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Abstract

There has been increased interest in mobile mapping system (MMS) usage, especially in the surveying and implementation of
projects, for engineering and planning applications. Moreover, it is needed to enable state-of-the-art technologies implementation
and usage in both modern and old (i.e., already existing) projects, especially when they are executed at sites with difficult nature
and those located in crowded cities. The design of engineering projects consists of three phases: conceptual, preliminary, and
detailed design phases. Surveying and site design is one of the most important parts in all these phases, in both the planning and
implementation of infrastructure engineering and its layout. Examples are numerous and sometimes they are the fine line in the
design and decision of the implementation of some projects, such as in roads rehabilitation, drainage networks, and railway and
metro installation. The critical issue in such projects is the required accuracy, which should be achieved and guaranteed. Then,
more applications and new practical and easily applied methodologies are needed. To achieve the accuracy required, we propose
an effective methodology using an MMS and some software to check and guarantee that the target is met. We present an
application of the methodology and a discussion of the problems faced while employing the MMS methodology. Two important
projects are highlighted as case studies of our methodology application in employing an MMS in the surveying design phase of
important scale infrastructures in the Kingdom of Saudi Arabia (KSA). The first is the surveying for the design of 180 km of
drainage system in Jeddah and the second is the surveying of 1500 km of an existing railway network. The two surveying projects
are the first applications using an MMS in the KSA where the accuracy was a necessity for the purpose of state-of-the-art
management and monitoring of new and old installed systems. In this work, we discuss the new technology application and
the problems faced. In addition, we address the different applications covered by an MMS.

Keywords Global Navigation Satellite System (GNSS) - Mobile mapping system (MMS) - Laser rangefinder (LRF) - Inertial
measurement unit (IMU) - Inertial navigation system (INS) - Distance measurement indicator (DMI)

Introduction

The mobile mapping system (MMS) is an integrated system of
surveying sensors mounted on a vehicle. It is considered as the
most advanced technology for land surveying. An MMS con-
sists of many surveying sensors, such as photogrammetric
high-resolution cameras, laser scanners, Global Positioning
System (GPS), inertial navigation system (INS), odometers,
and distance measurement indicator (DMI), that allow the
recording of georeferenced laser points and photos of all vis-
ible objects along the trajectory of the movement of a vehicle
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(El-Sheimy 2005; Tao and Li 2007). There are many MMSs
on the market (Puente et al. 2013) and the most recently de-
veloped MMS has the possibility to be transferred and easily
deployed due to its small size.

Components of an MMS

An MMS consists of a robust platform mounted on a
vehicle carrying several types of equipment (Kremer and
Hunter 2007; Schwarz and El-Sheimy 2007). Some
MMSs have many integrated sensors (Fig. 1), while
others have a limited number of sensors. The main func-
tionality of the equipment in an MMS could be summa-
rized as follows:

*  One or more high-frequency scanning laser sensors

(Lidar). The sensors are mounted on the platform in a
way such that the coverage of the scanned surroundings
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Fig. 1 Components of a mobile mapping system (MMS)

is maximized. The Lidar sensor records 3D point data of

the vicinity in the surveying area, which helps create a 3D

model of the surveyed area and extract features.

Inertial measurement unit (IMU) and Global Navigation

Satellite System (GNSS)/GPS computing all aspects of

vehicle motion (including position, speed, acceleration,

orientation, and rotations). The GPS/IMU integrated solu-
tion improves the frequency of recording positions from

1 Hz (GPS) up to 200 Hz. The computed integrated solu-

tion includes the position (X, Y, and Z) and the orientation

of the vehicle (roll, pitch, and heading).

* Distance measurement indicator (DMI), a wheel-mounted
encoder that measures the precise linear distance traveled.

» Digital camera system to capture georeferenced imagery
while scanning.

* An operator interface device (on-board laptop computer
with controller software).

* A central control unit with all the necessary electronic
devices for the control and communication of all systems,
as well as for the safe storage of recorded point cloud and
imagery data.

Methodology for an MMS and programs used

An MMS uses many programs and softwares to facilitate the
automation of field operation, data processing, and 3D feature
extraction. The functionality of these softwares could be sum-
marized as follows:

Software for mission planning and monitoring during the
execution of the field works, showing the GPS quality
data and images (Fig. 2). The software is combined with
Google Earth-like services and portable GPS devices on a
laptop, so following the vehicle’s movement on a compre-
hensive background is facilitated in real time.

*  GPS/INS post-processing software to calculate trajectory
and orientation—attitude data, in combination with differ-
ential corrections from base GPS stations. Some systems
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include DMI data in the processing to give a best estimate
of trajectory (Fig. 2).

* Proprietary software to combine point cloud raw data and
trajectory to produce a georeferenced point cloud.

* Post-processing adjustment software to make point cloud
georeferencing adjustments using ground control points
(GCPs) and other techniques (e.g., combine data from
multiple sensors or multiple passes; Zhang and Xiao
2003).

» Post-processing software for semi-automated feature and
cross-section extraction, digital terrain model (DTM) cre-
ation and general aspects required for delivery
preparation.

MMSs used in the KSA

Two different types of MMS were used in the Kingdom of
Saudi Arabia (KSA; Fig. 3), depending on the type of desired
results.

The first type is for buildings and for updating a geographic
information system (GIS) database, which depends on the
collection of georeferenced image sequences of the roads
and their surroundings, such as the VISAT and IWANE sys-
tems (EI-Sheimy and Schwarz 1999; Shiu and Tam 2012).
The accuracy of such systems is better than 30 cm for objects
within the field of view of the cameras which are mounted on
amoving vehicle. The cameras could capture images every 1—
10 m and operate at a speed of up to 100 km/h or at the
specified traffic speed. The user can then interface with the
georeferenced images through photogrammetric software
which is designed for feature extraction, and this software is
generally fully integrated with a GIS or CAD software. We
used the VISAT and IWANE systems in some GIS data col-
lections in the KSA.

The second type of MMS is laser-based mobile mapping,
which is designed for surveying projects that require
centimetric accuracy (around 5 cm). This type of MMS is
generally integrated with a laser rangefinder (LRF),
Cameras, DMI, high precision INS, and GPS. This system
collects a huge amount of spatial information using a rotating
laser scanner that can collect one million points per second,
such as the LYNX system (Petrie 2010; Schwarz and El-
Sheimy 2012). The amount of data produced by such systems
are huge, and manual processing of the data is very time-
consuming, which creates a need for automatic and semi-
automatic methods that can reduce the amount of manual
work required to extract the 3D features and produce accurate
3D models. Many algorithms are used to extract the features
from a laser point cloud based on the intensity value, image
processing, and point cloud processing (Cheng et al. 2008).
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Fig. 2 Components of the LYNX MMS, including a distance measurement indicator (DMI) and real-time quality control software

Case studies

The main interest of this work is to present how we achieved
the accuracy needed and to clarify the potential of the laser-
based MMSs that we used in important engineering projects in
the KSA, in which high accuracy and short timescales were
required. Also, we will discuss some problems that could de-
grade the accuracy and delay the field operations.

Jeddah Stormwater Drainage Program (JSDP) project

The Jeddah Stormwater Drainage Program (JSDP) consists of
dams and channels, to provide stormwater flood relief for the
city of Jeddah in the KSA. The main objective of the JSDP
project is to mitigate the catastrophic effects of flooding due to
stormwater that the city of Jeddah has experienced in the past
several years, and to use the lost sweet water for the benefit of
the city. The construction of channels should be done along
side the already existing roads in Jeddah.

An MMS is required to provide 3D mobile laser scanning
for 12 major storm drainage conveyance systems that will
serve as the primary storm drainage conduits for the city of
Jeddah. The initial conceptual alignments and lengths for
these systems are along various roadway corridors within
the city (Fig. 4). The 3D mobile laser scanning scope of

services for each of these corridors shall include full scanning
of the proposed corridor section starting from 10 m outside of
the outermost edge of existing pavement to 10 m beyond the
outermost edge of the existing pavement (Fig. 5).

The MMS is required to survey and extract the following
features within a short time schedule that did not exceed 3
weeks:

» Existing pavement edge features (centerline of road, edge
of'road, gutter line, top of curb, back of curb, and roadway
median).

» Existing sidewalks (edge of all pedestrian features within
the corridor).

» Existing parking lots (pavement edge of all existing
parking lots).

+ Existing pavement markers (existing pavement
delineators).

+ Existing structural vertical features (the edge of all existing
walls, buildings, columns, embankments, bridges).

Railway project

The second case study is the use of MMS in open
areas, where the LYNX system has been used to survey

Fig. 3 MMSs used in Saudi
Arabia
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Fig. 4 Jeddah Stormwater Drainage Program (JSDP) preliminary design

1500 km of existing railway in the KSA (Fig. 6), to
generate the as-built drawing of the railway, extract
the features, and create cross-sections for cut-fill com-
putation of the railway. Figure 7 shows the method used
to execute the field operation using a locomotive. We
used 3 ir 4 GPS reference stations and measured GPS/
real-time kinematic (RTK) as cross-section points every
5 km. We also marked the points on the steel bars of
the railway line. The daily scanning distance of this
project was 90 km, which means that the field work
was done efficiently in a short time. Moreover, the fea-
ture extraction was done without any problems due to
the efficiency of the semi-automatic programs
(PolyWorks or TerraScan software) we used in the ex-
traction of the line features from the point cloud. The
DTM and cross-sections have been created using
TerraScan and Civil 3D software.

General Limits of Scanning
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Fig. 5 General limits of scanning roads
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Operation and processing methodology

The core technology of the proposed methodology for the cor-
ridor mapping survey according to the projects’ requirements is
the use of a Lidar-based MMS. For the implementation of these
two projects, the industry-leading solution of Optech’s LYNX
Mobile Mapper was used. Apart from the MMS, and in order to
establish the necessary geodetic networks, as well as to perform
any additional or supporting survey work, dual-frequency GPS/
GNSS receivers were used either in static or RTK modes of
measurement, depending on the nature and the required accu-
racy of the points to be surveyed (Wygant 2009). The method
of operation of the mobile Lidar system includes:

» Point cloud data capture at a very fast rate by laser sensors
(1 M points per second).

* Imagery data captured by the camera or the video system.

» Calculation by the GNSS/GPS and INS of the system’s
trajectory (position through time) and orientation/attitude.

» To perform this calculation with sufficient accuracy, sup-

port from base GPS stations is required to achieve differ-
ential corrections data. The calculation can be performed
in real time or in post-processing.
Post-processing provides more accurate trajectory results
by performing back and forth adjustments where the GPS
signal is poor or lost. We had previously used post-
processing workflows for the mentioned projects and the
POSPac MMS software by Applanix.

* The IMU data we recorded at a 100 Hz or higher data rate
tagged with GPS time. The raw IMU data, after correction
for all systematic errors using calibration parameters, were
integrated with the GPS data through a tightly coupled
Kalman filter (for forward and backward processing) to
derive the observed camera positional values at the instant
of each image exposure.

* The captured data from all sensors, cameras, GNSS/INS,
georeferenced point cloud, and imagery were produced by
the MMS software.

* The typical accuracy for the georeferenced point cloud
points for areas with good GPS signal is approximately
+5 cm.

* For the purpose of enhancing the accuracy of the point
cloud data in case of poor GPS signal, we measured some
GCPs in the field (e.g., by GNSS/RTK), which can be
identified on the point cloud (Fig. 8). Then, in the post-
processing phase, using specialized software, we made
additional adjustments to the georeferencing of the point
cloud. For this purpose, PolyWorks software by
InnovMetric and TerraMatch from Terrasolid were used.

Post-processing of the point cloud data for the production
of deliverables includes vector feature extraction and DTM
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Fig. 6 Railway in Saudi Arabia from Ras Alkhair to Aljof

creation, aiming at the production of the base map, in accor-
dance with the project requirements. Again, PolyWorks soft-
ware by InnovMetric was used, with its semi-automated fea-
ture extraction techniques directly from the point cloud to
enhance the productivity and reliability of the extracted fea-
ture data (Fig. 9).

Operational MMS problems

There are many advantages of using an MMS in corridor
surveying, as mentioned by many authors (Tao 2000; Toschi
et al. 2015), but working in crowded cities in the KSA, we
faced some operational problems that should be highlighted.

MMS traffic management plan in a crowded city

Traffic jams in crowded cities prevent working on some days
and at several times during the day. Consequently, a traffic
management plan should be considered. Based on our experi-
ence on the LYNX MMS corridor survey projects in Riyadh
and Jeddah, we proposed the following procedure for traffic

Fig. 7 Railway survey using the
LYNX MMS

management when performing the mobile mapping surveys in
cities with traffic problems:

1. Perform all calibration procedures one day before the ac-
tual surveys.

2. Perform the main survey tasks on Fridays and Saturdays
(at the weekend, from 5:30 AM to 10:30 AM, when traffic
is considered to be minimal and lighting situations are
adequate to obtain good imagery results. Other low traffic
margins during weekdays may be considered if required.

3. A second car should always follow the MMS vehicle to
“protect” it, to ensure a free space behind the sensors
platform, to improve the Lidar sensors and camera system
visibility.

4. Ina 5-h survey time, with average car velocity in residen-
tial areas, 30 km of corridor length, with secondary roads
and multiple passes (2—4 passes are required in many
cases), can be covered. Thus, in this scenario, for the
whole Jeddah project, it is estimated that 4-6 days in the
field was enough.

5. A traffic management plan will minimize traffic prob-
lems, improve data quality, and ensure completeness. It

@ Springer
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Fig. 8 Point cloud accuracy enhancement using ground control points (GCPs)

also allows intermediate production and evaluation of the
point cloud and to make additional surveys in some parts
if necessary.

Calibration process

A calibration drive and data collection was performed before
each survey, to ensure that the boresighting parameters are
correct. The general field procedure was used to collect
boresighting data for a building with walls before each survey
and to update the boresighting (pitch, roll, and heading) cal-
culations and to reflect any changes in the parameters for the
sensors and cameras. It is noted that, prior to any LYNX

Fig. 9 Lidar MMS point clouds

survey, either for the collection of calibration data or the col-
lection of survey data, 1-2 short drives on a flat surface, such
as a flat road, had to be conducted to prepare the POS/INS
system.

Long and flat walls of a building make it easier to detect
indications of boresighting misalignment, and tall walls allow
calculating the pitch of the sensors and cameras more precise-
ly (Fig. 10).

High temperature
High temperatures (exceeding 40 °C mostly) prevent the laser

sensor from working properly and limits the daily working
hours, from 5:30 AM to 10:30 AM.
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Fig. 10 Boresighting in the clockwise and counterclockwise directions around a building used for LYNX sensors calibration

MMS and tunnels survey

Tunnels are not a common case in the project’s corridor.
Such rare cases, in order to compensate for GNSS outage,
will be dealt with by applying the following procedure/
measures:

1. Stop the mobile mapping vehicle before and after the
tunnel for 1-2 min to obtain additional GNSS measure-
ments. These measurements will be used in the MMS
software for post-processing, such as POSPac from
Applanix or Inertial Explorer from NovAtel, in combina-
tion with INS/DMI readings, to improve the accuracy of
the vehicle trajectory to be determined. The trajectory will
be used to produce the initial point cloud for the tunnel
area.

[
N
o

Fig. 11 Point cloud and road markings extraction

Measure GCPs at the entrance and exit of tunnel using
GNSS/RTK techniques, as well as inside the tunnels using
Total Station at 25-m intervals. GCPs inside the tunnel
will be measured by placing the Total Station on
polygonometric stations forming traverses, which will
be fully dependent from both sides, using external stations
established at the entrance and exit of the tunnel and mea-
sured by GNSS/RTK techniques.

Measured GCPs will be identified on the initial point
cloud and deviations will be evaluated to check the accu-
racy. If required, the point cloud will be progressively
processed, using the GCPs source and target coordinates,
to compensate for possible trajectory inaccuracies along
the tunnel. On the final point cloud, the GCPs coordinates
will be compatible with their measured values and within
the accuracy margins.

@ Springer
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Fig. 12 Extraction of road features for the Jeddah project

Processing methodology

The most important factor in MMS data processing is the GPS
observation techniques which are used for the determination
of the vehicle trajectory. Using a minimum of two GPS refer-
ence stations will help the ambiguity resolution within the
project area.

The MMS to be used in the survey (Optech LYNX M1)
integrates all its subsystems (Lidar sensors, cameras, GNSS,
INS, DMI, and also storage, power, and operator interface
devices) through its central control unit. GNSS/INS/DMI sys-
tems collect position and attitude information; Lidar sensors
collect point cloud information and cameras record imagery.
The operator, through the control software interface connected
to the central control unit, is able to monitor several items to
ensure that optimal data collection practices are being follow-
ed in any given circumstance. The collected data from all
sensors and systems are finally stored for post-processing.
Post-processing includes calculation of trajectories and
SBET files, generation of point clouds using the SBET files,
colorization of point clouds using imagery, evaluation and
correction of point clouds using GCPs, and other post-
processing tasks in relation to the required final products.
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Fig. 14 Final 3D model created in AutoCAD Civil 3D for the Jeddah project

Obtaining adequate accuracy of the final point clouds is not
a straightforward process, particularly when working in
crowded cities, due to the fact that loss of GPS lock is very
common because of high buildings and multiple paths during
the field operations. Checking and adjusting the different
strips of point clouds RTK/GPS measurements should be done
for well-known points that already marked on the terrain and
shown clearly within the point clouds. These points will im-
prove the accuracy and rectify any errors in the georeferenced
point cloud. It is important to choose control points that are
clearly identifiable on the point cloud as well as images. The
points ought to be well distributed in the area where data are
collected. The coordinates of GCPs are recorded in the World
Geodetic System (WGS) coordinate system, and should be
identified on the registered point clouds. Consequently, the
point clouds are corrected by applying 3D Helmert rigid body
transformation using the GCPs as parameters.

Table 1 Summary of known Global Positioning System (GPS)/real-
time kinematic (RTK) points compared with laser points

Length (north channel road) 9.2 km
No. of points 26
Min. points at intersection 4
Average points/km 3
STDEV horizontal 0.021
STDEV vertical 0.029

In large projects such as the Jeddah project, we mark and
measure points for roads cross-sections at distances of 750 m
and, at the intersections, we measured more than 300 points.
These known points including the automatic tie line created
by the TerraMatch software were used to adjust the final point
clouds using the same program created by Terrasolid.

Feature extraction

The extraction of features from the georeferenced point clouds
and images requires highly qualified CAD operators and a
large amount of time. The integration of laser scanners and
cameras on the vehicle will help to optimize the scope for
automatic/semi-automatic feature extraction. Algorithms in-
volving the geometry of feature points can be used in combi-
nation with image processing algorithms to obtain better re-
sults (Sairam et al. 2016). Many researchers in geomatics ap-
plications have developed numerous techniques and methods
for automatic feature detection and extraction, such as road
markings, sidewalks, curbstones, road signs, and linear fea-
tures (Jaakkola et al. 2008; Landa and Prochazka 2014). Most
of these techniques (algorithms) are implemented in MMS
software, such as TerraScan, Constructor, PolyWorks,
LP360, LAStools, etc. Road markings could be extracted from
images or from the laser point cloud based on the intensity
value of the returned pulse (Sun et al. 2011; Kumar et al.
2014). PolyWorks and TerraScan are used to extract road
markings in automatic and semi-automatic techniques in an

@ Springer
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efficient manner, when a high density of point clouds is pro-
duced (Fig. 11).

The number of features required in an MMS project plays
an important role. In the Jeddah project, the number of re-
quired features was more than 60. There is no software cur-
rently available that can automatically produce 60 feature ex-
tractions properly, but using some software such as
PolyWorks and TerraScan can give a good possibility to ex-
tract the features using a semi-automatic method. Feature ex-
traction from the point cloud is time consuming due to the
huge amount of spatial information available (Figs. 12 and
13). For some projects, such as the Jeddah project, the daily
feature extraction was 3 km/day when carried out by a profes-
sional CAD or GIS operator. The whole project was executed
within one month with three CAD operators and the field
work was done in 3 weeks.

The Jeddah project was 180 km in length and the time
schedule to execute the project was fair, considering the po-
tential of MMSs, but we have to consider the above-
mentioned problems working with MMSs in crowded cities
with considerable traffic jams. In the cases of high temperature
and loss of lock of GPS satellites, INS installed on the LYNX
system was very efficient at overcoming these problems in

Fig. 16 Railway extracted
features and digital terrain model
(DTM)

@ Springer

most cases. However, due to the traffic jams, the loss of lock
of GPS signals on some roads was too long to be resolved by
the integration of data between different sensors. In some
cases, we resurveyed the roads during the night or in the early
morning and increased the checkpoints in these areas.

An MMS captures all the visible objects in the survey area,
including cars and people, which could create problems dur-
ing feature extraction. The most important step in point cloud
data processing is the removal of any vertical features that
would distort the DTM and final 3D model (Fig. 14).

Discussion and results analysis

In order to be sure of attainment of the required accuracy (less
than 5 cm) in our project, we compared the features extracted
by different surveying methodologies with those extracted
using an MMS:

1. Comparisons with the known RTK/GPS points: Table 1
and Fig. 15 show the comparisons between RTK/GPS
points along the corridor of the surveyed area and the
point clouds.
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2. Comparison in the railway project as built cross-
sections and our designed sections showed good agree-
ment and resolved the problem of differences in the
quantity surveying between the contractor and the cli-
ent. Checking the 1500 km of railway lines within a
short time was impossible without MMS technology
(Slattery et al. 2012), which offered the necessary
(high) accuracy that allowed accurate quantity survey-
ing (Figs. 16 and 17).

3. As mentioned above, the MMS is subjected to loss of
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(Soininen 2015), but they need many iterations in order

to find the best solution. The flow chart in Fig. 18 sum-

marizes the procedure and Fig. 19 shows an example of
the results before and after applying the correction
procedure.

Processed Point
Clouds with GPS/
IMU trajectories for
separated Strips
+

Create Tie Lines

Adjust For RPH

Create x,y,z
correction based
on stamped time

and trajectory
accuracy

Check data
Adjust for x,y, z

The MMS Lidar-based technology has been used fairly
Fig. 18 Process for MMS point clouds corrections often in the last several years, but it still has some limitations
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Fig. 19 Difference in x and y
before and after applying the
corrections (difference of about
12 cm)

and some operational problems that should be analyzed and
resolved, such as: the calibration problem during surveying,
the high maintenance fees compared to other systems, the high
cost of the components which makes it difficult to upgrade the
systems, time-consuming for feature extraction, and require-
ment of a large number of human laborers. Moreover, there
are limitations in software capabilities for the manipulation of
the huge amount of point cloud data.

Conclusions

—  The usage of a mobile mapping system (MMS) for the
surveying phase of engineering projects is highly accu-
rate, very effective, and saves time.

— It needs to be assisted by real-time kinematic (RTK)/
Global Positioning System (GPS) measurements in or-
der to obtain an accuracy better than 5 cm.

— It needs to correct the differences between different
strips in different missions, using tie lines and tie
points.

— A laser-based MMS has some limitations in regards to
high temperatures, which should be considered during
the planning and execution of the field measurements.

— The usage of an MMS reduces the field work time.

—  Office work time is increased due to the huge amount
of captured data and the number of extracted features.

—  Most processing softwares include automatic proce-
dures for features extraction, which is not always pos-
sible, and user intervention is a must (especially in
crowded cities).

— Different commercial MMSs are used in surveying,
with all the advantages and without consideration of
the product and results quality.

—  For greater reliability and confidence in the final re-
sults, we should perform for each mission strip
matching. It is performed by comparing the strips made
using known GPS points and a minimum of three cross-
sections surveyed by GPS observation techniques at
start, middle, and end of each mission in corridor
MMS surveying.

@ Springer
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