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ABSTRACT

“ Rapid Map Updating Procedures Using Orthophotos”

The General Directorate of Surveying and Mapping (GDSM) of the Ministry for Municipal
and Rural Affairs (MOMRA) of the Kingdom of Saudi Arabia has the mandate for large scale
mapping of 200 Saudi Arabian cities.

During the last 30 years all of these cities have been mapped in 3D at least once using stereo
photogrammetric procedures. The output of these maps is in digital vector files with more

than 300 types of features coded.

Mapping at the required scales of 1:10 000 for the urban and suburban areas and at 1:1000 for
the urban areas has been a lengthy and costly process, which did not lend itself to regular
updating procedures. For this reason the major cities, where most of the developments took

place, have been newly mapped at about 10 year intervals.

To record the changes of urban landscapes more rapidly orthophoto mapping has recently
been introduced. Rather than waiting for about 10 years for the line mapping of a large city
after the inception of a mapping project, orthophotos could be produced a few months after a

new aerial flight was made.

While new, but slow stereomapping in 3D provides accurate results in conformity with the
usual urban mapping specifications, the geocoded superposition of outdated maps with the

more recent orthophotos provided a very useful monitoring of the urban changes.

At the same time the use of orthophotos opens up a new possibility for urban map updating
by on-screen digitizing in 2D. This can at least be done for the most relevant features, such
as buildings, walls, roads and vegetation. As this is a faster and muvh more economical
method than 3D stereo plotting a lesser geometric accuracy is to be expected for the on-

screen digitization.



There is a need to investigate and to compare the two methods with respect to accuracy and
speed of operation as a basis for a decision, whether to continue with new 3D stereomapping
every 10 years or to introduce rapid map updating in 2D

via on-screen digitization every 3 to 5 years.

The thesis proposes to investigate these aspects for a chosen test area covering one
1:10 000 and one 1:1000 map sheet over the city of Huraymilah, where aerial photography

was taken last year and Aerial Triangulation was completed.
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CHAPTER 1. OBJECTIVE AND SCOPE OF STUDY

1.1 Historical Background

The Kingdom of Saudi Arabia (KSA) has a large land area covering about 2,000,000 square

km. Prompted by the discovery of oil in the first half of the 20th century, the efforts to obtain

a nationwide map coverage for KSA started with the organization of Aerial Survey

Department in the Ministry of Petroleum during 1950s. Utilizing the services of

International mapping consultants, these efforts resulted in two significant achievements.

Y

2)

Establishment of a National Geodetic Network (NGN) covering the entire country.
As shown in Fig. 1.1, the control stations were located along primary transportation
routes. Unlike other countries in the region, no triangulation network was available
and, consequently, the horizontal control points were established using precise EDM
traverse networks. This methodology resulted in a network with a relative accuracy
ranging between 1/50,000 to 1/100,000. The classical approach of differential
leveling was used to establish the vertical control points and the level net was tied to a

number of tidal bench marks.

Coverage of the entire country with topographic maps at 1/50,000 scale with 50-meter
contour interval. The topographic mapping was carried out using conventional
photogrammetric procedures and resulted in about 2,500 map sheets as shown in Fig.

1.2; each sheet covering 15 minutes along longitude and latitude.

Although the maps produced at 1/50,000 scale served the immediate need for national

security, regional planning and transportation networks, there was a strong demand for larger

scale topographic mapping to meet urban and municipal planning requirements. This led to

the organization of the General Directorate for Surveying and Mapping (GDSM) in the
Ministry of Municipal and Rural Affairs (MOMRA) in 1968. The GDSM was assigned the

responsibility to provide topographic maps from the largest map scale of 1:1,000 to maps

approaching scale 1:25,000.Utilizing the services of international map production

companies, SCD under MOMRA has followed a mapping program to



Fig. 1.2: National Map Coverage at 1/50.000 Scale



systematically cover all the urban and rural population centers, spread over 200
Municipalities in KSA. These maps were initially produced using analog photogrammetric
mapping procedures and in 1984, digital mapping procedures using analytical stereo-plotters

were introduced in MOMRA [3].

1.2 Current and Future Plans

The introduction of the analytical stereo-plotters to replace the analog stereo-plotters was a
significant milestone in the evolution of Photogrammetry since it advanced our ability to
make image measurements by an order; the analog plotter resolution of tens of micrometers

jumped to the level of micrometers for an analytical plotter [22].

However, the photogrammetric compilation of a stereo-model remained a tedious and time
consuming task by a well trained human operator. Therefore, the effort were directed mostly
towards reducing the time and human labor needed during stereo-compilation by automating
as many photogrammetric measurement tasks as possible. At the same time, the exponential
advancements in the digital computing speed and memory were exploited to achieve
tremendous enhancements in image processing techniques [21]. The logical marriage of
analytical photogrammetric and digital image processing techniques led to the emergence of

‘Digital Photogrammetry’ in the 1990s [22].

Even though the aerial photography for mapping large areas continued to be acquired with
analog aerial cameras but the aerial film was later scanned on a digital scanner to transform
the film image to a digital image. Using digital overlapping images, the standard
photogrammetric procedures of the interior and the relative orientation required to orient a
stereo-model at a stereo-plotter (analog or analytical) could now be partially or fully
automated at a Digital Photogrammetric Workstation (DPW). The photogrammetric
measurements carried out at a DPW resulted in what has been designated as ‘heads-up
digitizing’ or ‘Softcopy Photogrammetry’ [22]. The softcopy photogrammetric techniques
were transitioned in MOMRA in the late 1990s and this is continuing as the standard practice

for photogrammetric mapping at all map scales.



The introduction of the digital photogrammetric technology in MOMRA also led to the
compilation of orthophoto coverage at 1:5,000 and 1:10,000 scales for urbanized areas and at
1:20,000 scale for rural population centers. In addition, high-resolution satellite imagery has

been geo-referenced to provide nation wide orthorectified image coverage.

During the past five years, due to more vigorous efforts and increased resources, the pace of
map production in MOMRA has accelerated. It is now expected that the map coverage at
1:1,000 and 1:2,500 map scales will be completed within next 2 to 3 years for urban and rural

population centers in all the regions of KSA.

1.3 Future Mapping Challenges

Since its creation in the late 1960s, the GDSM has successfully transitioned through various
development stages from Analog Photogrammetry, through Analytical Photogrammetry, to
state-of-the-art Digital Photogrammetry. This has resulted not only in providing map
coverage for more than 200 Municipalities in KSA at scales ranging from 1:1,000 through
1:20,000 but has also populated a nation wide geodatabase. The map data has been produced
with data quality meeting the highest international standards. The GDSM was recently
awarded ISO TC-211 certification for: “Map Production and Dissemination of Geospatial

Information”.

In spite of this success, MOMRA faces two challenging problems that require an early
solution. These problems are briefly described in the following sections and the search for a
possible solution to mitigate the impact of the problems has been the primary motivation for

undertaking this research study.

1.3.1 Map Updating

It is widely accepted that the ‘accuracy’ of a map data is not entirely defined by its geometric
accuracy but it also includes the correctness of the identified feature. This means that the
data must reflect the current situation on the ground [22]. This requires that map data must
be continuingly updated so as to reflect the changes on the ground. The topographic features

are constantly changing on the ground, but such changes do not occur at the same rate in
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every country nor in every town or village in the same country. Therefore, the time interval
between map revision, map revision practices and the resource allocation vary from one
country to another. There is a wide consensus that, until digital photogrammetric technology
can advance to fully automated feature data extraction, the digital photogrammetric mapping
procedures are still laborious and time consuming. The experience in many countries shows
that the time interval for completing a large mapping project, from the time of acquisition of
aerial imagery to generating the final map data, is still from 2 to 3 years. Therefore, this

approach is not well suited for map revision when rapid changes are constantly taking place.

The Ordnance Survey in United Kingdom has demonstrated impressive success in updating
its large scale map and cadastral database in that the data always reflects a 6-month currency.
However, this has been achieved by constantly mobilizing teams of about 400 Surveyors to
update maps through GPS supported ground survey techniques. It is interesting to note that
according to the United Nations Report on ‘World Urban Prospects 1950-2050°, the rate of
urban growth from 2005-2010 is estimated at 0.29 percent for United Kingdom, while the
corresponding growth rate for Saudi Arabia is 8.17 percent; more than 28 times! This clearly
shows the enormity of the challenge that MOMRA faces in updating the map database. There

is an urgent need for finding an alternate solution to this problem.

1.3.2 Implementation of Cadastral Registration

In order to introduce a nationwide modern cadastral registration system, the Government of
KSA has recently enacted the ‘Land Title Registration Act’. The provisions of this Act are to
be implemented jointly by MOMRA and the Ministry of Justice. In this regard, MOMRA
has been assigned the responsibility for geolocating the land parcel boundaries for
adjudication during the First Registration process. Since more than 4,000,000 land parcels
are involved, there is a strong incentive to explore an alternative to the physical measurement

of parcel boundaries on the ground.
One obvious alternative is to derive the parcel boundaries from space or aerial imagery.

However, it is necessary to explore what may be an optimal photogrammetric approach to

fulfill this objective. This consideration becomes relevant to this research study if it is found
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that the photogrammetric methodology found suitable for map revision can also fulfill, at

least partially, the requirements for the delineation of land parcel boundaries.

1.4 Objective and Scope of Study

1.4.1 Study Objective

As pointed out in the last section, there is a continuing need for updating the existing map
database. There is also a need for delineation of the boundary of individual land parcels to
support the implementation of the First Registration process that has recently been initiated in

the Kingdom of Saudi Arabia.

The revision of a map is usually carried out by adopting one of the two approaches. If the
extent of change in the existing map features is small, the new features are surveyed on the
ground and plotted in CAD environment (such as Microstation, etc.) using the same datum
and coordinate system as for the existing map data. This newly surveyed features can then
easily be merged with the existing digital map data by deleting those features that no longer
exist and inserting the new features and any changes in the existing features. This method is
accurate but, in spite of the GPS positioning technology, especially the Real-Time Kinematic
(RTK) GPS positioning, is time-consuming and, consequently, costly. Its use is, therefore,

justifiable when the changes in map are minimal.

If extensive changes have occurred, then the only viable approach is to map the area from a
new set of aerial imagery. The time needed for planning the project, acquisition of aerial
imagery, scanning (unless imagery is acquired with a digital aerial camera), establishing new
control points as needed, and aerial triangulation would take the same amount of time and
effort as needed for original mapping. The only difference will be that all the planimetric
features do not have to be captured again. The existing map data can be displayed to drape
the stereo-model created from the new aerial imagery and the existing map database is edited

for only changes in the planimetric features.

As pointed out earlier, the urban landscape in Saudi Arabia is changing very rapidly with the

constant outward growth of urbanized areas. This makes the mapping task as a combination
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of large areas of new mapping with extensive changes in the existing map data.

Consequently, the process takes long time and becomes expensive.

As an alternative process, it is proposed to investigate the use of orthophotos generated from
new aerial imagery for mapping of new features as well as for the editing of existing map
features. After the aerial triangulation of the new aerial imagery blocks has been completed
and if Digital Elevation Model (DEM) data is available, the production of orthophotos
becomes a fully automated batch process that does not require any operator intervention [16,
20]. The resulting orthophoto raster images may then be digitized for vectorizing the
planimetric map features. This approach is expected to result in significant savings in time

and cost [14].

The proposed approach may also present a viable alternative to ground survey of parcel
boundaries for cadastral registration for some areas. The lands that lie outside the
Municipality boundaries are either agricultural lands, or used by nomadic population as
grazing lands or uncultivable desert lands. Such lands are not covered with 1:1,000-scale

maps. However, the boundaries for such land parcels also have to be delineated for
implementing the First Registration. The boundary delineation of such land parcels on

orthophotos may offer a faster and less expensive alternative.

Therefore, the objective of this research study is to explore the following two questions:

1. Does mapping of planimetric features from 2D digital orthophoto images provide a
rapid and viable alternative to the standard procedure used for photogrammetric
mapping from 3D digital stereo-images?

2. Does mapping the boundaries of land parcels from 2D digital orthophoto images
provide a satisfactory alternative to surveying boundaries in the field to satisfy the

cadastral registration requirements?

The scope of this study and the choice of the methodology selected for study are aimed at

seeking an answer to the above questions.
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1.4.2 Scope of Study

The Specifications for Digital Photogrammetric Mapping Projects in MOMRA require that
the mapped planimetric position for well identifiable points should not exceed an error in the
X-coordinate nor in the Y-coordinate that exceeds 15 cm at 1-c level for digital map data
produced at 1:1,000 map scale [18]. The detailed procedures for control surveys and digital
photogrammetric mapping have been designed to meet this standard. Color aerial
photography is obtained using a 30 cm focal length aerial camera to produce photography at

1:5,500 scale.

A new mapping project covering a large area north of Riyadh was flown during 2007 but it
has not yet been mapped. It was planned to use this most recent aerial photography covering
a small test site for this study and process stereo-models using standard digital
photogrammetric procedures. In addition, digital orthophotos covering the same area will be
produced. This will provide a means to compare the coordinates of a set of test points
measured in the 3D stereo model with the corresponding coordinate data measured on 2D

digital orthophoto.

The coordinate data will be analyzed to seek answers to the questions posed in Section 1.4.1.
The analysis of the two coordinate data sets should result in drawing appropriate conclusions

and to offer recommendations for future guidance.

CHAPTER 2. METHODOLOGY USED FOR STUDY

2.1 Choice of Study Area

It was pointed out in Chapter 1 that this study was motivated to evaluate the use of
orthophotos generated from recent aerial imagery for updating 1:1,000 scale map database
maintained by the General Directorate for Surveying and Mapping (GDSM) in MOMRA. A
secondary objective was to assess whether a large scale orthophoto can be used to delineate
the boundary of a land parcel to support cadastral registration process.. The initiative for the
implementation of a nationwide cadastral (land title) registration system was launched jointly

by the Ministry of Justice and MOMRA during summer 2007. A small town Huraymila
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located about 90 km north-west of the capital Riyadh was the first area selected for

implementing the newly introduced land title registration system.

Figure 2.1- General appearance of study area on satellite image

As seen on the satellite image in Fig. 2.1, Huraymila is a small town with a population under
3000 and is surrounded with old style farms with a lot of palm trees but is not mountainous or
covered with forest. The average terrain elevation is about 650 meter above MSL.

New color aerial photography at a scale of 1:5,500 had been acquired with an RMK TOP30
camera during late December 2006 to cover 43 sq km area surrounding the town for the
production of maps at 1:5,500 scale. Airborne GPS data, logged at 1-sec interval, had also
been acquired during the entire flight mission. The combination of the designation of the
area for implementing cadastral registration, suitability of the terrain for photogrammetric
data acquisition, blend of the urban and rural landscape and the availability of recent aerial
photographic coverage, presented a compelling case for the selection of Huraymila for the

proposed study.
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2.2 Data Acquisition Methodology

2.2.1 Aerial Imagery

The 1:5,500 colour aerial photography was captured by a RMK TOP30 (305.577 mm) with
forward motion compensation, gyro-stabilized mount and flight planning system. The block
is covered by 176 stereo images with 60% forward overlap and 40 % side overlap, and is
comprised of 11 flight lines flown in the E-W direction and 4 tie flights, 3

of which were run in the N-S direction. Fig. 2.2 indicates the photo footprint and model

configuration of the aerial photography blocks. configuration for the study area
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Flgure 2.2- Aerial Photography Block

The aircraft was fitted with a Novatel geodetic GPS receiver system which continuously
acquired and logged data at 1 second intervals during the entire photo mission. The data is
stored together with a time tag of the camera exposure events. For quality control and as a
back-up against likely GPS receiver malfunction, GPS data at two different base stations, tied
to the geodetic network established for ground control, was also logged at 1-sec interval

during the entire photo mission.

The airborne GPS data was post-processed differentially with respect to each base station
using geoNap++ software. The coordinates of the camera perspective center for each aerial
photo at the time of exposure were derived through linear interpolation for the corresponding
event time from the two closest computed locations along the trajectory of the airborne GPS
antenna. The resulting coordinates are in the same geodetic reference frame that was used

for the ground control; UTM Zone 38, based on ITRF 2000 datum. The ellipsoidal height
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data resulting from the processing of GPS data was transformed to orthometric heights based
on the local Geoid model estimated for similar reduction of the ground control height data.
The final results indicate that the standard errors in the computed camera station coordinates

do not exceed 10 cm in position and 15 cm in height.

Finally, All photos have been scanned, on the roll, using a Z/I TD- PhotoScan high precision
scanner, at a resolution of 14 micrometers, with a full set of overviews. The calibration of the
scanner is maintained and checked periodically by a trained Z/I technician. An up-to-date
calibration report is available during digital photogrammetric data processing. Regular
inspection during the scanning process has ensured that the resulting digital images are free
of noise, bit errors, spikes etc. that may possibly be introduced during the scanning process,

and that they are radiometrically homogenous.

2.2.2 Ground Control

Precisely surveyed geodetic control is essential for controlling each aerial triangulation block.
Since airborne GPS data is collected during flight mission, the 3D control points are required
to be spaced only along the perimeter of the block in order to carry out bundle block
adjustment. As shown in Fig. 2.2, the Huraymila mapping area was covered with two
separate blocks. The south-west corner of the area is covered with a small block that consists
of 12 models only. The second much large block with 162 images covers the rest of the
mapping area. Such large blocks often require the use of additional shift and drift parameters
during bundle adjustment. This imposes a strict requirement for the availability of a 3D
control point at each end of each strip [13]. The most common practice is to meet this control
requirement through GPS-controlled cross flights. This practice is also followed in
MOMRA, and consequently, four cross flights were also flown along the block perimeter

(shown in blue in Fig. 2.2).

A GPS control network was designed and a permanent concrete monument was built at each
control station and each station monument was signalized a few days before the flight
mission was conducted. The design of the monument and the signal has been standardized in

MOMRA specifications for mapping at various scales [19].
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After the photography had been completed and scanned, it was found that only the control
points shown in magenta in Fig. 2.2 (10 points) could be seen in the imagery; some targets
must have been lost before the area was flown. Such a control distribution was not
satisfactory [13] . In order to rectify this situation, four additional points were selected,
shown in orange in Fig. 2.2, to fully satisfy the minimal control requirement for a reliable
bundle adjustment of the aerial triangulation block. Although no longer signalized, these
points are well identifiable on the imagery and, therefore, are considered equally reliable.

One additional control point was located in the interior of the block to serve as a check point.

The ground control network was observed using static differential GPS technique and the
entire network was adjusted simultaneously. The results indicate a standard error in the range
of 2 to 3 cm in planimetric position and 4 to 5 cm in height; these results are within

acceptable range [18].

2.2.3 Aerial Triangulation

The procedure for softcopy Aerial Triangulation (AT) is mainly governed by the hardware
and the software used. The digital photogrammetric workstation currently used for AT in
MOMRA is Z/1 Image Station combined with Match-AT software marketed by Inpho. The
major steps during this process are:

e Project definition

¢ Interior orientation

e Automatic Mensuration

e Manual Mensuration

e Absolute orientation using GCPs

e Coordinate refinement

¢ Bundle block adjustment

2.2.3.1 Photogrammetric Data Acquisition

Prior to the commencement of the observations, the camera calibration parameters and

several block parameters were defined in Match-AT. The software uses this information for

algorithm selection, data manipulation, and image display [24]. The measurement started
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with performing the interior orientation of each image to establish the relationship between
the calibrated fiducial coordinates and the corresponding raster coordinates, most commonly
through an affine 2D coordinate transformation. This process has successfully been
automated for using digital raster images. By using a predefined Template Photo, the
software loops through each of the images and matches the fiducial marks measured on the

Template Photo with each of the images using auto-correlation.

In order to maintain quality control, all the 8 available fiducial marks on each image were
measured and the transformation residuals were continuously reviewed for any unacceptably
large transformation residuals. Manual measurement by an operator is needed if any
observation has to be deleted and replaced. The transformed image coordinates in each
image were then corrected for systematic errors due to radial and tangential lens distortion,

atmospheric refraction and earth curvature.

The next processing step is the relative orientation that captures the relative geometry
between overlapping images through the measurement of common tie points. Match-AT
software provides the capability to perform this step through fully Automatic Aerial
Triangulation (AAT). In order to initiate the automatic mensuration process, initial estimate
for image footprints have to be established. This information is derived from the photo
perspective center coordinates that are known from airborne GPS data and supplemented with

the measurement of all the ground control points by the operator.

The automatic tie point mensuration process attempts to correlate image points in each of the
9 von Gruber positions for each image, simultaneously in all overlapping images. Optimal
results can be expected only through a judicious selection of image correlation parameters by
the operator, with due regard to the nature of terrain and image texture [2, 23]. The tie points
are measured automatically on all overlapping images. The following criteria for automatic

tie point mensuration was used for the Huraymila block:
e Tie points within each image are distributed at the 9 von Griiber locations

e cach image shall have a minimum of 3 tie points at any von Gruber location

e the number of tie points in each image will preferably not less than 60
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e atie point shall appear in at least 3 images except in models located at ends of flight

lines

Any deficiency in the distribution of tie points was made up through manual measurement.
Additional tie points were measured manually by selecting well-defined objects which appear
on overlapping images, are easily distinguished from surrounding detail and are located in

clear and flat areas [6].

After completing the tie point measurement, the relative orientation for the entire block is
reviewed to ensure that there are no outliers, and the tie point measurements are refined if
needed. Using the perspective center coordinate data coupled with the coordinate data of the
few ground points located along the block perimeter, an absolute orientation solution of the
block to the ground was achieved. Such a solution is approximate because the lack of
reliable camera orientation data and the fact that the airborne GPS data may have systematic
shift and drift errors due to imperfect ambiguity solution, causes residual image errors to
propagate into large ground coordinate errors [2]. However, it adequately serves as an initial
estimate for the ground coordinates for the tie points in order to initiate the bundle adjustment

process.

2.2.3.2 Bundle Adjustment

The bundle block adjustment was also carried out using the Match-AT adjustment module.
Features of this program include self-calibration to correct simultaneously for systematic
image errors, automatic detection and elimination of blunders and simultaneous adjustment of
differential GPS observations and derivation of drift correction in all three co-ordinates.
Calculation of the error propagation by inversion is performed for better analysis of the

results [7, 24].

For the bundle adjustment of a GPS supported AT block, the relative weighting of the ground
control data and the airborne GPS control data is an important consideration [13]. Since both
sets represent a measurement data, an accurate assessment for the a- priori standard error for
each type of measured data is required. In the case of airborne GPS data, the post-processed

solution provided an estimate for the standard error in the three coordinate components for
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the computed position for camera perspective center for each photo. However, the Match-AT
software used for adjustment is restricted to assigning only one value for the standard error in
the X- and Y-coordinate data for all points. A different single value for the height standard
error is permitted. Accordingly, the following values for the standard error in control data
were used:

Ground Control Point Data

Standard error in X- and Y- coordinate: S5cm

Standard error in Z-coordinate (Height) 7 cm

GPS derived Perspective Center Data
Standard error in X- and Y- coordinate: 10 cm

Standard error in Z-coordinate (Height) 15 cm

It should be pointed out that the ground control coordinates resulting from GPS network
adjustment indicated a higher precision. However, the above values were selected to account
for some degradation in the precision during manual photogrammetric measurement of

control points on digital images.

The Huraymila block is medium-size block; there are 27 images in each of the two longer
flight lines. Accordingly, 3 shift and 3 drift parameters for each strip (1 shift and 1 drift
parameter for each of the 3 coordinate component) were included during bundle adjustment.
As pointed out in Section 2.2.2 above, additional ground control points were established to
strengthen the block perimeter and to permit the use of such additional parameters. In the
absence of control points in the interior of the block, the use of the self-calibration option
could not be justified and, therefore, not used. The final AT block adjustment results are

summarized below and meet the MOMRA accuracy standards [19]:

Number of Strips 13
Number of Images 162
Number of Control Points 14

Control Point Residuals:
RMS in X-coordinate 3.6 cm
RMS in Y-coordinate 5.6 cm
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RMS in Z-coordinate 7.9 cm
GPS Control Residuals:

RMS in X-coordinate 14.5 cm

RMS in Y-coordinate 7.7 cm

RMS in Z-coordinate 9.6 cm
Number of Tie Points 20162

Standard Error of Unit Weight(cgy 2.3 p

Mean Standard Error in Rotation:

Std. Error in Omega 1.2 [deg/1000]
Std. Error in Phi 0.9 [deg/1000]
Std. Error in Kappa 0.3 [deg/1000]

The successful completion of the aerial triangulation of the block provided all the data
required for 3D stereo compilation of individual models as well as to generate orthophoto for

any image.

2.3 Data Acquisition Procedure

As emphasized earlier in Chapter 1, the primary objective of this study is to assess whether
the extraction of planimetric features such as buildings, fences, etc. from a two-dimensional
orthophoto raster image can offer an acceptable and viable alternative to the conventional
approach of using digital photogrammetric compilation of three-dimensional stereo-models.
To achieve this objective, an area covering 1km by lkm that reflected a good blend of built-
up and open areas was selected from the Huraymila block and is shown in Fig. 2.3. The
selection of test data and the alternate photogrammetric procedures used for data extraction

are briefly described.
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Figr 2.3- Test area and distribution of test points
2.3.1 Test Point Selection

Any experimental study aimed at a comparative analysis of two measurement data sets must
be designed to ensure that any variation in the data quality can confidently be attributed to
non-ambiguous parameters. Any photogrammetric measurement by a human operator
involves two tasks; inferpretation of image and subsequent pornting to the image. The
interpretation of imaged features is a psychophysical task that is not easily quantifiable
except for ‘point features’, for which the human eye is sharply tuned. It is for this reason that
most national standards for spatial data accuracy greatly emphasize the use of only ‘well-
identifiable’ points for any data validation [4, 26]. It was, therefore, decided to confine this
study to the measurement of only point features, such as building corners, sharp bends in

boundary walls or concrete pavements, etc. Since a variety of different types of ‘point’
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features are visible in a typical urban aerial scene, data for a total of 100 test points was

collected for this study, which were grouped into the following 10 different ‘point’ feature

types:

- Building Corner

- Brick Fence Corner

- Wire Fence Corner

- Paved Road Edge Corner

- Manhole

- Road Sign

- Light Pole

- Street Lamp

- Street Lamp-Multiple

- High Voltage Electric Pole

All point objects, except for the building corners, were observed at their base on the ground
level. The building corners were measured at the roof level. This conforms to the most
common photogrammetric practice and was also planned to assess the effect of building
heights on the orthophoto measurement data. Some of the test points used for data collection

are shown in Fig. 2.4.
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Fig. 2.4: Some the Test Points used in the Study

2.3.2 Test Data Measurement

Starting with the digital aerial imagery, the various processes involved in the observation of
the coordinate data for the selected test points is schematically displayed in Fig. 4.5. All the
photogrammetric processes were performed on the Z/I Imaging photogrammetric workstation
ImageStation. This DPW has been in use for many years, incorporates ergonomically
designed Solid State Hand-Held Controller and offers a full suite of photogrammetric
software applications [16]. High-end single or dual 21" and 24" monitors provide a
convenient arrangement for viewing and roaming of a stereo-model with the aid of

CrystalEyes stereo glasses.

The aerial triangulation adjustment solution for the Huraymila block provided the orientation
data as well as a large number of tie points for carrying out the absolute orientation of the
model covering the test data site. The absolute orientation solution resulted in RMS values
for the X-coordinate and the Y-coordinate below 7 cm and the corresponding value for the Z-
coordinate (elevation) was below 11 cm; within the acceptable range for extracting
planimetric coordinate data for the selected test points. No significant residual parallaxes

were noticed during stereo compilation in any of the 3 stereo-models that cover the test area.
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Fig. 2.5: Schematic diagram of the Photogrammetric Processes involved in the Study

2.3.2.1 Stereo Observations (3D)

A stereoscopic pointing of the curser was carefully made individually at each test point and

its three-dimensional coordinate data was captured. This step is carried out by the operator

pointing to a data point only in one (left) image, the conjugate image point is then obtained
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through automated image correlation. This process was performed using the Least Square
Matching (LSM) technique which has been reported to be the most accurate approach [8, 10]
. The matching results are displayed and the correlation coefficient was reviewed to monitor

the matching quality.

It has already been pointed out that the test points were grouped in 10 point-type feature
categories. All the test points falling in a specific category were observed in sequence in
order to validate the statistical analysis for points included in the same category. The
building corners were observed at the roof level, while all the points in the remaining 9
categories were measured at their estimated ground position. This procedure was followed for
all the test points and the resulting 3D coordinate data is given in Table I-1 in Appendix-I.

This provided one of the two data sets required for this study.

2.3.2.2 Orthophoto Observations (2D)

This required the generation of an orthophoto for the selected test area. A prerequisite for the
digital production of orthorectified imagery, is that the camera tilts and the terrain heights of
the area should be known [5]. While the attitude determination of the camera is performed
during the process of aerial triangulation, the terrain heights are produced by generating a

digital terrain model.

Digital terrain data is also captured at a DPW. For normal map production, breaklines are
appropriately identified as to the planimetric features that they correspond to, and manual
data capture methods are used for breakline data capture. Additional mass points are added
to the linear features with automated correlation method with manual checking. The resulting

Digital Terrain Model (DTM) will then correctly represent the terrain surface.

In this study, however, the primary objective is to investigate the feasibility of using an
orthorectified image to provide a method for rapid map revision, as an alternative to
conventional 3D digital mapping. Any effort channeled towards the capture of breaklines
would have essentially required the mapping of all buildings and similar man-made features,
which essentially is a labor-intensive process. Consequently, the capture of the breaklines
was not economically justifiable. An economically attractive alternative approach was to

automatically generate elevation data for the study area using the MATCH-T software [1,
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15]. But, the elevation data using this approach would have also generated elevation data
points on top of buildings, trees and other elevated features, thereby creating a Digital
Surface Model (DSM) instead of a DTM [1, 27]. In the absence of breaklines representing
buildings, there is no geometrically valid approach to interpolate a regular Digital Elevation
Model (DEM) grid from such DSM. 1t is also necessary that he orthorectified imagery used
for this study should be based on a ground-level DEM to conform to the orthorectified
imagery in the existing MOMRA geodatabase, for the applicability of any conclusions based
on this study.

It was, therefore, decided to manually capture the elevation data from the stereo models. The
elevation data for ground points along the roads and other open spaces, at an average spacing
of about 15 to 20 m to reflect any changes in the terrain slope, was measured. This elevation
dataset defined a Triangulated Irregular Network (TIN) surface from which a regular DEM at
10-meter post spacing was interpolated. All the points in this DEM lie on the ground and
therefore, the elevation for all buildings are interpolated based on the elevation of adjacent

street level; the building heights are completely ignored.

The aerial photos had been scanned at 14 p resolution, that for a 1:5,500 average photo scale
had resulted in Ground Sampling Distance (GSD) of 7.7 c¢cm in the scanned imagery. Ortho-
rectification of only 2 images was needed to cover the test area. The image, the DEM data,
and the orientation data from aerial triangulation solution were then combined to generate

orthophotos at ImageStation using OrthoMaster software package marketed by Inpho.

Finally, 2D coordinate data for the test points was captured by digitizing the orthophoto
image displayed on the screen of ImageStation. Any test point appearing in both ortho-
rectified images was measured in the image where the point fell closer to the image center,
since the positional error in a pixel on an orthophoto image due to residual errors in DEM
elevation and camera orientation, increases with the pixel distance from the photo center [22].
The coordinate data is given in Table I-2 in Appendix-I. This concluded the data acquisition

process for this study.
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CHAPTER 3. MEASUREMENT DATA PROCESSING

The coordinate data for 100 test points was observed using two different methods as
described in Chapter 2, and the data is tabulated in Appendix-I. For a comparative analysis,

it is necessary to calculate the resulting differences in the observed coordinates.

3.1 Coordinate Differences

Only differences in the X-coordinate and the Y-coordinate will be considered, since no
elevation data resulted from observations made on the orthophoto imagery. The most
commonly used method for revising digital map is through acquisition and photogrammetric
processing of new aerial imagery. Therefore, the coordinate data for the test points observed
in 3D mode in a stereo-model and listed in Table I-1 in Appendix-I will be regarded as the
‘Base Data’ for coordinate comparison. The coordinate data observed manually in heads-up
2D mode using orthophoto image is designated as ‘Ortho Data’ for this analysis. The
differences in X- and Y-coordinate of the Ortho Data from the Base Data were computed and

are also shown in Table I-1.

3.2 Horizontal Accuracy

The use of the Geospatial Positioning Accuracy Standards, Part 3: National Standard for
Spatial Data Accuracy (NSSDA) was considered to statistically analyze the coordinate
differences [26]. This data accuracy standard has been established by the U.S. Federal
Geographic Data Committee (FGDC) and implements a well-defined statistic and testing
methodology for positional accuracy of points on maps and in digital geospatial data, with
respect to georeferenced ground positions of higher accuracy. This standard replaced the

older United States national Map Accuracy Standard that had been in use since 1947 [25].

The NSSDA uses root-mean-square error (RMSE) to estimate positional accuracy. RMSE is
the square root of the average of the set of squared differences between the coordinate values
of the data set being checked and the coordinate values from an independent source of higher
accuracy for identical points. The accuracy is reported in ground distances at the 95%
confidence level. Accuracy reported at the 95% confidence level means that 95% of the
positions in the data set being tested have an error with respect to true ground position that is

equal to or smaller than the reported accuracy value. The reported accuracy value reflects all
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uncertainties, including those introduced by geodetic control coordinates, compilation, and
final computation of ground coordinate values in the product.
In order to apply NSSDA, the following requirement has been emphasized:
Test horizontal accuracy by comparing the planimetric coordinates of well-defined ground
points with coordinates of the same points from an independent source of higher
accuracy. Select check source so that its accuracy is within one-third the accuracy of the
data set the at the 98% confidence level. Well-defined points are features that can be
identified within a precision of one-third of the maximum expected uncertainty for the

data set.

It is to be noted that if the check data set is at least three times more precise than the data set
being checked, the check data set can then be statistically regarded to be errorless. Therefore,
NSSDA evaluates the data accuracy relative to an errorless data set and, therefore,

corresponds to checking the absolute accuracy.

If NSSDA procedure is adopted for this study to compare the ortho data with the
corresponding base data, the NSSDA criteria stated above are not fully met. Both the data
sets being compared were produced by using different photogrammetric methods but were
derived from common digital imagery and stereo-model; the base data is also burdened with
the normal photogrammetric measurement errors and cannot be regarded as errorless.
However, the use of NSSDA procedure is justifiable as long as it is clearly understood that
the results provide a measure for the accuracy of ortho data relative to the base data.

Consequently, this standard was adopted for this study.

3.3 NSSDA Computation
The horizontal accuracy according to NSSDA is computed as follows.

Let:

RMSE, = /3(x data,i — xcheck,i)2/n (RMSE, = sqrt[3(X ata, i - X check, i) /0])

RMSE, = ,/3(y data,i — y check,i)2/n (RMSE, = sqrt[3(Y data. i - ¥ check, 1)-/n])

where:
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X data, i» Y data, i ar€ the coordinates of the i th check point in the dataset being checked

X check, i» Y check, i are the coordinates of the i th check point in the independent source of higher

accuracy
n is the number of check points tested
11s an integer ranging from 1 to n

. C e f 2 2
Horizontal error at point i is defined as V[(X data,i - X check,i)” T(Y data,i - ¥ check,i) -

Horizontal RMSE is:

1{1\/ISEr = "l"lr[z((x data, i = X check, i)2 +(y data, i~ Y check, i)z)/n]
RMSE, =V[RMSEx’ + RMSEy?]

It is assumed that systematic errors have been eliminated as best as possible. If error is
normally distributed and independent in each the x- and y-component and error, the factor
2.4477 is used to compute horizontal accuracy at the 95% confidence level [25]. When the
preceding conditions apply, Accuracy; , the accuracy value according to NSSDA, shall be

computed by the formula:
Accuracy, = 2.4477 * RMSE, = 2.4477 * RMSE,
=2.4477 * RMSE, /1.4142

Accuracy; = 1.7308 * RMSE,

The above accuracy calculation has been carried out, separately for each point feature type

category and the results are shown in Table 3.1.
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Table 3.1: Computed NSSDA Value for Observed Test Point Data
Feature Type RMSE, (cm) RMSE, (cm) RMSE, (cm) Remarks
Road paved edge (junction) 25 20 32 1 bad observation
Manh ole 18 13 22
Brick Fence Corner 23 21 31
Wire Fence Corner 24 38 45
Street Lamp (multiple) 17 26 32
Street Lamp (Single) 20 42 47 1 bad observation
Light Pole 17 38 41 1 bad observation
Road Signpost 12 36 38 1 bad observation
Electric Pole (high Voltage) 26 82 86 1 bad observation
Building Corner 115 49 125

The details of the above computation from the two data sets being compared can be seen in
Appendix-I. As already pointed out, the test points should be well-defined, clear and well
distributed in the test area. In spite of the care exercised in the selection of the test data
points, it is noticed that one data point in 5 of the 10 different feature categories resulted in
very poor observation; most erroneous observations appear to be blunders. Such poor
measurements resulted in coordinate differences varying from 50 cm to 229 cm. Such errors
are most likely attributable to the difficulty faced in interpreting the exact ground point for
features like a light pole on the orthophoto image during heads-up digitizing. A closer
examination of the test points on the orthophoto image indicated that the light pole that
resulted in erroneous measurement (Point No. 87 in Table I-1) is located next to a tree and its
base is not seen clearly in the image. Similarly, the Test Point No. 100, which is a Street
Lamp (Single), is located next to a building. This makes it hard to clearly distinguish its base

point on the orthophoto image.
The coordinate difference data for 5 of the points (5 percent of the total measurement data)

was removed from consideration and the NSSDA values were re-computed. The results of

this revised computation on the edited data set are given in Table 3.2.
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Table 3.2: Computed NSSDA Value for Edited Test Point Data
Feature Type RMSE, (cm) RMSE, (cm) RMSE, (cm) Remarks
Road paved edge (junction) 19 12 23 1 point deleted
Manhole 18 13 22
Brick Fence Corner 23 21 31
Wire Fence Corner 24 38 45
Street Lamp (multiple) 17 26 32
Street Lamp (Single) 20 27 34 1 point deleted
Light Pole 16 23 28 1 point deleted
Road Signpost 10 14 18 1 point deleted
Electric Pole (high Voltage) 26 38 46 1 point deleted
Building Corner 115 49 125

3.4 Time and Cost Considerations

The test point data acquired through the use of two different photogrammetric methods has
been analyzed for relative accuracy. Even if the accuracy achievable by either method were
acceptable, the time and cost are the over-riding considerations to prefer the use of one
method to the other. Photogrammetric data acquisition requires the same initial processes
whether the data is captured as vector data in 3D mode from stereo models or as vector data
by digitizing in 2D mode on orthorectified raster images. As illustrated in Fig. 2.5, the
common processes include the acquisition of aerial imagery, directly through digital aerial
cameras or by scanning aerial photography, the monumentation, measurement and signalizing
of the ground control points, and performing the aerial triangulation of the aerial imagery

block.

When the production times of vector and raster (orthophoto) maps are compared, it is clearly
seen that the latter has significant advantage. As an example; 1 kmx1 km area can be covered
almost by three models from aerial imagery at 1:5,500 scale. It is estimated that about 20
operator-hours are needed to produce orthophotos covering this area. On the other hand, an
estimated 60 operator-hours will be needed to produce a vector map of the same area. The

cost of map production increases linearly with the production time. Consequently, after the
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completion of aerial triangulation, the cost of mapping from orthophotos may be about one-

third of the cost of stereo map production.

Based on international (somewhat standardized) rates, an estimated cost of various processes

involved in digital photogrammetric mapping are given in the following tabulated below [14].

aerial photography $4000 for mobilization; plus $10 per image
scanning of photos $15 per image

aerial triangulation $25 per image

digital elevation model $120 per image

digital orthophoto $30 per image

mosaicking of ortho images $20 per image.

On screen digitizing by stereo-workstations or in the orthophotos is labor intensive, and it
may vary with the density of details in the image, e.g. it may vary from 10 hrs/image for rural
areas to 100 hrs/image for dense urban scenes. This is why many photogrammetric mapping
companies doing business in the developed countries having labor rates of more than
$50/hour, have started joint ventures with institutions in countries with labor costs even less
than $20/hour for photogrammetric compilation and for extracting GIS information from

aerial images [14 ].

However, when we consider the extraction of vector data from ortho-rectified raster images,
the hourly rate advantage mentioned above disappears. Interpreting and extracting the
features on ortho images is much more difficult in comparison with stereo models. Even an
experienced operator may require about 40 hours for map compilation from some ortho
images. Difficulty grows as the ortho image scale becomes smaller [12]. The operator has to
give much more attention to define the features correctly and consequently, spends more time

for data acquisition.

34



CHAPTER 4. ANALYSIS OF RESULTS AND CONCLUSIONS

4.1 Map Data Reliability

For the test data used in the study, the values for computed NSSDA estimates are
summarized in Table 3.2 and represent the accuracy of the ortho data relative to the base data.
Both the data sets were derived from 1:5,500 scale digital imagery which is the standard
image scale used by MOMRA for the digital photogrammetric stereo compilation of data for
display at 1:1,000 map scale. The MOMRA Map Accuracy Standard specifies the following
limiting planimetric accuracy for 1:1,000 map scale [18]:

RMSE; = RMSE, = 15cm

The results given in Table 3.2 indicate that the NSSDA value for X-coordinate varies from 10
cm to 26 cm for all feature types except the building roof corners. The corresponding
statistic for the Y-coordinate varies from 12 cm to 38 cm. The NSSDA accuracy is derived
from the coordinate RMSE value from:

NSSDA Accuracy = 2.4477 * RMSE, = 2.4477 * RMSE,

Accordingly, the MOMRA Map Accuracy Standard for planimetric coordinate data
corresponds to NSSDA value of 15 cm * 2.4477 = 37 cm. The NSSDA values given in
Table 3.2 fall well within this limiting value for the X-coordinate measurements for all
feature types except the building roof corners. Similar results for the Y-coordinate are also
within the limiting value of 37 cm with the exception of Electric Pole (high voltage) feature

type, in which case the value of 38 cm exceeds the permissible value by merely 1 cm.

The above analysis indicates that if digital map data for point features is extracted from 2D
raster orthophoto images, there is a 95 percent probability that the data error in the resulting
X-coordinate or Y-coordinate will not exceed the MOMRA Map Accuracy Standard relative
to the coordinate accuracy value specified for similar data obtained by using the standard
stereo digital photogrammetric methods. Therefore, from the accuracy considerations,
digitizing from orthophoto images can provide a viable alternative for rapid revision of maps

at 1:1,000 or smaller scales.
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There is a significant problem, however, when it comes to capturing the buildings in ortho-
rectified aerial imagery. Constrained due to the geometry of a perspective aerial image, it is a
common photogrammetric practice to map the buildings with vertical walls by tracing roof
tops of the building which are more clearly identifiable in the image. This does not pose any
problem in a 3D stereo data capture environment, because the roof corner and the
corresponding base corner of a building are mapped at the same location. The situation in
2D mapping from ortho-rectified images is more complex; the result would depend entirely

on the surface geometry of the DEM used for the ortho-rectification of the image [27].

If the DEM used for rectification is derived from a DTM, then it correctly models the surface
at the ground level only, and will not be representative of the elevated features such as
building roofs, water tower, etc. Consequently, all the features elevated above the ground
will be displaced from their correct planimetric position in the orthorectified image. In this
study, it was deliberately planned to use only the height data points located on the ground for
deriving a DEM for ortho rectification in order to assess the extent of error caused by the
building height. This explains why very large (exceeding 1 meter in the Easting) differences
are observed in the measured base coordinate data and the ortho coordinate data. If the use of
orthorectified imagery for rapid map revision has to be adopted, an alternative approach for

obtaining a more reliable DEM data must be explored.

The point features which are located on the ground surface such as manhole, paved road
vertex (sharp junctions), base of thin street lamps provide reasonably high accuracy results.
But features near the building, tree or other elevated features cannot be accurately positioned,
and sometimes are difficult to even define correctly. As an example, the mapped position of
a water tower is shown in Fig. 4.1, where the tower outline mapped by 2D digitizing in
orthophoto image is highlighted. It is noticeable in Fig. 4.1 that even though the mapping
from orthophoto has
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Fig. 4.1: Overlapping Mapping of a Water Tower Using Both Methods

correctly captured the scale, the displacement due to the height of the tower has distorted its

shape and caused about 1.5 meter increase in its size.

On the other hand, defining and compiling features such as a water tower or buildings are
rather easy but the resulting positional accuracy is not acceptable. Many buildings in the test
area are 6 to 10 meter high. As seen in Table 3.2, this has caused a degradation in the
positional accuracy to about +£1meter in the flight direction.. Clearly, the higher the building,
the worse will be the planimetric accuracy. The vector data for a mosque building, resulting
from both the data capture methods is displayed in Fig. 4.2. It can be clearly seen that some
of the building details cannot be seen on ortho images, which has resulted in giving a
different architectural shape to the building. Also the shift in the location of the minaret top

in the orthophoto map is noticeable.
[~

e

Figure 4.2: Vector data depicting a mosque building in two cases.
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Another problem faced in compiling from ortho images is the confusion caused in
distinguishing some line string features such as ditch, oil or water pipeline, etc. from track,
path, railroad, or vice versa. Such confusion in feature identification can only be resolved in

the field, thereby creating extra burden to the field verification and completion tasks.

Yet another noteworthy feature of mapping from orthophotos is the dominating role of the
background color on the orthophoto in extracting some features such as manhole, electric
box, etc. The street light poles and the electrical poles can be easily mapped when located in
open areas, but it may sometimes be difficult to distinguish between them, especially when
located in the vicinity of trees or buildings. Also some elevated features such as buildings,
trees, walls, etc. may obscure some area in immediate vicinity due to shadows as is the case
shown in Figure 4.3, thereby causing errors in feature compilation or even complete loss of

some of the vector data.

Figure 4.3: The tree shadows affect the data extraction in 2D

4.2 Comparative Analysis of Methodology

Based on the experience gained through this study, the following provides a comparative
analysis between the 2D method of heads-up digitizing on orthophoto images and the method
of 3D stereo photogrammetric data compilation:

= Most of the scattered trees can be seen in 2D image but their position coordinates are

generally 0.5-1m different from the 3D coordinates.
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= Masonry outlines are not correctly mapped and sometimes may even not be compiled.

= Light poles around trees, especially on the road edges, cannot be seen.

= Hedges are generally visible, but at some places a hedges may be compiled even
though no hedge exists there. Coordinate differences around 50 cm are expected.

= Wire fence is easily mixed up with a brick fence. In urban areas, it is hard to
distinguish between fences surrounding the buildings as a brick fence, an iron fence or
an iron and brick fence. This becomes even harder when the buildings are located

next to each other.

Aerial photography at 1:45,000 scale is used for 1:10,000 and 1:20,000 scale mapping in
MOMRA. For this photo scale, the scanning at 14 p resolution results in a ground
sampling distance of 63 cm. In order to assess the role played by the GSD in 2D mapping
from the orthophoto images, similar test of mapping was also performed on orthorectified
imagery produced from 1:45,000 scale aerial imagery. The use of smaller scale (larger
GSD) imagery compounded the problems of correct interpretation of some features in the

imagery resulting in the following general observations:

= A canal and unpaved road, or a ditch and footpath get mixed with each other.

= About 60% of the gravel, clay, or sand pit area compiled on stereo models could be
extracted from orthophotos.

» The extraction of wadi features is very difficult and most of such features could not be
compiled through 2D digitizing.

= Almost none of the iron or wire fences could be compiled.

= Local electric lines, electric boxes and similar street features could not be identified in
the orthophoto image.

= Some of the point features such as fountain, monument, street lamp, etc. can rarely be
compiled.

= In comparison with the features that were compiled in stereo models, only about 15 %
of the water pipe-line features were correctly compiled from ortho imagery; about
10% of such features were incorrectly identified as footpath and the remaining 75%

could not be compiled.
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= Many mosques were not identified and were compiled as general buildings or were
merged with the built-up area.

= Almost none of the stereo compiled cemeteries could be identified on the ortho image.

* Boundaries of tree clusters are more generalized compared with stereo compilation;
only about one-third of the scattered trees could be extracted from ortho images.

* The editing of vector data on orthophoto image caused extra problems, because the

superimposed data is required to be continually switched on and off.

4.3 Conclusions and Recommendations

Accurate and up-to-date knowledge of the terrain is an essential pre-requisite for urban and
engineering planning and to serve a wide range of map users. A structured vector database
linked with non-graphic attribute data and the ability to make queries on the data for spatial
analysis data constitute the main components of a Geographical Information System (GIS).
The GIS technology is not only an effective tool for decision makers but the applications of
this technology have lately proliferated and now even affect our daily lives. The use of the
digital map data in combination with the Global Positioning System (GPS) technology to
provide automobile navigation has been growing day by day. Even the delivery of
emergency services in a life-threatening situation is dependent on the availability of up-to-
date map data. But, maintaining an accurate and up-to-date large-scale map database is a
time consuming and expensive process. Therefore, selecting the proper method and accuracy
measures to meet specific map data requirements is a key consideration for mapping
organizations. This consideration motivated this study to investigate the use of digital

orthophotos as a source for the rapid updating of existing geodatabase in MOMRA.

In this study, vector data for map production at 1:1,000 scale was measured in 3D stereo
models created from scanned images of 1:5,500 scale aerial photography for a lkm x 1km
test area. The same scanned aerial images were used to generate digital orthophotos with 10-
cm GSD and similar vector data was measured on the orthophoto images through 2D heads-

up digitizing. The measurement data is tabulated in Appendix-I.

The two map data sets were compared for accuracy, and for the production time and cost. As
presented in Section 4.1, the positional accuracy for the measurements made on orthophotos

for well-identifiable point features located at the ground level meets the MOMRA Map
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Accuracy Standard for 1:1,000 mapping scale. But the heights of the features (as in the case
of buildings, towers, etc.) have significant effect on the resulting planimetric accuracy of the
vector data. Errors exceeding 1 m were obtained which are not acceptable for the revision of
1:1,000 scale maps. Many towns in Saudi Arabia are still experiencing rapid urban growth.
The mapping of new buildings is likely to be the most significant task in the revision of
existing map database. Consequently, the use of existing DTM data that models the terrain
surface can no longer be used to generate orthophotos from new aerial imagery, without
inducing large shifts in the mapping of building roofs. Such errors will require more time in
field verification and completion resulting in increased cost for map revision. The
comparison of time and cost of the two methods shows that 2D vector acquisition on ortho
images has slight advantage over the stereo photogrammetric method. But in view of the
serious problems resulting from the height of buildings, the compilation of 3D stereo models

is still commonly practiced for large scale map revision.

An alternative option may be that instead of using DTM data, a Digital Surface Model (DSM)
is used. This can be obtained by blending the boundary lines of buildings, bridges, etc. and
break lines depicting features such as a ridge or a valley, with DTM. The use of DSM  will
enable the production of ‘true orthophotos’; i.e. orthophoto images where the images of all
elevated objects, such as the roof corners of a building, etc. are orthographically projected
based on their top elevation. In generating true orthophotos, it is also customary that the
obscured areas adjacent to buildings are produced from alternative overlapping images
covering the area. The image displacements due to height are eliminated and result in a

complete match between the vector and raster shapes of the buildings or towers [5, 9].

True-Orthophoto production can however be expensive, as one has to consider the fact that in
case all occlusion areas have to be filled automatically and completely it is necessary to fly
with a higher side overlap like 60%. Also measuring the shape lines and buildings is another
requirement. Therefore, this method is currently being confined to the production of large-

scale orthophotos covering the downtown areas of big cities.

Medium scale national base mapping should continue to be implemented by stereo
photogrammetric digital vector data acquisition method, at least for the first compilation of
the national topographic database. The revision of database can be carried out by updated

ortho images as an alternative way considering the time and cost advantages. It is obvious
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that there is a significant difference in terms of time and cost between producing raster and

vector data.

It was pointed out in Chapter 1 that one of the objectives was also to assess how 2D mapping
using orthophoto images can assist in expediting the implementation of the recently
introduced Cadastral Registration system for Saudi Arabia. The Land Title Registration Act
does not mandate a numerical measure for the accuracy in delineating the land parcel
boundary during First Registration process. However, in the absence of a legally binding
accuracy specification for surveying the boundary of a land parcel, the commonly accepted
practice is to establish the land parcel boundaries by using methods regarded as ‘good
professional practice’. The use of GPS surveying methods can routinely provide a 5-cm
level precision in the coordinates of a ground point. Accordingly, the cadastral surveys to
delineate the boundaries of land parcels located within the municipal urban limits, where land
values are high, should be planned to provide a 5 cm level coordinate precision. Obviously,
this rules out the use of any economically acceptable photogrammetric data acquisition

approach.

However, a lower accuracy standard for surveying the boundaries of certain type of land
parcels may be justifiable. For example, a coordinate precision of 30 cm may be acceptable
in locating the poorly defined boundaries of agriculture lands that fall outside the municipal
boundary limits. The maps at 1:1,000 scale produced by MOMRA currently do not cover
such agricultural land areas. In the absence of buildings and other elevated urban features,
such open land areas are amenable to automatic surface generation. The collection of
integrated IMU and GPS data during aerial imaging mission could also eliminate the need for
aerial triangulation. Consequently, orthophotos produced with 10 cm GSD can provide an
attractive alternative for the rapid mapping of the boundaries of such agricultural land
parcels. Most agricultural fields are distinctively separated and such linear features are
reported to be easily visible even on smaller scale orthophotos [12]. However, such land

features may be harder to identify for uncultivated and barren land parcels.

During the past decade, there have been significant advancements in the digital
photogrammetric methods for terrain mapping. Large format digital aerial cameras have
become available for direct acquisition of digital aerial imagery, thereby eliminating the time

and cost of scanning of the aerial photography. The main problem while working with raster
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data used to be storage but with proper compression rates and highly increased, yet
inexpensive, data storage capacity of the computers and other media, this problem has been
eliminated. Parallel developments in digital image processing have resulted in highly
efficient methods for automated image correlation which has led to the development of
reliable and efficient automated techniques for aerial triangulation and terrain surface data
extraction. Considerable efforts are currently being devoted towards the development of
reliable methods for automated feature extraction, but have so far, met partial success [17,
11]. The single photogrammetric mapping process that has been fully automated is the
production of an orthophoto, when a digital aerial image, and corresponding camera
orientations and DTM data are available. This is the primary reason why the orthophoto

production has greatly increased.

Imagine a scenario in which it is possible to capture overlapping digital image swaths, with a
10 cm or smaller GSD, from an airborne platform while flying at the speed used in normal
aerial photography missions. An integrated GPS/INS system records data to derive the
position and the attitude of the digital sensor throughout the airborne imaging mission. The
overlapping digital image swaths are processed using a fully automated approach for:

- aerial triangulation

- DTM generation

- Generating geo-referenced ortho-rectified swaths
This attractive scenario for orthophoto production is no longer wishful thinking, since Leica
Geosystems claims that such a capability has been implemented in their ADS 40: Second
Generation digital aerial camera system. It has, however, usually taken 2 to 3 years before
the level of performance claimed by the vendors, gets practically validated by the

professional users.

The essential point is that while the terrain mapping technology is advancing rapidly, the
thought process of most users of terrain data has remained stagnant. The availability of
systems like ADS 40 make it possible to rapidly generate orthophotos covering a large area,
and presumably, at an attractive cost. The major problem is faced in our efforts to convert
the orthophoto raster data into vector data to conform to our traditional use of map data. It is
essential to develop familiarity with using updated raster data instead of vector data for
urban, infrastructure and engineering planning and development activities. To get the

maximum benefit from the continuing advancement in mapping technologies, map users and
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decision makers should get accustomed to using updated orthophoto maps instead of line

maps.
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TEST POINT COORDINATE DATA
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Table I-1:

OBSERVED COORDINATE DATA OF TEST POINTS

COORDINATE DIFFERENCE

FEATURE

Discrepancies Squared As

PHOTOGRAMMETRIC STEREO COORDINATES (3D) MANUAL HEADS-UP DIGITIZING COORDINATES (2D) (om) RMSE (cm) IDENTIFICATION required for RMSE calculations
Point No Easting (X) | Northing (Y) | Elevation(z) Point No Easting (X)[Northing (Y) E'e‘(/;;'on dx dy dz dx dy Ao A2

01 611442.38 2778037.60 762.36 01 611442.32 | 2778037.76 6.00 -16.00 Street Lamp-Multiple Sums 0.3027 | 0.6988
02 611316.75 2777883.32 762.94 02 611316.75 | 2777883.40 0.00 -8.00 Street Lamp-Multiple MSE 0.0303 | 0.0699
03 611034.46 2778160.76 761.23 03 611034.31 | 2778160.49 15.00 27.00 Street Lamp-Multiple RMSExy (m) | 0.1740 | 0.2643
04 611087.52 2778189.95 761.17 04 611087.36 | 2778190.00 16.00 -5.00 Street Lamp-Multiple RMSEr (m)| 0.3165
05 611218.39 2778261.87 760.81 05 611218.23 | 2778262.07 16.00 -20.00 17.40 26.43 Street Lamp-Multiple
06 611297.24 2778305.23 760.51 06 611296.97 | 2778305.40 27.00 -17.00 — = |Street Lamp-Multiple
07 611349.94 2778334.17 760.55 07 611349.68 2778334.08 26.00 9.00 Street Lamp-Multiple
08 611402.26 2778362.93 760.53 08 611402.24 | 2778363.31 2.00 -38.00 Street Lamp-Multiple
09 611455.06 2778391.92 760.22 09 611454.80 | 2778392.20 26.00 -28.00 Street Lamp-Multiple
10 611539.67 2778435.82 759.98 10 611539.80 | 2778436.36 -13.00 -54.00 Street Lamp-Multiple
11 611780.20 2778053.94 760.13 11 611780.00 | 2778054.02 20.00 -8.00 ManHole Sums 0.3238 | 0.1677
12 611158.96 2778240.11 760.61 12 611159.17 | 2778240.24 -21.00 -13.00 ManHole MSE 0.0324 | 0.0168
13 611859.92 2778461.69 758.41 13 611859.75 | 2778461.88 17.00 -19.00 ManHole RMSExy (m) | 0.1799 | 0.1295
14 611803.87 2778476.51 758.69 14 611804.12 | 2778476.60 -25.00 -9.00 ManHole RMSEr (m)| 0.2217
15 611666.96 2778463.01 759.35 15 611666.85 | 2778462.98 11.00 3.00 17.99 1295 |ManHole
16 611565.83 2778449.85 759.69 16 611565.71 2778449.73 12.00 12.00 — —  [ManHole
17 611479.83 2778416.25 759.86 17 611479.76 | 2778416.27 7.00 -2.00 ManHole
18 611410.29 2778376.03 759.94 18 611410.28 | 2778376.29 1.00 -26.00 ManHole
19 611537.17 2778385.51 759.96 19 611537.05 | 2778385.56 12.00 -5.00 ManHole
20 611562.74 2778339.48 760.07 20 611562.42 | 2778339.60 32.00 -12.00 ManHole
21 611980.56 2778134.87 760.18 21 611980.26 | 2778134.95 30.00 -8.00 Road Paved Edge Corner |Sums 0.6127 | 0.4039
22 611933.81 2778328.23 759.24 22 611933.65 | 2778328.20 16.00 3.00 Road Paved Edge Corner |MSE 0.0613 | 0.0404
23 611811.37 2778213.02 759.38 23 611811.17 | 2778213.08 20.00 -6.00 Road Paved Edge Corner |RMSExy (m) | 0.2475 | 0.2010
24 611861.60 2778141.60 759.74 24 611861.48 | 2778141.33 12.00 27.00 Road Paved Edge Corner RMSEr (m)| 0.3188
25 611898.01 2778164.44 759.46 25 611897.97 | 2778164.42 4.00 2.00 2475 20.10 Road Paved Edge Corner
26 611830.65 2778044.28 760.30 26 611830.34 | 2778044.38 31.00 -10.00 — = |Road Paved Edge Corner
27 611877.16 2777837.62 761.70 27 611876.66 | 2777838.12 50.00 -50.00 Road Paved Edge Corner
28 611939.60 2777701.52 761.11 28 611939.55 | 2777701.75 5.00 -23.00 Road Paved Edge Corner
29 611273.86 2777827.26 763.38 29 611274.13 | 2777827.24 -27.00 2.00 Road Paved Edge Corner
30 611137.72 2777803.42 763.47 30 611137.86 | 2777803.34 -14.00 8.00 Road Paved Edge Corner
31 611462.85 2777629.69 764.81 31 611462.79 | 2777629.71 6.00 -2.00 Fence Wire Corner Sums 0.5824 | 1.4103
32 611035.65 2777715.10 764.72 32 611035.72 | 2777715.12 -7.00 -2.00 Fence Wire Corner MSE 0.0582 | 0.1410
33 611691.57 2778182.85 760.08 33 611691.86 | 2778183.00 -29.00 -15.00 Fence Wire Corner RMSExy (m) | 0.2413 | 0.3755
34 611727.91 2778202.84 759.90 34 611728.18 | 2778202.92 -27.00 -8.00 Fence Wire Corner RMSEr (m)| 0.4464
35 611745.80 2778170.50 759.90 35 611745.88 2778170.64 -8.00 -14.00 2413 37.56 Fence Wire Corner
36 611710.03 2778150.37 760.08 36 611710.19 | 2778150.57 -16.00 -20.00 — === |Fence Wire Corner
37 611732.85 2778075.45 760.78 37 611732.86 | 2778076.05 -1.00 -60.00 Fence Wire Corner
38 611934.80 2778139.48 759.90 38 611934.18 | 2778138.88 62.00 60.00 Fence Wire Corner
39 611971.87 2778159.82 760.20 39 611971.85 | 2778160.21 2.00 -39.00 Fence Wire Corner
40 611951.71 2778108.65 760.32 40 611951.71 | 2778109.32 0.00 -67.00 Fence Wire Corner
41 611504.47] 2777649.99 766.73 41 611504.78 | 2777649.66 -31.00 33.00 Fence Brick Corner Sums 0.5535 | 0.4349
42 611515.26 2777626.80 766.83 42 611515.21 | 2777627.00 5.00 -20.00 Fence Brick Corner MSE 0.0554 | 0.0435
43 611433.26 2777530.39 766.87 43 611433.28 | 2777530.38 -2.00 1.00 Fence Brick Corner RMSExy (m) | 0.2353 | 0.2085
44 611367.91 2777566.66 767.82 44 611367.59 | 2777566.49 32.00 17.00 Fence Brick Corner RMSEr (m)[ 0.3144
45 611350.29 2777557.05 767.93 45 611350.09 2777557.05 20.00 0.00 23.53 20.85 Fence Brick Corner
46 611287.28 2777575.83 767.07 46 611286.82 2777575.67 46.00 16.00 = === |Fence Brick Corner
47 611231.48 2777545.06 767.31 47 611231.54 2777544.98 -6.00 8.00 Fence Brick Corner
48 611222.72 2777540.23 767.14 48 611222.80 | 2777539.98 -8.00 25.00 Fence Brick Corner
49 611310.01 277754713 767.14 49 611309.73 2777546.93 28.00 20.00 Fence Brick Corner
50 611337.75 2777683.68 766.95 50 611337.86 | 2777684.03 -11.00 -35.00 Fence Brick Corner
51 611764.64 2777697.15 766.20 51 611765.33 2777697.46 -69.00 -31.00 Building Corner Sums 13.1747| 2.4374
52 611767.16 2777692.55 766.20 52 611768.11 | 2777692.60 -95.00 -5.00 Building Corner MSE 1.3175 | 0.2437
53 611748.28 2777702.07 765.54 53 611748.81 2777702.26 -53.00 -19.00 Building Corner RMSExy (m) | 1.1478 | 0.4937
54 611738.90 2777734.24 770.40 54 611740.47 2777734.93 -157.00 -69.00 Building Corner RMSEr (m){ 1.2495
55 611700.85 2777732.83 773.31 55 611702.70 2777733.61 -185.00 -78.00 114.78 49.37 Building Corner
56 611679.81 2777760.78 762.24 56 611679.82 | 2777760.93 -1.00 -15.00 —— |Building Corner
57 611682.45 2777788.03 766.00 57 611682.81 | 2777788.39 -36.00 -36.00 Building Corner
58 611620.66 2777752.96 770.94 58 611622.57 2777753.60 -191.00 -64.00 Building Corner
59 611654.53 2777722.31 771.92 59 611655.83 271777395 -130.00 -74.00 Building Corner
60 611637.79 2777677.10 766.67 60 611638.19 | 2777677743 -40.00 -33.00 Building Corner




61 611911.38]  2777746.10 761.62 61 611911.57 | 2777746.14 -19.00 -4.00 Pole Electric High Voltage |Sums 0.6768 | 6.6933
62 611886.39]  2777791.70 761.58 62 611886.29 | 2777792.32 10.00]  -62.00 Pole Electric High Voltage |MSE 0.0677 | 0.6693
63 611863.37|  2777834.20 761.37 63 611863.10 | 2777834.39 27.00]  -19.00 Pole Electric High Voltage |RMSExy (m) | 0.2602 | 0.8181
64 611823.08]  2777872.33 761.72 64 611823.14 | 2777874.62 -6.00]  -229.00 Pole Electric High Voltage RMSEr (m)| 0.8585
65 611745.82]  2777830.21 761.71 65 611745.56 | 2777830.30 26.00 -9.00 26.02 8157 |Pole Electric High Voltage
66 611654.90]  2777780.06 762.45 66 611655.07 | 2777780.41 -17.00]  -35.00 === === |Pole Electric High Voltage
67 611689.54]  2777624.04 762.78 67 611689.61 | 2777623.94 -7.00 10.00 Pole Electric High Voltage
68 611705.67|  2777551.31 762.27 68 611705.95 | 2777552.11 -28.00]  -80.00 Pole Electric High Voltage
69 611737.57|  2777581.80 762.55 69 611736.97 | 2777582.29 60.00]  -49.00 Pole Electric High Voltage
70 611946.68]  2777765.32 761.45 70 611946.56 | 2777765.24 12.00 8.00 Pole Electric High Voltage
71 611310.90]  2777585.25 764.22 71 611310.82 | 2777585.24 8.00 1.00 Road Sign Sums 0.1338 | 1.3323
72 611315.66]  2777593.30 764.23 72 611315.58 | 2777593.26 8.00 4.00 Road Sign MSE 0.0134 | 0.1332
73 611324.91] 277761245 764.37 73 611325.08 | 2777613.51 -17.00]  -106.00 Road Sign RMSExy (m) | 0.1157 | 0.3650
74 611357.20]  2777652.00 763.85 74 611357.28 | 2777652.20 -8.00]  -20.00 Road Sign RMSEr (m)| 0.3829
75 611541.90]  2777718.05 763.31 75 611541.96 | 2777718.10 -6.00 -5.00 1157 3650 |Road Sign
76 611564.28]  2777760.34 762.94 76 611564.29 | 2777760.40 -1.00 -6.00 — 22 |Road Sign
77 611627.53]  2777800.09 762.29 77 611627.80 | 2777800.48 27.00]  -39.00 Road Sign
78 611638.24]  2777805.09 762.56 78 611638.27 | 2777805.15 -3.00 -6.00 Road Sign
79 611664.25]  2777820.56 762.57 79 611664.24 | 2777820.50 1.00 6.00 Road Sign
80 611803.13]  2777898.93 761.65 80 611803.04 | 2777898.89 9.00 4.00 Road Sign
81 611620.02]  2778353.82 760.21 81 611620.06 | 2778353.75 -4.00 7.00 Light Pole Sums 0.2831] 1.4286
82 611611.44]  2778370.18 760.10 82 611611.24 | 2778370.23 20.00 -5.00 Light Pole MSE 0.0283 | 0.1429
83 611599.15]  2778392.93 760.14 83 611599.09 | 2778393.33 6.00]  -40.00 Light Pole RMSExy (m) | 0.1683 | 0.3780
84 611579.29]  2778404.96 760.13 84 611579.15 | 2778405.03 14.00 -7.00 Light Pole RMSEr (m)| 0.4137
85 611660.13]  2778402.34 760.13 85 611659.91 | 2778402.42 22.00 -8.00 16.83 3780 |LightPole
86 611673.83]  2778384.43 760.99 86 611673.66 | 2778384.93 17.00]  -50.00 — <=2 |Light Pole
87 611677.72]  2778377.59 761.00 87 611677.55 | 2778378.54 17.00]  -95.00 Light Pole
88 611672.45|  2778374.98 760.98 88 611672.41 | 2778374.93 4.00 5.00 Light Pole
89 611682.19]  2778371.34 760.34 89 611681.86 | 2778371.59 33.00] -25.00 Light Pole
90 611695.56]  2778347.39 760.46 90 611695.60 | 2778347.57 400 -18.00 Light Pole
91 611022.88]  2778135.33 761.52 91 611022.58 | 2778135.25 30.00 8.00 Street Lamp-Right Sums 0.4171] 1.7589
92 611037.75]  2778107.94 761.70 92 611037.72 | 2778107.88 3.00 6.00 Street Lamp-Right MSE 0.0417 | 0.1759
93 611052.72]  2778080.89 762.22 93 611052.62 | 2778080.91 10.00 -2.00 Street Lamp-Right RMSExy (m) | 0.2042 | 0.4194
94 611068.32]  2778052.33 762.67 94 611067.92 | 277805253 40.00]  -20.00 Street Lamp-Right RMSEr (m)| 0.4665
95 611083.88]  2778024.15 762.93 95 611083.72] 2778024.14 16.00 1.00 2042 4794 |Street Lamp-Right
96 611099.48]  2777995.68 762.93 96 611099.42| 2777995.76 6.00 -8.00 === === |street Lamp-Right
97 611115.25]  2777967.11 762.93 97 611114.97| 2777967.09 28.00 2.00 Street Lamp-Right
98 611131.02]  2777938.34 762.90 98 611130.92]  2777938.80 10.00]  -46.00 Street Lamp-Right
99 611145.50]  2777912.04 763.00 99 61114531 2777912.74 19.00]  -70.00 Street Lamp-Right
100 611159.85]  2777885.67 763.14 100 611159.90|  2777886.67 -5.00] -100.00 Street Lamp-Right
Sums 17.0606] 16.7661
MSE 0.1706 | 0.1677
RMSExy (m) | 0.4130 | 0.4095
RMSEr(total) (m)| 0.5816
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Table I-2: EDITED COORDINATE DATA OF TEST POINTS

COORDINATE DIFFERENCE

FEATURE

Discrepancies Squared As

PHOTOGRAMMETRIC STEREO COORDINATES (3D) MANUAL HEADS-UP DIGITIZING COORDINATES (2D) om RMSE (cm) IDENTIFICATION roquirad for RMSE waeulations
Point No Easting (X) | Northing (Y) | Elevation(z) Point No Easting (X)|Northing (Y) E'e‘(’;"’” dx dy dz dx dy Ax2 A2

01 611442.38] _ 2778037.60] _ 762.36 01 611442.32 | 2778037.76 6.00]  -16.00 Street Lamp-Multiple Sums 0.3027 | 0.6988
02 611316.75|  2777883.32|  762.94 02 611316.75 | 2777883.40 0.00 -8.00 Street Lamp-Multiple MSE 0.0303 | 0.0699
03 611034.46]  2778160.76| _ 761.23 03 611034.31 | 2778160.49 15.00] _ 27.00 Street Lamp-Multiple RMSExy (m) | 0.1740 | 0.2643
04 611087.52|  2778189.95|  761.17 04 611087.36 | 2778190.00 16.00 5.00 Street Lamp-Multiple RMSEr (m)|_0.3165
05 611218.39]  2778261.87| _ 760.81 05 611218.23 | 2778262.07 16.00] _ -20.00 1740 | 2645 [Streettamp-Muitiple
06 611297.24|  2778305.23|  760.51 06 611296.97 | 2778305.40 27.00]  -17.00 1288 | 222 IStreet Lamp-Multiple
07 611349.94| 2778334.17| _ 760.55 07 611349.68 | 2778334.08 26.00 9.00 Street Lamp-Multiple
08 611402.26|  2778362.93|  760.53 08 611402.24 | 2778363.31 2.00]  -38.00 Street Lamp-Multiple
09 611455.06  2778391.92|  760.22 09 611454.80 | 2778392.20 26.00]  -28.00 Street Lamp-Multiple
10 611539.67| _ 2778435.82| _ 759.98 10 611539.80 | 2778436.36 13.00] __-54.00 Street Lamp-Multiple
11 611780.20]  2778053.94] _ 760.13 11 611780.00 | 2778054.02 20.00 -8.00 ManHole Sums 0.3238 | 0.1677
12 611158.96 | 2778240.11 760.61 12 611159.17 | 2778240.24 21.00] _-13.00 ManHole MSE 0.0324 | 0.0168
13 611859.92 | 2778461.69 758.41 13 611859.75 | 2778461.88 17.00] _ -19.00 ManHole RMSExy (m) | 0.1799 | 0.1295
14 611803.87| 2778476.51|  758.69 14 611804.12 | 2778476.60 25.00 -9.00 ManHole RMSEr (m)|_0.2217
15 611666.96]  2778463.01]  759.35 15 611666.85 | 2778462.98 11.00 3.00 1709 | 1295 [ManHole
16 611565.83|  2778449.85|  759.69 16 611565.71 | 2778449.73 12.00]  12.00 222 | =2 |ManHole
17 611479.83|  2778416.25] _ 759.86 17 611479.76 | 2778416.27 7.00 2.00 ManHole
18 611410.29]  2778376.03| _ 759.94 18 611410.28 | 2778376.29 .00 -26.00 ManHole
19 611537.17|  2778385.51|  759.96 19 611537.05 | 2778385.56 12.00 5.00 ManHole
20 611562.74] __ 2778339.48| __ 760.07 20 611562.42 | 2778339.60 32.00] __-12.00 ManHole
21 611980.56 | 2778134.87 760.18 21 611980.26 | 2778134.95 30.00 -8.00 Road Paved Edge Corner |Sums 0.3627 | 0.1539
22 611933.81 | 2778328.23 759.24 22 611933.65 | 2778328.20 16.00 3.00 Road Paved Edge Corner |MSE 0.0363 | 0.0154
23 611811.37|  2778213.02| _ 759.38 23 611811.17 | 2778213.08 20.00 6.00 Road Paved Edge Corner |RMSExy (m) | 0.1904 | 0.1241
24 611861.60]  2778141.60 759.74) 24 611861.48 | 2778141.33 12.00] _ 27.00 Road Paved Edge Corner RMSEr (m)| 0.2273
25 611898.01]  2778164.44 759.46, 25 611897.97 | 2778164.42 4.00 2.00 1904 | 1247 [RoadPaved Edge Comer
26 611830.65]  2778044.28 760.30) 26 611830.34 | 2778044.38 31.00] _ -10.00 22 | 220 |Road Paved Edge Corner

Road Paved Edge Corner
28 611939.60|  2777701.52 76111 28 611939.65 | 2777701.75 5.00]  -23.00 Road Paved Edge Corner
29 611273.86|  2777827.26 763.38 29 611274.13 | 2777827.24 27.00 2.00 Road Paved Edge Corner
30 611137.72| _ 2777803.42 763.47) 30 611137.86 | 2777803.34 -14.00 8.00 Road Paved Edge Corner
31 611462.85] _ 2777629.69 764.81 31 611462.79 | 2777629.71 6.00 2.00 Fence Wire Corner Sums 0.5824 | 1.4103
32 611035.65|  2777715.10 764.72) 32 611035.72 | 2777715.12 7.00 2.00 Fence Wire Corner MSE 0.0562 | 0.1410
33 611691.57|  2778182.85 760.08, 33 611691.86 | 2778183.00 29.00] __-15.00 Fence Wire Corner RMSExy (m) | 0.2413 | _0.3755
34 611727.91|  2778202.84 759.90 34 611728.18 | 2778202.92 -27.00 -8.00 Fence Wire Corner RMSEr (m)| 0.4464
35 611745.80|  2778170.50 759.90) 35 611745.88 | 2778170.64 8.00]  -14.00 2413 | 3755 |Fence Wire Comer
36 611710.03|  2778150.37 760.08, 36 611710.19 | 277815057 16.00] _ -20.00 <12 | 2492 IFence Wire Comer
37 611732.85|  2778075.45 760.78 37 611732.86 | 2778076.05 .00 -60.00 Fence Wire Corner
38 611934.80|  2778139.48 759.90 38 611934.18 | 2778138.88 62.00] _ 60.00 Fence Wire Corner
39 611971.87]  2778159.82 760.20 39 611971.85 | 2778160.21 2.00]  -39.00 Fence Wire Corner
40 611951.71] _ 2778108.65 760.32) 40 611951.71 | 2778109.32 0.00] _ -67.00 Fence Wire Corner
41 611504.47] _ 2777649.99 766.73) 41 611504.78 | 2777649.66 31.00] __ 33.00 Fence Brick Corner Sums 0.5535 | 0.4349
42 611515.26] _ 2777626.80 766.83 42 611515.21 | 2777627.00 5.00]  -20.00 Fence Brick Comner MSE 0.0554 | 0.0435
43 611433.26] _ 2777530.39 766.87) 43 611433.28 | 2777530.38 2.00 1.00 Fence Brick Corner RMSExy (m) | 0.2353 | _0.2085
44 611367.91)  2777566.66 767.82) 44 611367.59 | 2777566.49 32.00] _ 17.00 Fence Brick Comner RMSEr (m)|_0.3144
45 611350.29]  2777557.05 767.93 45 611350.09 | 2777557.05 20.00 0.00 2353 | 205 |Fence Brick Comer
46 611287.28| _ 2777575.83 767.07 46 611286.82 | 2777575.67 46.00 _ 16.00 2227 | 2889 Fonce Brick Comner
47 611231.48| _ 2777545.06 767.31 47 611231.64 | 2777544.98 6.00 8.00 Fence Brick Comner
48 611222.72|  2777540.23 767.14) 48 611222.80 | 2777539.98 8.00] _ 25.00 Fence Brick Corner
49 611310.01] 277754713 767.14) 49 611309.73 | 2777546.93 28.00] __ 20.00 Fence Brick Corner
50 611337.75| _ 2777683.68 766.95 50 611337.86 | 2777684.03 11.00] __-35.00 Fence Brick Comner
51 611764.64]  2777697.15 766.20) 51 611765.33 | 2777697.46 69.00] __-31.00 Building Corner Sums 13.1747] 2.4374
52 611767.16] _ 2777692.55 766.20 52 611768.11 | 2777692.60 -95.00 5.00 Building Corner MSE 1.3175 | 0.2437
53 611748.28] _ 2777702.07 765.54) 53 611748.81 | 2777702.26 -53.00] _ -19.00 Building Corner RMSExy (m) | 1.1478 | 0.4937
54 611738.90] _ 2777734.24 770.40) 54 611740.47 | 2777734.93 157.00] __ -69.00 Building Corner RMSEr (m)|_1.2495
55 611700.85] _ 2777732.83 773.31 55 611702.70 | 2777733.61 ~185.00] _ -78.00 11478 | 493, |Buiding Corner
56 611679.81)  2777760.78 762.24) 56 611679.82 | 2777760.93 1.00] _ -15.00 222 [Building Corner
57 611682.45|  2777788.03 766.00) 57 611682.81 | 2777788.39 36.00] _ -36.00 Building Corner
58 611620.66]  2777752.96 770.94) 58 611622.57 | 2777753.60 191.00] _ -64.00 Building Corner
59 611654.53|  2777722.31 771.92) 59 611655.83 | 2777%23.05 -130.00] _ -74.00 Building Corner
60 611637.79] _ 2777677.10 766.67) 60 611638.19 | 2777677.43 -40.00 __-33.00 Building Corner




61 611911.38 2777746.10 761.62 61 611911.57 | 2777746.14 -19.00 -4.00 Pole Electric High Voltage |Sums 0.6732 | 1.4492
62 611886.39 2777791.70 761.58 62 611886.29 | 2777792.32 10.00 -62.00 Pole Electric High Voltage |MSE 0.0673 | 0.1449
63 611863.37 2777834.20 761.37 63 611863.10 | 2777834.39 27.00 -19.00 Pole Electric High Voltage |RMSExy (m) | 0.2595 | 0.3807
Pole Electric High Voltage RMSEr (m)| 0.4607
65 611745.82 2777830.21 761.71 65 611745.56 | 2777830.30 26.00 -9.00 25.95 38.07 Pole Electric High Voltage
66 611654.90 2777780.06 762.45 66 611655.07 | 2777780.41 -17.00 -35.00 I = |Pole Electric High Voltage
67 611689.54 2777624.04 762.78 67 611689.61 | 2777623.94 -7.00 10.00 Pole Electric High Voltage
68 611705.67 2777551.31 762.27 68 611705.95 | 2777552.11 -28.00 -80.00 Pole Electric High Voltage
69 611737.57 2777581.80 762.55 69 611736.97 | 2777582.29 60.00 -49.00 Pole Electric High Voltage
70 611946.68 2777765.32 761.45 70 611946.56 | 2777765.24 12.00 8.00 Pole Electric High Voltage
71 611310.90 2777585.25 764.22 71 611310.82 | 2777585.24 8.00 1.00 Road Sign Sums 0.1049 | 0.2087
72 611315.66 2777593.30 764.23 72 611315.58 | 2777593.26 8.00 4.00 Road Sign MSE 0.0105 ] 0.0209
Road Sign RMSExy (m) | 0.1024 | 0.1445
74 611357.20 2777652.00 763.85 74 611357.28 | 2777652.20 -8.00 -20.00 Road Sign RMSEr (m)] 0.1771
75 611541.90 2777718.05 763.31 75 611541.96 | 2777718.10 -6.00 -5.00 10.24 14.45 Road Sign
76 611564.28 2777760.34 762.94 76 611564.29 | 2777760.40 -1.00 -6.00 e —— |Road Sign
77 611627.53 2777800.09 762.29 77 611627.80 | 2777800.48 -27.00 -39.00 Road Sign
78 611638.24 2777805.09 762.56 78 611638.27 | 2777805.15 -3.00 -6.00 Road Sign
79 611664.25 2777820.56 762.57 79 611664.24 | 2777820.50 1.00 6.00 Road Sign
80 611803.13 2777898.93 761.65 80 611803.04 | 2777898.89 9.00 4.00 Road Sign
81 611620.02 2778353.82 760.21 81 611620.06 | 2778353.75 -4.00 7.00 Light Pole Sums 0.2542 | 0.5261
82 611611.44 2778370.18 760.10 82 611611.24 | 2778370.23 20.00 -5.00 Light Pole MSE 0.0254 | 0.0526
83 611599.15 2778392.93 760.14 83 611599.09 | 2778393.33 6.00 -40.00 Light Pole RMSExy (m) ]| 0.1594 | 0.2294
84 611579.29 2778404.96 760.13 84 611579.15 | 2778405.03 14.00 -7.00 Light Pole RMSEr (m)] 0.2793
85 611660.13 2778402.34 760.13 85 611659.91 | 2778402.42 22.00 -8.00 15.94 2004 Light Pole
86 611673.83 2778384.43 760.99 86 611673.66 | 2778384.93 17.00 -50.00 I === |Light Pole
Light Pole
88 611672.45 2778374.98 760.98 88 611672.41 | 2778374.93 4.00 5.00 Light Pole
89 611682.19 2778371.34 760.34 89 611681.86 | 2778371.59 33.00 -25.00 Light Pole
90 611695.56 2778347.39 760.46 90 611695.60 | 2778347.57 -4.00 -18.00 Light Pole
91 611022.88 2778135.33 761.52 91 611022.58 | 2778135.25 30.00 8.00 Street Lamp-Right Sums 0.4146 | 0.7589
92 611037.75 2778107.94 761.70 92 611037.72 | 2778107.88 3.00 6.00 Street Lamp-Right MSE 0.0415] 0.0759
93 611052.72 2778080.89 762.22 93 611052.62 | 2778080.91 10.00 -2.00 Street Lamp-Right RMSExy (m) | 0.2036 | 0.2755
94 611068.32 2778052.33 762.67 94 611067.92 | 2778052.53 40.00 -20.00 Street Lamp-Right RMSEr (m)|] 0.3426
95 611083.88 2778024.15 762.93 95 611083.72| 2778024.14 16.00 1.00 20.36 2755 Street Lamp-Right
96 611099.48 2777995.68 762.93 96 611099.42| 2777995.76 6.00 -8.00 I === |Street Lamp-Right
97 611115.25 2777967.11 762.93 97 611114.97| 2777967.09 28.00 2.00 Street Lamp-Right
98 611131.02 2777938.34 762.90 98 611130.92| 2777938.80 10.00 -46.00 Street Lamp-Right
99 611145.50 2777912.04 763.00 99 611145.31| 2777912.74 19.00 -70.00 Street Lamp-Right
Street Lamp-Right
Sums 16.7467] 8.2459
MSE 0.1675] 0.0825
RMSExy (m) | 0.4092 | 0.2872
RMSEr(total) (m)] 0.4999

52

TOTAL HORIZONTAL ACCURACY
RMSEr must be < RMSEr(total)




