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Reliable, available and accurate localization of people and vehicles is one
crucial requirement for intelligent transportation systems (ITSs). This has
led to a variety of technical approaches in recent years. Towards an exact
positioning via Global Navigation Satellite Systems (GNSSs) the visibility
of satellites is an important factor. In this paper, we review the literature
regarding the positioning under non-line-of-sight conditions and analyze
a range of topics from explicit modeling to empirical data collection. The
variety of research indicates a growing interest in robust localization in
urban areas. Furthermore, we develop a taxonomy of the technical design
for GNSS applications dealing with non-line-of-sight and a typology of the
measuring instruments. Both is based on an extensive analysis and review
of the state-of-the-art. In doing so, we characterize the current research
road map. Thus, the goal of this work is to provide a starting point in
terms of the state-of-the-art for further research activities in robust GNSS

positioning and the opportunity for technological innovations to ITS.

1 Introduction

This paper is an extension of work originally presented in
the international conference on Intelligent Transportation
Systems 2016 [1].

Localization and navigation are two key features for our
industrial and globally connected world. Reliable knowing
the ego position at any time around the globe — in real-time
— is a necessary prerequisite for many applications, which
include movement from one point to another. One partic-
ular field is the area of autonomous driving (AD) which
opens up a lot of new and interesting applications. AD
as a system innovation involves technological, social and
infrastructural changes. Right now, several technical sys-
tems have been presented that operate on level two (partial
automation) of the SAEE scale. In order to reach the next
level of automation, that also involves higher awareness of
the automated vehicle, further technological innovations are
needed. Here, robust and reliable GNSS is considered a
key-technology. Moreover, the ongoing progress of urban-
ization causes a steady extension of satellite based naviga-
tion to urban canyon environments [2]]. Within inner cities,
users would like to navigate seamlessly without any obsta-
cles in both outdoor and indoor [3]].
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Figure 1: Number of relevant GNSS publications from 2007
to 2016.

However, the dense urban area causes several errors
to satellite navigation-based positioning and thus decreases
the potential for various positioning applications [4]. Due
to the fact that the urban environment provides perfect sur-
faces for reflections, non-line-of-sight (NLOS) situations
are a source for the worst errors in cities. This effect is also
known outside of cities such as airports [3] or in harsh nat-
ural environments such as mountains or forests with dense
foliage.
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Traditional approaches are not able to identify and elim-
inate several stochastic and deterministic errors in satel-
lite based navigation under both, urban and indoor, con-
ditions [6], [7]. In [8] various approaches to address the
urban canyon problem by minimizing the negative influ-
ences to the navigation solution are described. Moreover,
[4] presents four different methods for improving position-
ing performance and categorizes in

* usage of several common radio signals such as ra-
dio signals, Wi-Fi or new technologies such as Long
Term Evolution (LTE) or 5G,

* integration of different sensors such as dead reckon-
ing (DR), mainly low-cost inertial sensors and odom-
etry data from vehicles [9],

* techniques for the detection or modeling of the sur-
rounding environment of the localization object [10],
(LT, [120, [13].

However, no cost-efficient system which provides a re-
liable sub-meter-level positioning in urban areas based on
one single method is known, today. Consequently, we ex-
pect that future applications will combine multiple solutions
to increase the accuracy and reliability. That means the
most sophisticated localization system requires the combi-
nation of the single advantages of heterogeneous techniques
within one system.

According to [14], the main aspects of cost-efficient
GNSS-based localization system are availability (e. g. by
using more satellite systems [15]), accuracy [16] and re-
liability. Some approaches improve one particular aspect
without evaluating the potential negative influence to the
other criteria. We believe, than an innovative localization
system should strive to increase all three aspects at once
while keeping costs at a reasonable level. For this reason,
navigation and real-time positioning in challenging environ-
ments still requires a lot of efforts in research [17] and in-
dustry.
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Figure 2: A typical situation in an urban area. The recep-
tion of each satellite signal depends on the position of the
receiver and the satellite with respect to each other. Satel-
lites S and S3 are in line-of-sight (LOS), satellite Sy is
blocked and satellite S; has non-line-of-sight (NLOS). This
is a schematic representation of the electronic waves emit-
ted by the satellites.
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Based on [18], we focus on intelligent urban position-
ing (IUP) which includes new techniques for the detection
of non-line-of-sight (NLOS) signal propagation. Thus, we
will outline the current roadmap of scientists who deal with
GNSS positioning under NLOS conditions. Within this sur-
vey, we intend to present a systematic overview of rele-
vant data for NLOS handling. An explicitly in-depth as-
sessment by benchmarking of the entire techniques is not
aimed. However, we discuss topics such as measurement
data generation. This survey is motivated, by the develop-
ment of conference proceedings and journal publications of
GNSS positioning as depicted in Figure [I] which has been
stagnating since 2013. In fact, we present a subproblem of
GNSS localization: the techniques for handling NLOS as
well as the evaluation methods of the scientists. The paper
is structure as as follows: in section 2 we first describe the
NLOS phenomena by itself in order to prepare the introduc-
tion of an appropriate taxonomy. In section 3, we present a
taxonomy of different NLOS handling techniques and eval-
uation methods. In the subsequent section an outlook to fu-
ture trends and new approaches is given. The paper closes
with a comprehensive conclusion in section 5.

2 Non-Line-of-sight

When using GNSS localization there are various influenc-
ing factors, which might decrease the quality of a position
estimate in urban scenarios. [8]] claims two important chal-
lenges: Multipath and NLOS situations. Both phenomena
appear in several application domains where electromag-
netic wave propagation between a sender and a receiver is
used. This includes the signal reflection from surrounding
buildings, a poor satellite visibility or an unfavorable satel-
lite constellation. For the sake of clarity, we deliberately
distinguish between multipath and NLOS. If a satellite sig-
nal is received via multiple paths at the antenna, that is, via
the direct path (also known as line-of-sight or LOS) and the
NLOS path, it is characterized as multipath. If it is solely
received via the reflection path it is simply characterized
as NLOS. In inner cities with high buildings and narrow
streets the receiver performance is usually affected by both,
multipath and NLOS. Thus, both effects are the dominant
sources for unwanted disturbances [[19]]. Figure [2|depicts a
typical situation within an urban canyon. It is worthwhile
to mention, that advanced antenna concepts (e.g. based on
dual polarization [20], antenna arrays [21] or choke ring de-
signs) are able to exclude the NLOS part from a multipath
signal. However, this no longer works if only the NLOS sig-
nal is received. Moreover, these effects cannot be removed
by differential techniques [7]]. Thus, an efficient and explicit
estimation/identification step is required.

In [[14] the NLOS problem is divided into eight individ-
ual sectors. Based on the aforementioned work, we abstract
three different levels: the technical design for the detection
of NLOS; the objective of the approach itself; and the ap-
plication domain (see Figure [3)).

* The technical design level consists of four different

sub-levels—error analysis, hardware sensors, envi-
ronmental modeling, fault detection/outlier classifi-
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cation. This level summarizes all technical imple-
mentations and designs.

e Objective includes the sub-levels handling and scope.
It describes how the contained information within the
NLOS signal is used. For example, if it is just ig-
nored or exploited to a certain extend. Moreover, we
separate between autonomous (stand-alone) and co-
operative architectures.

* The level application domain comprises the main ar-
eas where GNSS-based localization techniques are
used for the positioning process.

In the subsequent text, we use the combination of techni-
cal design and the level of objectives (especially handling)
as categories for our survey. This includes the analysis of
current NLOS methods under the aspects of availability, ac-
curacy and reliability.

Position
domain

Signal-to-
noise ratio
Pseudorange
residuals

FIR camera

Error analysis

Fish eye
camera

Technical design

Elevation
maps

Shadow maps

Environmental
modeling

RANSAC

Fault detec-
tion / outlier
classification

Handling

Objective

Road
transport

[ Application domain }—C Handling

Figure 3: Overview of created taxonomy in reference to
[14].

3 Classification & Taxonomy

In this section we will create a taxonomy, in which the lev-
els of handling, objectives and techniques are linked (see
Figure [3). Based on these levels, we will assign different
research activities. In addition, we provide two further cate-
gorizations based on an inductive approach. We summarize
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current research approaches, which lead us to the taxonomy
stages. For the sake of clarity, we present a table which cat-
egorizes the evaluation methods found in literature. Finally,
we present an overview that summarizes current approaches
which address NLOS.

3.1 Taxonomy of NLOS Handling Ap-
proaches including Techniques

After analyzing the literature, we came to the conclusion
that there are four different high-level solutions to the
NLOS problem. This includes: ignorance of the NLOS ef-
fect, mitigation of NLOS signals, identification of NLOS
signals as well as avoiding NLOS. The latter one is equiv-
alent to avoiding to go to cities or denied environments.
Ignorance means, the disregard of multipath effects and
NLOS signals at all. Although, this approach is not con-
structive in the sense of a modern localization system as
highlighted in the introduction section, we included it for
the sake of completeness. By mitigation we subsume ap-
proaches which basically assume that the effect of multipath
can be minimized through the usage of improved features
of hardware. In contrast, there is the field of identification.
Here, we include approaches which aim to identify NLOS
signals in order to use this information for further process-
ing. In a second step, the identified NLOS signals can be
eliminated or exploited.

It is worth mentioning that some approaches use differ-
ent methods but generate similar results. For example, the
sub-level receiver-based correlator design might mitigate
the influence of NLOS without exact identification of the
defect signal, while a similar work, which belongs to the
sub-level modified receiver processing strategy, performs
an identification followed by a subsequent elimination of
that signal from the positioning process.

Mitigation

The work of [22] proposes two categories of mitigation
techniques: antenna design and receiver-based correlator
design. We augment this classification with two additional
categories in our taxonomy, that is, weighting and using
quality parameters. Due to the nature of these techniques,
the algorithms are only able to decrease the influence of the
NLOS error to the positioning solution without explicitly
modeling which signals are received under NLOS or LOS
conditions. Hence, they are for example not suitable for
explicit modeling of pseudorange signal characteristics.

* Receiver-based correlator - different designs or im-
plementations of the correlator at the HF-level are a
key feature of work within this category and can be
found in [23]] and [24]].

¢ Antenna design - based on a special design of the an-
tenna, the NLOS part within a multipath signal can be
extracted before the signal arrives the receiver. Rep-
resentatives of this approach are: [8], [25], [26], [27]
and [28]]. Recurring on [8], six antenna designs can
be distinguished, where the angle of arrival measure-
ment (AOA)is rated the most performant technology.
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Although the AOA principle provides a high perfor-
mance, it is worth mentioning that this antenna design
is not widely adopted yet.

* Weighting - refers to the so-called elevation cut-off
angle for different satellites. In general, low elevated
satellites are more affected by NLOS than satellites
with a high elevation. For this reason measurements
from these satellites will be excluded before a posi-
tion solution is computed. Implementations of that
technique can be found in [29] and [30].

» Using quality parameters - the approaches in this
category indirectly use different indicators such as
signal-to-noise ratio (SNR), Doppler frequency, etc.
to assess the probability of a measurement being a
NLOS signal. Based on a user-defined threshold in
this domain, the potential NLOS signals are either
excluded or tagged in order to apply a weighting. Im-
plementations of this can be found in [31], [32], [33],
(34, (35, [36] and [37].

Identification

We split the top-level category identification (as proposed
by [8]] and [38])) into the sub-levels elimination and exploita-
tion. For both sub-levels, the identification of NLOS sig-
nals is a necessary condition. Regarding the elimination of
NLOS signals, the concept initially presented in [4] is ex-
tended with a further category named environmental mod-
eling. Thus, the final four sub-levels of the category elimi-
nation are:

* Environmental modeling - describes the explicit
modeling of potential external influences such as
buildings or infrastructure of cities: [12], [39], [[18],
(401, [410, [421, (431, [44], (451, [46], (47], (48], [491,
[S0], [51]. We also propose to include approaches
such as a sky-positioning camera within this category.

¢ Integration with inertial navigation systems (INSs) -
combines the benefits of two heterogeneous systems
into one localization system: [14], [52], [33], [54],
(551, 1561, (571, 158].

* Modified receiver processing strategies - describes
approaches were the receiver architectures is modi-
fied in order to achieve better signal processing as-
pects: [S9], 601, 611, [62], [63l, [64], 165], [66],
(671, [68]].

¢ Using multi-constellation GNSS - for increasing the
overall amount of available satellite signals to choose
from and thus improving the dilution of precision
(DOP) metric: [13]], [69], [[70].

The level exploitation includes a large amount of ap-
proaches and consequently comprises several categories.
The handling-technique is used to obtain further impor-
tant information about accuracy, availability and reliability.
Accordingly, the technique is appropriately utilized. This
changes the view of NLOS: from a negative effect to an
important information provider. Also, we have gathered
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techniques that allow to provide necessary information. In
[43], the two categories signal-to-noise ratio and shadow
matching are proposed. The category signal delay match-
ing (SDM) was introduced in [4]]. The other categories are
taken from [14] and augmented with different collections
of papers as shown in the following listing. It should be
highlited, that recent research approaches usually propose a
combination of the individual techniques. The categories of
the sub-level exploitation are divided in:

* Signal-to-noise ratio - approaches sorted to this cate-
gory aim to use the information about different SNR
levels in several environments: [27]], [47], [71], [[72]],
[73], [74].

* Ray tracing - this technique uses several models (e.g.
3D city models) to predict an intersection of the LOS
signal path with a building between a satellite and the
receiver. In case of an intersection, the probability for
NLOS is considered high: [4]], [22], [71].

¢ SDM or signal delay matching - describes a technique
to predict and observe parameters such as delta code
phase delay. The observed parameter is then com-
pared to a known model as shown in [4].

e Shadow matching - shadow matching is a pattern
matching approach which utilizes a 3D city model
in order to predict whether a satellite will be visible
or not. Based on the decision whether a signal was
directly received, the most likely position candidate
from the 3D map can be selected: [11], [75], [76l,
[771, [781, [79] and [80].

* 3D building model - this level encompasses all ap-
proaches based on 3D building models which do not
rely on ray tracing or shadow matching: [4]], [22],
[711, (811, (821, [83]].

» Consistency checking - The rationale behind this ap-
proach is, that LOS measurements usually produce a
more consistent navigation solution (e.g. in data fu-
sion systems) than NLOS measurements [8]]. There-
fore, different combinations of satellite signals are
used to compute individual position candidates which
are afterwards compared to each other or another ref-
erence: [29], [84], [85], [86] and [87]. The technique
of innovation filtering is also included in this category

(8.

¢ Pseudorange residual - the least squares method aims
to minimize the residuals produced by all considered
measurements. The result is a more consistent (i.e.
balanced) positioning solution as shown in [71]].

* Carrier phase - this category is similar to the SNR
level. However, this time the observed parameter is
the carrier phase [88]].

* Time delay and Doppler frequency - This category
is similar to the SNR level. However, this time the
observed parameters are the time delay and Doppler
frequency: [89], [90] and [91]].
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Figure 4: Classification of the NLOS problem into four different levels. Additionally, the level identify is divided into
the two sub-levels eliminate and exploit. The different sub-levels are inspired by [4]], [38]], [8], [14] and extended by own

categories.

Some approaches found in literature cannot be clearly
assigned to one of the aforementioned categories. More-
over, papers which cover more than one technique are also
missing at this stage. For the sake of completeness, we
would like to add these papers to this survey. For example,
techniques which utilize cooperative methods to exchange
GNSS raw data in order to mitigate the influence of de-
graded satellite signals can be found in [92] and [93]]. Other
approaches try to detect jumps of the mean value within
the measurement domain over time [94]]. Moreover, various
forms of receiver autonomous integrity monitoring (RAIM)
have been investigated [95]. A further class of complex
algorithms utilizes Dirichlet process mixtures (DPM) for
multipath mitigation [96]], [97]].

3.2 Evaluation Methods

In the introduction, we mentioned the characterization of
the scientific road map in the context of NLOS. Similarly, to
the handling methods, we now want to present the analysis
of the evaluation methods. At this point, we ask ourselves
how the technical approaches for NLOS mitigation, identi-
fication and modeling are assessed. Therefore, we provide
an overview of the used experimental setups. The focus is
clearly on papers, which address NLOS or multipath han-
dling. We proceed in an inductive manner. This means, we
try to derive relevant categories from the reviewed papers.
Within 53 papers we found static and dynamic measure-
ment campaigns, which were destined for either vehicles
(trucks, aircrafts, drones, cars, etc.) or persons. Moreover,
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these measurement campaigns can be categorized into sim-
ulation and real-world data collections. Table [I] illustrates
our results and allows a classification. The row no infor-
mation summarizes items that do not report the evaluation
method. The classification is focused on real-world data
collection for vehicles. We observed that real-world data
collection campaigns for persons is constantly increasing
since 2013. In contrast, simulations are underrepresented in
connection with the exploration of identification and miti-
gation strategies of NLOS. We assume different obstacles
in the process of transferring real world phenomena into
a simulation model. The influences and dependencies be-
tween constantly changing environments during a dynamic
maneuver are highly complex. Hence, the majority of the
investigated papers use real-world data to cover most rele-
vant side effects. During the characterization of the eval-
uation methods we also realized that a comparison of the
results can hardly be produced. This is mainly due to a lack
of a common dataset, which allows consistent benchmark-
ing of the used methods and techniques.

3.3 Recent solutions for positioning under
NLOS conditions

In this section, we will look at the different categories of our
Survey for current research projects. Similarly, we test the
statement by [8]] that the combination of techniques is es-
sential. The study of the reviewed work showed 7 research
projects in the period from 2013 to 2015, which dealt with
the NLOS problem. The methodology of the programs can
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be classified into the field of identification. Based on this
current research, we analyzed solutions in form of technical
design, scope and data collection. Due to this sampling we
found:

* one approach with a cooperative scope [56]. This ap-
proach was evaluated by simulation.

* six approaches, which are specialized in environmen-
tal modeling with 3D ([4], [18], [22], [43], [47],
[71]). Here, real-world data was collected. Thus,
building boundary data, digital terrain models and
building models were used.

Table 1: Types of Measurement Data

Real Data Static Dynamic
collection measurement measurement
Via vehicle 181, [14], [33], [4, [4], [30],
(501, (801, (98], (331, (351, [92],
(991 (471, (480, [301,
(511, (580, (670,
(681, [700, [74],
(811, [820, [83l,
[85]
Via person (18], [22] [43], [49], [66],
[71]
(No informa- 28], [29], [31],
tion) 1321, 1341, [37],
(731, 1840, [86l,
1871, 188]]
Simulation Static Dynamic
measurement measurement
Via vehicle [90] 4, 271, [56],

681, [911], [94]
Via person
(No informa-
tion)

[25]], [411, [89], 93]

Furthermore, this analysis reveals that these projects
used a combination of technical designs in order to iden-
tify the NLOS signal. For example, [18] used building
models, consistency checking, signal geometry and signal
strength information within one algorithm. In addition, we
were able to determine which criteria were used to evaluate
the research projects. In all studies, accuracy was the main
objective, while some studies focused on the availability as-
pect as well. Only four studies addressed the performance
indicator reliability.

Furthermore, an assumption from our introduction was
confirmed. Thus, the costs represent a significant influenc-
ing factor on the techniques, which were used. Four out
of the seven research programs address the low-cost aspect:
[41], [18], [43] and [47]. For this reason, we conducted fur-
ther meta-analysis on the criteria for NLOS handling tech-
niques by investigating the following sources: conference
proceedings as well as journal publication from the years
2013 to 2016. It became clear that accuracy was given to

Zhttp://www.smartLoc.eu
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59%, availability to 27% and reliability to 14% as obser-
vation and influencing factors for the assessment of NLOS
approaches. Figure [3]illustrates this evolution. In addition,
we observed an increase in low-cost conditions for NLOS
techniques since 2014. Basically, these criteria can be con-
sidered evaluation standards for a common benchmarking
of NLOS handling techniques.

2014
2015 «~— —»———>2013
I B availability
2016 B reliability

Figure 5: Evolution of evaluation criteria from 2013 to
2016.

4 Current Development

Despite the steadily growing field of satellite navigation for
pedestrians, in combination with other techniques a seam-
less navigation independent from the environments, the ma-
jority of usage is for various vehicles on roads. This fact
is shown in the rows for vehicle of Table [l On the other
hand, there are some gaps of research and experience with
satellite-based navigation for pedestrians. Another fact is
the ongoing development of autonomous vehicles in the
near future. A reliable and accurate navigation system is
one of the enabling-technologies for improved mobility. For
this purpose the vehicle have to trust the navigation solu-
tion, independently of harsh environments or good visibility
of satellites. In theory, there are several techniques to ful-
fill this task. However, we expect that the combination of
multiple approaches will result in a safe navigation system
that can be used in case of outage or partial degradation of
a sub-system.

Although, this survey paper focuses on an analysis of
the state-of-the-art of GNSS positioning under NLOS con-
ditions, we would like to mention that there are a couple
of national and European initiatives which aim to improve
satellite navigation in challenging areas. For example, the
goal of the German research project smartLocE] is to de-
velop a robust positioning algorithm based on the factor
graphs framework as used in the robotics community. The
main motivation is to enable low-cost receivers to be used
in urban areas by deliberately modeling the LOS and NLOS
statistics inside of the navigation algorithm. By that ap-
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proach, an appropriate integrity as well as an improve ac-
curacy is expected. The algorithm is designed to explicitly
handle temporal mulit-modalities of the GPS pseudoranges
as caused under NLOS conditions. Similarly, the European
research project InDriv proposes to use a software GNSS
receiver in combination with a Bayesian data fusion frame-
work in order to estimate and identify NLOS signals already
at the correlator level. In contrast to a standard GNSS re-
ceiver which typically solely emits one PVT solution per
epoch, the InDrive concept allows to provide multiple solu-
tions in case of temporal ambiguities. Due to the probabilis-
tic interface on the output side, later stages (e.g. inside of
a complex system architecture as in autonomous vehicles)
can be used to finally select the most appropriate solution
candidate based on further information (e.g. from digital
maps or other exteroceptive sensors).

5 Conclusion

In this paper we addressed a specific segment or phe-
nomenon of robust localization: NLOS. With our survey ap-
proach, we intend to present a systematic search for specific
data relevant to the NLOS handling. Starting from the work
presented in [14] and an analysis of several papers we have
developed a taxonomy of handling NLOS in GNSS posi-
tioning. Thereby we integrated the fields of handling, the
technology used and the intended objective. Afterwards, we
identified types of evaluation methods and analyzed which
are primarily used. Finally, we looked at current research
programs and their technical design, data collection, han-
dling, scope and application domain.

The output of Table|l|and the classification in Figure
give a good impression of the usage of satellite-based nav-
igation. The majority of the reviewed papers are related
to outdoor environments for any kind of vehicles. Many
of them used real-world data to compare their solutions.
As the used reference data (ground truth) is not the same
within the data sets, an absolute comparison regarding the
algorithmic performance is difficult. Hence, a quantitative
comparison of the various solutions should be addressed in
future work. Then, we applied the taxonomy of handling
and evaluation methods to current research projects. It be-
came clear that cooperative handling approaches as well as
real-data measurements belong to the current standard. In
addition, we were able to characterize the evaluation cri-
teria of the researchers for their chosen technique and to
outline an essential condition for the technique. Thus, we
could determine the current researcher roadmap for dealing
with NLOS. The roadmap is defined by the choice of sev-
eral cooperating NLOS handling techniques in coordination
with the respective research objective (mitigation, exploita-
tion or elimination). Then, the evaluation of this technique
is carried out under the conditions of low-cost, due to the
availability, accuracy and reliability of the GNSS localiza-
tion system. Real data are usually used for this purpose.
In the future, we would like to use a common dataset to
benchmark the used methods and techniques. These steps
are needed to create technological innovations for our in-
dustrial and globally connected world - especially for sys-

3http://www.indrive-project.eu/
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tem innovations in the area of ITS.
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