Note that the vertical accuracy at larger scales converges to the same value regardless of the
model of the POS/AV™. This indicates that at the larger scales the vertical ground accuracy is
limited by the GPS accuracy, not the angle accuracy. Hence when using direct georeferencing at
larger scales it is absolutely critical that the proper mission planning and base station layout be
used in order to ensure maximum possible accuracy in the GPS solution.

As previously mentioned, some calibration issues have not been considered in the theoretical
study presented herein. Two calibration parameters are important, those being camera and
boresight calibration. The former is the determination of the camera interior geometry (principal
point offsets and focal length) as well as lens distortion parameters (which are calibrated in a
lab). The latter is the orientation offset between the image coordinate system and the IMU
coordinates system (which is done using a ground target field). Residual errors of these two
calibration parameter sets are kept to a minimum by checking on a regular basis - especially the
boresight.

3. ANALYSIS OF AIRBORNE DATA

In order to verify the theoretical error analysis presented in Section 2, an airborne data set
provided by HIW of Oakland, California is presented here. It includes image data, precisely
surveyed GCPs, POS/AV™510 GPS/IMU raw observables and a post-processed GPS-assisted
acrotriangulation reference.

For this flight, the POS/AV™ 510 system was used, coupled with a Zeiss RMK Top camera. A
1:6000 scale, four-strip flight was flown with minimum banking angles (to avoid GPS cycle
slips) and resulting in a block of 4 strips of 11 images each (a 44-image block). The flight lines
were flown in opposite directions in order to achieve good boresight calibration. A total of 27
well-distributed GCPs were included in the block.

Using the POSPac™ post-processing package, a smoothed best estimate trajectory was produced.
Then, using the POSEO™ package the interpolated camera exposure station position and image
orientation angles, at the moment of each camera exposure, were extracted for each photo from
the trajectory, coordinated in the US state-plane mapping frame.

The constant boresight angles between the camera and the IMU were removed so that the
practical error analysis could be compared with the theoretical one presented in Section 2. This
was done by processing the POS/AV™ derived position and orientation angles along with the
image measurements in the POSBST™ software package. After removing the boresight angles,
the camera station positions and image orientation produced independently by aerotriangulation
were differenced with the exterior orientation generated by the POS/AV'™510. The camera
exposure station position differences are shown in Figure 9, while the image orientation angle
differences are shown in Figure 10. Their statistics are shown in Table 3. The results are
consistent with the POS/AV™ 510 system specifications listed in Table 1.

Pictometry EX2002 (Part 8 of 13)
Roofr v. Pictometry
1759 IPR2023-00436
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Figure 9. Camera Exposure Station Position Difference
Between Acrotriangulation and POS/AV™ 510
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Figure 10. Camera Attitude Difference
Between Acrotriangulation and POS/AV™ 510
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Table 3. The Difference between Aecrotriangulation and POS/AV'™510
Stats. | dX dy dZ | dOmega| dPhi | dKappa
(m) | (m) [ (m) |(ArcSec)|(ArcSec)|(ArcSec)
Min |-0.064 [-0.029 |-0.034| -39.2 -22.7 -68
Max | 0.040 | 0.031 [ 0.070 | 33.1 25.2 61
Mean (-0.004] 0.000 | 0.000
Std Dev| 0.026 | 0.017 | 0.023
RMS [ 0.03 | 0.02 | 0.02

To determine the absolute ground accuracy of the direct georeferencing approach using
POS/AV™ exterior orientation without GCPs, 36 models were processed individually using only
one image point (with known ground coordinates) per model. In each model, the exterior
orientation data derived by POS/AV™ were used, along with the image point coordinates on
both model photos, to determine the conjugate ground point position using the space intersection
concept. The determined ground coordinates were then compared to the reference land-surveyed
values. The checkpoint residuals are shown in Figure 11, while their statistics are depicted in
Table 4. It is obvious from the checkpoint residuals that the accuracy of direct georeferencing
using POS/AV™ 510 is consistent with the theoretical accuracy presented in Figures 7 and 8 for
the model case, thus validating the analysis.

Table 4. Statistics of Checkpoint Residuals
Stats. East (m)|North (m)|Height (m)

Min -0.19 -0.08 -0.24
Max 0.18 0.14

Mean

Std. Dev.

RMS |

8.5

—————— & dE
—B— oN
- & - dH

Checkpoint Residuals (m)
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-0.5

0 5 10 15 20 25 30 35 40
Model Number

Figure 11. Check Point Residuals Derived Using Individual Models
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SUMMARY AND OUTLOOK
In this paper both a theoretical and practical error analysis were presented.

The main objective of the theoretical error analysis is to extrapolate the POS/AV™ system
accuracy capabilities in the mapping industry, under variable conditions, for the different POS™
systems and for different image scales. The airborne data error analysis was used to verify the
theoretical one.

Hence, the theoretical accuracy plots presented herein can be used as guidelines for designing a
multi-sensor system for data acquisition. However it should be noted that additional error sources
such as boresight and camera calibration will degrade the overall integrated system accuracy.
Since overall integrated system calibration and individual sensor calibration are very important in
the direct georeferencing approach, the effect of residual calibration errors is currently under
investigation.
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ABSTRACT

One of the Hmitations of using integrated
inertial/GPS sytems to Directly Georeference
airhorng sensor data {c.f, Mostafa and Huiton,
20813, i3 the necessity of using a3 GPS base
station or siations in order fo obfain the
positional  accuracy  reguired o meet the
accuracy standards of certain mapping products,
In some precise large-scale  agerial  sorvey
applications having 1o place a number of GPS
base stations in 3 remode or inaocessible location
becomes guitc problomatic.

In some other oceasions, such ag in a real
prodoction environment, the GPS base station
data is iost. In this paper, the potential of using
GPS with no base station for aerial survey
apphications i discassed. The NGH CORS
network stations are processed in conjunction
with the airbome GPR raw obsorvables
determine the airoraft position which is then used
to aid the inertial data processing in a closed loop
fashion to end up with a Rl resclution of the
trajoctory paramcters, namely position, velooify
and altitude, which are then used fo generate
Exterior Oricniation data to support acrial
mapping. Flight test datg were collected in
Ianuary 2001 using the Applanix POS/AVTY
system {S/A is off). Test resulis and analysis are
prosenied in some dotail,

i INTRODBUCTION

Aerial suyvey indusiry has been using airbome
GPS as a standard procedure o assist map
production for the past decade. More resently,
PS-aided inertiz! systems such as Applanix
PORMAV™ have been successfully used to

provide the full  resolution of trajeciory
parameicers, namely  position, velocity, and

altitude. This way, the entire st of translational,
and rolational parametess of any airhome
scquired image or laser scan line can be
racasured with respect to some mapping frame,

Tihata acouisiton preceduwre plays 4 role B the
sucoess of this method. Separation between the
airhborme and base station GFS reseivers, sateliile
geometry as refiected by the Position Dilution of
Precision (PRHOPY, signal mulipath and many
other parameters must be considered in order to
achieve the maximum possible GPS positioning
aceuracy. Many times i s difficalt or not
practical to optirnize these pararneters,

Froceedinigs, International Symposium On Kinematic Sysiems in Geodesy, Geomatics, ond Navigation (KI5 2001}
Banff, Alberin, Canoda, June 4-8; 2081
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For example, since the sun angle required for
acrial photography and the PDOP roguired for
strong geornedric positioning by GPS do not
necessarily occur at the same time, acrial flight
missions  sometime  inadvertently  compromise
the GPS PROP in order 1o pet a good sun angle,

Henece for high scouracy mapping applications
where the highest GFS pusitioniag accuracy is
required, carefal mission planning is therefore
mandatory. A ossal owtcome of this is the
reguirement for 3 zerics of GPS base stations &
be deployed in order (o support the project. In
inaccessible regions this can be very difficult,

in other applications such as corridor surveying
where the accessibility is osually guite good and
the positional accuracy is often relaxed, a major
problem is the cost of laying out base stations at
regular intervals along the corrider, which can
ofien be thousands of kot in length. In some
other occasions, {as oflen is the case in a rcal
prodoction environment), the GPS base station
data may simply be lost due to equipment
problems or human ervor.

Therefore, the focus of this paper s on the
acowracy that can be obtained using the NGS
CORS {of, wwwagsnoaa.gov/CORSY siatinns
23 base stations for airhome GPS posiioning,
and the possibility of using these stations o
supplement, back op, or even replace the base
statinns uswally deploved for a given project.

2. THE NGECORS

The CORS {ostinvously operating reference
station} system is run by The US National
Geodetic Sarvey (NOG5), COBS comprises a
network of 219 sites, {as of April 2080,
containing geodetic quality (PS8 receivers,

This setwork s currently growing at 2 rate of
ghout 3 sifes per month. NGB collects, processes,
and disteibuies data from these sHes in support of
high-zcouracy 3D positioning  activities
throughoul the Undted States and s territories.
For details about CORS, sce Snay {20003 and
Spofford and Weston (1998, Figure 1 shows a
nunther of CORS stations in southern US, some
of which were used in the analysis presented
rere,
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3. REFERENCE TRAJECTORY

To  establish @ reference  wajectory  for
comparison purposes, @ sef of photogrammetric
daiz was collected. The photogrammetric data
included 3 number of overiapped photopraphs
agoguired over the mapping area and 2 number of
tand-surveyed ground points that appear in the
acquired images.

A2 RAGF 2022000 SNRPIDE SRR (%

Figure | The CORS Siations in Texas/Oklahoma
Area {courtesy of CORS website)

The ground point coordinates used together with
their measured locations on the imagery, allow
for the determination of each phole centre
position. Althoupgh they only provide a discrete
ersion of the trajectory, the phots centire
positions  establish a2 reference  trajectory
determined by 3 techaique  completely
independent from GPS.

The resulting photo centree were compared (o 2
260 Hz Smoothed Best Estimate of Trajectory
{SBET} detormined by POSPac™, which s
produced using GFS/ipertial data and a2 base
station at the alrport.

The resulting position differences at the pholo
centres were abowt 15 em in horizontel and sbout
20 coy in height, Having validated s acoumey in
this manner, the SBET, computed vsing the GPS
hase station located at airport, {shown ia Figure
23, is taken as a reference for the remainder of
the paper. For details on the subject; see Hotton,
et al {1997y Mostafa snd Hution (2001}

Scherzinger (1997}



Figure 2 Smoothed Best Estimate of Trajectory
(SBET) derived by GPS/inertial Data and a Base
Station at Airport for Jan 26 Flight in Texas

4. GPS DATA PROCESSING USING
DIFFERENT CORS STATIONS

As Shown in Figure 3, six CORS stations were
independently used as base stations to allow for
differential GPS positioning. Each of the derived
trajectories was then compared to the reference
SBET trajectory (see Section 3). In the following
the, results of these comparisons are presented in
some detail.

3880
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o«

3806

HNorthing (k)

B U
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Figure 3 Ajrerafl Trajectony and six Surrounding
{CORS Stations

4.1 DGPS PROCESSING USING ARLS

The ARLS station, which data iz coil
second intervals, was used as a ba
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determine the trajectory of the aircraft. The
master-to-rover separation varied from 30 to 110
km as shown in Figure 4. For details on ARLS;
see Texas/texas_arl5.html under the CORS
website listed in Section' 1.

The raw data was interpolated o -sec intervals
and then processed in differential mode. The
derived trajectory was corpared {o the reference
SBET. Figure 5 shows the differences in cast,
north, and down position components. Table 1
shows the RMS values.

16044 Horerd

7

Dist. Suparution &m)

GPS Time gec)

Figure 4 Distance Separation between ARLS
Station and Aircraft

Figure 5 Position Difference in East, North, and
Height Between Reference SBET and GPS-
derived Trajectory using ARLS

Table 1. Position Dnfference Statistics
ARLS solution
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4.2 DBEPS PROCESSING USING PATY
The PATT station, which dala is collected at 30-
second infervals, was used as mentioned shove.
For details oa PATT, see Texas/tenass patthimi
The master-to~-rover separation ranged from 100
- 200 km, a5 shown in Figure 6.

The raw data was interpolated o -sec intervals
and then processed in difforential mode. The
derived trajeciory was compared to the reference
SBET. Figure 7 shows the position difference,
while Table 2 shows their siatistics:

-
3 ,
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& % SV PN
i PR S £
E o= Sododaiid
::?' ¥V s
§ \;»'
2RE000 SOU0R SOSO00
B Viwe Geod

Figure 6 Distance Separation between PATT
Station and Adrerafl

Figure 7 Position Difference in East, Nosth, and
Height Between Reference SBET and GPS~
derived Trajectory using PATT

Table 2. Position Difference Statistics

PATT solution
Position Component “Max {7
Easting g2
"Nf:rd\ing 0.8
061 | 034 1
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4.3 BOPS PROCESSING USING DQUA
The DOUA station, which data is collected at 30-
second  intervals, was used a5 previously
mentioned. For details on DQUA station; sec
Arkansas/arkansas_dgua.himi,

The master-to-rover scparation was 218-350 km,
as shown in Figure 8. The derived rajectory was
compared 1o the reference SBET. Figure 9 shows
the position difference, while Table 3 shows
their statistics.
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Figure § Distance Separation between DOUA
Station and Adrcralt

Figure 9 Position Difference in Bast, North, and
Height Between Reference SBET and GPS-
derived Trajectory using DOUA

Table 3. Position Difference Statistics
DOUA sohstion

Pesition Comgonant Muax {m} RMS {m}

{
Fastiog 335 018

Heght




4.4 DGPS PROCESSING USING AUSS
The AUSS station, which data is collected af 5-
second  intervals, was used as previously
mentioned, For details on ALUSS station; see
Texas/texas ausS.html.

The master-to-rover separation was 190-378 km,
as shown in Figure 10. Figure 11 shows the
position difference, while Table 4 shows the
statistics of the difference,

%
4

B N N

Skt Bopardtion B}

SRARD SC5000

GES Shase o)

Figure 16 Distance Beparation between ALISS
Station and Aircraft

Figure 11 Position Difference in East, North, and
Heighi Between Reference SBET and GPS-
derived Trajectory using ALIRS

Table 4. Position Difference Statistics

ALISS sohution
___{’os:tim Component Max {m) RMS {m}
Easting (.30 3,18
L Nesthing 8.24 3.07
Height o 3.67 | 028
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The master-to-rover separation was 190-360 km,
as shown in Figure 2. Figore 13 shows the
pasition difference, while Table 5 shows their
statistics,
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Figure 12 Distance Separation between PRCO
Station and Afrcrafi

Figure 13 Posivon Difference in East, North, and
Height Botween Reference SBET and GPS-~
derived Trajeciory using PRCO

Table 5. Position Difference Statistics
PRCO solution

Position Cormponent Max {m)
Fasting .22 .

- Nosthing 3.47 6.08
Height 929 0.13




4.8 DGES PROCESSING USING HOUS
The HOUS station s used as  described
previousty, The GPS raw data was collected at 5-
second intervals. For details on HOUS station;
see Texasftexas houshtmi. The master-to-rover
separation was 260-420 km, as shown in Figure
14, Figure 15 shows the position difference,
while Table & shows their statistics.
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Figure 14 Distance Separation between PRCO
Station and Arreraft
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Figure 15 Position Difference in Bast, North, and
Height Between Reference SBET and GPS-
derived Trajectory using HOUS

Tabie 6, Position Difference Statistics
HOUS sobuion

itinn Comgonent il

ting

hiay

RMS {m)
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5. COMBINED DGPS PROCESSING
USING MULTIFLE CORS STATIONS

Al six CORB stations were used to produce &
gombined GPS profile nsfng POSGPS™ Baich
Processing utifity. The resulting GPS profile was
then compared o the reference SBET. The
position difference showed a similar pattern and
magnitude (o that shown when ARLS siation was
nsed individually as a base station. This is due to
the fact that the combined solution & mainly
dominated by the ARLS station since it is the
closest fo the airhorne vehicle, as shown in
Figure 4.

Therefore, only the five other CORS stations
were combined to produce a GPS profile which
when compared to the reference SBET resulted
in the differences shown in Figures 16,

Figure 16 Position Difference in Bast, North, and
Height Between Reference SBET and Combined
GPS-derived Trajectory using Muitiple CORS
Stations

Table 7. Statistics of Position Differences
The Combined solution

Position Component “Max {m) | RMS {m}
Fasting .16
\_' i . 4.2 ¢

046 |
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Figare 17 Virtual Mater-To-Hover Separation
Using The Combined CORS Base Siations

Maote that the CORS stations are well distriboted
around the flight trajectory. Conseguently, they
provide 3 geometrically  strong  combined
solution, which can be considered as creating a
single virtual base siation closer 16 the rover than
any of the CORS station used in the combined
salution. For ingtance, using the combined
solution, the resulting master-io-rover separation,
shover in Figore 17, vanes only between 18 and
#5 km, while the closest CORS station o the
airborne vehicle was 108 km away {(PATT
statipn; see Figure 6} Therefore, the combined
solption  provided the best sclution  when
compared to the reference trafcctory. Table 7
shows the statistics of the differsnoes,

Figure 18 Aunitude Difference

6. POSITIONENG ACCURACY EFFECTY
OM ORIENTATION ACTURALCY

Since airbome mapping depends on position and
oriettation aceuracy, the effect of DGPS daia
processing  using  long  basebnes on  the
arientation accuracy is analyveed
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The GPS profile using farthest CORE station
{HOUS) was used to generate another SBET file,
which was then compared o the reference
SBET.

Figure 18 shows the differences in mll, pitch and
heading, while Table 8 chows their siatistics,
Mote that the effect of GBS sceuracy on the
orientation accuracy fs minimal and s owell
within the Applanix POS/AY™ 518 sccuracy
specifications {¢.f, Muostafa ot al, 2001, Haones,
the resulting mapping accuracy would not be
affecied.

Table 8 Astitude Difference Statistics
FOUS SBET solution

Attitude Angle Max {arcmin} BME (aremind
Roll ) DR 2.08
Piteh (.47 D07
Heading 6371 .14

7. EFFECT ON MAPPING ACCURACY

There are three ways of georeferencing airborne
images i some mapping frame of relerence. The
first {traditional} is completely dependent on
ground control points, which is obsolete. The
second method s dependent on airbome GES
and minimal ground control using some aerial
triatgulation scheme and is, therefore, referred to
a5 OPS-assisted asrial wisngulation, The third
method is referred to as direct georeferencing,
which s completely dependent on GPS/inertial
data that identifies the location and orientation of
each acrial fmage at the moment of Hs exposure,

Using the CORS stations individually showed
that the horizonial accuracy varies from 0.085 to
323 m RMS ia gast or north, while the height
varies from 0.0% m to 9.38 m RMS. These
accuwracies are geoerally acceptable for cither of
the two new georcferencing methods.

in small-scale photography applications (high
altitude  photography),  the GPS  accuracy
presented here is acceptable for both GPS-
assisted  aerlal  tisnguiation and  for  diredt
georeferencing,  since  positional  accuracy
requitement is generally relaxed. In large scale
mapping projects {low altitude photography), the
mapping errov budget is dominated by GPS
ervovs and, therefore, the accuracy shown in
Section 4, 1 oot good enough for direst
georeforencing  pwrposes, but  accepisble for
GPS-assisted aerial tiangulation since in the



fatier case, the geometry of lmage nebworks
together with the accuracy of ground control
points improve the image postional accuracy,
when all  airborne, image, and ground
information s processed  simultancously. For
airtborne remote  sensing  applications  and
rescurce mapping, the GPS accuracies presented
using individual CORS stations are adeguate.

Combined DGPS  processing  using  multiple
CORS stations, showed 3 significand accuracy
improvement  when compared o DGPS
processing using tudividual stations, as shown io
Section 5. A rmumber of researchers showed
similar results when operating (0 & roulti-receiver
condiguration {of, Shi, 1994). For a complete
fist of references, see Raguet (1998}

SMIMARY AND QUTLOOK

In this paper, the potential of uwsing the U8
MNational Geodetic Svrvey (NGE} continuously
operating reference stations {CORSE) 3¢ base
stations for airborne GPS surveys is studied. Bix
CORS stations were used iodividaslly and i
combined confipurations as base stations for an
airborne GPS dua set. All individual six GPS
profifes were compared do sn independent
photogramneirically derived reference
rajoctory, and the results were  analvsed,
Generally speaking, the CORS siations bave a
sreat potential to serve the aerial mapping
industry in USA, especially when the stations are
densified and the datz frequency is increased to
1-7 seconds ioterval iostead of the 5-38 seconds
intervals.
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ABSTRACT

This paper evaluates the potential of deriving reliable and
accurate estimates of the position of a survey aircraft
without the establishment of dedicated GPS base stations.
Although there are several approaches to doing this, the
concept studied herein is to make use of data available
from existing permanent GPS reference systems to
estimate the position of the aircraft. While such stations
have been established to support static or low dynamic
land based GPS surveying and can be at a considerable
distance from the survey area (e.g. 100 to 500 km), they
are often large in number and their data is usually freely
available. In this research, position is determined using
data collected as part of the NGS CORS network in

conjunction with the measurements made by the receiver
on the survey aircraft.

The success of the approach is evaluated empirically
based on data collected using the Applanix POS/AV™,
Analyses of the test results show that when using five
network stations at average distances between 160 and
420 km, it is possible to achieve an accuracy of 25 cm
(RMS) in 3D position while not deviating from the
dedicated solution by more than 42 cm at any time during
the survey. It is also seen that when the network solution
is augmented to include three stations at average distances
of between 40 and 90 km, the quality of the 3D
positioning information can reach the level of better than
12 cm (RMS) while never deviating from the dedicated
solution by more than 28 cm. It is then observed that
when positioning information from any of these scenarios
is used (in place of that coming from dedicated GPS base
stations) as an update to the IMU in the POS/AV™
system, the maximum differences in roll and pitch can
reach the level of 3 arc seconds and the maximum
difference in heading can be as low as 10 arc seconds.
Finally, comments are made regarding the application of
this method in practice.

1. INTRODUCTION AND METHODOLOGY

Positioning information derived from GPS measurements
has become a reliable component of many of today’s
aerial mapping systems. However, one of the logistical
limitations commonly faced when using GPS for airborne
mapping is the need for continuous data collected by a
GPS receiver at one or more base stations in the area of
the survey (e.g. having a station within 30 km of the
aircraft at all times). While the use of such data is a means
of meeting the accuracy requirements of today’s most
demanding applications, the establishment of the base
stations is often a difficult task when surveys take place
over remote or inaccessible terrain. Further, even when
dedicated base stations are established, the continuity of
the data is not always guaranteed as a result of
environmental effects, receiver error, or human error.
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With these comments in mind, this paper contributes to
research being carried out at Applanix Corporation to
evaluate the accuracy with which the position of an
aircraft can be estimated in post-mission for scenarios in
which dedicated GPS base stations are not available
within the immediate vicinity of the survey. Specifically,
the objective is to explore the capabilities of a method that
estimates position via an optimal combination of solutions
obtained from the stations in an existing permanent GPS
reference system. The method is evaluated empirically
using data collected by an Applanix POS/AV™ 510
system and data made available by the United States (US)
National Geodetic Survey (NGS) as part of their
Continuously Operating Reference Stations (CORS), see
Snay (2000) and Spofford and Weston (1998). The
utilities and batch processing options available within the
Applanix POSPac™ software (version 3.0) are used to do
the data processing, and the resulting solutions are
evaluated by comparing them to a reference solution that
has been validated against ground control points (GCP)
using aerial triangulation (AT), and that is considered to
have an absolute accuracy of 10 c¢m in position and
between 20 and 30 arc seconds in attitude.

This research is intended to complement the analysis
carried out in Mostafa and Hutton (2001) in which a
network of NGS CORS stations (with an average distance
from the aircraft of 216 km) was used to estimate position
and attitude of an aircraft in a different survey. Comments
about that survey, the survey presented herein, and the
consistency of the two surveys will be discussed in
section 5.

In the next section of this paper, the data set used in the
analyses is described, and the method used to derive the
reference for the position and attitude estimates is
outlined. This is followed in section 3 by an evaluation of
the position estimates that are obtained via various
combinations of the CORS network solutions, and in
section 4 by an assessment of the corresponding attitude
estimates. As mentioned above, the results obtained
herein are compared in section 5 to refined results based
on the data that were presented in Mostafa and Hutton
(2001). Comments are also made in section 5 regarding
the general applicability of the method. Finally in section
6, the paper is summarized and conclusions are drawn in
light of the use of this method in practice for a variety of
applications.

2. THE FIELD TEST, THE CORS DATA, AND THE
REFERENCE SOLUTION

The new analyses presented in this research are based on
data collected by HIW GeoSpatial Inc. using an Applanix
POS/AV™ 510 system during a survey that took place on
June 21 2000 between Oakland and San Jose California in
the US. As shown in Figure 1, a dedicated base station
(labeled TOMS) was established directly below the centre
of the flight track and a CORS reference station (labeled
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CHAB) was available at a location very close to the
airport. Local cities are labeled for reference, but GPS
data are not available at those sites. The flight took place
between approximately 14:30 and 18:30 local time and
the ellipsoidal flying height was 1155 metres for
approximately one third of the flight lines and 995 metres
for the remainder.

The CORS stations that were operating on June 21 2000
are shown in Figure 2 for the area within 400 km of the
flight track. Notice that there are many CORS stations in
the California area; five within 90 km of the survey site
and eight others between 160 and 420 km of the site. The
data collected at the stations marked by an unfilled square
are all subject to 2 to 5 minute periods of missing data
immediately after 18:00 and are therefore not used in
these analyses. As shown, there are therefore three
useable stations within 90 km of the survey site and five
useable stations between 160 and 420 km of the site. With
the exception of the CHAB station, those marked with a
solid circle are used in the combined network solutions
that are discussed later in section 3. Note again that the
cities are only shown for reference. Also note that
although other California CORS stations exist for the area
shown in Figure 2, they are not shown because data are
not available for them on June 21 2000.

As mentioned above, the results obtained in the following
sections are evaluated by comparing them to a reference
trajectory. That trajectory was derived from differential
GPS solutions obtained by using the TOMS and CHAB
stations in a dedicated fashion. Specifically, both stations
were used independently to estimate the trajectory of the
aircraft using fixed integer carrier phase techniques.
These estimates were then combined using the
POSGPS™ component of POSPac™ and used as an
update to the IMU in the POS/AV™ system, resulting in a
smoothed best estimate of the trajectory (SBET). Under
the conditions of this survey the absolute accuracy of the
POS/AV™ 510 system is at the level of 10 ¢cm RMS for
position and 20-30 arc seconds RMS for attitude. This is
documented in Cramer (1999) and Mostafa and Hutton
(2001), for example. The absolute accuracy of the
solution in this specific case was established by
comparing it to the position and orientation derived from
a set of photogrammetric data using aerial triangulation.
The accuracy was confirmed to be 10 ¢cm RMS for
position and 20-30 arc seconds RMS for orientation. Thus
validated, this solution is considered to be the ideal
solution and the objective of the research is to consider
how closely it can be approximated using the solutions
based on the other CORS stations.

Although data processing was done using the whole data
set in all cases, the analyses presented in the following
only consider the time period during which the aircraft
was at survey altitude (i.e. all maneuvers are considered
except during the periods of ascent and descent).
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3. EVALUATION OF THE ESTIMATED POSITION
SOLUTIONS

The goal of this section is to evaluate the position
estimates coming from various combinations of the
estimates that were in turn obtained by processing
between each of the CORS stations and the aircraft. In all
cases, differences in position are evaluated by comparing
an estimated position to the one given by the reference
solution that was described in the last section.

As a starting point, briefly consider the individual
solutions between the CORS base stations and the aircraft
that are discussed in the Appendix. It is seen therein that
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as expected, the differences are generally smaller for
stations closer to the aircraft, and that they can be quite
large for longer baselines. Notice from Table Al (also in
the Appendix) that the RMS of the observed differences
in the 3D position vector varies between 9 and 51 c¢m, and
that the maximum observed difference varies between 25
and 87 cm, depending on the station used.

Next, consider Figure 3 and Table 1 that show the
differences between the reference frajectory and
trajectories obtained via three different combinations of
the solutions to the individual CORS stations. The top
plot in Figure 3 and the first entry in Table 1 show the
differences between the reference trajectory and estimates
of position obtained using all eight of the CORS stations
available. The agreement for the 3D position vector is at
the level of 12 ecm RMS and the largest difference at any
point in time is 28 cm. This is clearly very good and
implies that estimates of position derived from such a
network can be used to estimate position at or near the
noise level of those derived from dedicated GPS base
stations.

The differences shown in the other plots of Figure 3 and
the other entries in Table 1 were computed in order to
assess the role that stations close to the survey area play
in such a combined solution. The middle plot shows the
differences in position for a solution that is based only on
the three CORS stations closest to the survey area
(MHCB, S300 and CNDR), and the bottom plot shows
the differences for the solution based on the remaining
five CORS stations. The usefulness of having stations
close to the survey areas is clear. Because it is likely that
surveys will take place in areas with no GPS reference
stations within 90 km of the survey area, it is important to
note the quality of the combined solution that is based on
the five stations further than 160 km: the agreement for
the 3D position vector is at the level of 25 cm RMS and
the largest difference at any point in time is
approximately 42 cm.

Before concluding this section, note that for this data set,
the solution obtained using only the three CORS stations
closer than 90 km is slightly better than the solution
obtained using all eight CORS stations. This implies that
if such stations are available, then the inclusion of others
does not help. Unless that level of proximity to the
aircraft is available for a number of CORS stations,
however, it will be desirable to process all available
stations in the vicinity of the flight area.

4. ACCURACY WITH WHICH ATTITUDE CAN BE
DETERMINED

The goal of this section is to evaluate the differences in
attitude estimates made by the POS/AV™ 510 system
when positioning information from the solutions
discussed in the last section is used in place of that
coming from dedicated GPS base stations.
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Figure 3: Differences in position for various
combined solutions

Table 1: The statistics for differences in position for
the combined solutions (cm)

component of difference

station  statistic north  east up 3D
All CORS RMS 5.0 6.8 8.1 11.7
stations largest 112 144 21.0 27.8
1&3&2 RMS 42 6.8 7.3 10.9
(40-90 km) largest 9.7 15.0 19.9 26.7
SStCatOi(ilSS RMS 144 6.5 18.8 24.5
(>160 km) largest 26.4 135 30.0 422

Differences in attitude are evaluated by comparing
estimated attitude values to those given by the reference
solution that was described in section 2.

Processing was carried out using four different position
estimates as updates to the IMU in the POS/AV™ 510
system; the three combination solutions that were treated
in Figure 3, and the single baseline solution that was
obtained by processing between the MINS CORS station
and the aircraft. Because the latter exhibited the largest
differences in position (see the Appendix), it is considered
a worst-case scenario. The differences in attitude
corresponding to these processing instances are shown in
Figure 4 and Table 2.
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Figure 4: Differences in attitude for various combined

solutions and for the MINS solution

Table 2: The statistics for differences in attitude
for the combined solutions (arc seconds)

component of difference

station statistic roll pitch  heading
All CORS RMS 0.60 0.87 3.32
stations largest  3.45 3.35 9.74
33;? (i i RMS 0.60 089 327
(40-90 km) largest 322 3.11 9.74
Sstcat(i)(iqss RMS 0.71 097 268
(>160km) largest 583 597  8.20
MINS  RMS 063 094 2.84
(268 km)  largest 320 328  9.06

In all of these cases, the differences in attitude are at the
level of just under 1 arc second (RMS) in roll and pitch
and approximately 3 arc seconds (RMS) in heading.
Clearly then, the effect of the various position solutions
on attitude is within the noise level of the reference
solution. Further, there are no visible long-term (drift-



like) differences in attitude for this data set, implying that
the observed differences are due to short and medium-
term differences in the position solutions. In turn, these
may be due to the fact that the solutions based on
dedicated GPS base stations use fixed ambiguity carrier
phase observables, while all of those based on the CORS
stations use ionospheric-free carrier phase observables.

Although the behaviour of the attitude estimates made
based on all four of these position solutions is similar, the
following observations follow from Figure 4 and Table 2:

e  The maximum differences in roll and pitch for the
solution that is based on only on the three closest
CORS stations (MHCB, S300 and CNDR) are very
slightly smaller than those for the solution based on
all of the CORS stations. This is to be expected from
the last section, where it was seen that the differences
in position are also slightly smaller for the solution
based on the three closest stations.

e  The maximum differences in attitude for the solution
that is based on the five farthest CORS stations are
different from the others; the differences in roll and
pitch are larger and the differences in heading are
smaller. It is possible that this is due to different
quality factors being assigned to the position
estimates by the batch processor in the POSGPS™
component of the POSPac™ package. In turn, this
could imply that different weights (i.e. confidence
levels) are being assigned to the position updates.

5. DISCUSSION OF THE APPLICABILITY OF
THIS METHOD

This section of the paper is included for completeness
with the goal of commenting on the applicability of this
method in general. For this purpose, the analysis using a
different POS/AV™ 510 system that was presented in
Mostafa and Hutton (2001) is briefly recalled. It will be
referred to as the Dallas project. Consider Figure 5 in
which the flight path and the locations of the CORS and
dedicated GPS base stations are shown for that data set.
One dedicated GPS base station and six CORS stations
were considered in the area. As in the analysis presented
in this paper, the dedicated GPS base station was used to
generate a reference position trajectory, and the five
CORS stations marked with solid circles were used to
generate a combined estimate of the position. The ARLS
solution was not included in the combined solution
because it was considerably closer to the survey area than
the others and would therefore dominate that solution. As
such, the average distance between the aircraft and the
five remaining stations is 216 km. These were then each
used as an update to the IMU in the POS/AV™ system to
compute the corresponding SBETs.

Figure 6 and Table 3 are included so that the results from
that analysis can be directly compared to those of the
analyses presented so far in this paper; they show the

1776

differences between the reference trajectory and selected
solutions obtained using the CORS stations for the period
of time during which the aircraft was at survey altitude
during that flight test. The top plot in Figure 6 and the
first entry in Table 3 show the differences between the
reference trajectory and estimates of position obtained
using all five CORS stations. The agreement for the 3D
position vector is at the level of 23 ¢cm RMS and the
largest difference at any point in time is 42 cm. This is
clearly consistent with the results presented in the current
research and supports the conclusion that estimates of
position derived from such a network can be used to
estimate position near the noise level of those derived
from dedicated GPS base stations. The second plot in
Figure 6 and the second entry in Table 3 are included for
completeness to show the differences obtained when
using the furthest CORS station alone (HOUS which is
347 km away on average).

In Figure 7 and Table 4, the plots and statistics can be
found for the attitude estimates that correspond to the
position solutions in Figure 6 and Table 3. Note that the
attitude results for the Dallas project have been refined
since they were presented in the earlier publication. As
such, these attitude results are also consistent with the
results presented in the current research.

36°N

latitude (degrees)

30°N

28°N . S
99°W  98°W 97°W 9

95°W  94°W

W 930W
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Figure 5: The trajectory and the GPS base stations
used in the Dallas data processing
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component of difference

station  statistic north  east up 3D
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Table 4: Statistics for differences in attitude (arc
seconds) for the solutions in Figure 7

station

statistic

component of difference

roll pitch  heading
All CORS RMS 0.18  0.20 0.97
stations  largest 0.85 0.95 2.89
HOUS RMS 0.16 022 0.76
(347km)  largest 0.67 1.07 2.73

Based on the high level of consistency that is observed
between the results of these two studies, it is proposed by
the authors that this method can provide a viable
alternative for estimating the position of an aircraft in
post-mission for scenarios in which dedicated GPS base
stations are not available within the immediate vicinity of
the survey.

6. SUMMARY AND CONCLUSIONS

It was seen in this research that a combination of solutions
from permanent GPS reference stations can be used very
successfully in place of dedicated base stations for
positioning a survey aircraft. Analyses of the test results
show that when using five network stations at average
distances between 160 and 420 km, it is possible to
achieve estimates with a quality of 25 cm (RMS) in 3D
position while not deviating from the dedicated solution
by more than 42 cm at any time during the survey. It was
seen that when the network solution is augmented to
include three stations at average distances of between 40
and 90 km, the quality of the 3D positioning information
can reach the level of 12 cm (RMS) while not deviating
from the dedicated solution by more than 28 cm. It was
also seen that if data are available from a sufficient
number of GPS reference stations within 90 km of the
survey area, then it is unlikely that data from stations
further away than that will add anything to a combined
solution.

It was observed with the data sets studied herein that the
quality of attitude estimates is not greatly affected by the
type of position solution being used (including single
baseline solutions with position differences as high as 75
cm), as long as those position solutions are appropriately
weighted when used as an update to the IMU in a
mapping system such as the Applanix POS/AV™, The
combination solutions considered here were observed to
provide attitude solutions with maximum differences of
10 arc seconds in heading and 3-5 arc seconds in roll and
pitch.

These observations are very encouraging for mapping
applications taking place under conditions in which
dedicated GPS base stations are not available in the area
surrounding a survey. Immediate potential benefits of



this approach include precise positioning for aerial survey
applications such as GPS-assisted aerotriangulation, and
the generation of Exterior Orientation parameters for
direct georeferencing for aerial film or digital cameras,
LIDAR, and SAR.

As an example, this paper used data sets from the US,
where data from the CORS reference network could be
used in place of dedicated GPS base stations. Before
concluding, the authors would like to point out there exist
a number of other such networks throughout the world.
As well as many permanent GPS reference networks
existing at state or provincial levels, examples include
many national networks. Among those are the Canadian
Active Control System (CACS), the EUREF Permanent
Network (EPN) in Europe, the Australian Regional GPS
Network (ARGN), and two networks maintained by the
Geographical Survey Institute of Japan.

Finally, in conclusion, the authors would like to point out
that if a surveyor plans to use this method for estimating
position, there exists a responsibility on his or her part to
carefully plan the survey. For example, it is important to
make sure that there is a sufficient number of baselines
close enough to the survey area to ensure redundancy.
The five CORS stations with periods of missing data
discussed in section 2 are good examples of why this is
SO.
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APPENDIX: THE POSITION ESTIMATES FROM
THE INDIVIDUAL CORS BASE STATIONS

This Appendix is included for completeness for two
reasons. The first is to demonstrate the behaviour of the
position solutions obtained by processing between each
CORS station and the aircraft, and the second is to
describe the important processing parameters that were
used in generating each of them. As usual, the differences
in position are evaluated by comparing a given estimate to
the position given by the reference solution that was
described in section 2.

Figure Al shows the differences in position for the
solutions obtained using the measurements for the five
CORS stations that are at an average distance of greater
than 160 km from the survey area. The average distances
are shown on the left hand side of the figure (in brackets
following each station name) and the differences are
labeled with the letters e, n, and u to represent the east,
north and upward components, respectively. The stations
shown at the top of the figure are closer to the aircraft
than those at the bottom. In all of these cases, processing
was done using the batch processor in the POSGPS™
component of POSPac™. Default settings were used as a
starting point for each processing instance. The basic
approach was to use the ionospheric-free model and to
process the data forward and backwards in time. Only
minor changes to the default settings were made as
necessary to minimize the differences between the
forward and reverse solutions in each case. The solutions
shown are based on an optimal combination of the
forward and reverse solutions. Table Al gives the
statistics of the differences for each of these stations.

Figure A2 shows the data for the CORS stations that are
at an average distance of less than 90 km from the survey
site. The basic approach to processing these somewhat
shorter baselines was also to use the ionospheric-free
model and to process the data forward and backwards in
time. For the two shorter baselines (MHCB and S300), it
was also possible to aid the float ambiguity solution by
initializing the processing with a “quick static” solution
during the static periods at the beginning and end of the
survey. Otherwise, only minor changes to the default
settings were made as necessary to minimize the
differences between the forward and reverse solutions



from each station. Table Al gives the statistics of the
differences for each of these stations.
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Figure Al: Differences in position for solutions from
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1779

MHCB (40 km)

]
[&)]
o

S300 (54 km)

CNDR (88 km)

]
[&)]
o

[$)]
o

50

differences in position (cm)

o

0 1000 2000 3000 40

0 1000 2000 3000 40

o
LS
[

1000 2000 3000 40
GPS time since 320000 (s)

o

00

Figure A2: Differences in position for solutions from

CORS stations more than 90 km from the aircraft

observed for solutions derived from each CORS
station (cm)

Table Al: The statistics for differences in position

station  statistic component of difference

north  east up 3D

MHCB RMS 6.5 14.9 49 17.0

(40 km) Largest 13.3 235 16.7 31

7

S300 RMS 3.8 3.2 7.2 8.7
(54km) largest 9.2 8.5 21.5 24.8

CNDR RMS 8.5 129 241 286
(88km)  largest 14.9 239 385 47.7

CMBB RMS 144 69 14.9 21

(164 km)  largest 25.9 16.3 27.7 41

8
3

HOPB RMS 10.0 5.0 9.8 14.9

(194km)  largest 18.3 10.4 26.1 33

S

SUTB RMS 129 16.8 37.4 43

.0

(199 km)  largest 23.5 31.5 63.3 74.5

MINS RMS 193 446 13.5 50.5

(268 km)  largest 41.2 703 29.7 86.7

COSO RMS 164 249 18.7 35.2

(417km)  largest 39.4 463 38.4 72.0
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ABSTRACTY

This paper describes the gualiity sssucance and quahily contrel (3A/0C) teols cwrenty planned and under Buplementation in the 27
TmageSiation Antomatic Triangwlation (J8AT) product for imspery acquired by an aerial camera and Applaniy POS/AYVT
navigation system, First, 2 desoription of the JSAT product with its user interface with the Applanix POSEC package is given. Then,
& description on using the EO data in mapping applisations is prasented. Insiead of using the full capabilitics of an automstic acal
wiangnlation, the QA/QC procedure is desigeed to lessen the amount of work needed o check the guality of the GPS, IMUL and
GUP data nsing different scheres, such a8 porformaing a statistical analysis on Image/ohijoct space intersection using drgital fmages
and the OPS/AMU data. Numenical results of usmg the 15AT s QA/QC sirategies on the OEEPE daty set are also prosented.

1INTROBUCTION

in ap acrial wiznguiation process; the image coordinates of all te, control, and check points appearing on all photographs are
measured and then a Jeast squares bundle sdiusnnent is performed. This process wltimately provides exterios orientation parameters
for all photographs and three-dimensionat object coordinates for 8l measwred tnage poinis. Until recontly, 23 photo measaroment
was done manually. Furthermore, the block adinstment was a completely separsie step {Madani, 1996}

Mew advances i digitel photoprammetry permid avtomatic He point extraction using image-maiching fechnigues 10 automate the
pownt frarster and the point mensuralion procedures. Avtomatic Acrial Triangulation {AAT) is already in production rather
successfully. The AAT solation has reached the accuracy fevel of & conventional acrial wiangulation. 1 has been proven, that the
AAT solution is much more economical than a conveptional one.  However, like any new products, AAT systems need to be
mmproved to fit increasing demands of the users (Schenk, 1996},

In 1997, the Ewopean Organization for Experimental Photogrummetric Research (OBEPE) and the Tnternational Society for
Photogrammetry and Rewote Sensing (1I5PRS)Y witiated 4 tost of different existing commercial and oxperimental AAT systems o
study the stabiety of the block peometry, the securacy of the tie poinis and the derived oricntation parameters, and the limitations of
the products (Hetpke, Eder, 1998} Results of the OFEPE-ISPRS tost showed that the existing AAT systems have some lmitations;
sherefure, any new AAT approach must incorporate following features:

¢ Embedding refiable and efficient mechanisms o detectand olimingte blunders in the e point measusoments

e Inereasing the number of mnlti-ray peints and cosuring o oven poind disteibution (o gearantee 3 sinble block geometry

»  Applying combined approaches of image matching to tnprove both the computation time and the acouracy of point
measurement

»  Fucluding spectal techsiques 1o process poorly texiured argas by Inoreasing the success rate of automation

¢ Including an intwitive and mstractive fnterface for the operators whe must intercede in the case of mnowation failure

«  Keeping the tuneable procedure countrol parameters o the very minumum or, even, to gchiove gn auionomons operation,

:PS phetogrammelry has already helped 1o improve the acowracy/performance of the conventional aenal trisnpulation process.
Divectly derived exierios orientation parameters using corbined GPS zad high-performance TNS systems offer the possibility of
gliminating conventional zerial tiangudation in the tong run. Consequentdy, these changes significandly fmpact ail the steps of the
data reduction and wmeasnremend processes. For exammple, the possible clinination of a complete aerial trangulation process will
resuit m substantial savings while increasing the necd {or sore sophisticaied quality control procedures

The early experments with GES/INS -derived exterior orientation data were related to analytical plotters. The objective was 1o set up
modeds very quickly for map compilation withoutl the usual orientstion process. MNow that GPE/INS technology has evolved, interest
15 already shifled toward softcopy sysiems t0o.

The use of GPS and INS systews i photogramumetry can, on the one hand., support the existing acrial trisnpgulation (AT) packages by
providing highly accursie exierior orientation paramefers fom the beginning and improve the quality and relisbility of the
orientation resulfs. It i5 also possible fo perform camera andfor selficalibration and simplify the polnt weaswrement provess of
automatic acrolrianguiation by reducing the number and necessaxy tie poinis and the distribution of the te point areas. Ou the other
fand, AAT solutions operate as a method where camera, GPS, IMU and ground comtrol shservation are checked for consistency,
gross errors, and sististical propertics.

Proceedings of QEEFE Workshop: Integraied Sensor rientation, Haxover, Germany, September 1718, 2061
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3. GRAPHICAL ERROR ANALYSES

ISAT provides graphical displays and error analysis tools to facilitate defection of blunders, weak areas, and problem photos after an
AAT run and 2 bundle adjustment. These graphical displays consist privarily of vecior residual dispiays that interact with the
operatior;

SHRRBMEGFERWN I

Figure b. Bundie Block Adjustment Qptions

Figwre 2. Fmport EO, GPS/ANS, POSEQ

Dispiay vector residuals of control, check points, and photo positions

Display vector residuals of image points per photo and per block

Display image sysicmatic errors using significant additional parameters derived by self calibration

Allow the user'to threshold the display to show only vector residuals above a knowa value or based or number of rays
Allow the user to scale the magnitude of the vector residuals on the graphical display

Display dynamic readowts of point wds, XY, and 2 residuals

Display dynamic readouts of photo ids when photo footprints are displayed along with the vector residuals

Allow the user to perform all the basic viewing commands on the vector residual {Zoom In, Zoom Oug, Fit, Pan}

« @ 2 R 4 & ¢ D
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& The mumerical point iist and the graphical vector residual display will interzct Selecting 2 point in the Hst will highiight
the point v the graphic display. Sclecting a vector in the graphic view will select that point o the hstvizwand scrcl wo'it
in the view

«  Double-clicking a veotor restdual will do a window centre about that point and select it in the listview

e Double-clicking a vector residual will-drive the image views o that pownt inthe Multiphoto ensvivonment

»  Error analysis dialog provides pre-filter values to limit the muxber of points displaved in the st and in the vector display
s Display photo position residuals residual vecior between computed and given E0 parameters

4, WORKFLOW BESCRIFTION

In general, the user will typleatly perform following steps, shown in Frgure 3, when ronning 1SAT

i Sewp Project E
. N

Blochk Breparaticn
i Ran i

N

Maiching and Block Adustmeny

I

¢ Review Matching and Block Adjustment Resolts
'7',;2;/‘7
i Marge AAT Romlis

Bdiy Suaﬁsm Point
I

Block Adiuzument
\\{.i/

Merge Blocks

________ NS

i Fiual Block Adjustiment H

Figure 3: ISAT Workflow

The wser sets up a project.  This will nvolve sotting up project, swip and camera parameters and ophisnally eniering control
coordinates (but not necessarily measuring the countrol hefors the automatic tie point generation), GPS/INS data {exterior orientation
parameiers), if available, and other specific project and users defined paramelers,

The user may wish (0 tin fmage matching and block adjustment on oaly part ol the project. ISAT allows the user 1o create 3 sub-
block for AAT processing. This will bevia a graphical interface that shows flight lines with photo centers, Fom which the user can
seloot the photos to inctude i the Block. ISAT allows the user {0 use photo and biock fooiprinis to create, edit, delele; and mensure
Blocks, Creating, editing, and merging blocks can be done {n & variety of ways: graphically by selecting photo footprint or existing
biock footpring, by selesting photos or existing blacks fom list, or by any combination of these. Lates m the workfiow the wser will
be able to tic overlapping Mocks topether Ddeorge Blocks),

After perfonning automatic interior ovientation, IBAT s image-matching module generates optimized and well-distrihuted tie pomis
for the selected images. Atthe end of image matching, an internal bundie adiustment is calfed to check the quality of the extracted
ite poinis and to remove blunders ustng a robust estmator tschnique.

The user is able o revisw all the weak areas where insufficient matched poluts wers not generated by AAT. The AAT dialog
inctudes a graphical view for these weak areas. The wser may manuslly measere additional points 1o those images that do not have
strong connections with the overlapping finages. After the urer has measured new points in weak areas, be wilt need {o ruw a block
adjustment Lo insorporate these changes o the solution. The user is able to roview sl the siafistics from the image matchmg and
block adjustment steps.  In addition to the uwsual blodk adjustment statistics, this inchudes statistics from the poiat malching
procedures. The statistical information also tnchides a graphical view (vector residuals) of point statistics on the Photo, Object, and
Point tabs of the dialog. From this, the user determines whether the adjustment succeeded or failed.

If muttiple sub-blocks are run, their mensurements may by merged imo “master block™ This command allows the user to merge
mutiple Hooks into a single block. This atlows the user to work with blocks of 3 manageabis size to perform the sub-black
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matching and block adjustments and ultimately merges all blocks together into & single Jarge block. A final post processing bundle
block adiustment is then performed without any further matching.

5, HOW THE POS/AVTT SYSTEM WORKS

The key component of the POSIAVTM sysien is the Inlegrated Inertinl Navigation (1IN} software. This software runsie real-time on
the POS Computer System (PC8 Y and in post-processing in the POSPac™ software suite, and performs the integration of the inertial
data from the IMU with the data from the GPS receiver. The functional archifecture of the software is given tn Figure 4. For details
see, Mostafz and Hutton (2001} For dotails on GPS-aided inertial positionng and attitude determination, see Scherminger (1997),
Schwarz of ab {19933, Bution of al {1998) and Reid et al {1998). The sottware consists of the following components:

Steapdown inertial navigator

Ralman fifter

Closed-fnop emor controfler

Smoother (POSPac ™ only)

Feed forward error controller {(POS Pac ™ ondy}

In-flight Alignment

® & & & D

&

Coarrecticar

T Navigaior

Liosed-ooe
erras Cotdyntler

Py ‘?*

GRS
Reoelver

Figure 4. Functional Architecire of the POS/AV Sysiem

& DIRECT EXTERIOR ORIENTATION DETERMENATION

As shown in Figure 3, Photo positioning and attitede data is processed using POSPAC™ in an Farth-Centred Farth-Fixed (ECEF)
frame of reference, typicaily WGSR4, fo produce 3 smoothed bestestimated wajeciory (SBET). Then POSEO™ s used o
tnterpolate the position and attitude infonmation at cach bmage exposure time, calibrale the boresight, and determine the exterios
ovientation parameters in a local mapping frame of refbrence that s required {or map compiiation. Figure & shows POSEQ™™

interface, while Figure 7 shows the POSEO™ data output options, which inciudes a special format opiton for 2/ Imaging ISAT (see
also Figure 2}

7. BIRECT EG QUALITY ASSURARCE AND QUALITY CONTROL (AQ0}

The quality of the exterior orientation data generated by a POS/AY system becomes directly apparent when §1 18 combined with the
imaging system data. On the other hand, the mapping process using direstly measured exterior ovientation parameters is differamt
from the traditional one {cf, Jacobsen, 2001). Therefore, generally, the eptire process of gquality control becomes 3 process of
managing cach step in the daiz zcquisition and post-mission processing phases 1o achieve 3 consistent and seliable gquality
assessment: Consequently, the process of quality contrel of divecthy measured exterior srientation data by POS/AV is cateporized
it two main categories which are done sequentially, namely, quality control using navigation data and quality control using
ravigation and maging data simultancously by ISAT. In'the following, cach of these will be discussed in some detail,

7.3 QAT Using Navigation Data
Proper mission planning goos a long way wwards obiaining repeatable results. Dnce the mission begins, the POS/AY system wust
be monitored frequently for GPS dropouts or other data acquisttion fathures. A severe fasfwre such as loss of GPS daig for an

exiended time period may be prounds for aborting the mission. Once the aiverall has tanded, the recorded data shoudd be checked for
outages and other immedate indications of bad or mussing data. This atiows the mission to be re-flown possibly the same day.
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Figure 6. POSEO™ Software laterface Figure 7. POSEO™ Ouiput File Including 24 Imaging Output

[ the recorded data are seemed o be acceptable, thew the data are handed over o post-mission processing. FOSPACT™ has several
guality assessment indicators. The most basic of these are the inential-GPS residuals. These are the corrected differences between the
inertial and GPS position solutions at each GPS epoch, and indicate the consisiency between the sohutions. The resideats will appear
to be random in asuccesstul inertial-GPS integration, indicating that the integration process has removed all sources of bias errors
the data. The processing soitware will typically perform a statistical avalysis on the residuals and report a simple guality indicator to
the user (¢.f, Scherainger, 1997}

747 Mission Planning

The absolute accuracy of the blended position of 2 GPS/inertial sysiem is limited to the absolule positional accuracy of the GPS
Hence § ts impostant that proper mussion planning be conducted to ensure that the best possible (3PS accuracy is achieved. The best
GFS posttioning accuracy {$ to |5 cm) is achieved using carrier phase DGPS technigues. To obtain this accuracy, 8 mission must be
planned fo provide conditions for reliable ambiguity resolution throughont the mission. Ervor sources that can provent mainéenance
of re-fixing of mueger arabigwities include lonospheric delays, multipath, and poor sateliite geometry. Even if the correct an
are found and maintained for the entive mission, these givor sources can, if nof properly managed, stilf degrade the accuracy of the
solution. Aborue mission planning should therefore inchude the following components.

7.4.2 Siatic Daia Collection

A wission shonld begin and end with 2 static daia acquisition cach lasting 3 minimum of 5 minutes. The siatic data sllows the GPS
post-processing software uses the constant position information to obtaln the cowrect inittal and final swebigaities with high
probability of success.
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7.3.3 Minimiding Multipath

Multipath refiecrions can be a major source of position error and cawse for integer ambiguity resolution faihwres. All base recetvers
should use antenna choke rings or groumd planes {o attenuaie low elevation signals, and should be mounted st feast 100 m sway or
above all reflocting surfaces.

714 Limifing Baseline Separativn

Ff the mission requires the 2-10 centimeire position accuracy that a kinematic ambiguity resolution solution can provids, then the
maximum baseline separation must be Hmited to 10 0 50 km depending on the diumal and seasonal solar activity. This allows the
GPS processing software 1o recover fixed integer ambiguitivs fllowing cydle slips or loss of phase ook at any time during the
mission. For missions with fight lines greater than 100 kilometres, multiple base receivers must be used 1o enisure the maximum
separation between the airerafl and sny base reccrver 18 less than SO kilometres. Currentdy, pOSGRS™ processing seftware package
processes data from multiple base receivers 1o produce an optinal combined solution {o.f, Mostath and Hutton, 2001a).

3.5 Pianning for POOP

The mission should be planned during times of good sateliite coverage so that PDOP 15 3 or less thaoughout the mission. At the time
of writing, the 3PS constellation comprises 29 sateilites, which provides for a poor PDOP refatively intreguently. A sitaple satellite
prediction sofiware tod! provides the information needed to plan for best PROP. Figare 10 shows the double differenced PROP
during an aerial photography fight. Flight missions should be planned 19 -avoid such spike contred at GPS fanee of 394,000 for about
10 minntes, although the PDOP is less than three (<< V5). In that case, the pilot could have been instiucted to iy away from the
mapping arca duriig that ten-minute period of tme to avoid the resulting lnconsisient GPS accuracy.

T
BRI

e

e o R RN

g

Figure 8. GPS DD-PDOP During an Aerial Pholography Flight

21,6 Fnerticl Navigaior Aliguswent

POS/AY can align itself while stationary or in motion. In fact, the in-awr alignment is aceelersied and the quality of the alignment
tmproved if the arroraf porforms an accelerating manocuvre such as take-off or 3 turs. An in-air alignment requires abow 3 minntes
of nominally straight and lovel flight to allow POS/AY {o compute an initial rol! and pich, foliowed by a sertes of turns to align the
heading. Thereafler POS/AV bmproves s alignment with every manoewvie. A fypieal zigzag swvey patiern provides the
manoeuvres required by POS/AV to maintain a high guality alignment. Figure 9 shows 3 frequently changed velocity of an arcraft
due to manoenvres and Figure 10 shows the total soceleration due to such manoeuvres.

Figure B, North Velocity Frequent Changes During

Manoeuvres bManeuvers
T2RAIQC Using Navigation/Iwmagery Dats - The pLO™ Concept

Detection, Location, and Cotrection { DLCm) is the concept bohind the direct EC QAAQC process in ISAT. POS (GPS/IMU) data,
project acrial waagery, and available GOP {controlicheck powisy are stmuftancousty used to efficiently perform DLC. By “detection”
we mean, to astomatically detect whether or not theve s a perfect it (according to some predefined threshold) between the divectly
derived EO parameters, the images, and the available GCP. If there 15 no perfect fit then “Location” is performed, whete ISAT tries
tn antomaticatly idemtify the location and possibly the reason for ervoncous EO parameters. ‘Cowmection’ 35 where the erronecus
{inaccurate for seme reason) BO parameters arg corrected
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Figure 11 shows the DLC workflow in the ISAT product. Typically, the raw GPS and IMU data are processed in POSGPS,
POSProc, and POSEO, where the derived trajectory parameters are translated into camera exposure station coordinates and image
orientation angles with respect to a local mapping frame. ISAT then reads the information where it first performs the automatic
interior orientation (10) then checks in the POSEO output file whether or not the EO parameters have high standard deviations. If the
standard deviations are higher than what is suitable for the project at hand, then it will issue a warning to the operator that the EO
data should be improved by reprocessing the GPS data.

Figure 11. Detection, Location, and Correction Concept (DLCTM)

The operator is then becomes responsible to improve the GPS data processing quality, then run the data through POSProc and
POSEO, respectively and import the improved X, Y, and Z and o, ¢, and «, data in ISAT. If the GPS data cannot be improved,
ISAT will check whether the standard deviations are consistently too high for the project at hand or not. If the data is consistently
high, then ISAT will issue a warning that there might be a possibility to use a ISAT’s automatic aerotriangulation engine to its
fullest. If the EO standard deviations are not consistently high, ISAT will then return a colour-coded footprint of the project layout to
show and distinguish the problematic areas in the project. Then, ISAT will run the following checks on'those areas of the project that
have high EO standard deviation.

i. ISAT will manually or semi-automatically measure image coordinates of the ground points (check points). The user
can then revisit the ground point locations manually to make sure that they are precisely located on the imagery.

2 ISAT will then perform the space intersection using the given EO data and the image coordinates of all available
checkpoints.

3. ISAT will compare the computed checkpoint coordinates with the given values. If the checkpoint residual test passes,
ISAT will issue a statement that all checkpoint residuals are within the required accuracy.

4. If checkpoint residual testing did not pass, ISAT will issue a warning and let the user decide on running a-local
automatic aerial triangulation using GPS/INS assisted triangulation concept applying the shift and drift parameters.

S. If the checkpoint residual test passed, ISAT will automatically generate model pass points and performs space

intersection to check analytically if model pass points have any parallax. If parallax is evident, the user is given an
option to eliminate the parallax by using the localized GPS/INS-assisted AAT option.
If the pass point test passed, ISAT will move on to automatically generate tie points between strips. These points will
be used again in the space intersection mode to determime whether or not there is remaining parallax between the
image strips. If no parallax is discovered, then the software will issue a statement that no errors are found in this
project and the EO data can then be used directly in the map compilation mode.
If parallax is evident, the user is given an option to eliminate the parallax by using the localized GPS/INS-assisted
AAT option.
Each time there is any need to run a localized GPS/INS-assisted AAT, all the check listed in steps 1 to 7 will be
checked again. If all those checks are passed, ISAT will issue a statement that all errors found in this project are fixed
and the EO data can then be used- directly in the map compilation mode:

23
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If any of the check failed, the user will b given the option 0 run the entire project nsing ISAT s GPS/INS-assisted automatic
aerpsriangulation engine, (o X the remaining problems.

B EXAMPLES OF NUMERICAL RESDLTS
8.1 Test Data Beseription

The 1:30.000 phodo scale dats of the Fredokstad, MNorway test ficld, fown by Fotones AS wsing 3 wide anple Leica RC30 camnera
egaipped by an Ashiech GPS receiver and the Applanix POS/DG system, was nsed in this siudy (for detatl, see Hapke, ef al, 2600
This test ficld is about 5 % 6 km’ and has 51 well distributed sipnalized controf points with the accaracy of abouwt 8.0F em. The
contrel point coordinates and raw aad refined direct EO parameters were given i UTM/PEuroBefB0 coordingte system wit
ellipzoidal heights. This data setis comprised of five parallel sirfps and {wo cross sirips and 13 conirel poinds {Figure 12}

Y
o e IR e
ez IO o
s 220891gonurtTt M
IER , SR e O
2000 . A2
PTEB o
42130

L]

Frgure 42: Cabbration Flight in Southern Norway, Image Scale 110,000

Applanix POSECG data, uncomrected and corrected for boresight (misalipnment between camera IMU ceordinate frames) computed in
the phase one of the DEEPE sindy, along with the provided control points coordinates and the image coordinates of alf R phatos
were used 1o invesiygate the results ohiained by the 1SAT bundle block adjustrent and s DL capability for analyzing the quality
of the derived BO parameters

For quality controd purposes, crvor detection is experimenied wsing the 110,000 block of photos. The purpose of examining this
scenacio is to investigate the following:

. Canthe bosesight errors be detected using the shifl and drift pavameters in ISATY
2. What is the effect of block geometry in detecting any boresight errors?
3. What 15 the effect of boresight errors on camsra exposure station coordinstes and onentation angles if a binck is adpsted
using the boresight-corrupied exterior oneptation data ignoring boresight emvors

Therefone, POSEC was used to produce an exterion ontentation file for the block with boresight angles set to weros. Thus s done this
way to simulate 2 scoparic Whese the catibrated bovesight values were not nput to the software by mistake. Then, the commupled
exterior orientation datz files wers read in 13AT. The entire block was wisnguiated using the original phote coordinate
weasurements; the boresight-comupted exterior orientation data and afl available ground controb points. The whale &85 photos were
used in this sconarico. Angular shift and drift opeion was wsed to answer the flest question on the previous Hst. The standard deviations
of the camera exposure station coordinates and ooientation angles wese set 1o the POX sysiom spectfications, namely 8.1 m for gach
component of the camera exposwre station coordinates and 0.065%, G.0058°, 0.008° for image o, ¢, and ¥, respectively. This implies
that the intentinnzl borgsight error 15 nid accounied for in the standard deviations of wnage orientation angles. This is done on
purpose in order to sionulaie 3 production eavizonment.

The computed shift angles were very close 1o the boresight angles. I other words, ISAT was capable of absorbing almost all the
intentional ‘horesight ewrors by the anguniar shill parameters. The compuied exierior orientation parametsrs were then compared {o
thase given by POSED. Figures 13, 14, and 15 show the differsnce in camers position X, Y, and 7 components, respectively. ln
these Figures the difference is shown twice, onee in red diamonds whers no angular shift and drift were used, and the other time
blue squares where the angudar shift and drift option was used. 1t 35 clear that any boresight erver will affect the camer exposure
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station cooardinates if the dats is Wriangulated neplecting the boresight error without properly choosing the necsssary math moded
required to recover the boresight error. . Figures 16, 17, and 18 show the differsnces in image ortentation angies it o, @, and K,
respectively. Note that the sarme observation can be made in Figures 16-18, oo Although it is evident that FSAT will absorb the
boresight errors, it will issue 2 warning that there is poselble calibeation issue and the operator should go back and double-check
entering the correct hovesight values in POSEG. Tables 1 and 2 show the siatistics of the differences presented {o Figares 16 - 18
Althoagh it is evident that ISAT wiil absorh the boresipht eivors, it will issue a warndng that there is possible caithration issue and
the operator should go back and double-check emtering the correct the boresight values in the PDSED.

Table 1. Statistics of Image Ouentation Diifferences fom FOSEG
Using ISAT With INS Shift and Drifi Option to recover a
Boresight-Comupied Diata - Foll Block T 15,060 photo Scale

Chmoga {dog) Ei?"hi (dag) Hagpa (deg)
NHnmmuam RERITR -7(73:00‘5 - EELRERAY
Naximum 0003 0.013 261t
Sdean G008 0003 - £.602
Sid Dev i R £ 05
U 8010 8005 8088

Frpaxnre $ixtion Rusitien Besmdiuols
g 3

Phote #
o-HofS_ANGLR_(KS_ST 4 NoBS_SIQCH_io_1%S_ST
Frgure 13, Bxposuse Station Position Residuats O Componsnt)
Using {SAT With and Without BNS Shift and Dinft Option o
Recover o Boresight-Commupted Data - Full Block 1. 10,600
photo Scale

Exposuie Sistizn Poeicn Reclduale

Proow 8
- NORS_ANGEE_INS S0 - RaB& ARG Na Ng S0
Figure 14 Exposure Staticn Position Residoals (Y Component)
Using ISAT With and Without INS Shifl and Dnif} Option 1o
Recover a Boresight-Corrupted Data - Full RBlock b 10000
phioto Scale
1R -

Exposurs $istion Pozilan Reaiduais

Pheta

o NORS_ARGUH_INS 5D = NoBS_AHGCP_No_NS_S&

Table 2. Statistics of Image Ovientation Differences from PORED
Using 18AT Without INS Shift and Drift Option to recover a
RBoresight-Cormpied Data - Full Block 1 16,004 photo Scale

Phitdes)  Kappa (dep) |
Niniruss 3,628 .6.041
S e o2t {005
Stean 1,008 .60 8013
Std Tev 0,017 5,615 0,009
RMS B.8L3 pais 0018

Phota ¥
B NGRS ARGOH NS Bf o NoBS_ARGLP_No RS ST
Figure 16, Imasge Crientation Residuals (i Chaegad Using ISAT
With and Withount M8 Shiff and Dhitt Opiion fo Becovera
Boresight-Cosrapted Data - Futi Block 1 14,000 phste Soale

il ity

Image Crisntation Angle Hasiduse in

W 0% £

- %oBS_ARGEF_ING_SU -+ NeSE_SRGOR No_ NS S5
Figure 17, Image Orientation Reswdnals {n Phi) Using ISAT
With and Withow INS Shift and Drifl Option to Recover a
Boresight-Cormpied Bata - Full Block 118,806 photo Scale

1.7e,
=0 e

Isege Dentation Angle Residusis

Firota ¥
- FioRE_MEGEP_ IS, S0 < MslRE_ARBUF_Mu-RS_50
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Figure 15, Exposure Siation Position Residuals {2 Component) Figure 18 bmage Orientation Residuals {45 Kappa} Ustag ISAT

Using ISAT With and Without INS Shiff and Drift Opticn in WWith and Without TME Bhift and Drift Option to Recover 3
Becover a Boresight-Comupted Data - Full Block it 10,000 Poresight-Comupted Diata - Full Black b 10,000 photo Scale

photo Scale

The sccond scenario 1s sumilar {0 the aforementioned one, except thay cror detection is oxperimented using only two tmage stips.
This s 10 investigate whether of not a two-stig image block s geomcetrically stable encuph 1o detoct any boresight eross by 18AT.
IBAT was then wsed to run the two-strip block ustag the angular shift and QiR option. This required the use of four ground control
points. I5AT was able 1o absorh the intentional boresight ervor by the shitt parameters far the two sets of data. The refined tmage
angles by ISAT were then compared to those detived by POSED (where the boresight angles are scceunied for), The resnlis are
shown (e Figare 19 for the sirip 1 and 2 block, and s Figure 26 for the stip 1 & 4 bleck.

Vahir o BV i Retararas, STE 2 NuliS 400N, S MY, B0 e o N S B B0 NS AT B, R

Aungihe Mernaano jdey)

Angia Difarsncee (dag;

L} 3 1% “ 20 %
ot 8 Phato &
- Ooneyga ~$-FG o Kappe 8- Codgin &P e Kapi
Figure 19, mage Cricnaiton Difference Between POSEG and Figure 20, Bnage Onientation Difference Between POSEG and
I8AT using INS Shift and Drifl for Boresighi-Corrupted Dala {SAT uxing M8 Shift and Unill for Boresight-Corrupted Daia
Strip L& 2 Photo Scale |1 10,000 Strips 1 & 4 Pheto Scale 114000

Tables 3 and 4 show the statistivs of the differences shown in Figure 19 and 20 14ds clear from Tables 1 and 2 that I8AT absorbed
abeost-all of the boresight error by the angular shifl parameters. More toportantly, ISAT detected the boresight errer. Typicaily, the

nextaep i the ISAT dat processing chain in such 2 seonario is 10 warn the wser to 20 back and correct for that boresight mistake in
POSES,
Table 3. Btatistics of Atttede Differences using Strips 1 &£ 2 Table 4. Statistics of Atmde Differences using Stoips 1 & 4
Omaga (deg)] | Fhi {dep) _' Kapa (dea? ' (}{{mza {dep) | Pl (d-t;é) Kippsg fden}
Minsmum -G.01% -3.604 3432 SMinimum | RIRIEES ¢ 004 £016
Maxummm 3.0014 8011 3015 Maxipum 0.001 L0006 0013
Meag {10043 0007 G005 hMean -§.608 0.001 -~ 604
Sid D 8003 0.004 1.813 Std D 0.304 8 003 $.006
RMS 3.006 0,004 JLiZ RMS 0.008  0D.004 0.608

1§ CONCLUDING REMARKS

Drirgctly observed EO parameters fiom g well-planned mission and comectly operating GPSAMU systoms are soourate enough (o be
used tn any photogramemeine applications. However, the oritical issue is the QU02A of the data. 1 images are'to be proces
sterco then AT foliowed by butk model orientation s ossential wy order {0 solve the paratiax problem: Check points measured in AT
provide information on the guality of the direct BO data, Performing AT also permits modeling the apaccounied systematic ervors
using self-valibration techaiguss,

The DLC concept currently tmplemented in ISAT 15 an aftempt 1o reduce or olimingte remaining ervors, 16 that sense, the function
of AT can be viewed as changing from the determination of EOQ parameters io the QC/QA of direct EO data. For fasge-seale
cnrgineoring suiveys, it is still the case that ground conwol poinds are necessay i order to achicve the reguired acouracy in the AT,

s The ISAT product covers ail she mandatory sequirements for avtomaied acrotrisngulation, and avoids those drawbacks
{ound in the OEEPE-{SPRS report.

s The ISAT product delivers fully and automatically the best-matched multi-ray tic polnts, withont blunders. This is
achicved by a robust buiit-in buadle Block adjustment dunng all phases of the image matching opevation.

«  ISAT contains improved ssarch slgorithuns to find sufficient and well-distbuted tie potnis in the overlapping regions.
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s ISAT has s number of toods for the Q0/MA of the directly measured B parameters by Applanix FOS/AY systers. These
tools and methods ailow the operator 1o analyzs very guickly the accuracy of the divectly derived EQ paramgters.

«  Since the quality of the BO parameters depend on the guality of the OPS data (e g, aumber and distribution of satellites,
cto.y the MU data (the quality of the inertial navigator alignment), the quality of fever arm calibration, and bovesight
calibration. ISAT is currently being augmented by the necossary tools to astomatically isolate the EO ervors due to any of’
the aforementioned reasons, to evenipally inform the operator about the possible reason of any BEO errors

s The DO concept i introduced briefly, where ISAT will sutomatically o snawer the following questions 1} where is the
ervor? (3 which magnitude is the error®, and What is the most probable reason of that ervor.

o The OFEPE Phase | data of the 1711,000 fHght was used 1o anatyze one part (boresight errors) of the pew DLO concept,
namely the momatic detection and ixclation of the boresight error and then comrecting it

1L FUTURE WORK

ISAT will be augmented with aumerous fools to aid the operator control the guality of the directly measured FO data by Applanix
POS/AV sysiowm.
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ABSTRACT

Camera/TMU boresight calibration is a critical element in the mapping process wher using GPS/AMIT in the direct
georeferencing mode of mapping or even when using the acrotriangulation mapping. Several researchers proved the
seed for an optimal boresight calibration process, prosedurs, and sofiware tools, Therefore, this paper {s focused on
presenting the latest development in the field of boresight calibration using the newly released POSCal™ sofiware of
Applanix Corporation. Flest, a brief discussion is presented to spomarize the software capsbiliies b 2 descriptive
fashion. Then, a number of analyiical tools implemented in the software, which are needed to do guality assurance and
quality control of the GPS, IMU, image, ground coatrol, and datum Issues, are briefly lntroduced. An analytical study
has been done to test the analytical tools of the software. This study has been done using real sets of data coliected by
HIW GeoSpatial Inc of Oakland California, and by the pilot centre (University of Hansover) of the European
Organization for Experimental Photogrammetric Research (OEEPRE). Al data sets wers acquired by a3 37 x ¥ film
camera equipped by a 67 lens cone and by Applanis POS/AV™ 518 systom. In addition, all dats sets had a good
number, distribution, and accuracy of ground control points, quality image measurements, and good GPS and IMU
data. This allowed starting off with good quality data sets where Blases and nolses were lotrodueed intentionaily for
analysis purposes. Different imaging configurations have been sfudied. Al data sets have been ron with and without
grovad conteed points where thelr effect is analysed. A sumroary of the resulte and analbysis is presented together with
the relevant references that discussed this topie.

i. INTRODUCTION

The airborne boresight calibration is currently done by flying over a calibration field that has well disgributed and
accurate ground comirol points.  Image measurements are collected using an analvtical plotier or a SofCopy
workstation. An airborne GFS-assisted acrotriangulation is then done to determine each image atiitude matrix with
respect o sorae Jocal mapping frame. Foreach image frame, the DvU-derived aititude matrix is then compared o the
photogrammetric attitude matrix to derive the boresight matrix, from which three boresight angles are derived.
Averaging the boresight over & aumber of mages in a block configuration is the Jast step done o provide accurate
calibration and the necessary statistics. This method has been foliowed successfully for the past few years using the
traditional aevotriangulation approach (¢.f., Huttors et al, 1997; Mostafa et al, 1997, Schwarz et al, 199%; Skalend et al,
1896}, In the map production cnvironment, the separation between processing the photogrammetric data and the
GPS/inertial data results in the following disadvantages:

. Airborne trajectory data is shwed fo some base station which coordinates are referenced 1o a global datum,
while the photogrammetric data is normally referenced to a focal Datum or 2 national grid. This resulis in
daturn errors that have o be cormpensated for during the toangulation process. These ervors should be dealt
with during the boresight calibration process to ensure a pood fit between the airbome GPS coordinates and
the ground coordinates.

The angular sequence of rotations of the photogrammetric data can be different from that of the inertial data,

which ruight lead {0 erronecus resulis, Strictly speaking, (hds can take place due o inconsistency in the

definition of frames of reforences between the acrotriangudation packages and the Applanix POSPac post
processing scitware,

3. There is no.access o the different data sircamns In the boresight calibration process. Therefore, if the quality of
the boresight calibraion resulis does ot meet the required specifications, the guality control process takes
place backwards,

4. ¥ there is any miscommunication bebween the acrotriangulation operator and the boresight calibration
operator, it can take longer time o be satisfied with the results of boresight calibration

§.  Dnfference o data format between varions gerotrianguiation packages makes it diffioul! o divectly access the
data and takes time to decode the data.

r
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The main objective of this paper is to present the POSCal™ sofiware, which has been recently, released by Applanix
Corporation for boresight calibration and camera calibration purposes. In the following sections, a brief description of
the sofiware capabilitics is presented, the results of a study conducted at Applanix Corporation o determine the effect
of different parameters on the boresight determination accuracy.

2. POSCAL™ FOR BORFSIGHT CALIBRATION

POSCAL™ is a new software package released in April 2002 by Applanix Corporation, POSCal™ stands for Position
and. Orientation System Calibration. It is embedded in the POSED software package to do boresight and camera
calibration and a number of other functions to compensate for daturn etrors, GPS shific and deifis, and timing errors. |t
is equipped with a number of analytical tools to do 2 quality assurance and guality coutrol of the image coordinates,
pround controf point data, GPS data, incriial data, and camera calibration data. POSCal™ uses the least squares concept
to simultanecusly estimate boresight angles, adjust camera calibration parameters, compensate for datum distortions,
correct GPS shifts and drifis, and control the quality of image coordinates and ground control point coordinates.

The graphical user interface (GUT) is designed to be a user-friendly, and project orjented. For example, Figure 1 shows
the GUT of the camera parameters (feft) and for the ground control point wizard {right). Afler camera parameters are
input to POSCal™, they are saved in the Favourites for any subsequent use so that the user does not have to re-input
these vatues once more for the same camera undess it is re-calibrated. The ground control point wizard engbles the user
to import ground control point data from different files, projects. It also allows manually irmporting or editing the
grouad control polnt data. Then the ground control point data is colpur-coded according to their status, Ground control
point status can be set to either full, horizontal, or vertical control, or to check points as shown in Figure 1. Ground
control poiat precision can be either globally set to a certain valoe or locally {one point at a time) to different precision.

Figure 1. Graphical User Taterface for Camera Wizard (fe#l) and User Interface for Ground Control Point Wizard {right) of POSCal™

POSCa™ deals with imagery caplured by cither film cameras {analogue) or digital cameras as shown in Figure 2. In the case of
an aerial film camera, POSCaI™ accepts the image coordinates measured on both analytical and digital plotters. In the case of a
digital camera, image coordinates are always messured on a digital plotier and therefore handled casily by POSCai™. Unlike
film cameras, no govermnment organization offers digital camera calibration. Therefore, digital camera calibration is usually done
by the mapping firm. Consequently, digital camera calibration is implemented in POSCal™ using both close range and airbome
approaches. For details, see Beyer (1992), Fraser (1997}, and Lichtt and Chapman (1997). Figure 3 (left pancl) shows the digital
camera calibration GUI in POSCa™. Furthermore, Local datum shifts are modeled in POSCal™ as shown in the tight panel of

Figure 3, where a T-parameter trausformation is provided absorb local datum distortions and/or make the airborne GPS-derived
height consistent with the local datum heights.
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Figure 2 Film or Bigital Camera Gptions

Figure 4. Datums and Mapping Frame Projections Implemented in POSEO
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3. A DESCRIPTION OF DATA SETS USED FOR ANALYSIS

Two flight campaigns are used herein o analyse the performance of the new software and 1o analyse the effect of
different parameters on boresight calibration acenraey. In this section, a brief deseription of these two data sefs is

presented.
3.1 The HIW Project

HIW GeoSpatial Inc. collected thiv data st for the first of these two campaigns to be considered berein. The fight ook
place on June 21, 2000 between Qalitand and San Jose, California inthe USA using an Applanix POS/AV 510 system,
This data set will be referred 0 as the HIW Project. Bt includes image data, precisely surveyed GCPRs, POSMAV™ 518
GPSAMU raw observables and 2 post-processed GPS-assisted acrotrianguiation reference. A Feiss RMK Top camera of 2 97 x 97
format equipped with 2 87 focal length was used.

A 16000 photo scale, four-strip flight was Jown with mintmum banking angles (1o aveid GPS eyele slips) resuliing in 2 block of 4
strips of 11 mages cach. The fight Hues were flown in opposite directions in order fo achieve good boresight calibration. A total of
27 weli-distributed GCPs were inchided in the block. Using the POSPac™ post-processing package, & smoothed best estimate
frajeciory was produced, Then, the POSEG™ new software package (including POSCal ™) was used to do the analysis presenied in
Section 4. Figure § shows the flight patters and the Isyout of the ground contral points,
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Figure & Flight Layout of the HFW Project

3.2 The OEEPE Project

Two data sets of the Fredrikstad, Norway test field, flown by Fotonor AS using 2 wide angle Leica RU30 camera equipped by an
Ashtech GPS receiver and the Applanix POSAY 518 system, were used in this study. For detail on the OEEPE project. see

Heipke of al (2001},

This test field is about 5 x 6 km® and has 51 well disiributed sigmalized control points with the accuracy of about 881 m. The
contrel point coordinates and raw GPSAMU data were provided by the GEEPE pilot Cenire (1P, University of Hannover,
Germany} in UTM/BuroBefB8 coordinate sysiem with ellipsoidal heights. Twe photoe scales were flown namely; 1:5000 photo
scale which flight patters is shown in Figure 6, and 114,000 photo scale which fHght patiern is shown in Figure 7,
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4. DBATA RESULTS AND ANALYSIS

This seciion is dedicated o introduce swomary of the asalysiz conducted to analvse the performance of the sewly developed
softeare (POSCal™)). in addition, the eifeet of 4 number of parametors on boresight catibration accuracy is analysed. The vesults are
presented o some detadl in the following subsections,

4.3 Performance Analysis of POSCal'™

POSCal ™ is equipped with a number of analytical tools o help understanding the data and the reselts. One of the tools
is the residual apalysis of ground checkpoints; exposure station coordingtes; IMU angles; and image coordinate
residuats. Figure 8, for example, shows the RMS of the checkpoing tesiduals of a number of POSCal™ experiments to
cahbrate the boresight of the OFEPE project. Different configurstions were used such a3 boresight calibration using the
entire block {fabelled BY), simultancous boresight/camers cabbration (labelled BS. OB}, boresight calibeation for gach
single strip (BBS) or carnera calibration for each single strip {8}, Neote that the height bias has been significantly
reduced using the datum error compensation ool in POSCal™, Pligure 9, on the other hand, shows the RMS of the
checkpoint sesiduals for the 1:10,060 photo scale block, the 1:3,000 photo scale block, and for the combined block. In
addition o ground checkpoind residuals, the IMU-derived angular residuals give an imdication of how the boresight and
the ML) angles fitted the overall least squares sohition as shown in Figure 18, The RMS values of the IMU residuals
are 8.16, $.17, $.21 arc minuies for boresight roll piich and heading components, respectively. Figure 11 shows the
restduals of the exposure siation coordinates, which is the expected from a well-planned GPS flight, which is processed
using a nuniber of base stations.
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Figure 10 IMU Angular Residuals After the Simultaneous Least Squares Adjustment and Boresight Calibration
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Figure 11 Exposure Station Residuals After the Simultaneous Least Squares Adjustment and Boresight Calibration

4.2 Evaluating Boresight Calibration Without Ground Control

The traditional way of boresight caltbration is based on using ground control points in the acrotriangulation process. In
POSCal™, however, the boresight calibration is done simultaneously with the aerotriangutation process; therefore, the
guality of image coordinates and the accuracy of GPS-derived exposure station pesitions are the critical factors in the
boresight calibration process. Figure 12 shows a comparison between the boresight angles determined using different
methods by POSCal™ using the 1:10,000 photo scale flight of the OEEPE project. The reference boresight angles in
this case are those determined simulianecusly using both 110,000 and 1:5,00¢ photo scale flights and asing all
available ground control points,
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The first entry in Figure 12 shows the differences hetween the boresight angles determined by the reference solution
and those determined using only the 1:18,000 photo scale flight (fabelled BS. Y The second entry i Figure 12 {labelled
BS/ATR) shows the difference between the reference boresight angles and those determined using the 119,000 flight
data to calibrate both the boresight and camers interior orientation pararseters simultaneousty. The thivd eniry o Figure
17 tlabelled BSATSY shows the difference between the reforence boresight angles and those determined using the
1:10,000 fhight data to calibrate both the boresight and an individual set of camera interior orisntation parameters for
each strip simalancously. The three solutions presented in Figure 12 were produced without ground control points, All
ground controd poings were therefore used instead as checkpoints, Note that the differences are almost zere for the fist
method, which is a divect comparison between using or not using ground control points-in the calibration process. The
second and third entries showed a minimal deviation from zero, in the omega and phi coraponents of the boresight,
while the difference in kappa s alroost zero, These sHghi devigtions from zere can be atiributed to the camers
calibration influence in the second and third entries in Figure 12, In summary, there s no effect of the ground control
points on boresighd calibration accuracy nsing the approach implemented in POSCal™. However, it is afways an
advantage 0 use a minimal mumber of grovnd control points at the comer of the calibration field for gquality coptrol
PRFpOSEs.
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Figure 17 Boresight Angles Determined by Different Methods — The OEEPE Project — Photo Scale 10 10,000

4.3 Effect of Number of lmage Points per Phots

The number of tie points per fmage is not g Hmiting factor when digital worksiations are used in the mensuration procsss,
especially when using automated tie polnd matching. However, using analytical plotiors fo measure image coordinates of tic
poinis, the more the muwber of tie points, the longer it takes to complete the messurement process. If the boresight angles are
nesded 1o be computed only for guality assurance purposes, H iz essential to analyse the thue reguired o esilect the necessary
image coordinates for horesight calibrasion, especially if ap analytical plotier is used {0 measure {mage coordinates. Bven when
using a digital workstation and an automated tie point watching engine, the more fie potais needed fo be generated antomatically,
the longer it fakes to collect them. In the following, a brief summary of a study conducted to analyse the effect of the numbser of
tie/pass poinis per photo on horesight calibration accuracy. In this study, a referenoe boresight was compuled nsing all available
data from the OEEPE project by POSCAL™Y Then, a set of boresight angles is determined snee when the number of tie points is
reduced 1o the Van Grubey points (6 points per stereo mndet or @ poines per single photo} and once 'more when the namber of tie
points is reduced 0 4 points per photo. Note that the reference boresight angles are computed using all the avatlable imagery,
while the new boresight angles for each of the previously mentioned tie point configurations is determined using only a Z-suip
block, In fact this test therefore shows the eifect of both number of strip and pumber of fmage points per photo on the boresight
calibration.
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Figure 13 shows the typical number of tie points per phote as measured by Fotonor AS. Figure 14 shows the intentionally
reduced number of tie points (9 points per phots or Vor Gruber points). Figure 15 shows the confignration of 4 points per image.
MNote that 4 points per image is not enough number of pass or tie points for relative otientation. However, they are adequate for
borcsight calibration and the fastest to compule in a phologrammetric workstation. Figure 16 shows the accuracy of boresight
using the 3 aforementioned configurations of tie points. The ditference between the newly computed boresight angles and the
reference boresight is shown to vary among the different components. The roll compenent for example does not exceed £.861°,
which cqnals about 4 ave seconds. This is well within the nofse level of the IMU. The worst deviation is the kappa component of
the boresight, which is at the fevel of G.085° Again this is well within the noise level of the POS AV system. Note that the
differences between the different methods is less than 8.001°, which shows how the number of tie points is not a Hiting factor
for the boresight accuracy. On the other hand, the difference botween the reference boresight and the computed boresight is due
10 using 2 strips instead of 4 in producing the new boresight vahues.

Yoy summary, using only 2 sivips of images will vield an accuracy of better than (L002° in boresight roll and pitch components and
0.0415° for boresight heading componeni, respectively. On the other hand. the effect of number of e points per image is very
minimal and does ot exceed 0.001°. The fatter conclusion s important from the quality control perspective,
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4.4 Eifect of Number of Strips on Hovesigh! Calibration Acouracy

The number of image strips is important {o increase the observablify of the boresight. In addition, increasing the
nuntber of image strips results in Inoreasing the volume of data, which helps in averaging other ervors such as the BMU-
derived heading. In some cases, there is a need 0 calibrate boresight using a reinimum number of images from the
avtual mapping project for quality assurance purposes. In that case, one sirip of photos Is an atiractive alfemative i a
well-conditioned block for boresight calibration. The disadvantage of using one strip of images is the observablity of
the different components of the boresight. For example, when only 2 single sirip is used in the calibration, the entire
stripy becomes very easy to roll,
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Two strips of imagery therefore will inorease the rigidity of the image block and eliminaie this sixip rolling effect
However, if there is only one stip to be used, one could think of nsing ground control poinis as an aliemative o
incressing the normber of sirips, Table 1 shows the differences between a reference boresight sobution computed by
POSCal using the HIW project and a number of boresight angles using one steip 2t a thne in differont configurations.
As shows dn Table 1, the first entry is for strip # 1 of the HIW project (strp_1} where the boresight values where
computed once using no ground control poins, once with all ground condrol poinis, and once vaing only two ground
control points. The resulis depict that calibrating boresight using one strip with no ground control points yields
sigrificaruly poorer accuracy in the boresight rolf component. The pitch component of the boresight does not seem io
be affected by the grownd control poinis st all. The boresight heading component is similar to the boresight piich
component except that the heading component is close to 1.0 are minute. This is twice poorer than the POSAY systers
accuracy. Moreover, thers iy no difference between using only 2 ground contrel points or using all of them as far ss the
horesight accuracy s concerned. As a partial conchusion, 3 single strip of photographs can be used to calibrate the
horesight if two ground control points are ased. This way, if there is a need to calibrate the boresight angles for guality
assurance purposes, a single saip of images can be used together with two ground condrol points at the end of the strig,
which can be surveysd after the muspping mission. The only disadvantage in this approach is the rather poorer boresight
beading accuracy.

Table | Boresight Anatysis Using Single Strip of fruages {are minuie)

- b _GLP 428 0.8 1.1
P~ Al_GOP 9.4 9.2 0.g
& 6P 411 0.2 0.3
o Mo (3CP 253 9.2 0.4
b= Af_GCP 0.0 1.4 0.2
“ 2GR 3.1 0.1 0.1
- Miy_GLP 8.9 8.3 0.9
o AR .1 8.2 0.9
@ 20{:}-’ ........ "{}3 82 “Gg
s Ng GCP ~15.8 3.1 0.2
P Al_GOP 8.2 0.2 0.3
@ 24308 0.1 0.1 0.3

{sing two sirips of photos o calibrate boresight increases the observablity of different boresight components,
especially if the two strips are flown in cpposite directions. Therefore it s a viable approach to calibrate boresight using
a Z-strip block withowt the need for ground control, For mstanes, Figure 17 shows the resulis of comparing the
boresight calibrated using only two sivips 1o 3 reference boresight solution, which is computed using the entire set of
data of the HPW profect. The first entry in the three plots of Figure 17 shows the result when comparing the boresight
computed using strip # 1 and # 2 wihout GOPs o the reference boresight. The next entry depicts the results when
comparing the boresight computed using strip # 1 and # 2 using GUPs to the reference boresight. The next two enfries
show the resabis of comparing the boresight computed using strip # 2 and # 3, respectively to the reference boresighy,
while the last two enivies show the results of comparing the boresight computed using strip # 3 and #4 o the reference
boresight. Jt s evident Forn these comparisens that calibrating the boresight using only bwo strips of images without
sround contral points is a viable approach. The resulting accuracy s well within the POS AV accuracy specifications in
the roil and pitch components while marginal in the heading component.
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5, COMNCLUSIONS

The POSCal™ software is miroduced and the resulis from a aumber of studies are brisfly presented, J iy shown that using
POSCal™, one can calibeaie both boresight, and digital camera simullancously using different imaging configurations without
the nead for ground conwrel points. 1t is also shown that for quality control purpescs, boresight can be checked using only the
minimum number of tedpass points in POSCal™. A rumber of analvtical fools are provided I POSCalTM fo help check the
quality of the data, detect data blunders, and control the guality of the data,
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Direct Georeferencing

Sensor Integration Aids Mapping at Ground Zero

Hours after the September 11, 2001, attack
on the World Trade Center, the New York
Office for Technology (NYSOFT) was tasked
with gathering and managing the airborne
data collection over Ground Zero. On Sep-
tember 14, they enlisted the help of
FarthData, an airborne mapping and remote
sensing company headquartered in Wash-
ington, D.C.

The EarthData team quickly determined
that the combined use of three airborne im-
aging sensors - integrated with airborne GPS
and inertial measurement systems — would
provide the most detail to the recovery work-
ers on the ground. The EarthData team there-
fore decided to use the three following sen-
sors:

1. The lidar (Light Detection and Ranging)

system, which provides highly accurate
3-D maps of the site and allows mea-
surement of the rubble and shifts in the
surrounding buildings.

2. A high resolution digital camera to
complement the lidar and enable res-
cue and recovery workers to monitor
the movement using geometrically cor-
rected digital images

3. A thermal camera to complement the
lidar and enable rescue and recovery
workers to monitor the temperatures
of the fires burning below.

No ground control was used in any of the
mapping missions. Sensor exterior orienta-
tion parameters were obtained using an
Applanix POS/AV system, which uses inte-
grated GPS/IMU technology. The NOAA/NGS
Liberty Island Station was used as the GPS
base station.

The aircraft, which at the time was south-
west of Washington D.C., had to be outfitted
for the project at EarthData Aviation’s han-
gar in Hagerstown, Maryland. With airspace
closed to all flights, special permission and
coordination were a must. Concurrently,
preparations were made to relocate a sub-
set of EarthData’s data processing team,
complete with computers and all peripher-
als, to the NYSOFT offices in Albany, New
York. By early afternoon on September 15,
the FarthData team had established a capable
data processing center in Albany.

The Navajo Chieftain, with a two-man
crew of a pilot and an airborne operations

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

Mary E. Hiatt, USA

coordinator, flew from Hagerstown on the
morning of the 15™ to conduct the first flight
over Ground Zero, collecting lidar and digi-
tal photography data. The plane landed in
Albany in the early afternoon and the data
was rushed to the processing center where
several mapping products were generated
for the rescue and recovery teams. The lidar
provided a Digital Elevation Model (DEM)
that gave a three-dimensional perspective
of the scene. Elevations were determined
from the DEM to within six inches accuracy.
Simultaneously, the digital images were
merged together to provide one large, high-
resolution, geometrically correct image over
the disaster site. Because no ground control
was available for the mapping missions,
FarthData used existing vector data to verify
mapping accuracy. Based on this method, an
estimated aeccuracy of six inches vertically
and better than 12 inches horizontally was
achieved.

The final map products were transferred
to NYSOFT within eight to 12 hours after
landing. At sunrise on September 16, the
Navajo Chieftain was again flown over
Ground Zero to collect thermal imagery. The
data was immediately processed in Albany,
and delivered to NYSOFI. The New York State
police escorted the images to New York

City’s Pier 92 where the Emergency Map-
ping and Data Analysis Center had been set
up.

After the two initial data collections were
complete, EarthData established a routine
that involved thermal data collection in the
morning, with lidar and digital imagery col-
lected midday. A total of 43 missions were
flown between September 15 and October
22,2001.

At Pier 92, EarthData’s continually up-
dated products were imported into New York
City’s Geographic Information System (GIS),
which contains the NYCMAP (pronounced
“nice map”), a digital database of highly de-
tailed geographic information of the entire
city accurate to within 18 inches. The
NYCMAP was created over a period of five
years by the New York City Department of
Information, Technology and Telecommuni-
cations; the Department of Environmental
Protection; and Hunter College’s Center for
the Analysis of Spatial Information (CARSI).
The database contains information on New
York City’s buildings, curb lines, streets,
parks, and transportation features. After Sep-
tember 11 more than 50 GIS professionals
from government, academia, and industry

worked around the clock with the database
continued on page 879

3-dimensional lidar data captured over World Trade Center site during July of 2001.
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Direct Georeferencing

continued from page 877

to generate the maps and analysis needed
by many departments of New York City. With
the historic data in the database, as well as
up-to-the-minute mapping data provided by
FarthData, this team played a vital effort at
Ground Zero.

Since October 22, EarthData has flown
over a dozen additional missions for NYSOFT
as well as the Federal Emergency Manage-
ment Agency, and the Environmental Pro-
tection Agency aimed at assessing condi-
tions that would impact the re-opening of
homes, schools, and businesses in and around
Ground Zero.

For more information on EarthData’srole
at the World Trade Center or EarthData’s
services, please contact Mary Hiatt at 301-
948-8550 or visit our website at
www.earthdata.com.

4

Mary E. Hiatt, Senior Vice President, Corpo-
rate Marketing, EarthData Holdings, Inc.
Edited By Mohamed M.R. Mostafa, Applanix

Corporation

3-dimensional lidar data captured over World Trade Center site after September 11, 2001.
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 Direct Georeferencing

Precision Aircraft GPS Positioning Using CORS

By Mohamed M.R. Mostafa

One of the limitations of using integrated inertial/GPS systems to
Directly Georeference airborne sensor data is the necessity of using
a GPS base station or stations in order to obtain the positional accu-
racy required to meet the accuracy standards of certain mapping
products. In some precise large-scale aerial survey applications hav-
ing to place a number of GPS base stations in a remote or inaccessible
location becomes quite problematic. The aerial survey industry has
been using airborne GPS as a standard procedure to assist map pro-
duction for the past decade. More recently, GPS-aided inertial sys-
tems such as Applanix POS AV have been successfully used to pro-
vide the full resolution of trajectory parameters, namely position,
velocity, and attitude. This way, the entire set of translational, and
rotational parameters of any airborne acquired image or laser scan
line can be measured with respect to some mapping frame. Data
acquisition procedure plays a role in the success of this method.
Separation between the airborne and base station GPS receivers,
satellite geometry as reflected by the Position Dilution of Precision
(PDOP), signal multipath and many other parameters must be consid-
ered in order to achieve the maximum possible GPS positioning
accuracy (see Table 1 for details on residual DGPS errors). Many
times it is difficult or not practical to optimize these parameters. For
example, since the sun angle required for aerial photography and the
PDOP required for strong geometric positioning by GPS do not nec-
essarily occur at the same time, aerial flight missions sometime
inadvertently compromise the GPS PDOP in order to get a good sun

angle.

Table 1. DGPS Residual Errors

Error Error Characteristics

o Correlated between satellites

e Significantly reduced by between-satellite
differencing (DGPS)

e Using precise orbits and satellite clock corrections
improves positioning accuracy for long baselines

Orbital

o Frequency-dependent, thus, dual frequency data
eliminates the error for long baselines.

e Broadcast model reduces the error by 50%

In double difference airborne kinematic case error

is typically 1:2 PPM for mid-latitudes between

sunspot highs

lonospheric

Frequency-independent, thus, cannot be removed
by dual-frequency data

e Dry component can be modeled and removed
Wet component needs meteorological data and
more difficult to model because of the variable
nature of water vapor

Over long baselines the wet component effect on
positioning can be estimated for airborne
applications

Tropospheric

Site-dependent and, thus, cannot be removed
using differential GPS

o In kinematic applications, the multipath signature
has a strong correlation with vehicle speed
Therefore, multipath gets random (and less) for
higher speed

Multipath

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

Hence for high accuracy mapping applications where the highest
GPS positioning accuracy is required, careful mission planning is
therefore mandatory. A usual outcome of this is the requirement for
a series of GPS base stations to be deployed in order to support the
project. In inaccessible regions this can be very difficult. In other
applications such as corridor surveying where the accessibility is
usually quite good and the positional accuracy is often relaxed, a
major problem is the cost of laying out base stations at regular inter-
vals along the corridor, which can often be thousands of kilometers in
length. On some other occasions, (as often is the case in a real
production environment), the GPS base station data may simply be
lost due to equipment problems or human error.

Therefore, the focus of this article is on the accuracy that can be
obtained using the NGS CORS stations as base stations for airborne
GPS positioning, and the possibility of using these stations to supple-
ment, back up, or even replace the base stations usually deployed for
a given project.

The USA Continuously Operating Reference Stations (CORS) is run
by The National Geodetic Survey (NGS). CORS comprises a network
of 253 sites (as of January 2002), containing geodetic quality GPS
receivers. This network is currently growing at arate of about 4 -10
sites per month. The NGS collects, processes, and distributes data
from these sites in support of high-accuracy 3D positioning activities
throughout the United States and its territories. For details about
CORS, see www.ngs.noaa.gov. Figure 1 shows a map of the CORS
stations in The USA.
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Figure 1. CORS in The USA

Accuracy Analysis

Two mapping projects have been recently used to assess the quality,
reliability, repeatability, and feasibility of using the CORS in air-
borne mapping missions. These are called here the Aeromap Project
and the HJW Project. In both projects the CORS stations in the prox-

imity of the mapping area together with the airborne GPS data were
continued on page 1126
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continued from page 1125

used to analyze the accuracy achieved when using the multiple-base
approach implemented in POSGPS, which incorporates the data from
any available base station in the processing of the airborne GPS data.
The separation between different CORS stations and the mapping
area varied between 30 and 400 Km. The achievable accuracy in both
projects is summarized in Table 2.

Table 2. Camera Exposure Station Position Accuracy Using CORS
data (The Multiple-base Station Approach).

Coprg:igﬁ:m Aeromap Project HJW Project
Statistics Maximum (m) RMS (m) Maximum (m) RMS (m)
Easting 0.16 0.05 0.14 0.07
Northing 0.21 0.05 0.12 0.05
Height 0.46 0.22 0.21 0.08

3D 0.53 0.23 0.28 0.12

Summary and Outlook

Briefly, in this article, the results and analysis from real mapping
projects were presented to show the great potential of using the
CORS for airborne GPS positioning in the United States. Other CORS
networks are already established in different countries. Ongoing
experiments with the foreign CORS networks will be presented in
the direct georeferencing column. In addition, other methods of air-
borne GPS positioning will be presented in the direct georeferencing
column.

1126 Nowember 2002
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SYSTEM PERFORMANCE ANALYSIS OF INS/BGPS INVEGRATED SYSTEM FOR
MOBILE MAPPING SYSTEM (MMS;

A WL Ep® N ERSheimy %, M. M. R, Mostafa®
Mobile Mulii-Sensor Research Group
Department of Goomatics Engineering, University of Calgary,
2560 University Drive NW, Calgary, Alberta, TZN 1N4 Canada
awlip@ucalgary.ca, naser@pgeomatics.ucalpary.ca
® Anplanix Corporation, 85 Leck Crest, Richimond Hill, Ontario, L4B 3B3, Canada — mmostafa@applanix.com

Commission Vi, WG VI

KEY WORBS: Acnal Mapping, Acrotniangulation, GPS, IMS, Direct Georaferencing, Bovesight Calibration

ABRETRALT:

Major progress has been made in Mobile Mapping Systoms (MMS) over the last few vears o kyms of sensor resolution, size, data
rate, power regeirements, and cost, besides the advances in sensor integration and data post-processing and fillering technigues.
Thus, the use of such systems in different mapping applications has become cost-effective, and an cxabling lechnology in sorag
applications. This paper oxamines seversl {opics that are oritical for properly opofating 3 mobile mapping system for different
platforms and for differont spplications. Sensor placemment, scnsor synchronization, syster calibration and the scnsors” initial
alippment are discussed in some dotall, Peatures comumnon to most systerns will be identificd and a unified model for MMS
infegration for afrborne and land mapping appHeation is presented where the suitable observables are assessed, and factors afivcting
system performance are discussed. Ap example from a commercial airborne MMS will be presemnied m some resulls.

i, INTRODUCTION

The parameters of exterior oricuntation, three tramsiations and
three rotations, esseptially describe nigid-body metion in space.
If & system that measures vigid-body motion can be nstalled on
a vehicle, then the translations and rotations of the vehicle can
be dirsetly determined as time varying veciors. The process of
determuining these values by tadependent sepsors is oflen called
geo-referencing.  Today, georeferencing s mosi  casily
accomplished by integrating the measwements of aw merttal
measuring umt (IML) with those of GPS receivers used in
differepttal mode {DGPS). The IMUVDGPES misgration gives
transiation and otentation paramecters for the vehicle as
solutions of a systern of differential cquations. Lo as functions
of time.

Mobile mapping systems {(MMS) consist of two major
components, an bmaging component and 3 geo-referencing
component. The imaging component may be an optical or
digital cammers, 3 mult-spectral  pushbroom  scanner, an
inferforometric radar system, or a scanning lsser system. I
digited cameras are used as the imaging component and are
fixed to the same nigid body as the MU and the GPS antenna
{i.c. {0 the adroraft), then the parameters of exierior orientation
can sitagly be detenmined by interpolating the Gansfation and
rotation vectors af the momeni of exposure. These parameters
car be stamped on cach digital truage. In this way, the complex
time~dependent posttioning problers s tansformed o a
spatizl problem from which time has boen climinated as a
vartable. This  obviously roquires wory  accwrate  time
synchronization between the &ifforent sensors. The resulting
geo-reforenced digital images obiained in this way become the
building biocks for the digital mapping program. € should be
noted that & muli-sensor system defined in this way s
completely seli-sufiicient, i.c.only data collecied in the vehicie
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are needed to solve the peorcferencing problem. It s
independent of ground contiol because GPS, by Hpking into a
system of Farth~ orbiting satelilites, will output all ils results in
an Farth-tixed, Farth-centered coordinate fame — the WGS 84,
see Fignre T for an example of the concept of awbome-bases
MMS. MMS thus provides am integrated problem selution,
vapid data scquisition, fully digital data storage. and great
flexibility in post-nussion dats processing.  Some’ important
pararneters play a role in that case such as sensor placement,
sensor  synchromzation, system  calibraiion, aad  initial
aligrnent, which will be discussed wr some details w the next
few sections.

Sensor

SRR

Farth Surface
Inagery INS/GPS

Figure 1, An Airbome MMS



2 BIRECY GROREFERENCING USING INS/GPS
INTEGRATION

The main components of a direct georeferencing system for
mobile mapping use different technologics. GPS uses range

measuremenis  from  satellites  and

INS uses gyros and

accelerometers fo measure angniar velocity and specific force.
Table 1 lists the characteristics of a stand-alone GPS, a stand-

alone INS and an inlegrated GPS/ANS.

Table 1. General difference between GPS and INS

Advantage

Disadvantages

Self contaned and
independent systern
Continuous data
acguisition

o Sensor eiors FFOW

with time causing
positioning error
divergence

' DGPS

obssivable)
Navigation through
3PS outages

GPS fixes aliow

NS Three positioning and
dhree attitude
componcats
High data sampling
rate (4 (0. 256 Hed )
High acouracy of & Losses of fock
pasition and velocity causing gaps in
cstimation positioning
‘ Time-independent & Low data sampling
BOPS ervor maodel 1‘:—'&&5 (1-16 ;'1'7}
; + Sitow ambiguity
resolution time over
{ong bascline andfor
in presence of higher
ambicnt notse
Combine all s No significant
advantages of both limitations
systems * Precise time
Redundant and synchronization
somplementary data needed
NG/ {both systems’ orrors
are scparately

INS error estimation

As depicted to Table 1, the low noise and high bias INS and the
higher noise and low bias (GPS are complementary systems.

Theit integration, therefore,
timitations.

reduces or  eliminates  their

2.8 The Usnified Georeferencing Moded

Drrect georeforencing mathematical model has been used for
numerous applications i fand, arrbome and marine applications
{e.f, Schwarz, ef al, 1993, El-Sheimy, 19961, Mostafa, 2003).
Several forms of the mathematical modet have beew previcusly
presented (o accommodate @ cerfain application. In this Section,
the basic unified formula is re-visited. As shown in Figure 2,
the georcferencing basic model can be expressed by:

7w st B KR al ) u

K

where,

o~

2}

therefore {33

&’l ra-frame

Figure 2 The Direct Georeferencing Modet

The differend tomms o Equations 1, 2, and 3 are explained in
Table 2.

Table 2 Terms of georeferencing eguation

Variable Bescription
7 Position of the paint of interest represenied §
r in magsgdng frame
p (i) GPS ' antenna  position  represented  in :
GPS mapping frame ‘
m Retation mafrix between INS body frame
‘Rs U\) and mansing ’ ]
B A MEnEHRE fTAME e
5 Scale factor Belween camera Image space §
and obiect space 1
R,,s Roiation matrix helween camera {rame an
e body frame
- Location of the point of interest represented
¢ ncamera frame
N Lever amm offset between NS body Frame
@ and camera frame
i Lever amm oifset between NS body frame
&y and GPS antenng

For a MMS systent, a number of parameters play a role when
the systemy performance, acowacy, and welisbility are
concerned. These parameters can be sumumarized as:

b Sensor placement — R is imperative that relative
sensor placement o the carrier platform be taken into
account. This ncludes the different sensor position
and ovienfation offsets as previously presemted in
Table 2 by the lever arms and the rotation matrix
between the camera frame and the NS body frame

i Synchronization — the synchronization is the process
by which the different sensors in a MMS are
relatively brought to one unigque time frame.

3. Catibration - the calibration is the process by which
the relative positions and orieptation of cach sensor
with respect 1o a reference frame is established. Dnce
calibration is done, all different streams of sensor data
can be properdy fused.

4. Ingtial alignment - all sensor generates errors, i must
be mundmized before mapping mission starts:
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Next, the aforementioned issues will be discussed in some
detail.

2.2 Sensor Placement

For a mobile mapping system used in land or airborne, GPS,
IMU, and an imaging sensor tend to be the common sensors to
be used efficiently. In some other instances, such as in a land-
based application, some dead reckoning systems might be
integrated with the three main sensors to help improve the
overall performance in case of GPS signal blockage in urban
canyons. However, this paper will only focus on the integration
of the first three sensors. The inter-relationship between these
primary sensors is defined by lever arms and mis-alignment
angles; these calibration terms are discussed in the following:

Imaging Sensor Installation

This sensor usually has a fixed location because it normally is
located where the scene of interest is visible for image
acquisition. Therefore, imaging sensor is placed on the front
roof of the vehicle in land applications, and is placed at the
bottom of the aerial photography aircraft in airbome
applications.

GPS Antenna Installation

The GPS antenna has to be always visible to all satellite
antennas for proper GPS signal reception at all times.
Therefore, the GPS antenna is placed outside of the platform for
proper signal reception. In land applications, it can be placed
anywhere on the rooflop of the vehicle. But for calibration
efficiency, it is usually mounted as closely as possible to the
imaging sensor. In airborne applications, the same concept
applies. It is preferable to even mount the GPS antenna directly
above the centre of the imaging sensor lens. In addition, the
aircraft wings are also taken into consideration, in order to
prevent GPS blockage during large banking angles. Practically,
pilots will have to take wider turns to minimize banking angles.
Thus, the location of the GPS antenna is more flexible and can
be located as closely as possible to the INS sensor.

IMU Installation

An IMU is a self contained instrument and does not have a
specific installation requirement except for rigidly mounting it
to the imaging sensor. Rigid mounting the IMU is a key factor
in all mobile mapping systems because of the assumption made
in the georeferencing formulae which is the constant rotation
matrix between the IMU body frame and the camera frame. It,
therefore, established a critical calibration parameter called
boresight (the angular misalignment between the IMU and
camera frames). Boresight calibration is done at system
installation and periodically as a quality control of the entire
mobile mapping system, for details on boresight calibration see
Mostafa, 2001 for airborne applications and El-Sheimy, 1996b.
Figure 3 shows an airborne example of IMU mount on the
camera head in the Applanix DSS, while Figure 4 shows the
entire system installation onboard an aircraft. A number of
other airborne digital systems has been designed to rigidly
install the IMU directly on the camera head such as the Leica
ADS40 and the Z/I Imaging DMC cameras. In land-based
applications, multiple imaging sensors are normally used for
coverage purposes. Therefore, the INS is rigidly mounted on a
platform that holds all imaging sensors together, to allow for
constant boresight matrix at all times. Figures 5 and 6 shows

sensor installation onboard The VISAT of The Umiversity of
Calgary.

W
ot

R St

Tarziwra Bodte

Figure 3. Rigid Mount for Camera/IMU of the DSS

Figure 4. DSS Aircraft Installation

$-VHE Camnera

,

\x\\\\\\\\\\\\\\

N

Figure 6. Sensor Installation onboard of the VISAT

2.3 Synchronization

For high accuracy position and orientation determination by
MMS, precise synchronization. is very important. The three
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sensors: GPS, INS and imaging sensor operate at their own time
frame. In addition, data loggimg s typically done using
computer components that have their own frequency osciliators.
The synchrontzation of all different components s an essential
assumption in the direct georeferencing case. In piincipie, GPS
provides the best Gme reference with GPS time. INS comes
with an infegrated timing module, but is ravely dwectdy
synchronized with GPS On the other hand, imaging sensors do
oot come with any timing modole, and the acquisition of
imagery does not occur at a fixed time intorval Resolving this
timing problem, newer imaging sensors provide a finkape to the
(3PS receiver, in onder (o time-tag the imagery exposure {ime,

Whether #1 {s  real-time or post-processing  integration,
interpolation will be used {o synchronize all the messurements
from the different sensors. Since all measurements are collected
by the controfling computer system with physical connections,
data transmission delays mmust be considered. Such defays can
result from  cable length, computer clock eror or A/
conversion: . For precise system design, these defays can be
determined casily and calibrated from synchronization.

Synchronization ewor {&) introduces bodh position and attitude
error. Posttion ewvor is a fisaction of velocity and aititude erxor is
a function of angular velocity. Therefore, synchronization grror
is directly proportional to application dyoamics. The combined
error presenfed fn divect georeferencing can be formuoiated by
modifving Fquation 3 to replace the GPS antenna position with
a platform velocity v} and o replace the rotation mafrix
between INS body and mapping frames with an angulas
velocity veotor w{t). Thisresulisin:

SPele Y+ win (R —al - by (4

For demonstration purposes, a stmuiation has been done using &
D88 flight with an average speed of 183 kwh Figure 7
presenis the flight trajectory and the dynamics of the aireraf
during image scguisition on two flight lines over a span of 15
minnfes. A 1 millisecond of synchronization crror has been
fntroduced. The comresponding position and attitude errors are
shown in Figure 8 and e statisic repott is Hsted m Table:3.
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Table 3. Statistics of Synchronization Error Influence on

S Navigation Position and Attitude in Post-Processing,

£ 1 millisecond simulation

g Lo . )

% T ';ﬁ"'t\* PSS Navigation error Min Max bfean | BMS

goo {  Norhing(m) | 8821 | 8831 1 0000 | 800

L 3 Fasting {(m) G L £027 | 0000 | 0403
R 5 Yertical () G004 10007 0002 1 8602
- Rof (amin 0840 L 6790 | 0000 | pidp
b Pitch (amin) 0280 L 0.0 1 0020 1 0660
< R a0 3 Heading (amin) | -0.390 §  6.340 | -0.020 1 $.110

Hmsion Thos {st > S e

Naotice that Table 3 refiects the absofute vahue of the stmulation
resubls. Although theoriginal dais was available af 200Hz2 data
wate, Figure & was plotted wsing 8 1Hz data rate.. This dowa-
sampling method has boon apphied o sl Hgures in das paper

| omitlisecond is chosen o be wsed in the simulation because
is 3 srmall quantity when compared o @ typical | MHz of the
dats lopping computer. This value is far fess than the actual
MU data rate reporied {(ypically 200Hzy Althouph the
statistivs showe o Figure 8 and Table 3 are msigaificant, these
caly mefiect 2 sirmubation where syachronization error is smabl in
the system, PR to the natere of clectronie sysiems, sone CCs
sequire up e soveral seconds for a smgle wnage acquisition; in
this case synchronization eror is refatively large. In addition,
these orrors witl be projecied to the ground which is directiy
selated o system  dvoamic and project scale. Therelore
synchronization error is very important especially it {arge scale
project and missions with hegh dvnamics. For example. in

gkt TRIRQanss (a0oon;

Winston Viere {5}
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Applanix DSS, there is 2 known delay {through calibration} in
the CCD chip of sbowt 2 milliseconds When this delay s
inseried in Fguation 4 with the same simulation data, a 2
miflizecond synchronization givor should mtroduce twice of the
grree as in the 1 sallisecond simulation.  The result of the 2
muilizeconds simulation s presented 1 Table 4.

Table 4. Satisties of Synchronteation Error Influence on
Mavigation Position and Anitude in Post-Processing,
2 milliscoonds simiation

Navigation arror Min Max Mean RMS
Nerthing (m) -8.843 | 8858 ') 0000 | 0a2s
Easting {m} LBA68 | 8856 L 0090 | 0047
YVertical (mi 0006 T 0012 | 0004 | 0004

Roll {smint | -1.690 | 1400 | 0000 | 5280
Piteh {ami 5510 1 0610 1 0050 1 0.120
cading (apuny | 0780 | 063 £000 1 6200

From Tabic 4, expecied resulis are achioved with fwice of
navigalton  vor  oxpeviesced  under 3 milhiseconds
synchronization crror. As potice from both Table 3 and 4, mean
values b navigalion orror is close o zere This &5 a result of
spposite flight lmes whers the ervors are cancelled by each
other. This proves that synchronization ertor is Sight direction
related and it helps fo capiure synchronizaiion ewor in Hight
envivormment. In existence of svachronization evor, change of
sign will appesr in difference of navigation solution on each
opposite flight fines. However, when project is flown m the
same- direction on each flight Uine, synchromization can not be
captwred divectly as i is comrelated wih datum shift. Therefore,
calibration of synchronization error is usually carmed m lab
environments where static mode can be achieved. Using
aeouraie Uming squipments, synchronizafion smor can be
capiured  in satic mode without wufluence from system
dynamiss.

24 System Ualibration

A mobile mapping muli-sensor systeny galibration is entical for
a success il imape peoreforencing, Overal! systens catibration is
keps i mind when choosing the systews instailation. Equation 3
shows that there ave several paramecters which wmst be
determined thwough calibvation. There are a fotal of three
calibration parameiess, nawety:  Laver amm offsel, Bovesight
misalipment, and Camers calibration. {n the following
subsections, these oms gre discussed in some detaih

243 Lever Arm Oxlibration:

The Lever drm describes the spatial vector difference between
two coordinate frame ovigis of two sensors. For the case at
hand, three fever atms exist betwesn the GPS, IMU and the
inagmg systern . However, the direct georeferencing equation
deals with scrsor posttions and sititude angles projecied fom
the NS body frame opio the mapping frame. Therefore, i
comes down fo calibrating the lever aom between the GFS
antenma the MU centre and the lever amm between the imaging
system coordinate frame origin and the 1M centre.

fever amm calibration is dope using eitber of the following
approaches:

P Messuring the lever arms using land-swrvey lechnigues,
The ease and simplicity of such an approsch makes §t @
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connnon process in airborne and fand applications. In the
airborne case, however, iUs preferred 10 mount the GPS
anfenna directly above the lens centre of the unaging
SCRsQr iR use.

2 indirectly  computing the  lever  anms using
photogranuustric buadle adjusiment. This way; the lever
arms are modelied as unknown parameters. It, however,
increases  the complexity of the bundle adiusiment
afgorithm and might introduce correfation with the GFS-
derived antenna position:. Therefore, such an approach is
not eutirely favourable from ihe photogrammetnic stand
potnt.

3 Iedirecly computing the lever smns using the GPS and
VU measurements during data coblection. Kalman filter is
used for thal purpese in sither real-time or more accurately
in post-mission. Figure % shows the Jever anm between
GRS antenna and INS, which is shown to be seitied 0 a
constant value after sbout 15 minntes of data collection. In
this experiment, initiad lever arm values for all axes are set
o zero o ilfustrate the efficiency of Kabman Filtering,
Singe the resnived vahue of lever arm in ¢ axis is quite
away from initial value, it takes more time fo converge. i
actual application, initial values of lever anms are voughly
determined (by fape measwrements) and provided to data
post-processing softcopy . Note tha this method s only
valid for the estimation of the fever arm between the GPS
antenna and the IMU conter. The lover anm between the
imaging sensor and the IMU center or GPS antenna caanot
be compuied. In land spplication, this is not a problem
since # can be detenmined using 8 total station. In aevial
application, whese the IMU s novmaily instalied closely 1o
the bmaging sensor, the fever avm is typicaily measured
and provided by the manufacturer,

Lovens A Toomnmnadond by Kakan Famigy
o4 1
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Figure 9. Lever Anm Computed by Kabran Filtering

Although a lover armn between different sensor CoOmponenis w a
mobile mapping system i3 constant vector, Therefors, by
inmition, any error in lever amg causes 3 constant bias of the
ismage position. However, such a constant bias is projected onts
the mapping frame by the time dependent rolation matrx
between INS body and mappieg frames, 87y Therefore, the
fever arm arror 18 also thue dependent with respect fo the
mapping vame. 1t i3, thevefore, atfected by the dynamics of the
MM platform. The lover ar error can beexprassed by
RN AN G {
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For demonstration purposes, a simulation has been done using
the same DSS flight shown in Figure 7. An error of 10 cm is
introduced to the x-axis lever arm (which points in the flight
direction). The resulting imaging sensor position error is shown
in Figure 10 and the statistic report is presented in Table 5.

10 cariimnaiar Leaver A S - Morthing Difference

Musthing Dliginnae (m}
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Figure 18, Position srror due to 14 ceptimeter Lever Arm Diroe
in fHght direction

Table 5. Statistics of Lever Arm Frror Influence on Navigation
Position in Post-Processing, 18 centimeter simulation

- Navigation error Min Max Mean RMS
Northing (m) 116 | 0078 | 0001 | 0.046
Easting (m) -0.100 { 0.100 i 0.003 0.009
Vertical (m) 0.000 0.002 | 0.008 0.009

The reason for choosing the 10 cm lever arm error in the
simulation is because this is an average value in the DSS
system. Although lever arm can have a value of sub-meter
level, especially in z axis, this simulated result can provide
relative influence of lever arm ervor. From Figure 10, lever arm
error is only projected to Northing component during aircraft
banking, and the rest of lever arm error is introduced to Easting
component when the flight direction is parallel to x-axis.
Therefore, lever arm error can be projected in both Easting and
Northing components depending on the dynamics of the flight.
Similar to synchronization error, lever arm error is flight
direction related and there it can be captured through opposite
flight lines. Further, aircraft pitching occasionally in this DSS
flight, the vertical position component has also been influenced
but with insignificant magnitude. Since lever arm error is a
constant vector, this error is independent when determining
attitude information of the platform. Therefore, no attitude error
is being introduced in this simulation.

2.4.2 Boresight Calibration:

Although most care is typically done to install the IMU in
perfect alignment with the imaging sensor. A ‘residual mis-
alignment angle between the two frames will take place. This is
called boresight as shown in Figure 11.

Flight Direction
RO

B8 Franee

& aprare By
Figure 11, Cavoers/TMU Bovesight
There arg two wethods o calrbrae the boresighs, namely:

I, Comparing the GPSAMS-derived angles with  those
independentdy computed using Aenal Trangulation {c{.
Skaloud, 1999). The constant difference betweoen the two
ieis of anples is exwacted 35 the duee componenis of the
horestght angles.

Computing the boresight anples as additional unknown
parameters in GPSANS-assisted Bundie Adjusiment (e
Muostaia, 20013,

N

When comparing the two methods, the first method is more
costly, and requires a lot more effort than the second method.
On the other hand, the second method allows a ground control
point — free solution.. Geometrically, the second method is more
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stable and therefore, camera selficalibration parameters are
decorrelated casily and thus camera calibration is feastble
stmnltancousty with the boresight calibration.

Since the IMU and the imaging seasor are typically installed in
arigtd mount, horesight is assumed constant over time. Thisis 3
key asswmpiion in the direct georeferencing  technigue.
However, boresight angular errors are projected omig the
mapping frame. Therefors, it depends on the MMS platform
dypamics and is also amplified by the scale of the project;
which is directly related o the flying height (5). The boresight
etror can be expressed by Equation ¢ and an ilfustration of the
error is shown i Figure 12

&) = ROk ) (6}

4,,
)
s
o
//

e

Groung

Borssight #i&ch Tar Boresight roll srror Boreeight hesding error
Figure 12. Hhustration of Rovesight Exrors in Airborme
Applications

For demonstration purposes, a similation has been done using
D58 fhight with a photo scale of 1:22000. A 10 arc-min
boresight error is inroduced on cach INS axis independenty.
This value is chosen based on the typical boresipht angle fomnd
on 3 D88 systent Specification of a DSS 15 summarized in
Table 6.

Table 6. Specification of DSS

. 4092 X 4077 pixels,  micron pixel
Array sive .
: size
Standard: §5wwm - Color & CIR
Lenses o e L
Ouional: 35mm - Color only
Shutter Sreed 17128 — 14000 sec
Meax ExposurcRate | 25ovdsec
GSI {0.05 to § meter (Mlatform dependent)
Smear < 10% typical
Housine Ruggedized exoskeleton with lens
‘ e stabilization
P@smo[\%mg 0.05 — 0.3 meter, post mission
accnraEy
Mavigationerror ¢ 0.008 - G.015 deg, post ssion
FMS TrackAlr Efivack or oxternal third-
;m‘w
Y 80 GB removable hard drive and
Northing {cm) sressurized data brick

The resulting exterior orientation parameters are then used to
perform space imfersections for 7 ground control points within

the project arca shown in Figare 13, Table 7 lists the RMS of

the checkpoint residuals computed as the difference between

the check point coordinates computed by space infersection and
their values measured by land swrveying techniques. The first
entry of the table which is Iabelled “no error” shows the RMS
of check point residuals of the 7 points without any intentional
boresight error. The second entry labelled “x-axis™ shows the
RMS when an error in the boresight x-component is nfroduced
to be 10 arc minntes, Note that the Northmg component has
increased by asbout twenty umes due to the intentional
simulated boresight cwror. Stmlarly, the mtroduction of a
borgsight error of 10 arc minutes on the y-component of the
boresight results in incieasing the Fasting ervor by about 16
times and increasing the ervor m the vertical component by
twice as much, This is due 0 the fact that the tentional
boresight emvor is projected on the mapping frame and it
affected all coordmate components. In the thivd entry, {abeiled
“reaxis”, an intentional boresight ervor of 18 arc wminuies has
been introduced to the z-component of the boresight angle and
it resulied in degrading the Easting and Northing components
by 2-3 times.

Table 7. Statistics of Boresight Ervor Influence on GCP
Coordinate Computational Accuracy by Direct Georeferencing

Boresight GUP RMS
CEYOE Of Fastmg (m} Noﬁﬁﬁng{m} Vertical {m} '
0o errer 0.153 0.145 4,656
X-~axis {141 1898 0.740
y-BXIS 2.458 0.152 1.282
Z-aXis {494 8401 1 0782

Sl
3

§
S

i

§ Greewsd Sontral Polie

Figure 13, Block Configuration of the DISS 1 22000 Flight

Note that, since the boresight error influence s photo scale-
dependent, it is more severe in the case of airborne applications
than that of the land-based applications.

143  Camers Calibration

Camera calibration s the process of determining the {aternal
geometric and optical charactenstics of the camera. This is also
veferred as the interior crientation of a camera system.

Interior oviemtation includes focal jengdh, of principal poim
focation, and lens distortion. Metvic camera is cabibrated in
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inhoratory periodically Guonph certiiied agencies 10 enswie
stable geometry. Except for the airborne commercial digital
cameras, current camerss are not designed for photograsmnetr
aperation and therefore the mternal peometry s nonuatly
unknown, This is typical in the case of land-based applications
and. some afrborne applications, where the user develops their
own camera. fn ordet o provide cost effechive procedure for
frequent self-calibration, camera catibration s rommally done
together with boresipht calibration theough a quality control of
the overnll system.

24.4  Imitisl Alignment

NE

Alignent is the process of estbnaiing the atifade wibrmation
of the ML, 1.8 the direction cosing mateix (ﬁf ¥ of the MU

with respect io the mapping frame Static alignment is
accomplished by two steps, lovelling and gyro-compassing.
Levelimg refers o obtaining the roll and pitch of the MU using
the accelerometer outpis and  gyro-compassing reférs o
obtaining the heading information using the gyroscope oulpuls,
The attitade fformation {roll, plich and heading} are referenced
to the navigation or focaf-fevel Frame (-fams) which is an
arbitwary frame and is not compatible with the mapping frame.
Therefore, the alignment angles resoived dwough accelerometer
outpat - and  gyro-compassing s istead  vepresgnted by

R; shich is the rolation matnx between the body frame and
the i-fame, 1w order to alipgn the MU with respect o the
mapping fame, & paasformation { R{”) must be appited {from
rall, pitch and heading o omega, phi and kappa, respectively ).

Rim defines the solativnship between the fwo fames and
therefore RI;" can be determined from Equation 7. The

resulting part is the attitude information of the IMU (R, ) in

mapping  frame with itz components are as described in
Equation &.

R = ROR i

.
O
—

RF = BR (o m)

I3 - . \
[ COS O CURS R CHoR D IR U RORIUNPEN G Y S 47 S &7 COSG SN OO0

H
Ry = woz psm i

05 TOSN © 5IA G BB FERK SR 6 COB R CUS 6 BN L SN

~ R Y & CO8Y COSr ok 2
2 e

Wote that the thne component {6 of 87 is neglected as the
initial alignment process is povformed in static mode. &3, Ry and
Ry correspond to the rotation along the axes: z (kappa), y {phi}
and % (ormega), regpectively. Due o the angler random walk of
the mertial pyroscopes, inttial alignment accuracy i dependent
on alignment time, especially on the Kapps angle {x). Equation
& exprasses the relationship between alignment givor in Kappa
angle {8} with Angular Random Walk (4RW) w the z-gyro,
the alignment tume (7)), the latimde {4 at location of mitial
alignment and the carth rotatton (). Evror in initiat aligument
is treated ag atitude orver throughont the nussion, and the error
model is expreszed in BEquation 18, Since attitude ervors will be
amplificd by the altimde of sivorall, their behaviouris stmilar o
the boresight errors {shewn in Figare 12} Note in Equation 9,
Kappa accuracy 1§ indivectly propornional {o the square ool of
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ahignment time. Therefore; to achieve belter Kappa accuracy,
tonger the aligneent is roquired Gypieaily 15 10 26 mimutes).

N

oo AR @
@, cosdy 7,

T AR GHR (e

Afier initial ahignment, R {f) will be updatedfintegraed
through angulas velociy measurements of the gyros Each time

R; (£} is updated, R {#} must be applied o derenmine the

- s 5 . . .
corresponding Rb {1, and the avitude information can be

gxtracted through the recursive form m Eguation {1,

e T2 A

Bray=n, ony o

& = tan ", /7

and (i

s i
pmtan i fyny

P
ko= tan{n, g

Since the above attitude information is referenced to the IMU
center with respect to the mapping frame; for the interest of
mapping application, attitude information in the EO parameters
must be referenced to the center of the imaging sensor.
Therefore, boresight angle and lever arm between the imaging
sensor and the IMU center must be considered and applied to
complete the Direct Georeferencing equation as. presented in
Equation 3.

3. CONCLUSION

Diront  Oeoreferencing is an effective tool for wmapping
applivation  through  multi-sensor istegration Dme to the
different definition of these sensors, indegration parameters of
these sensors must be considered and wall caltbrated. Cerlain
parsmeiors dnclude sensor placement and synchromization,
systemt calibvation and mitial aligament. For both airborne and
land application, the basics behind the wiegration methad i3
simdfar, o which the intepration of three primary sensors aw
considered: GPS, INS and lmaging sensor. However, the
operating savirciment controls how these sensors are related {o
cach other, especially in the sensor placemsnt. Therefore, the
weighis of calibration parameters for these two applications are
ditferent from cach other, resulting different design of Kalman
Filtering for implomentation: Throughout the examples from
the paper, tf has shown that system synchronization and
calfhration ave the most imporant factors to be considered
Exror 1 system synshronization will be magnified through
MMS  dynamics in the Direct Georeferencing equation.
However, this error s still relatively small comparing o systom
calibration grror; alse, it can be captured and calibrated through



tab enviromment. o system calibration, lever amm is tmportant
with its magnitude (up o sub-meker level). Error tn lever amm
can be projected to amy position vector dependmg on platform
dynarics. With the help of sensor spectfication, lever arm can
be detemmined through mstallation. In addition, with the help of
Kalman Filtering, lever arm with uncertainty can be calibeated
throughout the mission. In boresight calibration, i is am
pmporiant part on using & Divect Georeferencing system. Being
an  attitude  crror, boresight  mis-alignment  decresses  ihe
accuracy of EO parameters and introduces magnified ground
error wongh operating beight. Therefore, this parameter must
be well-calibwated and monitor constantly  through  proper
quality - analysis/control procedures. Fimally, initial alignment
under static mode is imporiant o provide acowrate DGFS/ANS
daia through ont the mission. Although aligning during dynamic
motion is possible with Kalman Filtering, longer epochs are
veguired for alignment process; this lengthens mission e and
is not cost cfficient. Therefore, MMS is 2 complex svstem
which requires koowlodpe on cach parameters, cach of them
must be well calibrated/controlled 1o provide acourate EC
parameters for direct georeforencing in either aivborne or langd
application.
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GPS permanent tracking network using the combined systems of various
nations.

For centimeter-level positioning accuracy required for precise
photogrammetric applications, both the base station and the mobile
receiver must be operating simultaneously, and receiving GPS data
from at least four common satellites. The GPS datasets can then be
post-processed off site to generate an extremely accurate position and
orientation solution for the imaging sensor. The raw measurements
produced by the GPS are processed together with inertial navigation
data to calculate accurate position and orientation for each image.

The:inertial navigation solution provides high rate measurements
of position, velocity and orientation (roll, pitch, heading) by integrating
the output from accelerometers and gyros. Accelerometers measure
linear acceleration, while-gyros measure angular rates. The accelerome-
ters and gyros are contained in a unit called the Inertial Measurement
Unit (IMU), which is physically attached to the imaging sensor. A
common misconception within the airborne industry is that an IMU is
the same as an INS (Inertial Navigation System). The MU is actually one
of the two components in an INS, the other being an inertial navigator,
which turns the sensor measurements into position and orientation.
The INS is a self contained autonomous system that does not rely on
external signals for information to-produce a full navigation solution.
One drawback of inertial navigation systems is that over time their
position and orientation errors grow unbounded.

Having accurate GPS positions however, means they can be.used
to aid the inertial navigation solution by controlling the position: error,
which in turn controls the orientation error.

Tha Benefit for Photogranmetry

With the intmduction of GPS aided inertial navigation technology, the
aetial survey and remote sensing industry has saen 3 change inthe
way geospatial dsta is now generated. Standard applications such as
topographic mapping, corridor surveys, DTM generation, and enviion-
mental monitoring have all benefited from the technniogy's particulas
attibues, which wanslate into an intrease in operational efficiency

LEFT: SINGLE Point Positioning
BELOW LEFT: Differantiad GPS Positioning
SELOW RIGHT: Direct Georeferencing with GFSANS

and a decrease in time-to-data-delivery.

The non-intrusive technology has simplified topographic. mapping
applications and made accessibility problems of litle concern, particu-
larly in rough terrain or disaster-prone locations. For example, generat-
ing photogrammetric data for a coal stockpile inventory, where surface
contrast causes problems for traditional aerotriangulation tasks, the use
of direct georeferencing can be very effective. Even from a safety
standpoint, there is now no need for survey personnel to be working
in and around heavy mining or construction equipment.

Also, with the heightened interest in Homeland Security, there is'a
recognized need for rapid response mapping to generate usable
geospatial data in'the wake of a national emergency, orin the case of
natural disasters such as hurricanes, earthquakes and floods etc.
Making current, georeferenced imagery available to first-responders
and-emergency personnel as quickly as possible cannot be
overstressed. So without the requirement for ground control, integrat-
ed inertial/GPS technology can offer a significant advantage under
these circumstances. In many cases it is the enabling technology
behind various imaging sensors such as LIDAR, SAR (Synthetic
Aperture Radar), and IfSAR (Interferometric SAR), providing the georef-
erencing component to the data.

Future Trends

With continued mprovemants in GFS technology snd the move
towards MEMS-based (Micro-Electio-Mechanical Systams} inertial
componants, integrated inertiel/GRS systems are becorsing more
mainstream in baing able 10 oifar the airborne geospatial cornmunity
the necessary accuracy levels they meouire.

By the year 2010 it is expected there will be a full consteliation of
next generation stellites  bolster the GPS numbers currently in
use. Thaintroduction of Galilen from a European consortium will
make & major difference in accuracy and a iility, with 30 naw
satediites in orbit. The Gatileo system of satefiites and ground stations
wiit complement the exisiing GFS systern inthe same way that
GLONASS is presently being used: A number of other countries
as Inddiz and fapan, are looking at inftlating thelr own satelif
programs so the future of satellite positioning for the neas
camrnanity Iooks very positive,

, such
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genaratian, MU boresight calibration and qualily contrad

Optional integrated Track'alr Flight Management Systerm: Mission planning, piial
dispiay, and iealr POS AV and sensor contral for manamurm in-flight task awtomation
and operational efficlency
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Combining the precision of POS AY of Direct Georeferencing with
the Flight Management System expertise of TRACK’AIR

POSTrack is the first fully integrated, real-time direct georeferencing and
flight management system designed for the airborne geospatial community.
Purpose-built to reduce the costs associated with the preparation and imple-
mentation of airborne.surveys, POSTrack minimizes and streamlines mission
planning and in-flight operational workload.

Utilizing a combination of specifically developed software and hardware tools,
the system combines the best.of both technologies with all the functionality
necessary to simplify and streamline today’s aerial survey and remote sensing
operations.

POSTrack’s Complementary Technologies

(POS AV & XTRACK)

POSTrack incorporates the latest integrated inertial/GPS direct georefer-
encing technology from Applanix, with the Flight Management System (FMS)
expertise of Track'air, the industry’s leading FMS manufacturer. Unlike other
IMU/GPS/FMS  configurations, which utilize independent components for
in-flight task automation and mission planning, POSTrack is engineered as a
single system, compact, convenient, and easily installed on all types of aircraft
without a complicated network of cables and connectors.

POS AV
The POS AV component integrates precision GPS with inertial technology
to enable geospatial projects to be completed more efficiently and effectively.
Supported by Applanix industry expertise and technological innovation, POS
AV is engineered for all types of aerial sensors to produce directly georefer-
enced data. The system generates an accurate solution for all motion vari-
ables, and precise, image-specific Exterior Orientation parameters without
the requirement for a complete ground control survey and corresponding
aerotriangulation pirocessing.

XTRACK

As the most sophisticated flight management system
available, XTRACK covers all the aspects of flying an air-
borne mission, from preparation, to image acquisition, to
data archiving. It incorporates flight planning, navigation
and reporting software with an external sensor interface
and pilot display.Combining the two technologies offers
seamless integration to provide automated airborne mis-
sion control for consistent project success.

The POSTrack Advantage

The complete POSTrack system has been configured to
handle the GPS/IMU functions and control and trigger the airborne sen-
sors to ensure the highest levels of precision are maintained. The. in-flight
automation provided by the system enables exact flight path guidance and
accurate sensor positioning, which translates into optimized airtime over
the target area for the most economical and efficient mission capability.

Compact Design and Simplified Cockpit Configuration

The system comprises a single box solution incorporating a POS AV com-
puter (PCS) module and an FMS computer system (FCS) module, manu-
factured using Applanix state-of-the-art, real-time embedded computing
technology.

The display-includes touch screen capability, allowing the pilot to operate
in full standalone mode. For a two-person operation, a laptop or tablet
computer can also be used to allow the second crew member (navigator)
to work on the mission together with the pilot A single Ethernet connec-
tion is all that is required. In this configuration, the XTRACK navigation
software, running on the FCS, can be controlled simultaneously from either
the pilot’s screen or the navigation laptop.

Wyith a maximum waight of 5.9 kg the size of the unit does not axcesed
IP9mm L x 330mm Wox Simm M The compact design will easity fiv alf
oypes of survey asireraft without cluttering the cockpit with cables and aver
sized housings and mounting brackets.

e —

L



Tight Integration for Optimal Performance

The FCS communicates directly with the PCS via high speed Ethernet pro-
tocol. In-addition to the normal GPS/IMU functions, the POS AV module
has been modified to control and trigger the various types and combina-
tions of aerial sensor.The XTRACK system monitors the real-time position
and orientation of the sensors, which has been computed by the POS AV,
and then instructs it to perform certain tasks to control the sensors.

Examples include the automatic triggering of frame cameras, automatic on/
off control of LIDAR and push-broom scanners, and the automatic on/off
controt of 3-axis mount stabilization.

Flexible Interfaces for Maximum Efficiency

Although POSTrack is tightly integrated to maximize performance, it still
maintains a flexible and open architecture to allow easy integration with
many different types and combinations of airborne sensors.

The most common sensors are already supported, and customizations are
available upon request.

The Advantage of Real-time GPS-Aided Inertial:Navigation
POSTrack computes a true real-time navigation solution for the aerial sen-
sor 200 dmes or more per second.This means all motion parameters, such
as position, velocity, roll, pitch, heading, acceleration and angular rate, are
available for integration with the flight management software.

The real-timz-solution provides the pilot with feadback on the quality of
the MU and GPS data being collected for direct georefersncing Any con-
cerns with the dawa immediately appear as warnings on the pilot display,

The real-time orientation data is also used to automatically control the
drift and level of a 3-axis mount, which will-dramatically helof the mount.
However; during turbulent conditions, the aircraft’'s horizontal accelera-
tions will cause the inclinometers to generate false: readings causing the
mount to tilt with respect to the ground.

85 Leek Cresceny, Richmond Hill, Ontaric CAMADA L8 383
ek B05-TO9-4BN0 Faue: $O5-FOF-L027 Wak waawanpianicom
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Because the POR AV is unafecoed by turbulence, its real-time roll and
piteh dara can be fed into the mount to ensure it always remains level,
Similarly, the real-time heading from BOS AV can be used to automati-
cally steer the azimuth of the mount 12 follow 2 desired track along the
ground. These atwributes are 3 tremendous advantage. Currently, POST
rack interfaces with the following 3-axis mounts: L TAS (drift control
only}, Leics Geosystems PAYID (leveling and drift), SOMAG GEMINN0
{ievaling and drife).

Protecting Your Investment With a Complete Upgrade Path
POSTrack is a new, powerful aerial survey technology combining the best
of both worlds - direct georeferencing and flight management systems.

With sensor-compatible interfaces, mission status display, low radiation
LVDS pilot display screen, and planning and reporting software, POSTrack
is the ideal system for single-pilot or pilot/navigator crew configurations
who want a streamlined, cost-effective airborne operation.

As with all Applanix products, POSTrack has a clear upgrade path to
ensure the system provides the best results and continued service.
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mgg%m% Frame Camers Applications

3001 Inc. is an international spatial data  innovative solutions to the engineering, surveying
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digital orthophotography, stereocompilation, and
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corporation with offices located across the
United States. lts geospatial expertise has been
utilized in numerous projects throughout the
Americas, providing technological leadership and

and geomatics cc ity, with a d
team of aerial survey, GIS and photogrammetry
professionals. Using leading-edge technology 3001
Inc. continues to harmess the power of geospatial

X information in an

THALLENGE
In December
2003, the company
was tasked with
providing a series
of high resolution
color digital images
of Collier County in
southwest  Florida,
as part of an on-
going GIS update
program  involving
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p ic mapping. Collier County is bordered
on the west by the Gulf of Mexico, and five
other counties to the north, east, and south. This
portion of the project covered approximately
800 square miles of varied terrain, including large
areas of swamp found along the coastal regions
of western Florida. The digital imagery would
be used to generate digital orthophotos and
photogrammetric mapping data using stereoscopic
image coverage. The final orthorectified imagery
and vector mapping data would be input into the"
county's GIS system and accessible through the

Collier County Property Appraiser’s web site. ;

SOLAFTION

To meet the project’s specific requirements, 3001
inc. used their Z/1 Imaging DMC (Digital Mapping
Camera) equipped with an Applanix POS AV
integrated inertial position and orientation system,




TMevitad Sy o
=38 RIS AT RSR
Nalal & DM «QNian

capture the tow-level
magery The DMC digital
2erial camara sysham is
designed  for  acocursis,

such @ vegetation, transporlation  nelworks,
hydrograptes, and buildings, can be dlesrly deftied.
i provides ercatient ¥isHiliy i sreas of shadow
and gonorates 8 boight, sharp image, ideal for this
type of appiication.

Within two weeks the fying portion of the
project was oompisted, snd imege procossing
andd data explure started. Flown at an atide
of 4500, the coloy dighal imagery genersted a
048 pbed size and & Tinal debbeery socuracy of
Q.5 for the orthophotos. Tha company found the
FOSAY system evabled them 1o sitak a tighter
serotriznguiztion result Ly wilizing #s direx
georderancing capsbiiity in sress where image tie
point matching wes partiadarly dificult.

Greg Moma$ explained. " There were aress slony
the toast thet were compistely covered in swamp.
Identiflsble grourdd features; sisch a5 small istands,
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were few and far between, so we took advan
of the POS AV direct georeferencing capability. By
taking the exterior orientation parameters for the
images covering those areas, and using them: as
part of the aerotriangulation adj we were
able to achieve a miuich more accurate result.”
Using the POS AVtequipped DMC system, 3001
Inc. successfully completed the Collier County
project, and provided positionally-accurate and
highly-detailed digital imagery, ideslly suited to the
orthophotography and data update requirements.




EarthData is a leader in the airbome imaging,
mapping and Geographic Information Systems

. (GIS) field. Its fleet of speciafly configured survey
X/ aircraft collects a variety of information about
: the Earth's surface, using aerial ‘camerss: and
: various types of airborne sensors. The company
. transforms the data into customized mapping
. and GIS products and services. For close to
50 years, EarthDatas clients have used this
i geospatial information for design infrastructire,
. terrain modeling, transportation engineering: and
: emvironmental research, to better understand the
- Earth and its resources.

" In October 2003, the State of Califormia sisffered

one of the most devastating wildfires in its
history. It caused extensive damage to property
and the environment and posed a potential
threat to the state’s energy systems, which

included  transmission: lines,
mapor natural gas pipelines,
and various ofl refineries ::
located in the immediate area.
The fires were spread: across
more than 300,000 scres: of -3
land, with states of emergency
being declared in Los Angeles, 3
San Diego, Ventura and San

Bemardino counties, where the
authorities were battling fireson
10 separate fronts. EarthData,
working in conjunction with 3
ESRI and Horizons Inc, was
tasked with generating accurate
and detailed - aerial imagery of
the affected areas, to enable
damage analysis to begin, in
support of rapid response and
recovery efforts.

1827

R

i

'//// 7

i

=

R R



EarthData's project manager, explains,
“The POS AV system integrates
well with our airborme sensors, and
its direct georeferencing capability is
a big pius, especially for emergency
response operations such as this
one, where there is no time to carry
out ground control surveys.Accurate
georeferenced digital images can be
generated very quickly with this
system.”

e

i
i
e

7

The acquisiion of detalled digital imagery was
completed within 14 days, as a result of the

ined airborne op of EarthData and
Horizons Inc. The quick data turnaround was
made possible with the ADS40 digital system and
POS AV image georeferencing attiibutes, which
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together prove a very efficient combination, In
total 3,143 square mies of severely burned terrsin
were captured and processed. With the image
acquisition complete, state and local authorities
were able to access the data immediately for use
in damage assessment arxi recovery. image analysis
experts at ESRI used the digital orthophotography
and corresponding DTM data to map: the fire-
damaged environment, and analyze the drainage
patterns as a precaution against the potential risk
of mudslides now that ground cover vegetation
had been destroyed.



Film Camera Applications

AeroMap U.S.is a division of Aero-Metric Inc.,one
of the largest photogrammetric companies in the
United States. AeroMap is based in Anchorage,
Alaska, and is a full-service Geographic
Information and Mapping Sciences firm, with
expertise in-all. areas of aerial survey, airbome
remote sensing, and satellite image -processing.
AeroMap's clients include government agencies
and private sector organizations which use
airborne ‘imagery for various applications, from
environmental monitoring to engineering design
work.

CHALLENGE

Faced with limited good flying weather and
the rugged Alaskan enwironment, AeroMap was
tasked with capturing color aerial photography
for the Federal Bureau of Indian Affairs. The
Class I Orthophotography project involved
generating images for approximately 500 native

Client: AeroMap

allotments in the Calista Native Lands area of particularly as vector data was to be overlaid to
western Alaska. The allotments were scattered  show the individual property limits.”
throughout the region, R S SR
and could be as far apart N\\\\ N 3 \%
as 200 miles or share a
common boundary, and
vary in size between 20
and 150 acres. "It was
a difficult assignment in
which to capture the
images  efficiently, so |
precise  coordination
was required” Dean
Cimmiyotti  explained.
“As the orthophotos
would be used to assess
the timber stands in each |
allotment, positional
accuracy was an
important consideration,
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SOLUTION decided to wse their POS AV system 1o generste
With acressibifity and  logistical divect georserenced imagery siminate the need
concerns associsted with cairying ot 307 aerctrianguiation, and easily meet the Class i
a complete ground controd survey 3 Tequiremeng of § horizomal posttioning. " Using the
this area of Kuskokwim, Aeroblep  POSAY aliowed us to fly single fines with as fow as
3 or 4 imagos per slfotment To werify
e aoouracy of the georefersnved
SRR data we used & MR smomnt of
s : grownd control as 8O0 check,” said
Chmmiyotts, "and it exceedsd our
expectations.”

RESULT

The final georeferenced imagery
was used to generate a Digital
Elevation Model, which: allowed
the orthophotos to be produced
quickly. Digitaa vector data,
provided by the Bureau of Land
Management, was then accurately
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Glient: AerolMap

overiaid o Hhstrate the individial aliotment
boundaries. Since Incorporating the POS &V
system imo its workfiow, Aerolap has found that
increased productivity and additional acouracy are
readily attainebie under the difficult conditions
envountersd in Alaska, streamiining their alrborne
surveys into a precise and aficient operation,
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i that the acnwracy of the POS AV would aliow s
E to integrate both the LIDAR and the mapping

¥ "Rather than produce & complete DT using
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ta perfectly” Stewe Ashbes  explained.

N
RESLHY

Fiying o &5 aftitude of 320 the |

clovstion data was acquired very
quickly, with oworlapping naralle
swaths  generating accurste  XYE
polnt doud nfurmation ready for
mission post-processing The terrain

data was eesily Imegrated o the 3
project workliow and the required 3N

CoMour  Bformation  generatad
Athough  the LIDAR  dats  was

caphisred dependently of the serisl N

photogapty, the scourscy of the

POS AY o botdhy systems ensured 3
Lt Py

the  dsasels  were o

sdowing the development of a 3
highty accurate topographic mods! S
fromm which 2 contour nformation 3

was devsdoped.
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o The BOS AV sysoars has Dbeen
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nse o tervain helow the vegetation and produces » Digitst

suitursl fargets o Yarvain Model. \ \\\\§

bangt Estesterometyy with an 80 m haseline, the

Y imaging dQate was generated and made ready
r proceasing. Dieter Leubeck, Froject Manager:
rixsat, explsined. "As well as providghng position
i orientstion sonmation for the radar inegery
ha POIS AV systern alsc gensrates & real-thme
wigation salution that & incredbly accurate.
Wi can fiy 3 120 fow ine and stay within 2 1w
vieowial vavtance quite sy These attritutes
ahe the OrsiBAR-T systam axtremely §

RN T e T e P

[

srwde el
PR ROTRR

in wnderisking radar mapping projects, and R
the POS AV that provides the spatial crisniathn
seursey” Final data delvery 1o the Geopraphical
institute of Venemsesm Sinon Boliver  {JGVSE}
totaled ST8 map sheets at 2 scale of 150000,
and coverad an area of more than 263,000 k.
Comtour wformation was ustrated on the X-
bang orthomage maps, and digital temran model
and full polarimetric P-band image data was made
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PO Track
One Compact Solution

Coenbining the pretasion of PUS AY Direct Gooreferencing with the
varsstly of the Track'alr KYRATK Plight Management System

POSTrack is the first fully integrated, real-time direct georeferencing
and flight g system d d for the airborne geospatial
community.

Purpose-built to reduce the costs associated with the preparation

and implemention of airbarne surveys, POESTrack minimizes

the highest levals of ¢ ion are mainained. The XTHRACK

misston plansing and operavonal worldoad, U ¥ 3
of specifically devaloped software and hardware 1oals, the sysiam
cotnbines the best of both technologies with < functional
racassary to simplly and swreamiine rodays asrisd suevey and
Peteole sensing Spdrations,

o

POSTrack incorporates the latest integrated inertial/GPS
direct georeferencing technology from Applanix, with' the
Flight Management System (FMS} expertise of Track'air, the
industry’s leading FMS manufacturer. Unlike other IMU/GPS/FMS
configurations, which utilize independent components for in-flight
task jon and mission planning, POSTrack is ed as

Hed

¥ e e positon and aviesmton of
the renyors compread by the BOS AW then invreds the systen
when 1@ perform certain tosks, The in-flight 2inemarion enables
exact fight pach puidance and acorsee sensor poiikmning, which
nranstates ot opinized wirtime Gver the wmeget ares for the most
econanmical and eificient mission capabifing

With sensor-compatible interfaces, mission status disptay, flat panel
pilot screen, and planning and reporting software, POSTrack is the
ideal system for single-pilot or pilot/navigator crew configurations
who want a streamlined, cost-effective airborne operation.

a single system. compact, ¢ t, and easily on all
types of aircraft without:a complicated network of cables and
connectors.

Compact, Simplified Coclpit Configuration
Configured to control and trigger various airborne sensors in
ddition to handling the GPS/IMU functions, POSTrack will ensure
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Complete Upgrade Path

As with all Applanix products, POSTrack has a clear upgrade path
to ensure the system provides the best results and continued
service,
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TEST GOALS AND TEST SET UP FOR THE OEEPE TEST
“INTEGRATED SENSOR ORIENTATION”

Christian Heipke, Karsten Jacobsen, Helge Wegmann, Hannover
Oystein Andersen, Barbi Nilsen Jr., As

ABSTRACT

The European Organisation for Experimental Photogrammetric Research (OEEPE) has embarked on
a multi-site test investigating sensor orientation using GPS and IMU in comparison and in combina-
tion with aerial triangulation. The test was expected to demonstrate the extent to which direct and
integrated sensor orientation are accurate and efficient methods for the determination of the exterior
orientation parameters for large scale topographic mapping. Another test goal was the transfer of the
recently developed technology from the research arena to potential users.

In this paper we first give some background on sensor orientation. We then describe the test goals and
the expected results, followed by an explanation of the test procedure and organisation. The test con-
sists of two phases. The first phase comprises the system calibration and direct sensor orientation.
The second phase deals with the integrated sensor orientation, i e. the integration of the GPS/IMU
data into a bundle adjustment. The used test data are described in Nilsen Jr. (2002), the obtained
results and an in depth analysis can be found in Heipke et al. (2002).

1 INTRODUCTION
1.1 Background

Image orientation is a key element in any photogrammetric project, since the determination of three-
dimensional coordinates from images requires the image orientation to be known. In aerial photo-
grammetry this task has been exclusively and very successfully solved using aerial triangulation for
many decades. Over the years, a number of additional sensors were used to directly determine at least
some exterior orientation parameters, albeit with little success until the advent of GPS (global posi-
tioning system) in the eighties and the pioneering work of Mader (1986). In this regard it is interesting
to note that in the same year Ackermann predicted that “the performance of new navigation systems
will allow in-flight measurements of carrier position and attitude to an accuracy which will change the
photogrammetric methods fundamentally” (Ackermann 1986, p. 93).

Today, differential kinematic GPS positioning is a standard tool for determining the camera exposure
centres for aerial triangulation. Using the GPS measurements as additional observations in the bundle
adjustment a geometrically stable block based on tie points alone can be formed, and ground control
points (GCP) are essentially only necessary for calibration, for detecting and eliminating the effect of
GPS errors such as cycle slips, for reliability purposes, and possibly for datum transformations. One
can distinguish between a loose coupling of photogrammetric and GPS observations, sometimes
called the “shift and drift approach” (Ackermann 1994; Jacobsen 1997) and a more rigorous
GPS/aerial triangulation combination (Jacobsen, Schmitz 1996; Kruck et al. 1996; Schmitz 1998).
Gyroscopes and accelerometers are the components of an inertial measurement unit (IMU)'. Using
gyroscopes, one is able to determine the rotation elements of the exterior orientation. The accelerome-
ters provide sensor velocity and position. Thus, in principle a GPS/IMU sensor combination can yield
the exterior orientation elements of each image without aerial triangulation. This technology opens up

! We use the term IMU instead of INS (Inertial navigation system). Following Colomina (1999), an INS contains
an IMU as a measurement device plus positioning and guidance functions, mainly realised in software.
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many new applications (Schwarz et al. 1993; Colomina 1999; Skaloud 1999; Colomina 2002; for a
short historical note on IMU, see Mostata 2001).

A series of tests and pilot projects has been conducted and has convincingly shown the potential of
this new technology (e.g. Skaloud, Schwarz 1998; Wewel et al. 1998; Abdullah, Tuttle 1999; Burman
1999; Colomina 1999; Cramer 1999; Toth 1999; Jacobsen 2000; Kinn 2002). At independent check
points (ICP) on the ground, root mean square differences down to 0.1 to 0.2 m were obtained. These
results have proven that the determination of image orientation using GPS/IMU observations is a
serious alternative to conventional aerial triangulation. In addition, potential error sources have been
identified. These include the Kalman filtering of the GPS/IMU data for noise reduction, the
determination of parameters for systematic position and attitude corrections of the GPS/IMU data
(system calibration parameters), the stability of these parameters over time (especially the stability of
the attitude values relating the IMU and the camera coordinate systems), and the time synchronisation
between the various sensors.

In aerial triangulation control information in the form of GCP coordinates and the object space coor-
dinates of tie points to be determined are both located on the object surface. Therefore, the compu-
tation of the tie point coordinates can be thought of as an interpolation task. Using GPS/IMU obser-
vations, on the other hand, the control information is measured at the height of the sensors and is sub-
sequently transferred down to object surface. Therefore, the new approach must be considered as an
extrapolation, and thus a compensation of different error sources due to a strong correlation between
the related parameters, is much less effective. This fact is particularly true for possible changes in the
interior orientation of the camera, which can no longer be compensated by a change in the exterior
orientation (e.g. Schenk 1999; Habib, Schenk 2002). In this light, the choice of the object space coor-
dinate system also needs a closer look (see e.g. Jacobsen 2002; Ressl 2002), since the photogrammet-
ric collinearity equations need a Cartesian system, a requirement that the curvilinear mapping systems
do not fulfil.

1.2 Some comments on terminology

As is the case with many new technologies, some confusion has arisen about terminology. The tradi-
tional task of aerial triangulation is twofold, namely to simultaneously determine the parameters of
exterior orientation (and possibly additional parameters for self calibration) of a block of images and
the object space coordinates of the tie points and other points. The parameters of interior orientation
(calibrated focal length, image coordinates of principal point) are, of course, needed but are assumed
to be known and constant. Before it became possible to store and transfer exterior orientation parame-
ters from one compilation session to the next, the tie point coordinates were the most important re-
sults, and thus the whole task was also named point determination. With the advent of analytical pho-
togrammetry, the focus started to change slowly, and the orientation parameters became more impor-
tant. Thus, the same task was increasingly called determination of image orientation. Today, we ob-
serve two new developments: (1) the exterior orientation parameters of a camera can be determined
without tie points using GPS/IMU technology, and (2) the same technology is also used to determine
the orientation of non-traditional sensors such as laser scanners and SAR sensors. Consequently, im-
age orientation has been replaced by the more general term sensor orientation. Sensor orientation
includes all related parameters, regardless of whether they are assumed to be known or unknown, and
constant or changing over time. Thus, sensor orientation includes the system calibration parameters of
a sensor system (i.e. calibration parameters of each sensor, e.g. the interior orientation parameters of
the camera, and parameters relating the individual sensor observations in space and time to a common
reference frame) and the exterior orientation parameters of the sensor system.

We further differentiate between direct sensor orientation and integrated sensor orientation. Direct
sensor orientation stands for the determination of sensor orientation without image coordinates using
only GPS/IMU observations. The system calibration parameters need to be known and thus have to be
determined in a separate step beforehand. On the other hand, integrated sensor orientation uses all
available input, namely image coordinates of tie points, control information in image and object space,
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and GPS/IMU observations in a simultaneous adjustment to determine all relevant sensor orientation
parameters.

In current literature, sensor orientation (whether direct or integrated) is also called georeferencing or
geocoding (e.g. Schwarz et al. 1993; Cramer 2001). Ackermann writes: “A geo-reference is a global
or regional coordinate system to which sensors or spatial object data are related. Hence, georeferen-
cing or geocoding is close to the well known photogrammetric concept of exterior or absolute orienta-
tion.” (Ackermann 1997, p. 28). Georeferencing and geocoding have their origin in remote sensing.
Georeferencing is also increasingly being used in the spatial information sciences. They emphasise the
fact that the sensor orientation parameters are usually only a by-product of photogrammetric process-
ing, and the final results in form of three-dimensional terrain coordinates, a digital terrain model
(DTM), an orthoimage and/or structured vector data are needed in a global or regional coordinate
system. Consequently, in remote sensing we talk about georeferencing or geocoding an image and the
result is a georeferenced or a geocoded image, often used as a synonym for an orthoimage. In spatial
information sciences we georeference an object (e.g. a road crossing) and mean that we provide coor-
dinates relating to the Earth surface for this object. However, a georeféerenced or geocoded image may
have been generated by applying a two-dimensional polynomial rectification based on a few identical
points rather than by differential rectification based on the central projection including the image
orientation and a DTM. Thus, georeferencing and geocoding are more general terms, which include
various mathematical models for the transformation from image to object space, and which have ob-
ject space products as output.

In order to emphasise the fact that in topographic mapping from imagery (1) three-dimensional model-
ling of the imaging process is necessary, and (2) the image orientation parameters have a physical
meaning and constitute a result by themselves (although only intermediate) we prefer to use the term
sensor orientation as described above, when we talk about the interior and exterior orientation pa-
rameters of images and the system calibration parameters of a sensor system. We use georeferencing
when we are concerned with determining object space quantities. Within the test these quantities are
exclusively three-dimensional coordinates of terrain points.

2 TEST OBJECTIVES AND EXPECTED RESULTS

The European Organisation for Experimental Photogrammetric Research (OEEPE) has embarked on a
multi-site test investigating sensor orientation using GPS and IMU in comparison and in combination
with aerial triangulation (see also Heipke et al., 2000; 2001).

The focus of the test was on the obtainable accuracy for large scale topographic mapping using photo-
grammetric film cameras. The accuracy of the results was assessed with the help of independent check
points on the ground in the following scenarios:

- conventional aerial triangulation,

- GPS/IMU observations for the projection centres only (direct sensor orientation),

- combination of aerial triangulation with GPS/IMU (integrated sensor orientation).
The test was expected to demonstrate the extent to which direct and integrated sensor orientation are
accurate and efficient methods for the determination of the exterior orientation parameters for large
scale topographic mapping.
A further test goal was the transfer of the recently developed technology from the research arena to
potential users. This goal is in line with the mission of OEEPE, and it was the main reason for choosing
amulti-site test approach. As a consequence, the duration of the test was somewhat lengthy when com-
pared to a single-site investigation. The authors feel, that this disadvantage can be tolerated because
they believe that in the long run technology transfer is more important than obtaining results quickly.
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3  TEST SETUP

3.1  Preparation

The test consisted of a preparatory period and two analysis phases. It was decided at the outset to
organise special test flights to control all aspects of the investigation. In order to enable a fair and
meaningful comparison between the two competing technologies the following selection criteria were
established for the data acquisition:

- geometrically stable photogrammetric block,

- modern photogrammetric film camera,

- dual frequency GPS receivers using differential carrier phase measurements with a data rate
of 2 Hz preferably with identical receivers for the aircraft and reference station,

- a short base line between aircraft and reference station,

- high quality off-the-shelf navigation grade IMU as typically used in precise airborne attitude
determination,

- different image scales suitable for large scale topographic mapping,

- a well-controlled test field with a large number of GCPs.

The Institute for Photogrammetry and Geolnformation (IPI), University of Hannover, acted as pilot
centre for the multi-site test. In this capacity IPI put together and distributed the test data, and col-
lected and analysed the results received from the test participants. The Department of Mapping Sci-
ences (IKF), Agricultural University of Norway in As, carried out data acquisition including the or-
ganisation of test flights and the necessary fieldwork.

For the test the IKF test field in Southern Norway was selected. It fulfils all the mentioned criteria and
had a number of additional, practical advantages. In order to ensure that potential error sources could
be identified individually it was decided to perform two calibration flights at different heights/scales
(1:5 000 and 1:10 000) followed by the actual test flight (scale 1:5 000) and a third calibration flight
(1:10 000) at the end of the flight mission. During the test flight a GPS reference station, placed in the
test field to ensure a short base line and to avoid additional errors, was operated. Details of the data
acquisition can be found in Nilsen Jr. (2002).

Next, the raw GPS/IMU data of the whole flight needed to be pre-processed into object space coordi-
nates for the centre of projection of each image accompanied by attitude information in terms of roll,
pitch, and yaw values. In order to enable the system calibration (see below) and to create material for
checking, the pilot centre measured the image coordinates of all visible GCPs and of a large number
of tie points.

3.2 Phase I: System calibration and direct sensor orientation

The first analysis phase comprised the determination of so-called system calibration parameters, i.e.
the determination of the boresight misalignment (the angular difference between the IMU and the
image coordinate systems), and possibly additional parameters modelling GPS shifts, the interior
orientation of the camera, GPS antenna offsets, time synchronisation errors etc. from the information
of the calibration flights. Phase I also comprised the direct sensor orientation of the actual test flight
based on the GPS/IMU data and the results of system calibration and — as part of the analysis of the
results - the derivation of object space coordinates via a least squares forward intersection using the
orientation parameters as constant values. Thus, all elements of direct sensor orientation were con-
tained in phase L

The test scheme of phase I is depicted in figure 1. The data to be sent out to interested test participants
consisted of a subset of the measured tie point coordinates for each calibration flight image, the
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camera calibration certificates, a sufficient number of GCP coordinates in object space, and the pre-
processed GPS/IMU data of the whole flight (all calibration flights and the test flight). The derived
system calibration parameters together with the orientation parameters for the calibration flights and
the test flight and a detailed report about the work carried out were to be delivered back to the pilot
centre for the analysis of the results (see Heipke et al. 2002 for details of the analysis of the whole
test).

3.3 Phase ll: Integrated sensor orientation

The second phase dealt with the integration of the GPS/IMU data into the bundle adjustment i.e. the
integrated sensor orientation. After having returned the results of phase I, the participants were to
receive image coordinates of tie points and GCPs of a subset of the test flight images. No object space
coordinates of GCPs were to be distributed, and GCPs used in phase I were not to be used as tie points
in phase II. Thus, the participants were to receive only information in image space, and not in object
space. This decision was taken, because we wanted to explore the advantage of combining GPS/IMU
measurements with tie points alone, since (1) tie points can be generated without field work and
automatically, and (2) as soon as GCPs are included, their influence may dominate the results, and
thus we would run the risk of ending up with a GPS-assisted photogrammetric bundle adjustment.

Combining the information received with the system calibration parameters determined in phase I, the
participants would then perform an integrated sensor orientation, refining the exterior orientation (and
possibly also the system calibration parameters), and estimating the object space coordinates of the tie
points and the GCPs. These values were subsequently to be returned to the pilot centre together with a
detailed report describing the adopted model for the integration. The test scheme of phase II is de-
picted in figure 2.

4 REFERENCES

Abdullah Q.A., Tuttle M.A. (1999): Integrated GPS-inertial measurement solution as an alternative to
aerial triangulation: a case study, Proceedings, ASPRS Annual Convention, Baltimore, pp. 867-876
(on CD-ROM).

Ackermann F. (1986): The use of camera orientation data in photogrammetry — a review, IAPRS (26)
1, pp. 93-99.

Ackermann F. (1994): On the status and accuracy performance of GPS photogrammetry, Proceedings,
ASPRS Workshop “Mapping and remote sensing tools for the 21st Century, Washington D.C., pp. 80-
90.

Ackermann F. (1997): Geo-Kodierung ohne PaBpunkte, GIS (10) 2, pp. 28-32.

Burman H. (1999): Using GPS and INS for orientation of aerial photography, Proceedings, ISPRS
Workshop “Direct versus indirect methods of sensor orientation”, Barcelona, pp. 148-157.

Colomina I. (1999): GPS, INS and aerial triangulation: What is the best way for the operational de-
termination of photogrammetric image orientation?, IAPRS (32) 3-2W5, pp.121-130.

Colomina I. (2002): Modern sensor orientation technologies and procedures, in: Heipke C., Jacobsen
K., Wegmann H. (Eds.), Integrated Sensor Orientation, OEEPE Official Publication No. 43.

Cramer M. (1999): Direct geocoding — is aerial triangulation obsolete?, in: Fritsch D., Spiller R.
(Eds.), Photogrammetric Week 99, pp. 59-70.

Cramer M. (2001): Genauigkeitsuntersuchungen zur GPS/INS-Integration in der Aerotriangulation,
DGK-C (537), 122 p.

Habib A., Schenk T. (2002): Accuracy analysis of reconstructed points in object space from direct and
indirect exterior orientation methods, in: Heipke C., Jacobsen K., Wegmann H. (Eds.), Integrated
Sensor Orientation, OEEPE Official Publication No. 43.

Heipke C., Jacobsen K., Wegmann H., Andersen ., Nilsen B. (2000): Integrated sensor orientation —
an OEEPE test, IAPRS (33) B3/1, pp. 373- 380.

1854






Heipke C., Jacobsen K., Wegmann H. (2001): The OEEPE test on integrated sensor orientation —
Results of phase I, in: Fritsch D., Spiller R. (Eds.), Photogrammetric Week "01, Wichmann, Heidel-
berg, pp. 195-204.

Heipke C., Jacobsen K., Wegmann H. (2002): Analysis of the results of the OEEPE test “Integrated
sensor orientation”, in: Heipke C., Jacobsen K., Wegmann H. (Eds.), Integrated Sensor Orientation,
OEEPE Official Publication No. 43.

Jacobsen K. (1997): Operational block adjustment without control points, Proceedings, ASPRS An-
nual Convention, Seattle, Vol. 2, pp. 238-244.

Jacobsen K. (2000): Potential and limitation of direct sensor orientation, IAPRS (33), B3/1, pp. 429-
435.

Jacobsen K. (2002): Transformations and computation of orientation data in different coordinate sys-
tems, in: Heipke C., Jacobsen K., Wegmann H. (Eds.), Integrated Sensor Orientation, OEEPE Official
Publication No. 43.

Jacobsen K., Schmitz M. (1996): A new approach for combined block adjustment using GPS satellite
constellations, IAPRS (31) B3, pp. 355-359.

Kinn G. (2002): Direct georeferencing in digital imaging practice, PE&RS (68) 5, pp. 399-402.

Kruck E., Wiibena G., Bagge A. (1996): Advanced combined bundle block adjustment with kinematic
GPS data, IAPRS (31) B3, pp. 394-398.

Mader G. (1986): Dynamic positioning using GPS carrier phase measurements, Manuscripta geo-
detica (11/4), pp. 272-277.

Mostafa M. (2001): History of inertial navigation systems in survey applications, PE&RS (67) 12, pp.
1225-1227.

Nilsen Jr. B. (2002): Test field Fredrikstad and data acquisition for the OEEPE test “Integrated Sensor
Orientation”, in: Heipke C., Jacobsen K., Wegmann H. (Eds.), Integrated Sensor Orientation, OEEPE
Official Publication No. 43.

Ressl C. (2002): The OEEPE-test “Integrated sensor orientation and its handling within the hybrid
block-adjustment program Orient, in: Heipke C., Jacobsen K., Wegmann H. (Eds.), Integrated Sensor
Orientation, OEEPE Official Publication No. 43.

Schenk T. (1999): Digital photogrammetry, Volume I, Terra Science, 428 p.

Schmitz M. (1998): Untersuchungen zur strengen GPS Parametrisierung in der gemeinsamen Ausglei-
chung von kinematischem GPS und Aerotriangulation, Dissertation, Wissenschaftliche Arbeiten der
Fachrichtung Vermessungswesen der Universitit Hannover, Nr. 225, 121 p.

Schwarz K.-P., Chapman M.E., Cannon E., Gong P. (1993): An integrated INS/GPS approach to the
georeferencing of remotely sensed data, PE&RS (59) 11, pp. 1667-1674.

Skaloud J. (1999): Problems in sensor orientation by INS/DGPS in the airborne environment, Pro-
ceedings, ISPRS Workshop “Direct versus indirect methods of sensor orientation”, Barcelona, pp. 7-
15.

Skaloud J., Schwarz K.-P. (1998): Accurate orientation for airborne mapping systems, IAPRS (32) 2,
pp- 283-290.

Toth C. (1999): Experiences with frame CCD arrays and direct georeferencing, in: Fritsch D., Spiller
R. (Eds.), Photogrammetric Week 99, pp. 95-107.

Wewel F., Scholten F., Neukum G., Albertz J. (1998): Digitale Luftbildaufnahme mit der HRSC — Ein
Schritt in die Zukunft der Photogrammetrie, PFG No. 6, pp. 337-348.

1856



Registration of video to geo-referenced imagery

Rakesh Kumar  Harpreet 5. Sawhney

Jane €. Asmuth

Art Pope  Steve Hsu

Sarnoff Corporation, CNB300, Princeton, NJ 08530, USA
2 3 )

Email: {rkumar, hsawhnev,‘.a

Abstract

o Jocate scenes and objects visible in

The ability +
aerial video imagery with their corresponding locations
and coordinates in a reference coordinate system is im-
portant in visually-guided navigation, surveillance and
monitoring systems. However, a key technical prob-
lem of locating objects and scenes in a video with their
geo-coordinates needs to be solved in order o ascer-
tain the geo-location of objects seen from the camera
platform’s current location. In this paper we presemnt
the key algorithros for the problem of accurate muapping
between camers coordinates and geo-coordinates, called
~spatial registration. Current systems for geo-location
the position and attitude information for the mov-
ing platform in some fixed world coordinates to locate
the vides frames in the reference database. However,
the of
pixels. Our approach utilizes the imagery and terrain

information contained in the geo-spatial database to pre-

accuracy achieved is only of the order of 100's

cigely align dynamic videos with the reference imagery
and thus achieves a much higher accuracy. Applications
of geo-spatial registration jnclude aerial mapping, target
location and tracking and enhanced visualization such as
the overlay of textual/ graphical annotations of objects
of interest in the Lmrent video using the stored anunota-
tions in the reference database.

1 Introduction

Aerial video is rapidly emerging a low cost,
widely used source of imagery for mapping, surveil-
lance and monitoring applications. Visible and in-
frared (IR} video carneras sre ncreasingly deployed
on airborne platforms, both manned and unmanned,
to provide observers with a real tlroe view of activ-
ity and terrain. However, determining how the loca-
tiong of objects in 3 video display relate t¢ the ge-
ographic locations of these ohjects on the observed
scene, remains a key technical problem iu the use
of video from moving vehicles. This relationship be-
tween image coordinates and geographic coordinates
must be known before actions can be uudertaken
based on the video. The mapping between carera
coordinates and ground coordinates, called geosps-
tial registration, depends both on the location and
oriendasion of the carnera and oun the distance and
topology of the ground. Camera location continu-
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ally changes as the airborne camera moves. Rough
geospatial regisiration can be derived from the BSD
(Exgineering Support Dat-a: obtained frora the GPS
and intertial navigation units etc.) stream provided
by the airborne camers telemetry system and dig-
ital terrain map data (from a database) {3]. This
forma of registration is 'i‘e best available in fielded
systems today but does not provide the precigion
needed for many tasks. Higher precision will be
achieved by correlating (and registering} observed
video frames to stored references irnagery. The ref-
erence imagery includes previously collected satel
lite images that have been precisely aligned to map
conrdinates. A pplication of precise geospatial reg-
is-:ration include: (1) rapid updates of serial maps,
he gen-registration process enables the consiruction
of video mosaics which may be overlaid over refer-
ence imagery, (2) geo-location of objects seen in the
video for applications such as target tracking and
{3} enhanced visualisation, for irstance it enables
the overlay of maps, boundaries and other graphical
features and annoctations onto the video magery.

In this paper, we present the details and resuits of
some of the key algorithins we have developed in our
faboratory towards implementing the overall system
for geo-spatial registration. This work exteuds the
previous body of work ba*:ed on still imagery ex-
ploltation using site models (9],

1.1

"The engineering support data (ESD: GPS, camers
ook angle etc.) supplied with the video i decoded
to define the initisl estimate of the camera model
{position and atsitude) with respect to the reference
database. The camera model is used to apply ap im-
age perspective transformation to reference imagery
obtained from the database to create a set of syn-
thetic reference images from the perspective of the
sensor. This set of reference lmages is fed to the
video processing system to be used for indexing and
fine alignment®.

The position and attitude information provided
by ESD may be good enough to geoerate a 3Kx3K
section of the relevant reference imagery with a reso-

Our approach
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“The alignment step does not require accurate knowledge
of the video camera’s calibration parameters.



lution of about 1-2 feet per ¢ A coarse indexing
module locates the video imagery more precisely in
the reference hmage. Subseguently, sub-pixel align-
ment between the video frame and reference im-
agery corresponding to the relevant locale ig wused
for precise geo-location of the video frames. The
current estiroate of seunsor abbitude and position is
updated based upon results of matching from reg-
igtration module. This information can be used io
map points from video to 1'eference geo-coordinates
or vica-versa. The information can also be used to
warp the video frames to align with the reference
imagery. These warped video images caun then be
mosaiced together to create “geo-mosaics”.

To summarize, the process of precige alignment of

video to refot(nce imagery can be divided into three
main steps:
s Vide
ation.

-to-video frame alignment and mosaie cre-

s Coarse ndexing/prundeg of ywatch locations in
the reference imagery to eliminate all but the
hest possible location of the video imsgery in
the reference to with a few pixels of it true
location,

Precise pararastric alignment with and/or with-
out the DEM map to obtain sub-pixel localiza-

tion of the video frame in reference irnagery.

Tn the remainder of this paper, we describe the al-
gorithms for each of these steps and present experi-
mental results obtained by these algorithmas.

2 Lens Distortion Corrected Video
Mosaicing

Video frames are typically acquired at 30 frames a
second and contain a lot of frame-to-frame overlap.
For typical altitudes and speeds of airborne plat-
forms, the overlaps may range from 4/5 to 49/50th
ofa singk frame. We exploit this overla by convert-
ing a redundant video stream into a compact mosaic
ipage stream. For instance, typically 30 frames in a
second of standard N'TSC resolution {720x480) video
containing about 10M pixels may be reduced fo a
single mosaic mage containing only about 200K to
2M pizels depending on the overlap hetwesn suc-
cessive frames. The successive video frames are
aligned with low order parametric transformations
like translation, affine and projective transforms-
tiong to create extended view mosaics. Using the
mosaics for subseguent preessing reduces the come

putational burden ou the final system. Another d-—
vantage of buiiding video ruossics at this stage is
that when used at the next step for coarse indexing

with respect to the reference imsge, they ptovidc a
much larger image context than a single video frame.

1858

Often in aerial video streams, the lensg distortion
parameters must be explicitly modeled in the esti-
mation process. A fundamental agswption made in
earlier work {6, 8, 10} on mosaicing was that one o~
age could be chosen as the reference image and the
mosaic would be constructed by merging all other
images to this reference boage. However, in the
case when lens distortion is present, this formula-
tion and the undeclying assumptions are o longer
true. In [11], we extended the alignment and video

nosaic creation algorithms to use a reference coor-
dinate systemn but not a reference image. We com-
pute the motion parameters which warp all images
to a virtual inage mosaic in this reference coordinate
system. Fach pixel in this virtual image mesaic is
predicted by intensities from more than one limage.
The error measure we minimize is the sum of the
variances of predicted pixel intensities st each pixal
location summed over the virtual image. Formally,
she voknown projective transformation parameters
for each frame, A'.. AV, and the lens distortion
parameter, 7y, (see equations 5 and 6) are solved for
through:

P
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where point p' in frame 4 is a transformation of a
point p in the reference coordinate system, 7(p) is
the mean intensity value of all the p''s that map to p,
and M{p) is a count of all such pV’s. Therefore, given
a point p in the reference coordinates, each term
in the sum in Equation 1 is the variance of all the
intensity values at points p' that map to point p. An
example of alignment and mosaic construction using
this process is provided in Figure 1, which shows
three fraraes used for mosaic construction. The final
mosaic constructed from these three frames is shown
in Figure 2 (Note, the lens distortion correction).

Note that in the video mosaicing process we are
not taking intc account 3D parallax. However, in
the oversll framework, a new mossic ig constructed
every second or so. In typical scenarios, the 3D par-
allax observed in the aerial video for such small time
fratnes is very minimal.

3 Coarse Indexing/Matching

Coarse indexing locates a video mosaic within a
reference image using visual appearance features. In
principle, one could exhaustively correlate the inten-
sities in the video mosaic and the reference image at
sach pixel and fnd the best match, However, due to
the uncertainties in viewpoint computed from BSD
and due to appearance changes betwesn the refer-
ence imagery and the current video, it may not be
possible to divectly correlaie ntensities in the two
images. The real changes in appearance may be due



Figure 2: Leus distortion corrected video mosaic of
three frames of an aerial video.

Ten salient features automatically used for index-
ing can be seen in the mosaic frame. The reference
feature is shown as a grey cross and the remainder
salient features are shown as black crosses.

to change of albedo/ reflectance of objects and sur-
faces iu the scene {e.g. sumrer to fall) due to differ-
ence in Ulumination between the reference and the
video tmagery. Furthermore, since the video and ref-
erence imagery may have a large time gap between
them, there may be structures (Bke buiidiogs ete.} in
one that may not be present in the other. Changes
in appearance due to viewpoint are accounted for
to a large extent by the process of warping the ref-
erence image Lo the ESD viewpoint. However, for
robust localization, the indexing and matching pro-
cesses peed o De resilient to uncertainties in ESD
and to real changes iu the maged sceune,

We present a solution to the coarse matching prob-
lem when the relation between a video frame and
the reference image is mostly translational with rel-
atively sinall changes in rotation, scale and skew pa-
rameters. Global ilumination changes are handled
by appropriste filtering of the raagery. Georgelric
changes and missing/extranecus features are han-
dled by combining local appearance maiching with
global consistency.
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Loeal appearance is defined by the responge of a
patch to filters at multiple scales. For instance, a
window that contains the response of a Laplacian
filter at multiple scales is used to define ithe local
appearance of a patch. Similarly, responses of other
niti-scale multi-orientation filters (like Gabor fil-
sers) may be wed. Inoour current boplernentation,
salient locations where the response to the chosen il
ters iz signilicant are defined. Saliency of a particu-
lar location is defined as a point in scale-space where
the response to 8 given filter is maximal both in scale
and space {7]. In other words, saliency defines a lo-
cation where at the appropriate scale, a filter acts
as 3 matched filter for the intensity structure in the
patch. Thus, saliency can be applied to blob-like,
corner-like and ridge-like features amongst others
by defining the appropriate canonical matched -
ters for such featurss. For computational efficiency,
only a small collection of scales are used to locate
saliency and the salient features are subsequently
represented by hlter regsponses at a small number of
scales around the optimal scale. The canonical i
ter is applied at multiple scales using a Gaussian
pyramid [2]. The location, the scales and the fil-
ter responses at the location and scales becomes the
multi-dimensicnal representation of a patch. For fur-
ther efficiency as well as robustuess to small changes
in viewpoint, we choose only those locations that are
salient at coarser scales. Only the mid-range scales
are used. Finer scales are more sensitive to appear-
ance and view changes whereas very coarse scales
beconie non-distinetive.

In the matching phase, each salient feature is
matched agaiost the reference image. The same set
of flters used for the video is also applied to the
reference image. Tn our current raplementation, we
use pormalized correlation st the appropriste scale
as a match yaeasure.  Since the features are de-
fined at coarser scales over a pyramid, the reduction
in spatial resolution in the pyramid provides effi-
ciency in matching. The matching process produces
g match measure hmage at the appropriate scale for
each of the salient {eatures. Nov-maximal suppres-
sion and dilation of the resulting local maxima are



performed for each of the mateh measure images.
Subsequently, each of the match images is translated
with respect to the coordinate of a reference feature,
Let {pg,pl,...,pN} be the locations of the salient
features, and [Co{p), Ci{p), ..., Cn{p)} be the cor-
relation l‘ﬂdf(‘h im ages for each of the {IV + 1} fea-
tures. Then the agegregate match himage is given hy:

M{p} = lic gest :Ci{p — (Po — p1))

In words, each match image is translated by (pi —
po}. For each location, the top & values (where %
typically is N — 2} are selected and combined either
additively or multiplicatively. Note that since each
of the match bmages, O, is defined at the scale of the
corresponding feature pl. the mateh images are pro-
jected to the finest scale before the combined image
is generated.

The mosaic fmage in Flgurc shows the location
of ten features, marked by +'s, that were automati-
cally chosen at two neigh boxmc scales {o = 8.2,6.4).
The reference feature location pg is shown in gray

and the rest are shown in black. The matching al-
gorithim was applied between the video frame and

a reference image. The location of the reference
feature found in the reference image is shown in
black roarked by a circled + 1o the left image in
Fig. 3. There is a displacement of about 10 pixels
between the frue location of the reference feature in
the reference image aud that of the computed one.
This travsformation is very much within the scope
of what the fine regisiration slgorithm can handle.

4 Fine Geo-registration

T'he coarse localization is used to initialize the pro-
cess of fine alignment wh;k accounting for the ge-
ometric and photometric trausformations between
the video and reference imagery. In pgereral, the
transformation between two views of a scene can be
modeled by (i} an external coordinate transtorma-
tion that specifies the 3D aligunent parameters be-
tween the reference and the camera coordinate sys-
teros, and (B} an iosterpal cargera coordinate sys-
tem for image transformation that typically involves
a Hoear (affine) travsformation and non-Hnear lens
distortion parameters. Our approach to the precise
alignment problem corabines the external coordinate
transformation and the linear internal transforma-
tion into a single 3D projeciive view transformation.
This along with the depth image aud the non-linear
distortion parameters completely specifies the align-
ment transformation between the video pixels and
those in the reference imagery. It is to be emphasived
that one main advantage to our approach is that no
explicit camera calibration parameters needs to be
specified. This aspect increases the scope of appli-
cability of our proposed system to arbitrary video
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camera platforms, The modeled video-to-reference
transformation is applied to the solution of the pre-
cise alignment problem.

4.1  Formulation

We now present the eguations used for align-
ing video imagery to a co-registered reference mage
and depth image 2. The formulation used is the
planet-parallay model developed by 3]. The
coordinates of a point in a video image are denoted
by (z,y). The coordinates of the corresponding
point in the reference tmage are given by (X, ¥
Fach point is the reference image has a parallax
value k. The parallax value is computed froo a digh-
tal elevation map (DEM) which is co-registered with
the reference traage.

Twelve parameters a...g1g arve usad o specify the
alignment. The reference rnage coordinates (X, Y )
are roapped o the ideal video coordinates (X, ¥
by the following equations:

e
H

(5,12, 1

N

P a1 x Xr b ag* Ye +ag* KX, V) 4 an (9

; ar s Xe Fagx Yo +aox B, Vo) + s Y
Vi o= as * Xy +as* Yo +as* b{ X, Vo) 4 an oy
T ars X, fagw Ye +as ¥ k(X Vo) oz v

Note, since, the right band side in the above two
equations is a ratio of two expressions, the param-
eters aq..¢1g can only be determined up (o a scale
factor. We typically make parameter a1p = 1 and
solve for the rernaining 11 parametars. In the case
of the reference image being an orthophoto with a
corresponding DEM (digital elevation map), the par-
allax value & at a location is equal to the DEM value
at that location. When the reference image is a real
image taken from a frame camera (where the mag-
ing is modeled with perspective projection} the par-
allax value & at any reference location is calculated
from the depth 2 at that location using the following
equation {5, 12, 13):

R

—

where I and o, are the average and standard devi-
ation of the depth lmage values. Fipally, the ideal
video coordinates (X7, V7)) are related to the mea-

sured video coordinstes ()4} by the following equa-
ton:
z o= Xp4+yx{X;—X)*r? {5)
y o= Vi (Yr-Y)er? {6)
where
/_7‘2 o (Xr - Xr’/z .g:,. (Yf - y'c>2
“The equations for aligning video imagery to a co-

registered orthophoto and DEM are similar.



Note, the lens distortion parameters v, X, and Y,
are computed at the video mosaicing stage and atb
this stage are used to warp the video imagery to
ideal coordinates.

4.2 Paramefer Estimation

The reference tmagery and the video are typi
cally acquired at different times with possibly differ-
ent Hlumisation couditions and resulting intensity
structures present in the imagery. To correlate the
video with the reference tmagery, we do the follow-
ing transformations. We first compute and match
the histograros 4] of the video image to the pre-
dicted section of the reference image. This allows us
to match the histogram and intepsily structure of
the video image with the reference image. Finally,
we compute the Laplacian pyramids of the reference
image and the modified video image. The alignment
parameters are compused by correlating the frnages
in the two Laplacian pyramids.

To register the video image to the reference im-
age, we extend the hierarchicsl, pyrarnid-based di-
rect registration techniques presented in [1]. This
technique first constructs filter pyramids from each
of the two input images, and then estimates the mo-
tion paraaeters in a coarse-to-fine manner over the
image pyramid. Within each corresponding level of
the pyramid, the sum of squared difference (85D)
meagure integrated over user selected regions of in-
terest is used as a match measure. This measure is
minimized with respect to the unkuown transforms-
tion parameters ai..012. The S5D error measure for
estimating the transformation parameters within a
region is:

o~

BEAY =% (I{x,ref) — [{Ax, video))’

p.o

where x = {2, y} denotes the spatial image position
of a point, I denotes the {Laplacian pyramid) image
intensity for the reference and video tinages and Ax
denotes the image transformation at each point (see
equations 2 and 3). The error is computed over all
the points within the region of interest. The opti-
mization is done in an iterative manner, at each level
of the pyramid using the Levenburg-Marquardl op-
timization technique.

4.3 Geo-mosaicing,
Warping Images
Unce the alignment parameters have been com-
puted, the video images can be warped to coordinate
frame of the reference image. A sequence of warped
video images can then be merged Lo construct geo-
mosaics {geo-referenced video mosaics). These mo-
salcs can then be used to updale the reference tm-
agery. We show examples of the geo-referenced video

Mapping points,
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mosaics constructed using this technique for both
nadir and oblique magery in Figure 5. The original
reference image and depth image can be seen in Fig-
ure 3. The oblique video Image can be seen in Figure
4. The nadir video lmages can be seen in Figure 1.

Finally, for annotation and other visualization
tasks, it is importand for the user to be able to map
points from the video to the reference image and
vice versa. To map points from the reference image
to the video, we use equations (2,3} and {5,6) and
compute the values on the right hand side. However
since there is no closed form solution to map a video
point to the reference image, we solve for the tnverse
of equations (2,3) and {5,8) using ray tracing. Simi-
farly the video image can be warped to the reference
image, directly using reverse warping with bilinear
interpolation. However to warp the reference image
to appesr in the video lmage coordinates, we must
use forward warping. Point mappings in the for-
ward warping process are also computed using the
ray tracing technique.

As a result of geo-registration, the user is able to
determine the geo-coordinates of any object point
observed in the video. The geo-registration algo-
rithims require knowledge of a relerence fmage and
accompanying co-registered DEM (digital elevation
map). The DEM may not be available at the same
regolution as the reference imagery. We report on
the accuracy of geo-focation of video poinds using the
geo-registration algorithms for various resolutions of
DEM with a fixed rescolution for the reference imasge.
4.4 Performance analysis and experi-

mental resulis

The accuracy of geo-locating object points ob-
served in the video depends on many factors:

1. The size of the footprint of the video pixel when
projected to the geo-coordinate system. The
size of the projected footprint of a 1x1 sg. pixel
is a function of the Jook angle, altitude, Reld of
view and other imaging parameters of the sen-
sor.  For instance, if the video is taken from
an obligue view-poeiut, the size of the projected
footprint of pixels will increase with the oblig-
uity angle of the projection ray for that pixel
The accuracy in locating objects seen from more
oblique angles will be less.

. The error in locating the object observed in the
video. For the experiments described in this re-
port, the objecis are located manually in the
video image. This manual operation has an in-
herent error of 1 or 2 pixels. Note, for comput-
ing the accuracy performance, we also manually
located the object points in the reference im-
age. Hence, the accuracy resulls are a function
of this error.
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Figure 3: Left: Reference Image, Right: Digital Flevation Map.
The location of the reference feature from the video mosaic is marked by a circled gray + and can be seen
on the bottom of the reference imsage.

Figure 5: Lefi: Geo-registered nadir video moesaie, and Right: Geo-registered obligue video mosaic shown
(e T 3 (o)
overlaid on the reference image.
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Table 1:

automatic estimation vs. hand messurerment

Mapping points from video to reference using non-linear technigue. Comparision of

YVA4780 sequence VAT430 sequence
DEM | RMS footpring foctprint | RMS foctprint fooiprint
res. err. err, {4} err. {D2) err. err. {D1) err. (D2)
fp. size fp. size . size fp. size
{1x1} pixel | {2x2) pixel {1x1} pixel | {2x2) pixel
i . fi. ft. 1. . fh.
§ 11278 8.82 5.82 | 1518 8.88 4.56
i2 | 12,84 8.88 5.88 | 15.06 8.82 4.50
24 | 13.14 9.24 6.18 | 15.06 8.94 4.56
48 | 12.00 7.98 498 | 1494 8.82 4.56

3. The error in estimating the camera model which
maps the video frame to the ges-coordinate sys-
term. The camera model is estimated by the geo-
registration software. The estimation process
minimizes & nop-Hnear funcéion and i a func-
tion of the following factors: noise present in
the video and reference imagery, the difference
in view-point and time of year for acquisition of
video and reference imagery, the changes which
have happened in the world from the time of ref-
erence imagery acquisition to video acquisition
and finally the preaerce or absence of features
which can be used for iiage based registration.

4. The error in the Digital Klevation Map used
in the geo-registration process. The geo-
registration software assumes the digital ele-
vation map is correct. H the elevaiion values
are erropeous ab certaln pixels, then video pix-
els corresponding to these Jocations will not be
mapped correctly. Note, the digital elevation
map used for the experiments reported here is
mostly correct. However at certain locatiouns,
some clear errors can be observed. For instance,
some buildings observed in the reference image
{see: right image in Figure 4) are not seen in
the elevation map.

The reference buagery (veference orthophoto and
elevation image shown in Figure 3) used for the ex-
patiraents reported here was buill using the GDE
Socet Set system from stereo fmagery taken in
March 1985 of the VA Hospital site at Leavenworth,
Kansas. The reference dat.s, includes a 1 square mile
orthophoto and a digital elevation map (DEM) with
3 m post spacing. The geo-registration algorithms
reported here have been tested on many video se-
guences using the abhove reference bmagery, Test
video sequences were acquired at multiple heighis,
look angles and times of year. The nadir and oblique
video frames shown in Figures 4 and 1 were col-
lacted tn November 1995, We now report on perfor-
mance analysis experiments for two video sequences:
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VAAT80 (see: right tmage in Figure 4} and VA7430
acquired in June of 1996 with the camera sensor lo-
cated at a height of 2000 and 3000 i respectively.

The geo-registration software was used to register
the two sequences to the reference data. We then
selected, by hand, a list of correspondence poinis
it both the frames of the video sequences and the
reference imagery. The video points were mapped
4o the reference coordinate systern using the esti-
mated parameters. The set of points used for the
frst frame of VAAT80 are marked in the right frame
in Figure 4 by white 747 signs. The error in lo-
cating the video points is reported in Table 1. The
experitnents were repeated using various resolutions
of the DEM data. The various resolutions of DEM
were created by blurring the original DEM data and
sub-sampling at different resolutions. The registra-
tion was performed using a reference imsge with a 6
foot ground spacing per pixel. The bllowing should
be noted for the resulis described in Table &

e Point mapping errors were measured using sam-
ple populations of 83 band-geverated point cor-
respondences over § {rames in video «equence
VA4780, and 50 poiat correspondences over 3
frames in sequence VA7430.

¢ Polnd mapping error is meagured by mapping a
video frame point to the reference image, and
roeasuring its distance (and also the distance
of its footprint} to the correspondmb reference
image point.

s DEM resclution column is the finest resolution
at which the DEM is sssumed avallable for the
experimental frial. If DEM sampling resolution
is coarser than reference Uuage resolution, the
DEM is interpelated by Gaussian blurring fo
construct a finer resclution DEM. Fur ;.her n-
terpolation was bilinear.

s All resclutions {e.g

b R

inter-pixel spacing.

6, 12, 24) are In feet of



¢ Root mean square error is the average error in
locating a poiot in reference image pixels.
does not take into account the projection of the
foctprint of the video pixel on the reference im-
age.

Footprint error {131} is the mean of the distance
{over all object points) of the measured refer-
ence image point to the corresponding bound-
ing box of the projected foolprint of the video
pixel. The projected footprint is obtained by
mapping & 1 square pixel hox around the video
frame point to the reference image.

Fooipring ereor (D) is the wean of the distance
{over all object points) of the measured refer-
ence image point t0 the corresponding hound-
ing box of the prejected footprint of the video
pixel. The projected footprind is obtaived by
mapping a 4 square pixel box around the video
frame point to the reference image.

From the first row of Table 1, we note the root
mean square error for locating points for the two
images varies from 12 ft to 15 {t. This correspouds
to a pixel registration error of 2 to 2.5 pixels. Note,
however the foolprint errors are rouch smaller (B8 &
or 1.2 pixels for footprints of Ix1 size video pixels).
The footprint error takes into account the size of the
footprint of the projected video point. Sinee, the lo-
cation of object poinis in the video is dove manually
aud only to pixel accuracy, it is boportant to take
this into account. The footprint error decreases with
the assumed size of the video footprint. Tu Table 1
we report results for footprint sizes of 1x1 and 2x2
pixels in the video {rame.

Finally, we found that the error in locating points
or footprints did not increase when we used coarse
rasolution DEM’s, We repeated the experiiment with
DEM’s at four different resclutions (6,12,24 and 48
& post spacing)} and found that the error in geo-
Jocating points did not increase (Table 1). It is pos-
gibly due to the glow variation in depth over the
image scene and also on the choice of points used to
do the experiments.

-3

& Conclusion

In this paper, we bave presented sorae of the
key algorithims for developing a system for geo-
registration of aerial video. The key image pro-
cessing tasks are frame-to-frame alignment, coarse
indexing and fine alignment to a reference image.
These algorithms have been tested over a num-
ber of sequences. The algorithios bave to date
been implemented on the workstation and tested on
archived digital video sequences. Currenily, we are
in the process of butiding & real time system for geo-
registration. The video processing steps are divided
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between the Sarnoff real time video processor VFE-
200 (mosaiciog and coarse indexing) and an SGI oc-
tane machine (fine registration of key frames).
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