
each range of radiometric values, a color image of the photograph
can be displayed on the computer screen. Each pixel has a
position vector (x,y) which can be transformed into the photo
coordinates. Thus, by having small pixel sizes, the resolution
of the images as well as the accuracy of the (x,y) can be
improved. The (x,y) coordinates can be used in analytical
photogrammetry or corrected for tilt, height and other
distortions to produce orthophotos. This methodology is called
digital orthophotography.

3.3 Photogrammetric Instruments
3.2.1. Aerial Canmera

Figure (3.9) shows the sketch of an aerial camera. It consists
of a number of lens elements to minimize lens distortion. It
‘also has an internal shutter which can be used to control the
aperture size and exposure interval. All electromagnetic energy
entering the lens system at the front nodal point leaves the lens
system in a parallel direction from the rear nodal point. The
film roll is contained in a magazine enabling it to take a number
of

exposures without changing the magazine. At the time of exposure
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Fig. 3.8 Measuring system.
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the film is kept flat against the optically flat glass plate.

The openings in the film frame exposes the fiducial marks, time
and date of flight, exposure number, principal distance, altitude
and the position of the level bubble indicating the verticality
of the principal axis. The intersection of the fiducial mark
defines the principal point. The distance from the rear nodal
point to the principal point defines the principal distance. The
film is coated with emulsion which is sensitive to certain bands
of the electromagnetic spectrum. Three types of film are
commonly used: orthochromatic, panchromatic, and infra red.
Orthocromatic film is sensitive to energy from blue, .4 um, to
green, .6 um band. Panchromatic is sensitive to energy from
blue, 0.4 um to red, .8 um. Infra red is sensitive to all
visible light with a range from 0.3 um to 0.9 um. Though black
and white film are generally used, coleor film and false color
film are sometimes used. Color film shows images in true natural
color, while false color does not show their true natural color.
Positive prints on paper, film base and glass plates are made
from the negative. The negatives are developed under ideal
conditions in order to retain the geometrical qguality.

3.3.2: Scanners

With the development of digital photogrammetry the scanners or
vidicon camera may replace the traditional camera. 1In the
scanner the emulsion coated film is replaced by electronic
detectors placed at specific locations. The detectors respond to
certain wave bands and its responsivity is proportional to the
amount of energy in the spectral band. The responsivity for each
detector can be stored on magnetic disk or displayed on CRT (see
figure 11). The display is a grey level varying from 0 to 250 or
a specific color depending on the responsivity. The resoclution
on the image depends on the size of the detector known as pixel
size. The geometric quality of the scanner for photogrammetric
application depends on the exact location of the detectors in the
image plane, as well as the size of the detectors. The scanners
are useful in unmanned space missions in which the radiometric
values corresponding to the responsivity of each pixel can be
transmitted to ground station. The values can then be analyzed
using a computer to identify the objects. This process of
identifying objects is known as image analysis. The location of
the pixel gives the image coordinates (X,Y) which can be used for
photogrammetric applications.

3.3.3. Stereo Plotters

Stereoplotters are classified into two main groups: optical and
optical=mechanical. In the optical type the camera is replaced
by projectors whose interior orientation elements can be adjusted
to be the same as that of the camera. The diapositives are
placed in the image plane and the rays are projected through the
lens of the projector. The projector must have at least five
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degrees of freedom to do the relative orientation for creating
the stereo model and at least one additional freedom of movement
for scaling. The rays from the stereo plotters are projected
onto a plane of the measuring system (see figure 3.11). The
measuring system consists of a reference mark Known as the
floating mark. It has the capability of measuring the x-
parallax, separation of the projection rays in X, and the ¥~
parallax, the separation of rays in ¥. The relative orientation
is achieved by eliminating the Y parallaxes. After the Y
parallaxes are cleared, the stereo model can be viewed. There
are a number of devices to view the stereo model. One of the
oldest methods is the anaglyphic method in which the rays from
the left projectors are viewed by the left eye and the rays from
the right projector, by the right eye. 1In the modern equipment
the rays from the left projector are brought to the left eye by a
series of lens and prism arrangements; similarly, the rays from
the right projector are brought separately to the right eye. The
latter method has the advantage of adjusting the system to suit
the individual observer and provides a comfortable seating
arrangement for the viewer.

The measurement of the X~parallax after relative orientation
gives the differences of height. At any point in the model, if
the X-parallax is cleared, then the location of the reference
point or floating mark gives the model coordinates (X,, Y¥,, Z,).
The model can be brought to a predetermined scale by changing the
distance between the projectors. The planimetric position of

(X,» ¥,) can be plotted on the plotting board and the points of
the constants Z,, a contour, can also be plotted. The model 2,
coordinate system can be made parallel to the ground Z system by
either rotating the projectors or the plotting system about the
X¥-axis (e~-tilt) and the Y axis (¢-tip). In some systems a
combination of rotating the projector and the plotting system is
used. The rotation ensures that the model height distance is the
same as the ground height difference. This system can produce
maps of the earth system and also maps showing global changes.

In digital photogrammetry the model coordinates are fed into the
computer by using encoders. The coordinates are used as vectors
in plotting and displaying ground features and contours (see
figure 3.12).

3.3.4. Analytical Plotters

In analytical plotters the dispositive plates are placed on flat
holders and viewed or scanned normally. The plate coordinates
(x,y) and (x,y) of the conjugate points are measured by the
combination movements of the plate holders and scanner. These
plate coordinates and ground coordinates of three or more points
are fed into a work station where the software computes the
exterior orientation elements (see figure 3.13). Using the
exterior orientation elements, the computer calculates the ¥
parallax for points viewed by the scanner and moves the scanner
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F'ig. 3.12 Digital photogrammetry.



40

and the plate holder to eliminate the Y parallax, enabling the
viewer to see a continuous stereo model as the plate is scanned.
In some analytical plotters the plate holder or scanner can be
moved relative to each other so that the viewer could eliminate
the X-parallax and determine the elevation. However, in the more
expensive analytical plotters the scanner has the ability to
collect the radiometric values for point images in the viewing
area and pass this information to the computer to perform the
matching process, known as autocorrelation, in which X-parallax
necessary to match identical point images are determined. The
computed X-parallax is fed back to the plate or scanner to
determine the elevation. The autocorrelation technique is used
in producing orthophotos automatically without human
intervention.

Knowing exterior orientation elements and plate coordinates of
conjugate points, the computer can figure out the ground
coordinates. These ground cocrdinates are then used as vectors
to plot and display the earth system features and contours. - |
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4.0 Aerial Triangulation

The objective of aerial triangulation is to provide control
for plotting maps from aerial photography. Every stereo model used
for plotting requires twelve exterior orientation elements or three
control points.Until now, it was not possible to determine exterior
orientation elements of aerial photograph with accuracy required in
mapping projects. This research project showed that it is possible
to determine six of the twelve exterior orientation elements
accurately, and further research is needed to determine the octher
six. Presently, the method of providing three control points per
stereo model is either by conventional ground survey or by aerial
triangulation. The aerial triangulation method is more cost
effective than ground survey. The cost effectiveness improves as
the number of photographs in the project increases. However, the
aerial triangulation requires five absolute orientation elements.
In the past, this was provided by ground control established by
conventional ground survey methods. This research showed that
airborne GPS can be used to determine the five absolute orientation
elements. '

Aerial triangulation can be performed using either the
independent model approach or the simultaneous adjustment approach.
A strip of photographs requires two ground control at the
beginning, two ground control at the end, one elevation control
every 5" photograph and three common points (known as pass points)
between three adjacent photographs. A block of photographs
consisting of a number of strips needs four controls, one at each
corner of the block, three pass points common to three adjacent
rhotographs, and three tie points common to two adjacent strips.
The accuracy and success of the aerial triangulation depends on
careful planning of the flight, selection of pass, tie and control
points.

4.1 Independent Model Aerial Triangulation

In independent model triangulation, the model is formed with
by analogue or analytical methods. The models are joined to form
a strip (see fig 4.1) using the equation
Xhﬁi X

Sx

- !
Syl = S R|y/-yn| + | ¥
S, z-2)) \Z
where

Sy

8,| are strip coordinates of a point

Sy



(=

NPy

Fig. 4.1

43

P

o>

11

Independent model,



44

Ya are left nodal point coordinates of the nt? model

high right nodal point coordinates of the n+1*® model

X
!

¥

z

model coordinates of a point in the (n+1)”ﬁmodel
/

S - Scale factor between the (n+1)*" model and the strip
R ~ Rotation between the (n+1)% model and the strip

The nodal points are determined either by calibrating the stereo
plotters or in the process of forming model coordinates by
analytical photogrammetry. The rotation matrix R and the scale
factor S are determined using the common pass points P,, P,, Py and
the nodal point n.

The strip coordinates are then formed into block coordinates
(see fig.4.2) using the eguation

/
B, S,~Xr X

By| = 83 Ry sx~y§ + 1¥q

B, sz~z§ Zp
where (B, By, B,) -~ are the block coordinates
(XT, Yyr 37) - are the block coordinates of a tie pomnt
between adjoining strips
(%, ,yT 12y') - are the strip coordinates of a tie point

8, ~ is the scale factor between adjoining strips
R, - is the rotation matrix between adjoining strips

The rotation matrix R;, and the scale factor S, are determined uSLng
the common tie points T,, T,, Ty etc.

The block coordlnates are then transformed to ground
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coordinates using the eguation

G, B~ Xs X,
Gy| = S5 Rg | By~vh| +|¥e
G, Bz-zf, 2,
where (G, Y, Gz) - are the ground coord@natas
(xc‘,yc 1 2.) = are the block coordinates of ground control
(x,, Yer 2 S ggénghe ground coordinates of a control point

S, - i& the scale factor between block and ground system
R, - is the rotation matrix between block and ground system

The scale factor S, and rotation matrix R, are determined using

three or more control points G” G,, Gy, and G,

4.2 Simultaneous adiustment method

. (see flg 4.3)

Simultanecus adjustment method uses the collinearity equation

(4.2.1)
_ a5, (Gx-Gx,) +a,, (Gy-Gy,) *a,; (Gz-Gz,)
ay, (GX-GXx,) +a,, (Gy-Gy,) +a,, (Gz-Gz,)
_ @9 (GX~GX,) +a8,, (Gy -Gy, ) +&,, (G2-Gz,)
8y, (GX-GX,) +84, (GY~-Gy,) +a,, (G2-GZz,)
where (x,y) are photo coordinates of a point in the photo
system
(Gx, Gy, Gz) are the ground coordinates of a point in the
ground system
(Gx,, GY,, Gz,) are the camera's nodal point coordinate in
the ground system. (see fig 4.4)
dyy Sy 3

8y, 8y, @53| 18 the rotation elemerits (x,$,w) and scale matrix

Ay @3y Aia

between the ground and photo system

Assuming all the photo coordinates and some of the parameters are
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observed, the observation equation in the least squares method with
weight matrix P is

Ax = 1 + Vv (4.2.2)

where 1 is the vector of observations with residuals v, x is the
vector of parameters and A is the Jacobian matrix of equation
(4.2.1). By the least squares principle the vector x is given by

x = (A'PA) 'a'Pl.

By assigning a weight of zero for unknown parameters and proper
weight between zero and infinity for the known parameters and the
photo coordinates, the unknown parameters are determined. The
method depends on assigning weights and ensuring that the rank of
matrix A 1is greater than the unknown parameters. Unlike the
independent model, this method is flexible for various combinations
of parameters.

4.3 8trip triangulation

An aerial triangulation performed using a strip of photographs
is known as strip triangulation. 1In order to form a model between
two adjacent photos there should be five common points. To form a
strip there should be three common points between two adjacent
models (see fig.4.5). As the models are formed and added to the
strip, errors due to observations and other factors propagate
rapidly. For a short strip, less than five models, the propagation
of errors is given by equation (4.3.1).

error = Ax® + Bxy + Cy® + Dx + E (4.3.1)

where A, B, C, D, and E are constants
X - coordinates along the strip
y - coordinates orthogonal to x

For longer strips, the error takes higher polynomials. The error
propagation is contained by having frequent ground control along
the strip. In engineering projects accurate elevations are
required. The propagation of error in elevation is large in strip
triangulation; therefore elevation controls are required more
frequently than the horizontal control.

4.0 Block Triangulation

An aerial triangulation performed using strips of photographs
is known as block triangulation (see fig.4.3). In a block, two
adjacent strips should have at least three common points. Unlike
in the strip error propagations in the block do not propagate
rapidly because they are contained by the adjacent strips. Thus in
a block only three to four control are required at each corner.
However, every model should have at least three points common to
all the adjacent models both in the forward and lateral directions,
which means at least a 20~30 % lateral overlap between strips. The
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best results are obtained if every photograph has five points
common to all adjacent photographs, both in the forward and lateral
directions, which nmeans a 50-60% forward and lateral overlap.

Flight Planning

An important aspect of aerial triangulation is flight planning
which ensures that the area for mapping has stereo coverage.
Flight planning is normally prepared on an existing topo map on
which the area for mapping is outlined.

Prior to flight planning, information such as flying height H,
focal length of camera f, decimal portion of forward overlap, FO,
decimal portion of lateral overlap, LO, are determined according to
the accuracy reqgired in the final map. The objective of the flight
planning is to determine the optimum number of photographs and
flight lines. For a project of length L, and width W the number of
strips, NS, required is given by ‘

(W-F)
NS = i + 3
(1-LO) F
where F = (H/f) * D
D = dimensions of the photograph

The number of photograph/strip, NP, is given by

L

NP=—————— +
(1-FO)F

1

Using modern software such as AutoCAD, a graphic software, it is
possible to optimize the number of strips and photographs. The
location of the center of photographs are then plotted on the topo
map, which is then used by the navigator of the aircraft to take
the aerial photographs.Fig (6.2) shows the overlap of flight plan
on a topographic map. Presently, navigation for aerial photographs
are done using visual points on the ground. Because of . visual
navigation, some flights lack sufficient 1lateral and forward
overlaps. Howevey, airborne GPS can be used to navigate the
alrcraft and take photographs precisely over predetermined
locations and lines.

4.6 Control Planning

Control planning depends on whether a strip or a block of
photographs is used in the mapping project .(see fig.4.6) 1In a
strip, the requirements based on practical experience are

1) 6 points common to two adjacent photos

2) 3 pass points common to 3 adjacent photos

3) 2 ground controls at the beginning of the strip and two at
the end

4) 2 ground controls in every fifth photo in the strip

5) Elevation control along the center of the strip in every
other photo.
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The first two reguirements for a strip are the same as for a
block . Additionally a block requires

a) 4 ground controls at the four corners of the block

b) 3 common tie points between 2 adjacent models in 2
adjacent strips or 6 pass points between adjacent
photographs in the forward and lateral directions.

4.7 Location of Control

Once the flight and control planning are done, the ground
control points have to be selected in the field and their ground
coordinates determined. The points should be natural, easily photo
identifiable points, or targeted. points. To eliminate
misidentification and to obtain the most accurate photo
coordinates, targeting is preferred. The size and color of the
target depends on the scale of the photograph and the location. A
cross with 5' x 3" geemed satisfactory for 1:3000 scale
photography,see fig.4.7 . Ten micron fiducial marks should fit a
25 micron sqguare within one micron. A GPS observation scheme using
three or more national geodetic control points can then be prepared
and observed using static mode. See fig 4.8. The observations can
then be adjusted by network adjustment program such as Geolab.

The pass and tie points can either be pre-~selected and
targeted before flight or selected after flight. Targeted pass and
tie points ensures high accuracy, but need precise navigation.
After the flight, photo identifiable pass and tie points can be
selected, but this is time consuming. Alternatively, these points
can be marked or pugged on the plate by special marking devices.
Pugging is cost-effective but less accurate.

4.8 Determination of Photo coordinates

The photo coordinates are determined using comparators.
Usually comparators can measure (x',y'} in plate coordinates to an
accuracy of * 0.001lmm. On every plate, the plate coordinates of
pass, tie and control points and four or more fiducial points are
measured using the comparator see fig. 4.9. The coordinates of the
fiducial points are determined by calibrating the camera. The
plate coordinates are then transformed to photo coordinates using

o (-3 -0

The parameters a, b, ¢, d, X,, Y, are determined using the plate
coordinates and calibrated coordinates of the fiducial points.

The photo coordinates are then refined for lens distortion and
refraction.

4.9 Determination of Pass and Tie Point Coordinates
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Using the photo coordinates, ground coordinates, and exterior
orientation elements, a standard software such as "Albany" can
either do a strip or simultaneous adjustment. In most cases, it is
better to eliminate any large errors or inconsistencies before
simultaneous adjustment. A relative orientation software can be
used to eliminate errors in pass points between two photos. A
strip adjustment software can be used to eliminate errors in pass
points between models. A block adjustment software can be used to
eliminate errors in tie and ground control points. Once the errors
in the wvarious coordinates are eliminated, the simultaneous
adjustment software can be used to determine precisely the
coordinates of pass and tie points as well as the exterior
orientation elements. These values can then be used in
stereoplotting or in digital photogrammetry.
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5.0 Airborne GPS

The objective of airborne GPS is to determine the camera
location at the instant of the film exposure using GPS. This is
determined using precise kinematic GPS mode. The GPS antenna is
firmly fixed above the camera in the aircraft. The offset of the
camera nodal point from the antenna is determined either by
calibration or by conventional survey methods. In order to perform
kinematic GPS, two base stations are required (See fig.5.1). Using
kinematic survey, the location of the antenna at every second or
half second can be determined. Xnowing the time of exposure the
camera location can be interpolated.

5.1 Canera offset from Antenna

The camera offset from the antenna fixed to the aircraft can
be determined in a number of ways (see Fig.5.2). One simple method
is to determine the difference in coordinates between the taxi
point and the base station precisely using static mode. The
aircraft is then taxied over the taxi point. The difference in
coordinates between aircraft antenna and base peoint is determined
precisely by static method. The difference in coordinates between
the nodal point of the camera and the taxi point can be determined
precisely by conventional survey methods. From this information,
the camera offset from the aircraft antenna can be determined
precisely. As long as the aircraft is level during exposure, which
is normally the case, this offset will be a constant.

5.2 Base Station Coordinates

In order to ensure that the camera location and the ground
control points in the aerial triangulation project are in the same
system, it is important that the base station used for kinematic
survey be a part of the network.

By including the base station in the GPS network for ground control
locations and adjusting them, the camera location determined from
the base station will be in the same system as the ground control.
See fig 5.3.

5.3 Camera Location

The aircraft is initially taxied over the taxi station and GPS
data are collected from all the available satellites (a minimum of
four). Knowing the coordinate differences between the base station
and the taxi station from the static mode observation, the integer
ambiguity can be fixed fairly rapidly for each satellite. After a
few minutes of observations, the aircraft takes off on its flight
mission, while the GPS receiver continuously tracks the satellites;
thus, ensuring the continuity in the integer ambiguity. At every
epoch, the receiver collects the phase differences to all available
satellites. Using the phase differences and the integer ambiguity,
the locations of the antenna can be determined at every epoch.See
fig 5.4. o
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The exposure time of the camera can either be controlled by
the GPS receiver, or the time of the exposure can be marked as an
event in the GPS receiver together with th GpPs data.. Suppose x;
is the location of the aircraft at the i"" second a, X;,q and tz
at the subsequent seconds, then, the first difference will give
the velocity v;, 5 at (i+.5)th second, and the second difference
the acceleratlon f;,4 at the (i+l)th second. Thus, if T is the
exposure time between i and i+1, then the location of the aircraft
at T is given by

x = X + Vi, s(T-i) + 0.5%£ . (T-1)%.

Assuming the aircraft 1is traveling with steady speed during
photography, the camera location can be determined precisely.
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6.0 Test Flights and Results

In photogrammetric mapping every stereo model requires four
controls or camera locations and orientations. By using GPS
and aerial triangulation the number of ground controcls can be
minimized. Iowa Department of Transportation (IA DOT) uses an
analytical plotter and a strip triangulation software.
Simultaneous block adjustment software capable of processing
three strips of 100 or more photos covering six miles with
about 100 control points is required for this project. Various
private commercial software for processing a large number of
photos on a personal computer (PC) were examined. The software
"Albany" was selected mainly because the vendor is willing to
provide this software at half price for our research work, and
work with the Iowa State University (ISU) research team to
modify the software for GPS application at no extra cost. 1If,
at the end of this research, the IA DOT would like to use this
software, then they could do so by paying the vendor the
initial discount.

In addition, special bundle adjustment softwares AGPS, FORTBLX,
and GAPP are used in this research. The AGPS software runs on
Project Vincent (a unix based computer system) at ISU; it has
the capability of correcting for systematic error between
ground control and camera location by GPS. The FORTBLK scoftware
runs on Wylber (a main frame computer system) at ISU; it has
the capability to constraint camera orientation parameters. The
GAPP software is used by National Geodetic Survey (NGS) and is
similar to the Albany.

6.1 Mustang 90 flight

In order to evaluate the use of GPS for photogrammetric
controls, a strip consisting of 33 photos flown in 1990 at 1500
feet flying height were used. See fig. (6.1). The
coordinates of Point of Intersections (PIs) and other controls
were obtained by traversing between the six GPS points. The
coordinates were computed on a surface state plane coordinate
system. The PIs along the center line were painted and the GPS
points were targeted prior to flight. Table (6.1) gives the
standard errors in %, y, 2z between coordinates obtained by
using different softwares and different control distributions.
GPS and centerline controls provides a minimum acceptable
control for strip triangulation. This will be cost effective
for IA DOT both in field surveys and photogrammetric mapping.
The results obtained from the IA DOT software do not agree
completely with those from Albany software, mainly because of
the degree of polynomial used in the strip adjustment. The
photo coordinates were observed using both the IA DOT’s
analytical plotter and ISU’s stereccomparater. Initially the
agreement was misleading. After several attempts, a method of
cbtaining proper photo coordinates from analytical plotter was
determined. Appendix (1) gives the documentation for running
the Albany software. Appendix (2) gives the observation
procedure in aerial triangulation.



Table 6.1 Standard deviation of differences of

59

coordinates comparing various adjustments.

ALBANY

DOT{(m) ~
Albany using
DOT control

Albany GPS control
=~DOT (m)

Albany GPS control
-~Albany GPS5 and
Centerline

MAPP (STRIP)

DOT (m) -
Strip using
DOT control

All metric control-
GPS control

All metric control-
GPS and Centerline

DOT (m) -
All metric control

All metric controli-
Strip using
DOT control

GPS c¢ontrol-
GPS and Centerline

0.731

0.253

0.277

0.296

0.304

0.534

0.445

0.029

Y {m)

1.295

0.796

0.104

0.550

0.242

0.315

0.212

C.6096

0.123

1.880

1.407

1.140

0.647

0.477

0.74¢6

0.933

0.424
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6.2 NoAA 91 flight

A study was done to identify public and private agencies
engaged in using GPS for camera location. Many are in the
early stages of development. We identified four agencies, two
private and two public agencies, who are willing to work with
ISU research team. Of these, the National Oceanographic and
Atmospheric Administration (N.O.A.A.) in Washington, D.C. is
more advanced in this field than the other agencies. Agreement
was reached between NOAA and ISU research teams to cooperate in
this research project. In order to get maximum accuracy and
dynamic calibration of the camera, it was decided to take
aerial photos over the six mile Mustang project at 1500 feet
and 3000 feet flying heights. Also, it was decided to take
three strips of photos at the lower flying height with 60%
forward overlap and 30% lateral overlap. Only one strip of
photos at 3000 feet flying height was taken along the center
line. See fig. (6.2). To minimize observation and
identification error, it was decided to pretarget as many pass
points as possible. The coordinates of these points were then
determined from the GPS and PI points, established for %0
photos, using total station and geolab software. In all, about
90 targeted pass points were established. See fig. (6.3).
Other required pass points were marked (pugged) on the plates
prior to observation.

To determine the camera locations along the strip using
GPS, the aircraft is equipped with an antenna fixed to the
aircraft. See fig. (6.4). By prior calibration, the offset of
the camera’s nodal point from the antenna was determined. See
fig, (6.5). The antenna’s position during the flight was
determined by kinematic GPS processing. For kinematic
processing, three stations were established at the Ames
Airport. See fig. (6.6). These stations were tied to the
control in the Mustang Project by GPS. For about 15 nminutes
prior to take off, the aircraft taxied over the taxi station
and collected GPS data from four or more satellites using the
receiver on board. The GPS receivers at Base #1 and Base #2
continuously collected data from the same four or five
satellites. At the end of the mission, the aircraft taxied
over the taxi station and continued to collect the data for
another 15 minutes. The offset from the nodal point to the
taxi station was precisely determined in both instances. See
fig. (6.7). The data was then post-processed using the OMNI
software. The antenna’s position was determined every second
and the camera location was then interpolated. See fig. (6.8)
and fig. (6.9). The photo coordinate of the high flight were
observed at ISU and processed with Albany scoftware. Tables
(6.2) and (6.3) shows the results of strip and simultaneous
adjustment using the Albany software. The difference of about
23 m between GPS elevation and aerial triangulation is due to
geoid undulation. The standard errors of the difference
between camera locations determined by GPS and that by aerial
triangulation of 0.28 m in x, 0.08 m in y and 0.08 m in z, are
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dx, dy, dz are the offsets from the front nodal point of
‘ the camera lens to the gps antenna in ground
units.

5%, sy, %2 are the standard errors for the camera centers
in ground units.

s-ocmega, s-phi, s~kappa are the standard errors for the
camera rotations in radians.
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Fig. 6.5 Offset of camera.
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Fig. 6.7 '_Location of camera from taxi station.
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-11033
- 11034
-11029
-11027
-11025
-11623
-11021
-11019
- 11017
~11015
-11013
- 11011
- 11009
-11007
-11005
~11003
- 11001
- 11099

1507408.042
1507977.262
1508551.696
1509132.368
1509699, 734
1510263.198
1510829 . 264
1511399.385
1511971.710
1512527.929
1513074805
1513614 .301
1514166.574
1514716.249
1515271.494
1515821.514
1516384.083
1516941.726

1507408. 190
1507977.506
1508551.951
1509132.392
15096%9.917
1510263.337
1510829.851
1511399840
1511972.017
1512527.757
15130746.472
1513613.874
1514166.019
1514715.971
1515271.333
1515821.574
1516384.660
1516942.155

1056463.948
1056475.946
1056487 .167
1056492.404
1056499.279
1056506.823
1056503.007
1056500.704
105648%. 160
1056463.545
1056435.430
1056409.211
1056382.794
1056364 .810
1056351.395
1056347, 652
1056342.956
1056332. 148

AVG
VAN

1303.800
1298.744  -0.408 -
1297.677 ¢.037 -
1298.474 0.243 -
1299.787 0.586
1299.904- 0.270 -
1297.110 0.039 -
1296 .368 0.379
1298.974 0.671
1301.605 0.3 -
1300.020 0.103 -
1297.198 -0.215 -
1295.043  -0.289 . -
1299.127 0.473
1298.855 0.523
1294, 779 0.664
1295.661 1.543
1295468 1,697

70

0.333

-0.643  -0.976 0.584 -0.389
0.740 0.908 -0.065
0.296 1.152 0.179
0.0465
0.253 6.924  -0.049
g.062 1.253 0.280

0.090 1.038

0.293 0.628 -

0.047 0.867 -0.12.
0.338 1.217 0.244
0.023 0.994 0.021
0.227 1.123 0.150
0.547 1.305 8.332°
0.621 1.089 0.116

0.140 1.312

0.1%1 0.642  -0.331%
0.332 0.973 0.000
1.210 0.945  -0.028
1.365 0.570  -0.403

0.055

0.33¢

0.345

0.339

Table 6.2 Camera data from strip.

1056463 .906
1056475 .872
1056486,925
1056492181
1056499 .231
10565056.881
10656503.157
1056501,021
1056489.176
1056463.496
1056435.036
1056408 ,682
1056382.014
1056364 . 146
1056350, 882
1056347 .275
1056342.859
1056332.280

1303.050
1298.214
1297.382
1298.29%
1299474
1299.4632
1297.014
1296443
1299.260
1301.997
1300.323
1297.361
1295.088
1299.040
1298.667
1294.606
1295.704
1295.630

152.280  -C.791
152.280  -0.652
152.280 -0.2%8

T L1041 0.542
-0.902  0.834
-0.468  0.910

152.280 a.219  -0.031 4.815

152.280 0.403
152.280 0.131

0.153 0.876
-0.119 1.311

152.280 -0.548  -0.798 6.778
152.280 -0.076 -0.324 1.178
152.280 0.364 0.114 1.233
152.28¢ 0.482 0.232 0.945
152.280 0,438 0.188 0.729
152.280 0.212  -0.038 0.776

152.280 0.266
152.280 0.751
152.280 0.684
152.280 0.604

0.016 0.309
0.501 0.648
0.434 G.129
0.354 6.596

152.280 0.966 0.716 0.848
152.280 1.268 1.018 8.702
AVG 0.250 0.787

VAR

0.284

-0.243
0.047
0.123
0.0238
0.089
0.524

~0.90%
0.391
0.446
¢.158

-0.058

-0.011

~0.478

-0.139

-0.458

-0.191
8.0581

-0.085

0.082

Table 6.3 Camera date from Albany.

-0.857
0.044
-0.008
-0.080
0.007
-0.105
-0.085
-0.027
«0.097
-0.227
-0.210
-6.001
0.189
0.319
0.394
0.306
-0.001
-0.361N

0.036

22.996

23.318 .

23.500
23.545
23.498
23.427
23,622
23.852
23.993
23.969
23.897
23.966
24.038
24.036
24.010
23.937
23.846
23.604
23.725

-0.729
-0.407
-0.225
-0.180
-0.237
-0.298
-0.1C3
G.127
0.268
0.244
0.172
0.241
0.313
9.311
0.285
0.212
¢.121
-0,121

0.084
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satisfactory for highway applications.They are also within the
accuracy that is achievable by aerial triangulation.

Table 6.4

.Block adiustment using different control

Block Block Block
using only using camera and using camera & 6
Method ground control 6 GPS as control GPS height
control

o, gy g, g, oy o, o, o, o,

(m) (m) (m) (m) (w) (m) (m) (m) (m)
Std .31 .17 .27 .16 .07 .18 .34 ,08 .12
error :
in control
std .17 .14 .37 .12 .10 .55 .6 1.21 .43

error in
check points

Table (6.4) shows the results after GPS elevations were
adjusted for Geoid undulation, and the Albany software was run
as an independent model with and without ground control.
Satisfactory results were obtained by using six ground controls
and GPS coordinates of the camera location.

The diagram fig 6.10,H191.WQl, shows the differences
between camera locations obtained by GPS and by aerial
triangulation for a strip of 18 photos. The larger differencesg
are due to the fact that in strip aerial triangulation the
error propagates as the square of the distance for a short
strip (less than 5 photos) and for a long strip it takes higher
order polynomials. The graph clearly shows a 3™ or higher
order systematic error between camera location by GPS and by
aerial triangulation, therefore the error is largely due to
aerial triangulation. The graph also shows that the difference
is large at the beginning and the end of the strip, but it is
small at the center, which is typical of strip aerial
triangulation. fThus it can be concluded that the accuracy of
camera location by GPS is better than 10, cms and the
determination of camera location by aerial triangulation is
weak. ‘
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HI 91- Difference in Camera Location
Airborne GPS vs Aerial Triangulation

1.5
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1.507 1.508 1.508 1.51 1511 1512 1.513 1.514 1.515 1.516 1.517
direction of flight-meters

{Millions)

X dx dy dz
1507408 -1.041 ~0.245 -0.729
1507977 ~-0.902 0.047 ~0.407
1508551 ~0.468 0.123 ~0.225
1509132 -0.031 0.028 ~0.18
1509699 0.153 0.089 -0.227
1510263 -0.119 0.524 —0.298
1510829 -0.798 -0.009 ~0.103
1511399 =0.326 0.391 0,127
1511871 0.114 0.446 0.268
1512527 0.232 0.158 0.244
1513074 ¢.188 -0.058 0.172
1513614 ~-0.038 -0.011 0.241
1514166 0.018 -0.478 0.313
1514716 0.501 -0.139 0.311
1515271 0.434  -0.658 0.285
1515821 0.354 -0.181 0.212
1516384 0,716 0.0861 0.121
1516941 1.018 -0.085 -0.121
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Iable 6.5

Al. Flight 91. AGPS vs. Albany in NOAA flight

pt Ax Ay Az Res % Res y
2004 -0.296 -0.220 -0.100 0.002 0.005
2006 -0.393 -0.235 -0.830 0.005 0.006
2016 -0.003 0.172 -0.150 0.001 0.001
2018 «0.001 0.104 0.187 0.003 0.005
2040 ~0.107 0.006 0.296 0.001 0.002
2042 -0.081 0.070 0.369 0.001 0.000

std error 0.147 0.156 0.407

In order to evaluate the Airborne GPS (AGPS), which is an
aerial triangulation program, that compensates for small
systematic errors in GPS locations of camera, the NOAA high
flight was run with weights of 1000 on photo coordinates,
10,000 on the location of camera , and 0.01 on ground points
along the center line, Light weights on some points are
required to run a strip only with GPS location of camera .
Table 6.5 compares the AGPS coordinates of six points( GPS)
with those obtained using the Albany software.The Albany
software was run with six GPS points and points along center
line as control. The standard errors shown in table 6.5
compares well with those of check points by Albany shown in
table (6.4). Thus, AGPS using camera locations by GPS will
yield satisfactory results. The table 6.5 also shows photo
coordinate residuals in the AGPS run. They show that if photo
coordinates are error free, then AGPS using camera locations by
GPS can yield excellent results .

Table 6.6
Standard error at control
Method Control Check
Albany o, g, o, 0O, o, o,
m m ™ m m m
4x3 with ground control 0.05 0.07 0.23
Ix3 with camera control 0.10 90.10 0.04 1.67 0.26 0.38
3x3 with camera and ground 1.05 0.46 0,11
4x3 with camera control 0.62 2.77 0.09

4x3 with camera and ground 0.47 1.93 0.20

The table 6.6 shows the Albany run using 3 strips at a low
flying height and one strip at an high flying height (4x3).
From these results it can be seen that using only camera
location for low flight (3x3) gives the best results (o, = o
=0.1 and o, = 0.04) indicating the GPS locations of camera are
consistent with each other . However, the residuals on the
check points (1.67, .26, .38) are large, mainly because the
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Albany program does not compensate for systematic error in the
camera location. The table also shows that the program gives
satisfactory results (¢, = 0.05, ¢, = 0.07 and o, = 0.23)when
using ground control only. Therefore the program and the
coordinates are satisfactory. The table also shows that when
flights of different height are included in the bundle
adjustment, the program does not compensate well in x, y
resulting in errors of 0.62 in x and 2.27 in y. Also, when we
mix camera location and ground control the errors are large o,
= 1.03, 0, = 0.46 and o, = 0.11 indicating the existence of
systematic error in between the coordinates. One of the
important results shown in this table , that it is possible to
do aerial triangulation without any ground contrel, and it
gives the best results ( o, = 0, = 0.1 and g, = 0.04 ).
However, the check on ground control is poor because of the
systematic error between camera location and ground.

Table 6.7
Standard error of unit weight by AGPS
Method Std. error of unit weight
- AGPS '
4x3 with ground control g, = 0.81
4x3 with camera & ground control 0p = 1.10

The table 6.7 gives the results of AGPS run using the 4x3
photos. The adjustment was done with weights of 1000 on photo
coordinates and of 10,000 on camera locations. Using the
ground control only, the program yields ¢, =0.81, where as
using camera location and ground control, it yields o, = 1.10 .
Therefore the improvement is not significant. Thus, the AGPS
program compensates for the systematic error in camera location
; and there is a systematic error between camera location by
GPS and ground control. The camera location is obtained by
kinematic GPS mode within 1 hour of observation, while ground
control is obtained by static mode and adjusted by simultaneous
adiustment program.
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Table 6.8
Standard error of unit weight by Fortblk

Method 8td, error of
~unit weight

1. 3 high 91 photo with

weight on ... =1 0.012
weight on g . = 10,000
2. weight on ., = 1
weight on g4 = 10,000 0.018
weight on . ... =1
3. weight on .. =1 w
weight on ... =1 no solution
4. weight on .. = 1
weight on . =1 0.016

wt on one elevation control = 10000

Three photos from NOAA high flight were adjusted using a
FORTBLK simultaneous adjustment program to evaluate the use of
camera location for a strip. The table 6.8 gives the results
under four conditions. The best result ¢ = 0.012 is obtained
by using ground control only. There is no solution with camera
location only. ¢ = 0.018 for the camera and ground control is
a satisfactory solution. However there is systematic error
between camera and ground due to the large difference in that
were used . ¢ = 0.016 using camera and one ground elevation
control is a satisfactory solution that is not significantly
different from o, = 0.012 obtained using only ground control.

These experimental results show that by using camera
location by GPS, a block of photos consisting of 2 or more
strips with 60% forward and 30% lateral overlap can be used to
do aerial triangulation without any ground control.A systematic
error exists between ground control and camera location, which
can be eliminated using the AGPS software with block of photos
from high and low flights. Another significant finding is that
aerial triangulation of a strip using camera location only is
not possible; however, with at least one elevation control and
camera locations, a satisfactory adjustment is possible. These
results also show that camera location is best determined by
GPS than by aerial triangulation. Aerial triangulation
determines camera location by resection; thus a small error in
pass or control point data will adversely affect the error in
the camera location.
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Table 6.9

The SAS System
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15
69
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~0.5678 -0,
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-0.4046 =0,
~0.5687 -0,

21

1227.75
1227.00
1224.24
1226.26
1226.66
1224.76
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6.2 St.Louisg 92 Flight

In order to ensure the success of the 91 flight and to use
a different GPS receiver and aircraft the 92 flight over the
Mustang project area was undertaken. A Twin Engine Cessna
airplane owned by a private firm in St. Louis was used for this
flight. The GPS data were collected using Ashtech receivers
capable of collecting data every 1/2 second. Three low
flights at 1500 ft. with 60% forward and 60% lateral overlaps
were and a high flight at 3000 ft. with 60% forward overlap
were done. Almost all pass points and six GPS points were
targeted. Also all PIs along.the Highway 30 were painted (see
figure 6.11).

The photo coordinates were observed by Wild Stereo
comparator. Because the flight lines were not exactly as
planned, the targeted pass points were not at the right
location. As a result, few natural points had to be used. The
camera location were 1nterpolated from GPS data collected every
1/2 second (see appendix 3 ). These data were then adjusted by
Albany and AGPS. The table 6.9 (SAS system) shows the
difference between camera location by GPS and by aerial
triangulation using Albany software and ground control for the
high flight. After eliminating the systematic difference
between ground control and camera location the two agreed with
g, = 0.12, o, = 0.05 and o, = 0.02. The graph in fig 6.12 (
Strip23.wqgl) shows the agreement for the central low flight.

It can be concluded that the accuracy of camera location by GPS
is better than 10 cms, allowing for errors in strip adjustment.

Table 6.10
Standard error by Albany
Data Method 8td error in output
o, o, o,
High 92 Albany 0.063 0.083 ¢0.103
3 lLow 92 Albany 0.033 0.034 0.107
Hi Low 92 Albany 0.063 0.088 0.0%0

Table 6.10 shows the results of the adjustment using
Albany software. The improvement in the std error, o, = 0.05
for 91 flight and o, = 0.03 for 92 flight, is due to the fact
that we had no pug p01nts, and mostly targeted points as
control and pass points. The improvement in std error, g, =
0.23 from 91 flight and o, = 0.107 for 92 flight, is due to the
60% side overlap. The table "a" also indicates that the
accuracy in z, in the high flight is about the same as in the
low flight. A combination of high and low photos 1mproves the
standard error, o,, in elevation. Even though o,; 0, in the
high flight is twice as much as in the low fllght {hls is to
be expected because the flying height is 1500 ft for low flight
and 3000 ft for high flight; still the std error in the high
flight is less than 10 cms which is acceptable for highway
earthwork computations. At present, the Ia DOT uses the low
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strip 23 difference in camera location

std.error

0.12423 0.1187102 0.0833017

Fig. 6.12

0.2
0.15 ; H
0.1 ——
% 0.05 _
£
| 0
B ~7
3
s -0.05
° / \ \
> T \ \
-0.15
'0-2 i 1 I L] 3 3
1.5076 1.5078 1.508 1.6082 1.5084 1.5086 1.5088
direction of flight meters
(Millions)
photo# x dx dy dz dx? dy’ dz'
119 1056384.28 -0.489 -0.138¢6 -29.787 -0.087 0.08897 -0.075
118 1056382.39 -0.5595 -0.1584 ~29.7%5 ~0.016 0.10985 -0.,112
117 1056379.77 -0.7099 -0.1306 ~-29.913 0.1342 0.0817 0.051
116 1056377.18 -0.7195 0.0454 -29,848 0.14238 -0.094 ~0.014
115 1056377.08 ~0.4005 0.1378 -30.0122 -0.175 ~0.187 0.1502
mean -0.5757 -0.04888 ~29.86204 Q 0 -7E-16
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Standard deviation of difference in x by
ground contrel and camera location.
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Table 6.11lb Standard deviation of difference in y by
ground control and camera location.

o e v e e e T A WS M ML o e e e T o R WL Al ke e e e T W W bk e e e o e W A L L M M A A A o —

20004 10566144 .597 1066144.032 0.585 0.318225000C
5004 10566878.944 1056878, 159 0.78& (.6162248989
20006 1066629 .358 1066628.536 0.822 {.877328999¢8
2050 16664056 . 954 1656405, 294 (t.66¢ {1, 4355898802
2051 1056416 .663 10566415.930 0.73% 0L E372880000
2052 1056405148 1006404, 452 (.686 0. 45441800060
2011 1056402 580 1056401.866 0.714 G.509736000%
2004 1056144592 1056144.028 (.5664 G.3i18098000¢
8113 1056612 .282 1056611.628 {.883 (+.438568920%
9026 1085851 .772 10556850.862 G.81C 4.85b61000CCY
5029 i0bg2z1.110 1066220.377 0.733 0, B3T72820004¢
8017 1058615.744 1666615.007 0737 4.543168998%
2103 10663621534 1066381.431 0.703 0.4942090000
2017 10866403222 1056402.530 .88z {.4788640001
20016 1056527, 958 1056697.278 (.68: 0.483761000
20018 1056164. 280 10661683.573 2,717 : 0.5140888888
2013 105€381.274 1056380.557 0.717 0.5140889288
20568 1056375 .037 1056374.330 0.707 {.4208480888
20565 1058400181 1056329.455 G.708 0.48843800040
2101 10566394.869 1056394. 1868 0.701 0.4814008285
2008 1056404.233 1056403.522 0.711 0.50562089¢8

2100 1068404 . 133 10566403.425 0.708 0.50128580E8
20563 1056402 812 14056401.897 0.718 0.511224399¢82
2002 I0HB40T B46 105646G7.173 h.e%:z (. 4528289808
_______ i3 91;-—_"_ 31.9997395;;-

MEAN - 4.7047500000

ul

S0 v 0.,05L7589985

f)
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Table 6.11¢c Standard deviation of difference in z by

ground control and camera location.

2004
8113
3026
30298
8017
2103
2017
260018
20018
2013
2058
2085
2101
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20563

.T17
.313
.414
.574
.823

127 -
.B82
544
.828
000
L4877
.a27
L2389

558

st

.3819240000
L 1317680000
. 1658250000
0, 2171560000
L 1185640000
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1860250000
. 1128960000
L2304000000
.(2402590000
0299280000
.020164000Q¢0
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Table 6.11d Standard deviation of difference in =x
photo coodinates residual by ground
contrel and camera location.

POINT NO DXl F3). ¥ (DX1-DX2) {DX1-D¥2 %42

(cnt} {cam)
20004 0.013 0.008 0.004 {.0000:47379
5004 0.000 ~0.022 0.0z2 0.0004834174
20008 0.001 -0.005 0.008 0.0000343279
2050 0,060 -¢.015 0.015 00002306146
2051 -0, 008 -0.004 ~{0.004 ¢.0000167854
2052 -3 010 -0.008 -0.002 0.0000054336
2011 4.001 -0.002 0.003 0.0000078905
2004 -0 008 ~0.012 0,003 0,0000084405
8113 g.000 -0.002 0.002 0.0000049640
g026 8000 0,000 0.000 O.0000002182
8029 -0.001 -0.002 ¢.002 0.0000027182
8017 .003 -9.002 0.Go5 O 0000206479
2103 ¢.000 0.000 0.000 S 0.0000000204
2017 -0.001 0.000 ~-0.001 0.000000687T08
20016 0.001 0.000 0.001 0.0000010754
20018 4.000 (+.000 0.000 50000000840
2013 RN -0.009 -0.002 (.0000050460
20568 -0.001 G.o00 -0.001 0.0000012385
2085 002 -0.008 0.009 G.0000748744
2101 0,002 0.000 0.002 0.0000046698
2008 0.002 0.003 ~-0.001 G.GJOOOQQ8OI
2100 ooa0 -0, 002 G002 NoNROGnATOLE
2053 4,008 0.005 0.001" ﬁ.:rﬁﬂﬂﬁ” 3E
2002 G0 4,000 0.001 GLOneooe2nad
1. 084 OGN Anga43

MEAN - DLO028772R00

RS fOR0E8348652
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Table 6.1le Standard deviation of difference in y
photo coordinates residual by ground
control and camera location.

POIRT RO. Dyl DY2 (DY1-D¥Y2) (DY1-DY2 47
(ent) {cam)
20004 0.007 0.011 -0.004 0.0000130882
5004 0.007 . ~G.008 0.0186 (.00024498225
20008 ¢4.003 0.017 -0.014 0.0062081960
2050 -0, {04 0.015% -0.018 O.0003874122
2051 ¢.003 -0.012 0:015 4.0002310704
2082 {3,003 -0.013 0.01¢0 0.0001087432
2011 4.003 0.003 0.000 (0.0000002070
2004 -0.605 -0.001 -0.003 0.0000110889
8113 0.0086 g.o07 0.0G0 0.0000000605
5026 4.000 S 0.00 0,001 0.0O000045868
8029 -0 . 005 -0.,002 -0.402 00000050385
8017 -0.003 -3.002 -4.00 5000001058408
2103 -0.002 ~-0.001 ~-0.001 0.0000008263
2017 -0.002 -0.001 -0.001 0.0000008162
200186 0.603 0.004 -0.001 {.6G0000 138585
20018 0.003 0.004 0.0060 0.0000001232
2013 0.001 0.005 -0.004 0.0000170321
2056 ~-0.010 -0.007 -0, 003 00000083706
2055 -0, 005 -0.007 0.001 0.0000014884
2101 0.006 -0.00% 0.014 G.000Z080373
2008 0.000 -0.010 ¢.008 0.0000838323
2100 FLO00 -0.013 0.013 00001704852
2083 0.008 0.008 0,000 0.

2002 L0000 0,004 G003 .0

LG8 G.O00IRBEIED

HEAR G0 iugsasas

[ GLalan103524
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flight photo for earthwork computations. The use of high flight
photo with GPS control will cut down the cost by almost 50 %.

Table 6,11
92 flight by AGPS
Data Methed wt on ground wt on camera wt on photo g,
Hi Lo 92 AGPS 1.0 0.0 1000 4.7
Hi Lo 92 AGPS 0.0 100.0 1000 0.35
Lo 22 AGPS 1.0 0.0 1000 0.05
Hi 92 AGPS 1.0 0.0 1000 0.01

Table 6.11 gives the results using AGPS sofitware. Since,
o, = 0.35 with camera location and o, = 4.7 with ground
control, camera location is relatively more accurate than
ground control. The table also indicates that satisfactory
results can be obtained with hilo photo and 60% forward and
lateral overlap with weight on camera locations and without any
ground control .Also, the accuracy of camera location is
comparable to photo coordinate, indicating a relative accuracy
of 1 cms or better in the camera location. The low or high
photographs with weights on ground control give an accuracy of
lcm or better on ground coordinates.Even though this adjustment
is satisfactory , the values of the camera locations and
parameters thus obtained may not as is indicated by the high
standard error when high and low flight photograph are
combined.

Table 6.11 {a,b,c,d,e) gives the difference between
adjustment using ground control and camera control with AGPS:
software. The results indicate a systematic error between
ground control and camers location. After c*li‘ﬁlnabiﬁg the
systematic errors the two agree within 10 cms, showing that
camera control and AGPS software give satisfactory results.

Table 6.12
Weights used in Fortblk

Data Method wt on ground wt on camera wt on photo g,

Hilo 92 FortBlock 0.0 100.0 ' 1000 5.8
Hilo 92 FortBlock 0.0 100.0 1000 2.2
Hi 92 FortBlock (.04 1060.0 1000 0.9

Table 6.12 gives the results of adjustment using FORTBI1K.
When the weight on photo coordinates is made equal to that of
camera location o, changes from 5.8 to 2.2, showing that the
accuracy of camera location is eqgual to that of photo
coordinates and that photo coordinates of points have to be
determined precisely using targets. Introducing a small weight
on ground control improves the standard error from 2.2 to 0.9,
suggesting that few ground control points of even 1low accuracy
will enhance adjustment when combined with camera location.
Thus, in a typical highway project, the PIs established during
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preliminary survey can be targeted and used as ground control.
The PIs together with camera location will give satisfactory
results by triangulation adjustment.

6.4 california Project

This project was conducted by U.S. Forest Department under
the direction of Kent Whitaker. This was a NS flight with
flying height of about 20,000 ft. A Trimble GPS receiver able
to collect pseude range and kinematic data was used. There
were 4 strips with 5 points each, with 60% forward and lateral
overlap of about 40%. The project area covers over 2US quad
sheets., There were 12 control points which are natural points
whose coordinates were obtained by Static GPS method and least
squares network adjustment { see fig 6.13 ). The base station
for Airborne GPS was included in the same network as the
control peoints. The pass and tie points were pugged using wild
Pug~4 and the coordinates were observed with mono and stereo
comparators.

Table 6.13

Difference between kinematic camera contreol and ground control
bundle adiustment

. Ax Ay, Az
Min -5.381 -4.170 ~3.180
Max 1.412 2.85%7 3.847
Mean -1.534 -0.116 =-0.489
5td error 1.353 1.228 0.970

Table 6.13 summarizes the results of the block adjustment using
GAPP software (this software is developed by the National
Geodetic Survey). The table shows the difference in x, vy, 2z
coordinates of the tie and pass points obtained using camera
location by kinematic method and by ground control only. These
results show a systematic error between ground control and
camera location. The error is large because of the small scale
photography, where a small error in photo coordinates of pass
points and tie points will affect the quality of the bundle
adjustment; thus, emphasizing the importance of targeting the
pass, tie and control points. Also, the error could have been
improved if there was 60% lateral overlap.

Table 6.14

Diffarence between pseudorange camera control and ground
control bundle adijustment

Ax_ Ay, Az
Min ~6.429 -7.007 2.063
Max 0.000 0.703 9.582
Mean -2.985 -2.135 0.831

5td error 1.031 1.094 l.362
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Calif. Difference in Camera location
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Fig. 6.14
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Table 6.14 gives the difference in x, y, 2z of the tie and pass
points obtained using pseudo-range camera control and ground
control in the bundle adjustment. Comparing the means in the
tables 6.13 and 6.14 it can be concluded that the kinematic
method of determining camera location is twice as good as that
by pseudo-range.

Table in fig. 6.14 ,calif.wqgl, shows the results obtained
using Albany software. Specifically it shows the difference
between camera location determined by Albany using ground
control and that by kinematic GPS. The mean is less than a
meter (see the graph in fig 6.14) indicating the error is in
the aerial triangulation than in the camera location by GPS.

It can be concluded that camera location by GPS is satisfactory
for high altitude photography and that there is a systematic
error between camera location by GPS and by aerial
triangulation.

Table 6.15

Residuals in control and images

o, o, o,
control 0.906m €.478n 0.824m
images 0.025mm 0.0305mm 0.091mm

The Albany software gives a std error on the control as o, =
0.906m, o, = 0.478m, o, = 0.824m ( see table 6.15), thus the
accuracy of the adjusted coordinates are less than Im. The
Albany also gave standard error in the image residuals as o, =
0.0255mm, ¢, = 0.0305mm, o0, = 0.0919mm all errors in the image
coordinates’ as less than 0.05mm. These image tie and pass
points are not identical due to pugging.

The California data were also adjusted using AGPS software
with weight on control = 0.01, weight on camera = 10,000 and
weight on photo = 1000. The std error of unit weight = 1.7, an
excellent adjustment compensating for systematic errors between
control and camera location. This also shows that camera
location is about 3 times better than photo coordinates. Thus
the accuracy of camera location by GPS is 0.003m or 3mm,
assuming photo coordinate accuracy to be about 0.00imm. Also,
the results indicate that camera locations are comparable to
photo coordinates as opposed to the ground control. This is to
be expected since the kinematic GPS determine camera location
within an hour. Therefore, the relative accuracy between camera
locations is much better than that of ground control. Also
ground control is determined at a different plane, 20,000 ft
below the camera location and photo coordinates.

6.5 Texas Proiject

This project was done by the Texas DOT. It consists of 3
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strips in a North Easterly direction at 1500 ft flying height
with 60% forward and side overlap, and 12 control points (see
figure 6.15). The aircraft belongs to Texas DOT; and a
Trimble GPS receiver was used to determine the camera location.
The GAPP software was used by Texas DOT to adjust the data.
The Albany and AGPS software were used by ISU.

The middle strip was adjusted using Albany scoftware and
12 ground control points. Table in fig. 6.16 ,texas.wql, shows
the difference between camera location by GPS and by aerial
triangulation. The graph (in fig 6.16 ) shows that the
accuracy of camera location by GPS is better than 10 cms. The
large errors at the beginning and the end are due to
propagation of errors in aerial triangulation and the
systematic error between ground control and camera location by
GPS.

Table 6.16

Std error in control by Albany

Data [« g, o,
middle strip 0.041 0.032 0.035
block of strip 0.643 0.317 0.643

The table 6.16 shows the standard error in the control by
Albany software. The small error, less than 10 cmg, when the
middle strip is adjusted, is consistent with the Mustang
project. The large error, is more than 50 cms, when all 3
strips are simultaneously adjusted and is mainly due to the
fact that the tie points were not targeted, but pugged.

Table 6.17
Weight for AGPS
Methed wt on photo wt on . ground control wt on camera Iq
camera . 1000 0.0 1.0 8.4
control 1000 100.0 0.0 4,2
cam & control 1000 0.04 1.0 3.3

Table 6.17 shows the adjustment results of the 3 strips using
AGPS software. It is obvious that a light weight on control
and camera gives the best result. The results using camera
location only are poor when compared to others because the tie
and pass points are pugged and because of the lack of good
geometry in the selection of these points. The lack of
geonetry may also be due to the inability to maintain side
overlap of 40 to 50% as planned due to visual navigation.
Using GPS for navigation may eliminate this problem. The
improvement of camera and control method over the control
method shows that AGPS compensates for the systematic error
between ground control data and camera location by GPS. It also
shows that photo coordinates are slightly better than camera
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location. Assunming that the accuracy of the photo coordinates
is about % 0.001 mm, the accuracy of the camera location can be
estimated to be about % 0.03 mor * 3 cms.

6.6 Study on Multi-antenna Airborne GPS

The figure 6.17 shows the concept of the multi-antenna.
The objective of Multi-antenna GPS is to determine the (x,y,2z)
and (K,¢,w) of the camera at the time, where as the single
antenna can only determine the location of the camera (x,v,2z).

Table 6.18

Exterior orientation Elements
Photo 1

—— —— — - - - — e —— T R —— - —————— -

1507798.042 105649.885 787.040 ~0.03328 0.002919 ~0.011726

Oy 0.055 0.054 0.046 0.00014 0.00016 0.00019
weight 100.00 100.00 100.0 0.0 0.0 0.0
Photo 2

1508081.416 1056541.879 786.283 ~-0.038609 0.001711 -~0.008%
Og 0.051 0.051 0.034 0.000108 0.000112 0.00017

weight on photo = 1000, o4 = 0.35

Table 6.18 shows the exterior orientation elements of two photo
in the HILO92 project using AGPS software. This table shows
the absolute accuracy of %, y, z is about 5 cms and the
relative accuracy is about (0.001xf3) mm in photo scale or
about 0.001x3¥3 m = 5 mm or better on ground scale . The table
also shows that the accuracy reqguired on x,¢,0 is about %
0.0001 (rad) ~ 20". Thus, if we locate the multiple antenna,
as shown in figure 6.17, the required separation, L, between
antenna in the x or y direction is .005/.0001 = 50m when the
relative accuracy is 5 mm or if the relative accuracy is 0.001
m, then x = 10m.

Recently Ashtech GPS receivers have designed a 3DF GPS
receiver. This receiver can simultaneously receive data from 4
multi-antenna receivers and determine the x,¢,© of an aircraft
on dynamic mode with an accuracy of 3 minutes when I=2 m giving
a relative accuracy of + 0.00045 m on the antenna locations.
Thus, if the relative accuracy desired is 20", the required L =
5 m. From a study of the different aircraft used, it is found
that a distance L = 12 m is normally possible. Thus, using x =
10 m and 3DF GPS receiver it is possible to get an accuracy of
better than 10" in x,¢,e.
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receivers

Fig. 6.17 Multi-antenna concept.
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It is recommended that we do further research. Based upon its
success, we will be able to do direct plotting using airborne
GPS without aerial triangulation of a block of photos or ground
control.
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7.0 CONCLUSTONS AND RECOMMENDATIONS

Results of the five test flights showed that the canera
locations determined by GPS agree with those obtained by analytical
photogrammetry. Agreement using the 3000 scale photography were
less than five centimeters and agreement using the 40,000 scale
photography was less than a meter. Thus, it can be concluded that
the error in camera locations by analytical photogrammetry depends
on the scale of the photography used and that the accuracy of
camera locations by GPS is better than five centimeters.

Method of constraints used in analytical triangulation showed
that the relative accuracy of the camera location by GPS is
equivalent to that of the photo coordinates. Thus assuming that
the photo coordinates have an accuracy of .001 mm the relative
accuracy of the camera location by GPS is one millimeter or better.

Strip triangulation using camera locations by GPS needs at
least one ground height control. It is recommended that the
elevation of Point of Intersections established during the
preliminary survey be used as height control in the simultaneous
adjustment of a strip of photographs using software such as Albany.

Block triangulation using camera 1locations by GPS only,
without any ground control, is possible. The best results are
obtained when using sixty percent forward and lateral overlap.

In both strip and block triangulation, pretargeting of pass
and tie points is preferred to pugging and selecting natural
peints. Pretargeting requires precise navigation. It is
recommended that GPS be used in navigating the aircraft and taking
photographs at predetermined locations.

In both strip and block triangulation GPS can be used cost
effectively to establish ground control. There exists a systematic
error between ground control and camera location by GPS. Special
software such as AGPS can be used to eliminate the systematic
errors. It is recommended that the base station for camera
location by GPS and the ground control be part of the same GPS
network. It is also recommended that six GPS ground control points
be used for block triangulation, and additional elevation control
be used along the center line for strip triangulation.

Airborne GPS has the capability of determining exterior
orientation elements including tip and tiit of the camera with
sufficient accuracy for plotting topographic maps from a stereo
pair without ground control or aerial triangulation. It is highly
recommended that research be conducted to exploit this unique
possibility. '
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Summary of Mapp/Pal/Albany

In this section the Mapp/Pal/Albany programs for analytical
zerotriangulation will be described using the independent modél
coordinate method énd also the refined photc coordinate method.
Some preliminary procedures must first be completed. A dob
directory name must be given to the proiject and a job;dat file
completed concerning the project. This directory is a subdirectory
of the C:\JOBS directory. Various parameters concerning the
project are set in the job.dat file such as descriptiop of proiect,
feet or meters, number of strips, flight altitude, average terrain
elevation, type of coordinates, camera code or focal length, and so
on. The camera information usually is contained in the camera.dat

file which also needs to be completed.
Using Refined Photo Coordinates

After completing the camera and job files, a ground control
and the measurement f£illes must be copled into the Jjob directory.
For each strip there must be a STRIPnn.MEA file which are the
refined photo coordinates (we arrived at these by using the SATO
program  after making the measurements on the WILD STK-1
Stereocomparator). The nn is the number of the specified strip.
There also should be a jobname.CTL file in the ‘job directory which
is a collection of the control points for the project. As
mentioned earlier the CAMERA.DAT file is also in this directory.

For esach of these files it is imperative that they are in the
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correct format as described in the manual in order for the programs
to run correctly.

A command file is now built for each of the strips in the
project. This is done by running the "X" program, choosing the B
option for building command files, 8 for strip command file and
entering various information about the strip. The tpa command file
can now be built followed by the block command file, the resect
command file, the pal command file and the albany command file.
Each strip is then run one at a time until each processes without
error. This is done by choosing the run applications option under
the main menu and picking each particular strip. TIf there is only
one strip, the run MAPP optiocn is chosen (R in the main menu and M
for MAPP). The tie point analysis is run next by choosing this
option (R in the main menu, and then T for TPA). If there is only
one strip, the tie point analysis can be skipped. The block
adiustment runs next (R in the main menu and B for BLOCK) fdllowed
by executing the space resection (R in the main menu and R for
RESECT). The PAL command file is then run which prepares the input
files =so that the ALBANY command file can be executed which
performs a simultaneous least sguares adjustment of photos and/or

independent models in the block.
Using Independent Model Coordinates
in this section, using *the MAPP/PAL/ALBANY =zeries for

independent wodel coordinates will be described. Again, a Jjob

directory for a proiject iz created under the C:\JOBS directory and
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the job.dat file created. The independent model coordinate option
is chosen when creating this file. The CAMERA.DAT file is created
or copied to this directory. The control file jobname.CTL is also
copied into this directory along with the IMA {independent model
assenbly) file from the refined coordinate process. This file is
renamed Jjobname.IMA. It is important that the standard deviation
values in the control file afe in place. The output from the
relative orientation using the refined coordinates will yiela
STRIPNn.TWO files which are copied into this new directory and are
renamed STRIPnn.IMC. These fileg contain the independent model
coordinates for each of the strips.

After all these files are in the project directory, the strip
command files can be created and edited. The strip command file is
built in the same fashion as it was when using the refined
coordinates. This time, however, the independent model coordinates
option is chosen instead of refined coordinates. The strip command
file must also be edited. These two lines in the command file are
deleted, 1) OPEN 15 ... .MEA v and 2)DATA .... . A negative sign
is also added infront of the strip number in the IMA command line.
after making these changes the individual strips may be run. After
each strip runs successfully, the TPA and BLOCK command files are
built using the "X" program as described earlier. The TPA and
3LOCK commands are then run by choosing the R run an application
cption. A MAPP command file is then built or copied and edited in
The currsnt ob directory. Thé tipal MAPP command file should look

like the following one which is displayed.
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ECHO

MAPP

JOB ‘jobname

OPEN 13 jobname.IMC R
OPEN 29 jobname.CTL R
MAPP #% ,

OPEN 16 jobname.GPS
OPEN 7 jobname.OPS
IMSR ~sn .030 1

END

The sn in the second to the last line represents the strip number.
1f there are a number of strips an IMSR command for each strip is
included. The parameters in the IMSR command line can also be
changed if deemed necessary. The MAPP option is next chosen after
choosing to run an application. The final steps when using
independent model coordinates in the MAPP\PAL\ALBANY series is to
build the PAL and ALBANY command files and then to rurn these. This
is done in the same manner as was done when using the refined photo
coordinates.

This discussion was intended to be a brief overview of the
steps invelved when using the MAPP\PAL\ALBANY software in the
phototriangulation process. A phototriangulation flowchart
summarizing this process will be included on the next page. ‘tor
more detalled information on the specifics of the software

programs, the MAPP\PAL\ALBANY manual should be consulted.
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B PHOTOTRIANGULATION FLOWCHART
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Fryvremsinet 1 o 2

Pecouming photogrammptric methods o determing the coordinates of
corats. the desire to attain the best resulis of photo coordinates
Fooaer Fromoaereore s the ultimate goal. This gocal can only be
aorieven by ooing through & serigs of processes involving good
Diesrvarional peocedurss and also eunning threough 2 seeies of
praneames o eliminate most of the errors inc}udinﬂ & Final least
SrArg soluhion.

pimimer the WHLD BTE-1112 sterspocompator as the observing instrumsni
arigd gotng througn a series of computer programs to eliminate soms
grrores 18 bhe subisct heve,

Thyer protedurs of méaﬁuremﬁnt is explained later in the paper bul
ome most lmportant thing o note is that, singe the human @ye 15
rimt ebanloately merFect argd alaso coupnled with the fact that dats
gnfry tan bhe mistakenly seroneous, i1 Je alwavs & Jaudable ides Lo
sera L LHE e need to rendse an inout dats fFile fres from omeasureing
srepg ano blundsers, This part of the problem s handled by ruanning
tinze BT :H"D;}'."‘Ew.ﬁ:. A ook ab vhe output file From this program will
angdast lunders and errors,. One ocan aiWAv% tel ) from the values of
raaitiuales 16 the data is satisfactory or npt. Blunders are ususl iy
diwtinct as thev deviate largely from the sepacted ranoge of values.
Thae next stags 15 to ascertain the Fact that the same point on two
iy FFarent shotos are orlgnted relatively sabtisfachtorilv. This
hranos 1o the congept of relative orijerntation. Running ths EHo
program #leso gxplained later in this pilece is the method of solvinog

Eimte oty e,
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shotographs on e particular Flight Jine (a =sitrip).

Bldde

[

matural iy, retative ortentation Ffor two phoalbogeaph cannot sufFice

o thie antire atrin and hence a8 relative orientation of one photo

to oanather tn the entire strip 18 necessary. This

is necessary to

@liminate areor beatwesn models and it ds done by running the Steip

peogeam an the MARP/ALEAMY sofhware.
Himilarly., a hlogk program is o run o eliminate errors belween

trips by prozerly orisnting onsg shrip to anothee.

f

Thesse processes will remove some of the errors inherent in the

measuremzant and hence help produce a better reswits in fhe

HULHLGUENT Drogranss  MAaE

i

Avted fLBONY .
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Unino the Wild stereoconparztor model  stk-~1112  Ffor mogdel
GhRegrvation involves & munber of steps.
SRR 1L Puat the diapositives in the instrument’s plate holder and
paprdacrm inner orlentation. Do this by alianing the 4%k and Sih
Froucral marbks ra the hordzpntal ling on the glass plate and the
Hrigd oand Ath Lo the vertical line.
Malke mutrw the Jlines on the glass plate do not lie directly o
ke Faciucials uﬁherwjﬁe putting the Floating mark orm the center of

e Firducial marks is guibte difficult.
HTES . Turn the instrument lights on.

HTEP.E. AFter sten 2 put the plate holder back to fhe inshewment
anag 31lluminats the plates o ggit VEILLD Byes oD vl fan epe {he
lintls hlack ¥ipating marks clearly,. (cacvtion! there are a couples
st otese black spots on the lens ang probably the glass nlate, be
sAarsdful not Lo use any of hthem. The main dots are aguite distingit-

a prafect eound Black dot. You may also change the magnification.

spems ta be the hest for observation though,

o To cheok on the attaioment of the correct overlap, pul the
AR R Eahd 1;ghﬁ an oa distinet point on the l2ft plate using the = and
vogears. o the same For the corresponding point on the might plats
tming the px arnd the py gesrs. Note that yor do all these whils

tombking through the eve Dilece. Dnece satisfied {that ths prooDer
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ey oroper overlan may net be obtained IF LThe diaposiitives are
vmeroperly ordented in the plate. Try to avoid this., Once the First
meptdie U 1s correctly dome L Follow the positions of the weitings on

e Dhotos to oontinude in the strip)

SRR 4. DRSERVATEONM.,

Lising fhe = oand vy gears, put the left dot on fidgcia}
ricimner L4 fop left corner mark). Mow, do the saine for the right
olate using the px oand the py gears. The same Drocedure is wused for
all fhe gther points by moving clockwise From point 1 untillthm
Tagt noint 2 s read which i3 right below point 1. For every point
Eats w.'v, px, angd the py scale readings are entered into the
computer in that same order, The entry proogdure s explained

e Lo,

wTER 5B DaTe EpdTRY,
The data entry perogedure ds just editing a pre-
#araning f1le OF & previocusly observed model. Copy the file of the

ald moogel to the File vou wand to observe.

Fmamnl e Suppnose you have ofl the disk an old fils with the nams
BUELm owhich apparently signifiss the model of photo one and bwo
AN your nes omnodel s that of {wo and fhree then wyou oo this
Blemmomny plE.in pREE.in

Hetering data o model -3 ig therefors an editing of the file

2FEL AN uswng edlin.

fry

3 oot oats ooes fo line Bé which is the = valus of point
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7. Line 3R ode the nunber of poiniks o be abserved i the model.
Lime B tharedfors takes the @« valug of the Firet non-Fiducial point

meati., Mote v oand oy valuss are negatives and De surs Lo pot &l line

the coreech mamber of points 1o be observed.

.

Atter chsecving all the points nesded on the model, the file is

gaved anod the SATY prograns is run Lo oheck on the residusls of the
points waeh is usuwally kepd wurgder 20microns. The Saty progean

nears e run after the 8 fiducials are read.

STER A RUINMIREG SATY
In vour datse directory do the Following.

rafhasic  ( make sure the dishk in drive a hws the ms-basic

amd e 84TY progeams on it
(]
FE o(to load)
inadtatsat¥®
ok
B oLt o rung
name ofF dnput Filed dtype pRE.ind
HFrer a few soreolling of valuss vou will be proopled to pul
Lhe outout File name
output File name { fyps DE&.autf
ibzing the pavse key, vou cen check on the residuals. Try to keep
ranlduals below 20microns by reobserving points with  largs
residuals,. Dnece satisfisd with the residuals, the nes=t shep is to

wory e FHoplativs aordientation prooram RO,
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BTEFR 7 RUMNIMG THE RO,
To run RO, the output Ffile from SATY need to be formatted
1 A particular format. The format should inglude the followings
A. phioto number (PR
b. strip number (SR
. point number (FERNG
U, a coluwnmn of zeross (O)
2. = and v wvalues
Follow the forman helows

AGATREPOIZRANATEDOI 2345737012245

s I

PR E ] RA AT 2P0 R
53N R FhM o Bommen e Y= ===
EAPLANAT IO
COLUIMN ' ' WHAT?
&5 stﬁim muLni e
PRy rhoto number
15-1% point nunber
ol a oolumn of zeross
W decimal point of » value.
41 decimal point of v valus,
SR Fmnemattino, ranamg the File as Filenams.mea, in this case it
Will De ol mea. tmea -~ meaasiprement )
Samming tha R0 aluo involves the oditing of the 8D command File
im Ems My ogdoesotory . bwpe edlin eo.cind
Trogrm  wdzd the  frisname Lo the ouwerent Filename., edit the data &
1 lmmame o mhe owpersnt ons and edit thne shrio onumber. Thits S
Lrrmos aen oditsd hare. the mea Pilename., the dat filename and the

nonumiar. Sedfore curning the Ro o yow naed Lo copy the nsw mea
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“rie ot vher BRI directory.
Ffter tng etitang typse RO to run the progeram. @11 points with bad

regidials are Flagged depsnding on the precision vou seb.
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SAMPLE INPUT FILE FOR RUNNING THE SAT9 PROGRAM
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DETERMINATION OF CAMERA LOCATION
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DETERMINATION OF CAaMERA LODATIDNG.

tnnraouchian?

In aerral photoography, photogreohs are taken at spscific tims
inharvatle euatly O.Ssecond ar 1,0 second interval. The actual
posrtinn of the camsra may bhe ﬂat@wmihe baw interpolating betwsen

these Sims intervala,

In thon peaeticular case, interpolation was done by using the
Srincinlee aof Newtanian mechanics. The following Fformulas weere
LIG T o

a =y - Ur/t

Qo= oancoleratior

Pmoasnrtial velooity bhetween two distance intervals

—

Vo fFanal veloolty bhetwesen two distance intervals.
X o= roordinate needed ( w, v, and the ¥ coordinates) "
f owvestematic approach gf mow the whole work was done is

R EIE Bt in B

vothe table bhelow.

bad

i ‘ X d¥% y a X
] P

4, . h . b= Yimdbh-m)/. 5

1 (VE-=Vir s .5 L
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A o -t Wt (o= 3 S W B

¥
£
H

TRUE kaowlng all Lhe hecessarsy paratmeters, we comsrbhe the walue

oF W owWhich s the X goprdinastes of the camsrs location at Lime

#Mg e Mere et the veloociity VE d1s dsed sincse we arse only

rtarastaed Iin the velooity betwesn times 4 and 4.5

f smimitar method of interpolation is used 0 detesrmine the Y andg
Soeoordginates at Ttime 4, 23F (see attachess sample shest)., One

shoutd note howsver thalt the change in X or 7Y per time mnay be

B

mignificantly big depending on the direction of mpltion of the

airglane. ne showld expect a larger coh

ar

ange in X and net in Y o

i

$o3F the direction of photography is in the X direction. Tha

sampie data below sxtracted Ffrom the 1992 flight glarifiss the

poinh ahowvse.

YT X ki Z

A6 LES, BReTT FEL L Qs

QFEIIBLTLBTY

B7.A1AV00 . THL.L R4

e can ses From the above data that, the plang is moving in the
Xoi1restion.

For this particular work, since the Ffinal coordinates wers needed
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1M Ll shate plane coordinstes eveten ({owa Noethy . the combuabend
LM goordinatas werte transformed to the corresponding State olane

wsing R coordinate transforasation peogean.
Thp orocecdure OF transformaation involves the creation of an dnput
Pt 1N accordances with the data format given.

The UTH coordinates are then transformed to Longituds and

Latiiuds arnd then to the state plane coordinate syaelem.
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