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Executive Summary
Objectives
Deliverable 2.1 (Requirements for Positioning Quality) contains the analysis of the role of the positioning information in the TransSec system and the derivation of requirements for the positioning system. The results of this
analysis shall guide the development of the positioning system in the following tasks of WP2.
Results
1. We analysed the role of the output of the positioning system for the TransSec system. This information is
needed for vehicle movement monitoring, adaptive map matching, risk communication and georeferencing of object detections. The accuracy requirements have been documented for every component.
2. We formalized the general requirements from the several TransSec components and translated them in a
set of measurable performance requirements for accuracy, availability and integrity.
3. The requirements analysis lead to a discussion of a suitable positioning system design (hardware and software). The suitability of several positioning sensors is discussed and a first analysis of standard truck sensors was performed.
4. We did a first positioning test using multi-frequency GPS and Galileo data and compared the results to a
reference trajectory.
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INTRODUCTION

An accurate and reliable estimate of the truck’s position builds the base for movement monitoring. It is
not an end in itself, but it has three specific purposes:
(1) to provide a trusted and accuracy-aware source of the truck position for movement monitoring,
(2) to support the construction of an accurate and complete LDM for the scene analysis,
(3) to allow location-dependent risk communication.
This means that the main purpose of positioning here is not navigation, but delivering information to the
other system components (Figure 1). Those modules build on the outputs of the positioning component,
i.e. position, velocity and attitude of the truck.
We already presented a set of use cases for the TransSec system in D6.1 (Risk Communication and Protocol Requirements Analysis). Use cases like pedestrian shopping zone, market place, tourist promenade,
bus station or security zones indicate that the positioning system has to operate in a variety of environments.

Figure 1: TransSec system
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In contrast to mass-market consumer applications (navigation systems without integrity or safety standards), the TransSec system faces higher requirements regarding availability and integrity of the navigation
solution. In order to meet the expectations the TransSec positioning component builds on:


Multi-system and multi-frequency GNSS observations



precise GNSS data and models



fusion of GNSS observations with dissimilar sensor data



o

truck sensors (e.g. odometer)

o

motion estimation from computer vision

GNSS signal authentication

By using different information sources (different GNSS and different frequencies, additional sensors), we
create redundancy that can be used to improve the availability, estimate integrity and ensure the authenticity of sensor data. This is needed in order to take decisions of undefeatable emergency manoeuvers
and to prevent abuse of the truck. If the positioning component delivers important information for decision-making, it must not be possible to manipulate or deactivate it with malicious intent. In case of a single
module failure not affected security functions remain in operation. As an example, autonomous emergency
manoeuvring will work using only on-board sensors.
In this document we give a brief overview about the role of positioning for transport security (section 3),
and describe the requirements from the TransSec modules. In section 4 we discuss quality metrics which
will be used to verify the requirements derived for the positioning system in section 5. Based on the
requirements a first design of the positioning component (HW and SW) will be presented (section 6). In
section 7 first results from a positioning test are presented.
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ABBREVIATIONS AND ACRONYMS
Abbreviation

Description

ADAS

Advanced Driver Assistance Systems

CAM

Cooperative Awareness Messages

CAN

Controller Area Network

CDF

Cumulative Distribution Function

DENM

Decentralized Environmental Notification Message

EGNOS

European Geostationary Navigation Overlay Service

GNSS

Global Navigation Satellite Systems

IGS

International GNSS Service

IMU

Inertial Measurement Unit

LCRW

Longitudinal Collision Risk Warning

LDM

Local Dynamic Map

LIDAR

Light Detection And Ranging

NTRIP

Networked Transport of RTCM over Internet Protocol

PPP

Precise Point Positioning

PVT

Position, Velocity and Time

RADAR

Radio Detection and Ranging

RAIM

receiver autonomous integrity monitoring

RTCM

Radio Technical Commission for Maritime Services

SLAM

Simultaneous Localization And Mapping

SBAS

Space-Based Augmentation System

SISNeT

Signal in Space through the Internet

SSR

State Space Representation
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3 THE ROLE OF PRECISE VEHICLE POSITIONING FOR THE TRANSSEC
SYSTEM
As can be seen in Figure 1, the positioning system provides absolute position information to several other
system components. In this section, we will analyse the role the position information plays in each of the
modules to gain a better understanding of the requirements. In this section we will describe the requirements in a qualitative sense using the terms accuracy without specifying confidence levels etc. The results
will then be formalized and transformed to actual requirements of the positioning system in section 5.

3.1 Vehicle Movement Monitoring
The vehicle movement monitoring module will permanently monitor the movement of the truck. This
includes the analysis of the driving situation and the estimation of risk factors. Its position and velocity
can already provide indications for suspicious movement. A correct matching of the vehicle position with
the map provides the traffic rules (e.g. speed limits, driving bans, etc.) that apply for the current location.
Therefore, the truck movement monitoring relies on position information matched to the map and velocity
information. Accurate position and velocity together with maps can provide a good basis for (terror- and
fraud-related) risk assessment. It is important that the position and velocity information is reliable, because
the detection of suspicious movement will trigger an undefeatable emergency manoeuvre.
For the accurate positioning of the vehicle and the estimation of driving risks while monitoring truck
movements we will assume the following reference dimensions:


Truck width: The standards in Europe indicate that the allowable size for most vehicles is 2.55 m
[1]. For example, the Mercedes ATEGO truck that will be employed for system prototyping during
the project has a width of 2.30 m without the mirrors. The ACTROS truck is 2.5 m wide without
the mirrors. In addition, a margin of 0.25 m on each size of the lane is recommended in Europe.
This results in a truck width of 3.05 m (2.55 m + 2 x 0.25 m).



Lane width: Typical lane widths around the world are reported to be between 2.7 and 4.6 m
depending on countries, road type, speed limitation and legislation. In Germany, 3.5 m is a common lane width on motorways, whereas in rural or urban areas it is between 3.0 m and
3.75 m([2]).

Considering these values and for the specific case of urban environments, the requirements for vehicle
positioning and movement monitoring within TransSec are initially established at 0.5 m for lateral accuracy. This enables detection of lane departure and/or objects in the ego-lane or side paths (other lanes,
sidewalks). In the longitudinal direction less stringent requirements can be formulated. We assume that
an accuracy of 1 m is sufficient. We concluded this from the following calculations: Given sample vehicle
speeds of 50 km/h (13.8 m/s) and 20 km/h (5.55 m/s) and sample data processing rates of 10 Hz, the
system would provide detections on the road scene every 1.4 m at 50 km/h and every 0.6 m at 20 Km/h.
Most of the TransSec use cases are related to inner cities – nevertheless the general speed limit for trucks
in the EU is 80 km/h (or 90 km/h), resulting in one detection every 2.5 m at a speed of 90km/h (10 Hz).
Table 1 shows the length of the brake path when sensors with 10 Hz data are used.
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Speed [km/h]

10

20

30

40

50

60

70

80

90

Stopping distance [m]

0.8

3.1

6.9

12.3

19.3

27.8

37.8

49.4

62.5

1.0

3.6

7.8

13.5

20.7

29.4

39.8

51.6

65.0

Stopping distance based on
10 Hz measurements [m]

Table 1: Derived numeric distances for stopping a vehicle directly and based on 10 Hz data

3.2 Adaptive Map Matching
The position of the car is transformed to a location in the map by map matching. In TransSec, the classic
map matching algorithm cannot be applied since the classic map matching assumes that the trucks drive
on a street and the algorithm will “pull” the cars to the street. However, an off-road hypothesis should be
kept, as it is associated with a security thread. Therefore, we define the so-called adaptive map matching.
The adaptive map matching will determine the distance of a truck’s position to the most probable
street/line. If the distance exceeds the defined thresholds, the risk is very high that the truck is off-road.
The environment perception module also provide information if the truck drives to the curbs or pedestrian
zones which can be a potential thread for the pedestrians. For the use cases pedestrian shopping zone
and market places, the adaptive map matching will provide the information whether the truck is within
the geo-fenced area (i.e. the area, where trucks are allowed to drive). An accurate position estimate
facilitates the matching because it reduces the number of candidates.
The adaptive map matching procedure uses position, heading, speed and yaw rate as estimated by the
positioning module. The desired update rate for these information is 10 Hz. We assume that a positioning
accuracy of 0.5 m in lateral direction and 1 m in longitudinal direction is required.
The reliability of the map-matching algorithm directly depends on the accuracy of the map data and the
accuracy of the output from the positioning module. The accuracy of the map data will be evaluated in
WP3.

3.3 Direct Georeferencing of Object Detections
For a lot of situations the risk estimation based on the dynamic environment does not need georeferencing
and operates on a local map. For instance, the detection of moving objects in the scene (like other vehicles
and vulnerable road users) is relative to the position of the vehicle and does not necessarily need to be
georeferenced. However, in other situations, where the map information has to be combined with the
information extracted from camera or LIDAR the object detections have to be georeferenced (e.g. where
the risk estimation will need to compare the output of the eHorizon (most probable path) to current/past
trajectory). In particular, the static objects in the scene like traffic signs, stop lines and road/street boundaries can be georeferenced and matched to existing objects in the static map. In all cases the base for
situation analysis and risk estimation is the LDM where dynamic and static objects are stored and their
position referenced either relatively to the vehicle of globally based on geo-localization.
In order to get a geometrically accurate representation of the environment, the sensor observations and
the static map data have to be brought to the same reference frame. This means that the object detections
have to be transformed from the sensor frame (the camera frame or the LIDAR frame) to the LDM frame.
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If the LDM frame is the world frame, the objects are georeferenced. This requires knowledge about the
exterior orientation of the sensors (origin of the sensor frame and orientation of the axes).
Assuming that the sensor position and orientations are known with respect to a vehicle-fixed frame (calibration), the georeferencing of the sensor observations is based on the estimated position and orientation
of the truck (direct georeferencing). This means that the accuracy of the object positions in the world
frame directly depends on the accuracy of the estimated state of the truck.
Based on the state-of-the art, accuracies of 30 cm are desired for HD 3D maps. Georeferencing the detected traffic signs can have accumulated errors of meters (calibration, GNSS vehicle position, detection,
etc.). Using stereo cameras, the accuracy decreases with the distance of the object. Experimentation in
the inLane project showed accuracies of centimeters for short object distances (2.5 m). Object distance
of 15 m lead to errors bigger than 1 m. LIDAR is more accurate but it has a lower vertical resolution,
reducing the capacity of detection at greater distances. The 3D accuracy of LIDARs is typically below
10 cm. These are errors in the sensor frame and sum up with positioning and calibration errors when
calculating world or map frame positions. Also the output rate of the positioning system should math the
frame rates of cameras (e.g. 60 frames per second). These considerations show that the accuracy requirements for direct georeferencing of object detections can be very high.

3.4 Risk Communication
The risk communication module makes use of Decentralized Environmental Notification Messages (DENM)
and Cooperative Awareness Messages (CAM). The DENM contains information related to a road hazard or
an abnormal traffic condition, including its type and position. The Cooperative Awareness Service enables
the exchange of information between road users and roadside infrastructure, providing each other's position, dynamics and attributes. The broadcasted position information will be based on the output on the
positioning module. The highest requirements for the contained position information in DENM is formulated by [3] for Longitudinal Collision Risk Warning (LCRW):


In case position is used for longitudinal alignment estimation, the vehicle position accuracy shall
be equal or less than one meter with a confidence level of 95 %.



When receiving a DENM, the LCRW receiving mode shall verify if the trajectory and heading of the
vehicle will intersect with the relevance area in received DENM.



When receiving a "roadworks" DENM, the LCRW receiving mode may verify if it is running in a
lane, which is identified as being under work.
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4 QUALITY METRICS
For the quality assessment of the positioning solution some quality metrics will be defined. We follow the
recommendations of the SAPPART project and the EN 16803-1 [4]. The definitions are taken from the
SAPPART Handbook [5]. In this deliverable we use the terms quality and quality characteristics used in
DIN EN ISO 9000:2005 [6] rather than the terms performance and performance metrics used in EN 168031.
The basis for the positioning quality assessment is the comparison of the output of the TransSec positioning module with a ground truth trajectory (determined with a positioning system with higher-level accuracy).

4.1 Accuracy
Accuracy is a statistical characterization of the error in position, velocity or speed. As defined by EN 168031 the 50th, 75th and 95th percentiles of the cumulative distribution function (CDF) of errors will be computed. The transformation of the errors (e.g. local-level frame or a trajectory-related system) leads to a
better interpretability.

Table 2: Accuracy Definition
Output

Performance Feature

Accuracy Metrics

Position

north, east, vertical position error

50th, 75th and 95th percentiles of the CDF of the error

Velocity

along track and across track position er-

50th, 75th and 95th percen-

rors

tiles of the CDF of the error

north, east, vertical velocity error

50th, 75th and 95th percentiles of the CDF of the error

Attitude

along track and across track velocity er-

50th, 75th and 95th percen-

rors

tiles of the CDF of the error

roll, pitch and yaw errors

50th, 75th and 95th percentiles of the CDF of the error

4.2 Availability
The availability of the PVT information is another important performance feature of the positioning component. The availability of an output quantity is defined as the percentage of time intervals of specified
length during which the positioning terminal provides at least one position output. The time interval has
to be specified according to the requirements of the application. No level of performance is prescribed for
the output, but the accuracy levels complement the picture.
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Table 3: Availability Definition
Output

Availability Metric

Position, Velocity, Attitude

Availability is the percentage of time intervals
of length T during which the Positioning terminal provides at
least one valid position output.

4.3 Integrity
The quality of the integrity computation is evaluated using the integrity risk and the protection level.
In the context of performance assessment, the integrity risk can be defined as the probability that the
observed error is less than or equal the protection level for the respective output. The integrity risk is not
the target integrity risk, which is an input to the protection level computation algorithm. However, an
integer system should achieve integrity risk values not higher than the target integrity risk. To prove that
the system fulfils the target integrity risk requirement extremely large samples are needed.

Table 4: Integrity Risk Definition
Output

Integrity Risk Metric

Horizontal Position Protection Level

The Horizontal Position Integrity Risk is the probability that the
horizontal position error exceeds the horizontal position protection level.

Horizontal Velocity Protection Level

The Horizontal Velocity Integrity Risk is the probability that the
horizontal position error exceeds the horizontal velocity protection level.

The protection levels for a given target integrity risk should also be evaluated regarding their statistical
behaviour. This is needed to evaluate the usability of the protection level for a specific application with a
given Alarm Limit.
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Table 5: Protection Level Performance Definition
Output

Protection Level Performance Metric

Horizontal Position Protection Level

Horizontal position Protection Level performance is defined as the
set of three statistical values given by the 50th, 75th and 95th percentiles of the cumulative distribution of horizontal position protection levels computed for a certain Target integrity risk.

Horizontal Velocity Protection Level

Horizontal velocity Protection Level performance is defined as the
set of three statistical values given by the 50th, 75th and 95th percentiles of the cumulative distribution of horizontal velocity protection levels computed for a certain Target integrity risk

4.4 Authenticity
Authenticity is an indicator that the data processed by the positioning system is based on the processing
of real signals. This mainly relates to the tracking of GNSS signals and the thread of spoofing. Methods
for authentication will be part of Task 2.3 in WP2.
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5 REQUIREMENTS FOR POSITIONING QUALITY
We are interested in the requirements for positioning quality in order to reach the desired end-to-end
system performance therefor we will translate the general requirements described in section 3 into a set
of measurable performance requirements.

5.1 Accuracy Requirement
Several TransSec functions need an accurate position for as input. The following requirements have been
collected:


Vehicle Movement Monitoring: 0.5 m lateral, 1 m longitudinal



Adaptive Map Matching: 0.5 m lateral, 1 m longitudinal



Direct georeferencing of object detections: 0.5 m



Risk Communication: 1 m

The accuracy requirement for the direct georeferencing is the highest. We can conclude that the target
accuracy requirement for horizontal positioning (95th percentile) is 0.5 m. For an accurate short-term prediction of the vehicle’s position and monitoring of the speed of the truck a reliable velocity estimate is
needed. We estimate that a speed estimate of 0.1 m/s serves this purpose. As an alternative an estimate
of speed and heading can serve the same purpose.
In Table 6 the target accuracy levels are summarized. The accuracy will be assessed using the accuracy
metric defined in Table 2.
Table 6: Target Accuracy
Output of the Posi- Requirement

Means of Verification

tioning System
Position

0,5 m lateral

95th percentile of the CDF of the errors

1,0 m longitudinal
Velocity (horizontal)

0.1 m

95th percentile of the CDF of the errors

Speed

0.1 m

95th percentile of the CDF of the errors

Attitude

1°

95th percentile of the CDF of the errors

Heading

1°

95th percentile of the CDF of the errors

5.2 Availability Requirement
The truck movement shall permanently be monitored. Therefore a high availability is required. Several
TransSec functions require a high rate positioning output. The Map Matching module and the motion
monitoring module require the position information with a rate of 10 Hz. Therefore, we set the time interval for the availability metric (Table 3) to 0.1 s. The high availability requirement is translated to a target
availability of 99 %. The availability is assessed using the availability metric defined in Table 3.
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5.3 Integrity Requirements
The TransSec system highly benefits from integrity information, therefor the positioning component shall
output protection levels for the computed quantities. A core element is the estimation of the “risk” (part
of the vehicle movement monitoring module), which is based on several information sources. One source
of information is the output of the positioning system (Figure 1). If the protection level of the PVT output
is given as a measure of trust that can be put in that information, the risk estimation module can make
better decisions.
The integrity requirements are linked to acceptable risk for a certain type of application. The classification
scheme for location-dependent road/ITS applications proposed by [7] contains three categories, which
are used to classify applications according to their integrity requirements (integrity risk, continuity risk,
horizontal alarm limit, time to alarm): safety critical applications, payment critical applications and regulatory critical applications. The TransSec system does not fit directly into this classification scheme. It is a
road security application. Like safety critical applications, it deals with safety. However, the security features shall enforce the safety level, i.e. it shall not be able to deactivate or manipulate the safety system.
In general, the integrity requirements seem to be comparable to those of autonomous driving, which falls
into the safety critical application category.
The computation of protection levels is usually linked to the target integrity risk. The target integrity risk
is the probability of providing a protection level that is smaller than the actual error [7]. For the target
integrity risk we adopt generally accepted values in the field of autonomous driving and ADAS application
No clear reference is established yet. Values on the order of 10-6 and 10-7 seem to be generally accepted
target integrity risks ([7]–[9]) for safety critical automotive applications. These values should be used for
protection level computation.
For every application, an alert limit is specified. The alert limits indicates the maximum allowable position
error for the performing the functions of an application [7]. Each module relying on the PVT information
should specify an individual alarm limit. Typical horizontal alarm limits for safety critical applications as
reported by [7] are 5-10 m. Considering the accuracy requirements of the TransSec components these
values seem to be rather high.
The time to alarm should be as short as possible, as in the TransSec application context a timely reaction
to detected risks is very important (e.g. braking based on a security event triggered by the motion-monitoring module). Therefore, each module shall monitor the integrity of the received PVT information based
on the provided protection level (provided with every output of the positioning module) and the individually
specified alarm limit.

5.4 Authenticity Requirement
The positioning system shall assure the authenticity of the sensor data. This can be done by authenticating
the sensors connected to the positioning system computer and monitoring the authenticity of the signals
processed by the sensors. Authentication is important in order to detect possible system manipulation or
sensor spoofing. Here, we focus on using authentication as a means to detect GNSS spoofing. For GNSS
authentication, e.g. Navigation Message Authentication, a suitable receiver is needed. This shall be a
criterion for the selection of the GNSS receiver (see 6.1.2).
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Authentication will be treated in detail within task 2.3 of WP2. During this work, the authenticity requirements will be refined.
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6 POSITIONING SYSTEM DESIGN
Based on the requirements, a design for the positioning system is developed and suitable sensors are
presented. The main requirement for positioning quality is to reach sub-meter accuracy with a very high
availability. Besides that, the positioning system shall output protection levels and an authenticity indicator.
Precise Point Positioning (PPP) seems to be a good choice for the required accuracy level. In theory, PPP
enables decimetre to centimetre level accurate global positioning by exploiting phase observations and
precise satellite orbit and clock information. The PPP concept has been successfully applied to single-,
double- and triple-frequency observations, using either ionosphere-free linear combinations or uncombined observations with different parametrizations. The phase ambiguities are usually estimated as float
values, but integer ambiguity resolution is possible as well. There is however a major challenge inherent
to the PPP technique: The time needed until full accuracy is reached is usually perceived as too long for
automotive applications (up to tenth of minutes of convergence time). However, if we study the literature
carefully, we see that the assessed time of convergence usually has the goal to determine the timespan
until the accuracy has reached a constant level, often 0.1 m is used. Here, we are interested in an accuracy
level of several decimetres (0.5 m) and this can be reached much faster. Important improvements in PPP
convergence have been demonstrated because of:


use of a priori information on ionospheric delays and signal biases [10]–[12],



multi-GNSS positioning [13],



triple-frequency positioning [13].

Ambiguity fixing (instead of float ambiguity estimation) can reduce the time needed for convergence even
further. Recently triple-frequency PPP techniques with almost immediate convergence has been demonstrated [14]. For the TransSec application, a multi-GNSS dual- or triple-frequency approach using apriori
information seems to be well suited.
It has to be noted that most of the studies presenting advances in dual- and triple-frequency PPP are
focused on geodetic environments, i.e. static applications and geodetic GNSS receivers and antennas.
Evaluation of low-cost PPP approaches for vehicle positioning have until know been focused on singlefrequency observables (e.g. [15], [16]). The reason for this is that low-cost or automotive grade dual- or
triple-frequency receivers have only become available during the last month. In 6.1.2 we give an overview
of this new receiver generation. In kinematic applications and in automotive environments the positioning
system has to deal with a degraded satellite geometry due to obstructions, a reduced observable quality
due to the influence of reflections (especially on the code measurements) and an the interruption of
continuous phase tracking (cycle slips) due to measurement gaps caused by obstruction. Therefore the
positioning module needs to implement an effective strategy for cycle slip detection and gap bridging [17],
as well as a method for detecting erroneous observations (multipath or non-line of sight).
The key for reaching the high availability requirement of 99 % and the accuracy requirement in road
environments is sensor data fusion. By combining information from different sensors, e.g. inertial measurement units (IMU) or odometers, the ability to bridge GNSS gaps and thus the availability of the PVT
solution can be improved. Motion information derived from stereo images can support the navigation
systems in phase of GNSS unavailability. The long-term stability of Visual Odometry or SLAM can be significantly better than that of automotive-grade inertial measurement units.
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Sensor data fusion will also help to ensure GNSS integrity through the redundant information that can be
used for fault detection and exclusion. Sensor data fusion can also be seen as a way to check the consistency of the sensor information. This, together with GNSS signal authentication can be used to detect
manipulation of the system.
Based on these considerations we will now discuss the requirements for the hardware and software components of the positioning systems.

6.1 Sensors
The following section gives a brief overview of sensor that can support the approach. The quality of the
sensor is of major importance to meet the requirements. Availability and accuracy are directly influenced
by the sensors quality.
6.1.1 Truck Sensors
The medium duty trucks like Mercedes-Benz Atego and the heavy-duty trucks like Mercedes-Benz Actros
are equipped with sensors, which can be used for TransSec. The two available trucks for TransSec are
equipped with similar sensors. The sensor observations are available via the CAN bus (Table 7). Besides
odometers, gyro and accelerometers, the truck is also equipped with a mono camera for lane detection.
Its observations like lane marking type and lane width are provided with a rate of 20 Hz via the CAN bus.
No GNSS receiver is installed serially. This sensors needs to be purchased and mounted appropriately on
the truck.

Table 7: Sensor Data available in the CAN bus of Mercedes-Benz Atego
Signal
Acceleration in x and y direction
Steering wheel angle
Yaw rate
Speed of every axle/wheel
Total vehicle distance

Rate
100 Hz
100 Hz
100 Hz
100 Hz
1 Hz

Unit
m/s2
rad
rad/s
km/h
km

A test drive has been done to evaluate the quality of the proprioceptive sensors. The driven route was in
the area of Esslingen, Germany, with sections of single-lane and multi-lane roads, urban and rural areas
and tunnels. Comparing the yaw rate observed by the truck’s sensor and the yaw rate of a high-precision
SBG Systems Apogee IMU some deviations are visible (Figure 2). In most cases there is around 1 to 2
deg/s. In Figure 3, the acceleration in x and y direction are shown and the differences between these two
sensors in where many peaks can be detected Figure 4. Furthermore, also a lot of difference values are
around 1-2 m/s2.
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Figure 2: Comparison between the truck sensor yaw rate and the SBG reference IMU (left)
and the differences between the two sensors (right)

Figure 3: Accelerations of truck sensor and SBG in x and y direction

Figure 4: Differences between the truck sensor and SBG
6.1.2 Automotive-grade GNSS Receivers
Single-frequency GNSS receivers have been the standard for mass market application for a long time.
Recently, a new generation of multiple-frequency has been announced. An overview of multi-system
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GNSS-receivers is given in Figure 6. The most promising chip is the STM STA9100MGA/STA5635S, providing triple frequency observations and being specifically tailored to automotive application. It should also
support Galileo’s Navigation Message Authentication in the near future. As discussed before, triple-frequency observations are the key to faster PPP convergence.

Table 8: Overview of GNSS receivers
Manufacturer

Model

Grade

Type

Frequencies/Signals

Authentica-

Specifications

tion
u-blox

F-9

Automotive

HW

GPS: L1C/A, L2C

possibly

Product web page

-

Product web page

GLONASS: L1OF, L2OF
Galileo: E1B/C, E5b BEIDOU: B1I, B2I
QZSS: L1C/A, L2C
Swift Navigation

Piksi Multi

Automotive

HW

GPS: L1, L2
GLONASS: G1, G2

NVS

NV08C-RTK-M

STM

STA9100MGA

Automotive

+ STA5635S

with ASIL B

HW

GPS: L1, L2

-

Product web page

HW

GPS: L1, L2, L5

yes

Product web page

-

Product web page

Galileo: E1, E5, E6
GLONASS, BeiDou,
QZSS, IRNSS

Broadcom

BCM47755

Consumer

HW

GPS: L1, L5
Galileo: E1, E5a
QZSS: L1, L5

6.1.3 Automotive-grade Inertial Measurement Units
The on-board accelerometer has only two axes and the gyro only one axis. When a 6-Axis IMU is necessary, additional equipment needs to be installed. A further evaluation is also necessary to decide whether
the available truck sensors can be used in TransSec. An overview of candidate IMUs is listed in Table 9.

Table 9: Overview of IMU models and manufacturers
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Manufacturer

Part

Grade

Epson

M-G365 and others

Automotive

Product web page

STM

AIS3624DQ and others

Automotive

Product web page

sensonor

STIM202

Space

Product web page

KVH

CG-51000

Navigation

Product web page

InvenSense

ICM-20948

Commercial

Product web page

VectorNav

VN-100

Aerial

Product web page
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6.2 Motion Information from Computer Vision Algorithms
Motion information from computer vision can provide long term-stable relative motion information. SLAM
will be part of the environment object detection subsystem of TransSec, thus this information is available
and can also be used for positioning. For the environment perception the following sensors are used


Stereo camera,



LIDAR.

Visual Odometry and Simultaneous Localization and Mapping (SLAM) are techniques for retrieving motion
information. These techniques are implemented in WP4.
6.2.1 Visual Odometry (VO)
Visual Odometry estimates the camera motion based on tracked image features. Stereo Visual Odometry
provides a three-dimensional translation vector, as well as a rotation matrix that describes the rotation
between two epochs. Current Stereo Visual Odometry implementation provides long-term stable relative
motion. As an example, the currently highest ranked stereo visual Odometry software (TUE’s Enhanced
Frame-2-Frame Stereo Odometry) in the KITTI Odometry Benchmark [18] has a translation error of 0.80
% (i.e. 0.8 m per 100 travelled meters) and a rotation error of 0.0026 [deg/m]. This shows, that it is a
very capable aiding sensor during GNSS unavailability. However, a very good initial state estimate is required for bridging long phases without GNSS. Visual Odometry should be combined with other motion
information (IMU, Odometer) to mitigate problems in case of bad image exposure or problems with feature
tracking (e.g. large moving objects in the image or sudden illumination changes).
6.2.2 Simultaneous Localization and Mapping (SLAM)
SLAM stands for Simultaneous Localization and Mapping, which means that exterior scene is reconstructed
as a sparse 3D environment while the vehicle is self-localized at the same time within this digital environment. The SLAM also involves the estimation of the relative vehicle motion (direction and speed) based
on the data captured by sensors as the vehicle moves. When the system relies only on cameras (single or
stereo), it is usually called visual-SLAM (vSLAM). But other sensors can also be used alone (LIDAR) or in
data fusion approach (IMU, wheel odometers, etc.) for increased accuracy. In addition to the reconstructed
3D virtual environment, another output from SLAM is the odometry which allows to create a track or past
trajectory of the vehicle that can be matched against existing paths on a map or fused with the navigation
paths obtained with a GNSS system. As an example, V-LOAM, the currently highest ranked LIDAR-based
SLAM software in the KITTI Odometry Benchmark [18] has a translation error of 0.60 % (i.e. 0.6 m per
100 travelled meters) and a rotation error of 0.0014 [deg/m]. SOFT2 is currently the best Stereo-Vision
based SLAM solution, has a translation error of 0.65 % (i.e. 0.65 m per 100 travelled meters) and a
rotation error of 0.0014 [deg/m]. This means, that SLAM is an interesting source of relative motion information.

6.3 High Accuracy GNSS Data
For obtaining the full PPP accuracy, precise information about the satellite orbits, the satellite clocks and
signal biases, as well as ionospheric delays are needed, e.g. as state space corrections for the broadcast
navigation data.
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Today, several analysis centres of the International GNSS Service (IGS) provide state space correction as
part of the IGS Real-time Service [19]. This open-access service is based on NTRIP (Networked Transport
of RTCM over Internet Protocol), which is the standard for the exchange of RTCM (Radio Technical Commission for Maritime Services) messages for land users. For PPP the RTCM State Space Messages, providing information on individual GNSS error sources, are used. These contain satellite orbit errors, satellite
clock errors (errors of the broadcast data), and satellite signal biases. NTRIP streams delivering multisystem SSR (State Space Representation) corrections are listed in Table 10. Recent studies show good
accuracy and availability of the streams ([20], [21]). However, it should be noted that there is no service
guarantee for these streams, which will be an advantage of the Galileo High Accuracy Service.

Table 10: NTRIP streams providing multi-system SSR corrections
Caster

Mountpoint

System

Analysis Center

IGS-IP-products

CLK70/CLK71
CLK91
CLK93

Galileo, GPS, GLONASS
EPOS-RT
Galileo, GPS, GLONASS, Beidou PPP-wizard
Galileo, GPS, GLONASS, Beidou PPP-wizard

GFZ
CNES
CNES

Another source for precise data is EGNOS (European Geostationary Navigation Overlay Service). EGNOS
is the European Space-Based Augmentation System (SBAS) [22]. The EGNOS augmentation data mainly
contain
•

slow corrections (corrections for the GPS satellite orbit and the clocks errors),

•

fast corrections (corrections for the fast varying GPS satellite clock errors),

•

ionospheric model,

•

parameters for GPS integrity computation.

For real-time PPP positioning the ionospheric model is of great interest. Besides receiving the augmentation data from the geostationary satellites, the EGNOS augmentation data can be obtained via internet,
e.g. by means of the SISNeT (Signal in Space through the Internet) service.
Other, more accurate, sources for ionospheric corrections are the Fast-PPP products produced by the
group of Astronomy and Geomatics at the Technical University of Catalonia [23] and NTRIP Stream CLK93
(Table 10), which transmits VTEC information as ionosphere spherical harmonics.
PPP is the concept adopted by the Galileo High-Accuracy Service, which has formerly known as High
Accuracy service of the Galileo Commercial Service. The required precise information will be transmitted
to user via satellite as part of the Galileo E6-b signal. The High Accuracy Service is still in the definition
process and will become available (free of charge) in the coming years.
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6.4 Interfaces of the Positioning Subsystem
Table 11 contains the identified interfaces of the positioning system.

Table 11: Inputs to the positioning system
Data Source

Interface

Protocol

Data

GNSS receiver

Serial port or USB

Sensor-specific protocol

GNSS raw data

Vehicle sensors

CAN

Can Messages

Acceleration, steering angle,
wheel speeds, yaw rate

IMU

Serial port or USB

Sensor-specific protocol

Acceleration, turn rate

SLAM/ Visual Odom- Software

Relative notion (3D translation

etry

and 3D rotation)

NTRIP caster

LTE modem

NTRIP

SSR orbit and clock Information, signal biases

SISNeT data server

LTE modem

SISNeT

EGNOS messages

Table 12: Outputs of the positioning system
Output

Description

Unit

Position

Latitude, longitude, height

Degree, meters

Speed

Speed of the vehicle

m/s

Heading

Heading angle of the vehicle

Degree

Protection level

Horizontal protection level

Meters

Spoofing flag

No spoofing/ spoofing

Boolean

The protocol for exchanging the outputs (Table 12) with the other TransSec modules is still in the definition
phase. Possible solutions are the use of a suitable middleware (e.g. RTMaps or ROS) or the implementation
of a communication protocol.

6.5 Positioning System Design
Now, we present a design of the positioning software that computes the required quantities with the
required accuracies. The implementation is split into two tasks. First, a GNSS-only positioning component
will be developed (task 2.2, Figure 5). Second, the GNSS measurements will be integrated with other
sensor observations leading to a fully integrated positioning system (task 2.4, Figure 6).
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Figure 5: High-level design of the Galileo Positioning System
The Galileo Positioning system has two main modules: the GNSS Observation Modelling module and the
position estimation module. The GNSS Observation Modelling module provides all data that is needed for
PPP position estimation (Table 13). These are the data needed for position estimation or later for the
tightly-coupled sensor fusion. A first quality check of the data is performed. The module receives the
observations from the GNSS receiver and the SSR corrections from the NTRIP client.
Table 13: Required GNSS observation and model data per epoch and per satellite
Required Output

Details

Note

Raw Observations

Pseudorange, phase, Doppler

One set of measurements per signal

Smoothed Observations

Smoothed Pseudorange

Reduces pseudorange noise

Satellite Positions

Computed satellite position at the epoch of transmission

Based on corrected satellite orbits

in the ECEF frame at the reception epoch
Satellite clock correction

Satellite clock correction at the transmission epoch

Based on corrected satellite clock information

Slant TEC

Slant TEC for L1

Based on best available ionosphere
model

Tropospheric zenith delay

Tropospheric zenith delay

Based on the best available troposphere model

Code and phase biases

One bias per observable

Depending on availability

Corrections for dm-level positioning

phase wind-up, relativistic effect, earth tides, ocean loading, etc.

Measurement variance

Estimate of the variance of the measurements

Cycle slip flag

Cycle slip indicator based on preliminary quality checking
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The position estimation module estimates a kinematic PPP solution from the prepared observations and
model data using a Kalman filter. For reaching a sufficiently short convergence time it may be necessary
to estimate additional parameters like tropospheric and ionospheric delays ([10], [11]) and using apriori
information. Robust phase processing shall be accomplished by cycle slip detection and a method for gap
bridging, assuring a quick reconvergence of the ambiguity parameters [17]. A RAIM (receiver autonomous
integrity monitoring) algorithm including a protection level computation method shall be implemented to
fulfil the integrity requirements.

Figure 6: High-level design of the integrated positioning system
In a second step the position estimation module is extended to a sensor data fusion module (Figure 6).
This module shall combine the GNSS observations with the data from the other sensors (tightly-coupled
integration) for improving the positioning quality. A practical method is the implementation of an Errorstate Kalman Filer. Based on a suitable parametrization of the vehicle state, a system model with inputs
from the motion sensors (IMU, or truck odometer) will be developed. The GNSS observations and the VO
or SLAM output shall be used to correct the prediction of the system state. The GNSS observations shall
be processed using the model developed for the position estimation module. The State-relative measurements from Visual Odometry or SLAM can either be processed time-differenced as velocities or directly as
state-relative updates (making use of stochastic cloning [24]). The fusion with absolute SLAM positions as
presented [25] is not possible, because we do not use pre-built maps. Sensor specific states, e.g. biases
or scale factors shall be estimated if necessary. The Sensor Data Fusion module shall check the consistency
of the sensor data based on Kalman filter innovations and/or residuals. Thereby erroneous sensor data
shall be detected and excluded.
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7 FIRST POSITIONING TEST USING TRUCK DATA
As a first test we processed dual-frequency GPS and Galileo data in a PPP processing. The data set has
been recorded using a Trimble BX982 receiver and a geodetic antenna installed on the roof of a truck.
The truck sensor analysis presented in 6.1.1 was based on data recorded during the same drive. The
observation rate was 1 Hz. The route driven by the truck passed through a variety of environments:
highway, semi-urban, rural and a short passage characterized by obstruction from several bridges above
the road. The length of the data set is 42 minutes (from 12:00 to 12:42 on 14th of May 2018).
The trajectory was obtained using a dual-frequency PPP approach using ionosphere-free observations in
post processing. GPS and Galileo observations have been processed using multi-system orbit and clock
products from CNES [26].

Figure 7: Cumulative density function of the horizontal positioning errors
We compare our solution to a Trimble CenterPoint RTX trajectory obtained from the same receiver-antenna
combination. This trajectory cannot be considered as ground truth; however, it serves to show the general
properties of the obtained result. Looking at the CDF of the differences of the solutions (‘errors’), we see
that the 75th percentile in north and east direction is around 0.5 m. The CDF flattens considerably above
80 %, which shows that a high amount of larger errors is present. The 95th percentile is approximately
2 m.
The time series of the residuals unveils that the position solution contains several periods of degraded
accuracy and single outliers. The degraded accuracy occurs in semi-urban environments. Most spikes
(larger errors for a few epochs) occur, when the truck passes under bridges. We think that the reason for
this error behaviour is the very basic phase processing scheme applied in this test and the fact that no
outlier detection was performed on the pseudorange measurements.
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We conclude that accuracies of half a meter are generally possible with the chosen approach. However,
the solution strongly depends on the operational scenario. The further developments will focus on robustifying the solution, i.e. careful phase data processing (cycle slip detection and gap bridging) and outlier
detection.

Figure 8: Residual time series
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CONCLUSION

In this deliverable, we analysed the role that the position and velocity information plays in the TransSec
system component. The purpose is not navigation, but movement monitoring of trucks. In this context,
the position information is used for map matching, risk communication georeferencing of object detections
from computer vision algorithms. We concluded that the required level of accuracy is 0.5 m (95 %). Moreover, the requirements regarding availability and integrity have been documented. In order to fulfil the
requirements, we propose architecture for an integrated positioning system. The core is multi-frequency
multi-GNSS Precise Point Positioning, which, if fused with additional sensor data, is suited for the TransSec
application. We discuss specific implementation details for real-time PPP. A review of sensors, in particular
the new generation of multi-frequency automotive grade GNSS receivers, complements the design considerations. A first test of basic PPP algorithms shows the appropriateness of this approach and points out
some challenges that has to be solved in the next step.
This deliverable documents the work done in task 2.1 (positioning quality requirements analysis) and
documents the required quality levels and discusses how to obtain them. With the work carried out, we
reach Milestone 1 (Positioning quality) of the TransSec project.
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