This is the Pre-Published Version.

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
The following publication D. Weng, M. Cai, W. Chen, J. Wang and S. Ji, "GNSS Fault Detection and Exclusion (FDE) Under Sidewalk Constraints for
Pedestrian Localization in Urban Canyons," in IEEE Transactions on Intelligent Transportation Systems, vol. 25, no. 9, pp. 11168-11179, Sept. 2024
is available at https://doi.org/10.1109/TITS.2024.3361069.

GNSS Fault Detection and Exclusion (FDE) under
Sidewalk Constraints for Pedestrian Localization in
Urban Canyons

Duojie Weng, Miaomiao Cai, Wu Chen, Jingxian Wang, Shengyue Ji

Abstract—The Global Navigation Satellite System (GNSS) has
gained widespread use in smartphones, providing support for
various pedestrian applications. In urban areas, multipath effects
introduce large errors in different measurements, severely
degrading the GNSS accuracy. To mitigate multipath effects, several
Fault Detection and Exclusion (FDE) methods have been developed.
However, in urban canyons, their effectiveness is significantly
degraded due to the lack of fault-free measurements in the cross-
street direction. In urban canyons, the pedestrian network provides
an opportunity to improve the urban GNSS accuracy for
pedestrians. The purpose of this study is to improve the GNSS FDE
performance through the sidewalk constraints. A new scheme has
been proposed to distinguish the correct side of the street effectively.
The Hough Transform estimator was used to find the most
consistent GNSS measurements under sidewalk constraints. To
assess the proposed algorithm's performance, extensive tests were
conducted in urban canyons. The analysis of Carrier-to-Noise
density ratio (C/NO) shows that 92% of sidewalks can be
distinguished from the opposite sidewalk along the same street. The
static test shows that the positioning accuracy can be improved from
22 m to 4.9 m, a 77% improvement over the residual based FDE.
The dynamic test showed that the proposed method can achieve the
sidewalk positioning, which is essential for many pedestrian
applications such as last-mile delivery, emergency caller
positioning and jaywalking monitoring.

Index Terms—GNSS, Pedestrian map, smartphone, urban
canyons

I. INTRODUCTION

lobal Navigation Satellite System (GNSS) receivers
have become ubiquitous in smartphones, benefiting
numerous location-based applications in our everyday
lives [1-3]. While most of GNSS errors can be reduced by using
Differential GNSS (DGNSS) or the advanced modelling
techniques [4, 5], multipath effects pose a unique challenge.
Unlike other errors, multipath effects are closely related to the
local environment of the receiver and cannot be addressed by
using DGNSS or modelling techniques. Consequently,
mitigation of multipath effects has become a long-standing
challenge for GNSS communities.
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Multipath effects are caused by two different phenomena:
multipath reception and non-line-of-sight (NLOS) receptions.
Multipath reception refers to a phenomenon that the direct line-
of-sight (LOS) and the reflected signals are received
simultaneously, while NLOS reception represents that the
direct GNSS signal is blocked, and signals are received only
through the reflected paths [6-8]. These signals cause
measurement errors up to tens or even hundreds of meters [9].
Failure to cope with these signals results in a positioning error
as large as tens of meters, especially in the cross-street direction
[10-12]. Therefore, in urban areas, the current GNSS technique
could not meet meter level accuracy, which is urgently needed
by many applications including COVID-19 tracking, ride-
sharing services, location-based augmented reality, last-mile
delivery, social networking, and emergency caller positioning
[8, 13].

Extensive studies have been carried out to mitigate multipath
effects [11, 12, 14, 15]. For commercially available GNSS
receivers, multipath effects can be mitigated using two distinct
methods: (1) estimation of multipath errors, and (2) detection
and elimination of faulty measurements resulting from
multipath effects. The former approach uses advanced
estimation algorithms such as particle filtering [2], factor graph
optimization [16], and sparse estimation [17] to determine the
estimates of multipath errors. In this study, however, our focus
will primarily be on the latter methods, which involve the
detection and elimination of faulty measurements influenced by
multipath effects.

The initial attempts to detect and exclude faulty GNSS
measurements were pioneered by the Receiver Autonomous
Integrity Monitoring (RAIM) methods, which were developed
mainly for aviation application in the 1980s [14, 18]. Due to
their simplicity, self-sufficiency, and effectiveness, these
RAIM methods have been widely used in aircraft receivers
[19]. During that time, most of them were designed for the
single fault, where the probability of multiple faults can almost
be neglected [19]. However, for civilian users in urban areas,
these RAIM algorithms fail to detect and exclude multiple
GNSS faults that occur frequently due to signal blockages and
reflections [11, 19, 20].

A variety of Fault Detection and Exclusion (FDE) algorithms
have been proposed to tackle the challenges of multiple GNSS
faults in urban environments. These algorithms can be broadly
classified into three categories: quality control method, residual
based FDE, and solution separation based FDE. The quality
control method, as the first category, detects multipath and
NLOS signals by analyzing various features such as elevation
angle, carrier-to-noise density ratio (C/NO), and azimuth angle
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[21-23]. These features are compared against predefined
thresholds to identify multipath or NLOS signals. However, this
method could not identify them reliably due to significant
overlaps between normal measurements and faulty
measurements. Since NLOS or multipath signals could not be
reliably identified using only one feature, various intelligent
algorithms have been developed to enhance the identification
performance by incorporating these features [24, 25].

The second type of methods involves the enhancement of
conventional RAIM algorithms to cope with multiple faults
[11]. They employ a residual based FDE algorithm that
iteratively excludes measurements with the largest residuals
until the test statistic falls within the threshold. However, when
a large portion of faulty measurements are observed by
receivers in urban canyons, the largest residual does not
necessarily mean the corresponding measurement has a fault.
Under this condition, the residual based FDE frequently
eliminates fault-free measurements while keeping some faulty
measurements, resulting in a large positioning error [26].

The third type of FDE methods is based on the bottom-up
search method, also known as solution separation method. This
approach involves exhaustively evaluating all subsets of
satellites and considering the most consistent measurements as
fault-free ones [27-30]. In urban canyons, however, the cross-
street redundancy is severely reduced, and the performance of
these methods is significantly degraded [31]. Moreover,
evaluating all subsets of measurements exhaustively can
impose a heavy computational burden, especially when there
are tens of measurements from the receiver [32]. To address this
issue and reduce the computational cost, random sample of
consensus (RANSAC) algorithm has been applied in GNSS to
find the most consistent measurements[33, 34].

In recent years, the rapid development of GNSS and the high-
sensitivity receiver technique have greatly increased the
number of visible satellites on a smartphone. In relatively open
areas, the large number of GNSS measurements benefit the
accurate and reliable position solutions, improving the
positioning coverage. In urban canyons with dense buildings,
however, the majority of GNSS measurements are affected by
multipath or NLOS errors, and often there are not sufficient
fault-free satellites received from the cross-street direction[26,
35]. This geometry problem has become a challenge for current
FDE algorithms, degrading the GNSS accuracy in urban areas
[26, 35, 36].

In recent years, external data have been extensively explored
to the GNSS accuracy in urban canyons [31]. One approach is
GNSS solution under constraints of height, which can be
derived from maps or pressure sensors [12, 37]. This method
reduces the number of unknowns from 4 to 3 and improves the
horizontal Dilution of precision (DOP) values. Therefore, the
horizontal positioning accuracy can be improved through the
height constraints. Another method is to detect and exclude the
NLOS satellites that are obtained from nearby sensor-rich
vehicles [38, 39]. This method assumes that the similar
LOS/NLOS signals are shared around a building. However, the
multipath and NLOS errors change significantly even when the
user moves little in the cross-street direction. Furthermore, 3D
building models have been treated as a complementary data
source for urban GNSS positioning since most of GNSS
multipath and NLOS signals are attributed to buildings [8, 35,

40-42]. One of the popular techniques is the shadow matching
method, which determines positions based on the fact that
different LOS signals can be observed at different locations due
to the blockage of buildings [35, 41]. It has laid a theoretical
foundation for improving the positioning accuracy of mobile
phones, particularly in cross-street directions. However, the
performance of this method in the along-street direction is
limited, especially when buildings along the street have similar
heights [43-45]. Furthermore, the availability of accurate 3D
models can be a challenge in some cities.

The use of road maps has significantly improved the
positioning performance of vehicles [15, 46-48]. In urban
canyons with tall buildings, pedestrians should stay in footpaths
on both sides of the street to keep themselves safe. Pedestrian
maps provide a comprehensive network of pedestrian
pathways, including sidewalks, crosswalks, and underpasses,
represented by their centerlines. The line segments or polylines
in these maps can be used as constraints for pedestrian
positioning. However, few studies have been carried out to
solve GNSS positions under sidewalk constraints. Notably,
pedestrian networks are publicly available in various cities such
as Hong Kong and Seattle. Moreover, they are extensively used
in popular mapping platforms like Google Maps and OS Maps
to facilitate pedestrian navigation. In cases where pedestrian
network data are is unavailable, it is still possible to gather
information about the entire sidewalk by determining the
coordinates of specific control points along the pathway. This
approach is particularly suitable when sidewalks can be
represented as line segments.

The objective of this study is to enhance the performance of
GNSS FDE by incorporating cross-street constraints. We will
first demonstrate that the use of the residual based FDE under
the sidewalk constraints can lead to frequent incorrect
identification of sidewalks, especially in urban areas with dense
pedestrian networks. Therefore, new methods are necessary to
mitigate the impact of unqualified sidewalks, including those
on the opposite side of the street and those along other streets.

To mitigate the influence of the sidewalk on the opposite
side, an efficient algorithm will be developed based on the
C/NO. By applying sidewalk constraints, the number of
unknowns in the GNSS problem is reduced from 4 to 2. This
transforms the GNSS problem into finding a line that best fits a
set of 2D points. Hough Transform is a fundamental algorithm
that has been widely used in image processing to find geometric
shapes robustly under conditions of multiple outliers [49]. In
this study, Hough Transform is applied in the proposed method
finding the most consistent measurements under conditions of
multiple faults. The contributions of this study include:

(1) For the first time, the use of pedestrian map is proposed
to constrain GNSS solutions in urban canyons.

(2) A lightweight algorithm is developed to identify parallel
sidewalks on both sides of a street, without the need for
complex 3D building models. This algorithm efficiently
eliminates unqualified sidewalks, improving the overall
positioning solution.

(3) The application of the Hough Transform estimator in
GNSS under sidewalk constraints is introduced for the first
time. This estimator effectively and robustly searches for
consistent measurements, enhancing the GNSS positioning
performance.
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The remainder of this paper is organized as follows. Section
II presents the conventional GNSS FDE algorithms. In Section
II, details of the proposed method are formulated and
presented. The performance evaluation of the proposed method
is presented in Section IV. Finally, the conclusions and future
work are presented in Section V.

Il. GNSS FAULT DETECTION AND EXCLUSION

The GNSS linear equation can be represented as follows [17,
50]

p=Gx+e+m 1
In equation (1), the pseudorange measurement vector, denoted
as p, has a dimension n X 1, where n is the number satellites
observed by a receiver. The Jacobian matrix G has a dimension
of n X 4, and it contains the unit line-of-sight vectors from
satellites to the receiver, followed by a column of ones. The
state vector, denoted as x, has a dimension 4 X 1, and it
includes 3 coordinates for position and 1 receiver clock bias that
i1s common to all measurements. The measurement error,
denoted as &, has a dimension n X 1. The fault vector, denoted
as m, has a dimension n X 1 due to multipath or NLOS errors.

The fault vector in Eq. (1) can be defined as:
ms = { 0, s€LoS @)
e®, s € NLOS or multipath

where s denotes the index of a satellite (s = 1,2 ...,n). When
the measurement p® does not contain multipath or NLOS error,
the corresponding fault m?® is zero. However, if there is a fault,
it will introduce a significant bias into the measurement.
Typically, NLOS signals result in a positive fault in the
measurement, while multipath signals introduce positive and
negative error in the measurement.

The weighted least squares estimation of Eq. (1) is given as
X=(G"WG)16¢"Wp 3)
where W is a diagonal weighting matrix, with the diagonal
elements being the inverse of the variances of measurement
errors. The residuals can be calculated by subtracting the
predicted measurement from the real measurement

v=p—-p=U-5)p

=(I-$)(e+m) “
where S = G(GTWG) 1G™W.

One of the most widely used test statistics for fault detection
and exclusion is the sum of squared residuals t given by

t=v"Wv (5)
The test statistic t is compared with a threshold to determine if
there are any faults in measurements. The residual based FDE
method excludes the measurement with the largest normalized
residual recursively until ¢ is within the threshold. As shown in
Eq. (4), the residuals are in fact a linear combination of different
faults, and the large residual can be caused by faults in other
measurements. Under the conditions of multiple faults, the
largest normalized residual does not necessarily mean that the
corresponding measurement is faulty, and the residual based
FDE often results in eliminations of fault-free measurements,
while retaining faulty measurements.

As opposed to the residual based FDE that uses as many of
measurements as possible to get the initial solution, the subset
testing method estimates parameters using a minimum number
of measurements and tests their consistency with other
measurements. This bottom-up method uses a voting scheme to
find the most consistent measurements [33]. The application of

this method is limited because it is time and computation
consuming.

The underlying concept behind the FDE algorithm is that
fault-free measurements deliver a more consistent position
solution [11, 12]. However, for a pedestrian in urban canyons,
the majority of GNSS signals in the cross-street direction are
received via NLOS paths caused by buildings on both sides of
the street. Under this condition, it is very difficult to detect and
exclude faulty measurements based on one or two fault-free
measurements in the cross-street direction. Figure 1 illustrates
the challenge of FDE due to insufficient redundancy in urban
canyons. As shown, the LOS signals and NLOS signals are
represented by green and brown lines, respectively. It can be
observed that the majority of cross-street satellite signals are
blocked by buildings on both sides of the street. The
conventional FDE method often finds the consistency using a
combination of some faulty and fault-free measurements,
significantly degrading the GNSS performance in urban
canyons.
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Fig. 1. GNSS positioning in urban canyons

In certain pedestrian or vehicle applications, it is known that
the states of the model in Eq. (1) are subject to specific
constraints. These constraints can be utilized to increase the
redundancy, improving the FDE performance. For instance,
height information obtained from a map can be used as a virtual
measurement, which proves to be effective in reducing
positioning errors. Additionally, in urban canyons, pedestrian
positions are subject to sidewalk constraints, presenting an
opportunity to enhance urban positioning performance.

I1l. PEDESTRIAN MAP AIDED FDE

In urban canyons, pedestrians must walk on sidewalks that
are separated from roadway vehicles. Therefore, positions of
pedestrians are known to be subject to sidewalk constraints. A
pedestrian map provides both walkways in polylines and their
height information. The useful constraints derived from the
pedestrian map provide additional and virtual references for
urban GNSS positioning.

Figure 2 illustrates the benefits of GNSS positioning under
sidewalk constraints. As shown, when constraints are not
used, the local East, North and Up coordinates must be
estimated. The parameter space is reduced to some sidewalks
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when the pedestrian map is used to solve for positions.

N East
v North

Sidewalk constraints

No constraints

Fig. 2. GNSS positioning under sidewalk constraints

Several candidate sidewalks can be obtained from the
pedestrian map centered around an initial position. One
approach that could be considered is using the residual based
FDE with aid of sidewalk constraints. However, the direct use
of the conventional FDE with the sidewalk constraints often
leads to determination of positions on wrong sidewalks,
resulting in poor accuracy.

In this section, we will use a typical example to show how
GNSS accuracy can be improved using the proposed method.
The test environment is depicted in Figure 3(a), the true position
is near a lamppost situated on the right side of an urban street.
The distance between the two parallel sidewalks is
approximately 20 meters.

One possible solution is to use the residual based FDE with
the constraints of sidewalks. The feasibility of this method is
evaluated in this study. Figure 3(b) shows positions from the
residual based FDE, with and without sidewalk constraints. If
not constrained by sidewalks, GNSS positions are distributed
throughout the entire street, including inside buildings. When
the sidewalk constraints are applied in the residual based FDE,
all positions are determined on sidewalks. However, this
method results in frequent position results on other sidewalks,
instead of the correct one. This is because the best consistency
is often achieved among some fault-free measurements and
faulty measurements on the other sidewalks.

Due to the inherent uncertainties in the initial position and
the complexity of the pedestrian network, GNSS positions can
be determined on other surrounding sidewalks. It is crucial to
mitigate the impact of surrounding sidewalks, which can be
categorized into two types: (1) sidewalks on the opposite side
of the street, as indicated in the black oval in Figure 3 (b); and
(2) sidewalks on a different street, being shown in blue oval in
Figure 3 (b). To address the former issue, a unique algorithm
will be developed to filter out the sidewalk on the opposite side
of the street. To tackle the second challenge, a new FDE
algorithm based on Hough Transform will be developed.

The purpose of this study is to investigate the use of cross-
street constraints to enhance the GNSS FDE performance.
Specifically, candidate sidewalks will be first selected and
refined. By incorporating this constraint, the redundancy in the
cross-street direction can be significantly improved, enabling a
reliable detection and elimination of outliers. Consequently, the
accuracy of positioning can be greatly enhanced, particularly
for sidewalks with narrow widths.
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Fig. 3 An example of position results from residual based FDE without and with
sidewalk constraints
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Fig. 4. Flowchart of the FDE method

The flowchart of the proposed method is shown in Figure 4.
This method includes three steps. The first step is to generate
candidate sidewalks using the initial position on a pedestrian
map. It is challenging for current algorithms to distinguish two
sides of a street. Therefore, the second step is to filter out the
unqualified sidewalks using a new algorithm. Finally, the
consistency of GNSS measurements on each candidate
sidewalk will be checked using Hough Transform, and
positions can be estimated robustly.
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A. Generation of candidate sidewalks on pedestrian map

The initial GNSS position will be computed using the
residual based FDE technique. The search for the solution will
be conducted within a circular area centered around the initial
position. To ensure that the search region includes the true
position, the radius of the circle should be sufficiently large. In
this study, considering that the majority of positioning errors
from the residual based FDE are within 40 meters, an initial
search radius of 40 meters will be employed. If no solution can
be obtained within this radius, the search radius will be
incrementally increased in an empirical manner to determine
the positions.

Suppose that the footpaths derived from the map are
represented by line segments l;, where i = 1,2 ..., N; denotes
the index of the line segments and N, is the number of line
segments. Note that each line segment /; is defined by a pair
of beginning and end points, denoted by (s;, ;) where s; and
e; denotes the beginning point and the end point of line
segment [; . Figure 5 illustrates an example of sidewalk
generation. As shown, the search region is represented by a
circle centred at the initial position with a radius D =40
meters. Four sidewalks are generated from the search region,

Voo 1 \ Vo
Fig. 5. Generation of candidate sidewalks

The sidewalk constraints reduce the 3-dimentional
parameter space to a number of line segments around the
pedestrian position. In urban areas, however, there are parallel
footpaths on both sides of the street, which are very close to
each other. It is challenging for the current algorithm to
distinguish between a footpath on one side and another
footpath on the opposite side. Rejecting the incorrect
sidewalks is particularly important for sidewalk-level
positioning, as required by many pedestrian applications.

B. Filtering out the unqualified sidewalks

Several candidate sidewalks can be derived from step A,
especially when sidewalks are available on both sides of the
street. Two sides of the street can potentially be identified
using the shadow matching method [35, 45]. However, 3D
building models are required. In this study, we will develop a
novel algorithm to distinguish two sides of the street based on
the fundamental concept of shadow matching method,
eliminating the need for 3D building models.

The shadow matching method relies on the variation in sky
visibility between different positions, particularly in the cross-
street direction. It is achieved by matching the observed C/NO
with the sky visibility. When it is used for identifying the sides
of the street, the property of GNSS signals can be explored to
two sides of the street. In urban areas, buildings are typically

present on both sides of the street in a continuous manner.
When a pedestrian walks on a sidewalk adjacent to a building,
half of the sky is blocked by this building, and only a part of
signals from the other part of sky can be observed. Therefore,
the LOS signals observed on two sides of the street are totally
different. This property can be used to identify which
sidewalk the pedestrian is on.
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Fig. 6. Relationship between the LOS signals and the side of the street: (a)
different LOS satellites are observed on opposite sides of the street; (b) sky plot
for the LOS satellites

The LOS signals observed on two sides of the street are
from two parts of the sky, divided by the street direction. That
is, LOS signals received on two sides of a street have distinct
azimuths that are separated by the direction of the street. This
concept is illustrated in Figure 6, which depicts the positions
of LOS signals in relation to the street side. In the left panel,
the visibility boundaries of the left and right sidewalks are
represented by the red and green regions, respectively. The
LOS signals from satellites C and D can be observed on the
left sidewalk, while the LOS satellites A and B can be
observed on the right sidewalk. As shown in the right panel,
the azimuth angles of the LOS satellites on two sides of the
street are separated by the street direction.

In this study, the observed satellites firstly are categorized
into two groups based on the street direction, as illustrated in
Figure 6(b). LOS signals are only available in one of the
groups, which is dependent on the side of the street where the
pedestrian is located in. Therefore, the side of the street can
be determined by checking which part has significantly larger
number of LOS signals. The C/NO measurement has been
commonly in different methods to distinguish LOS and NLOS
signals. This measurement will be used in this algorithm to
determine the side of the street. Specifically, we will then
check which group has a significantly higher number of
satellites with high C/NO values. For example, if the left group
has a substantially larger count of high C/NO values, the left
footpath will be regarded as unsuitable.

The C/NO can be compared with a predetermined threshold
to identify the LOS signals. However, the predetermined
threshold method may not reliably identify LOS signals due
to potential environmental influences on C/NO. To robustly
determine the street side, we will employ a dynamic threshold
method that considers the overall distribution of observed
C/NO. Initially, the maximum observed C/NO value will be
selected as the threshold. Subsequently, the threshold will be
gradually decreased until a group of satellites with C/NO
values surpassing the threshold significantly outnumbers the
other group.
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Fig. 7. Number of measurements with C/NO larger than 30 dB-Hz from two
sides of the street

The distribution of C/NO in the typical example in Figure 3
is evaluated. In Figure 7, the graph displays the number of
measurements with a C/NO value greater than 30 dB-Hz. As
anticipated, the majority of satellite signals with high reception
power are received from the left side of the sky, or more
broadly, the opposite side. This characteristic is used in our
FDE algorithm to effectively filter out incorrect candidate
sidewalks.

In this study, only the snapshot measurements are used to
identify two sides of the street. Due to the large variation of
C/NO, the identification performance can be affected by urban
environments. Because the LOS signals are similar for the same
sidewalk, the identification can be potentially improved using a
period of measurements. This part of work will be carried out
in future.

In this part, we propose a unique method to determine the
side of the street by considering two primary hypotheses: the
left and right sides. This method exhibits similarities with
shadow matching, although it differs in several aspects.
Notably, the proposed method offers the advantage of strong
constraints for GNSS FDE, improving the positioning
accuracy in both along-track and cross-track directions. In
addition, the proposed method utilizes a simple pedestrian
network, which is readily accessible and easier to obtain
compared to the requirements of shadow matching.
Furthermore, the proposed method provides either side of the
street instead of multiple possible positions, and the results
can be directly used in various map-based applications.

C. Search for pedestrian positions based on Hough Transform

By implementing Step A and Step B, we can select a
number of potential sidewalks in the vicinity of the initial
position. In this subsequent step, the constraints derived from
these sidewalks are used to determine the precise position.

Suppose that the number of the candidate sidewalks is reduced
from N, to [ after eliminating the unqualified sidewalks in
step B. We will solve for positions on each of I candidate
sidewalks based on pseudorange measurements. Positions on
different sidewalks will be compared, and the position having
the maximum consistency will be determined as the final
solution.

For each sidewalk, we need to estimate the position on the
sidewalk, which is a 1-dimensional positioning problem. We
will first transform global coordinate system in Equation (1)
to the local coordinate system on the sidewalk, including the
along-street, the cross-street and upper components. This
transformation is accomplished by applying a rotation matrix
R; calculated from the direction and starting point of the line
segment. The cross-street and upper components can be
obtained from a sidewalk segment in the pedestrian map.
Therefore, the GNSS observation equation on a footpath
segment [; can be expressed as follows:

pi = gaiba; + Atg +m® (6)
where p; is the measurement of satellite s on the footpath [;;
Aa; denotes the position on the sidewalk; Aty represents the
receiver clock bias that will be estimated; g;; denotes the
parameter for satellite s on the sidewalk i, and it is calculated
based on the following equation:

95 =16 Rils, (7)
where []5; denotes an operator for selecting an element at the
s-th row and the first column in the matrix.

In Equation (6), g;; and p; are two known quantities,
while Aa; and Atp are two unknowns that need to be
estimated. It can be seen from Equation (6) that the sidewalk
constraints introduced in this study reduce the number of
unknowns per sidewalk from 4 to 2 for each footpath.

For each satellite s, we know its measurement p; and the
parameter g, ;. Different satellites are shown as different
points (gg;, p{) in the 2D observation space, with X-axis
denotes g, ; and Y-axis represents p;, as illustrated in Figure
8 (a). In this example, there are five fault-free measurements
denoted by blue dots, and two faulty measurements indicated
by green and black dots. We will then try to find the collinear
points, which are essential to estimate two unknowns, namely
the position parameter Aa; and the receiver clock bias Atg.
They are represented as the slope and the intercept of this
collinear line, as shown in Figure 8(a).

The GNSS problem with sidewalk constraints is
transformed into finding the best fits of 2D data, which may
include multiple outliers, as illustrated in Figure 8(a). This is
the classical problem in image processing, which has been
addressed using the Hough transform algorithm.

Hough transform is widely used to detect simple geometric
shapes in images, which contain a large number of outliers
[49]. This estimator is used to robustly identify a line or a
circle with high level of noise or outliers in images [51].
GNSS measurements in Equation (6) are also affected by
many outliers. In this study, the Hough transform estimator is
applied to find the most consistent measurements for each of
candidate sidewalks.
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Fig. 8. GNSS positioning on a candidate sidewalk with Hough Transform estimator

The Hough Transform works by transforming the
observation space to the parameter space, where the outliers 223138 New FDE with sidewalk rejection
can be detected. To achieve this, Equation (6) is transformed New FDE with sidewalk rejection
as follows: * Filter
Ate = p5 — a5 A ] 22.3136 /\  True position
R = Pi — Ya,iBq ®) % Residual based FDE
where Aty and Ag; are two unknown parameters we want to 223134
estimate. The parameter space of (Aa;, Aty) represents all X
possible values these two unknowns, as illustrated in Figure 8., 5,4,
8(b). By mapping the observation space onto the parameter =
space, a point in the observation space corresponds to a line 3 22,313
in the parameter space, while a line in the observation space ’
corresponds to a point in the parameter space. In the given 55 5458
example, Figure 8(a) shows five collinear points and two '
outliers. When they are mapped to the parameter space, five _
intersecting lines and two lines far away are obtained '
respectively, as shown in Figure 8(b). The intersection of i
these lines indicates the correct parameters (Aa;, Atg). ' ) L\ | ]
To estimate the intercept and slope parameters with the most 114.1685 ) 11‘.1{139 114.1695
ongitude

consistency, the Hough Transform discretizes the parameter
space into finite cells and selects the cell with the highest
number of lines, as illustrated by the red square in Figure 8(c).

To determine the optimal sidewalk candidate, the Hough
Transform is first employed to identify the largest number of
consistent measurements on each candidate sidewalk. For
each candidate sidewalk [;, the largest number of consistent
measurements A;(Atg,Aa;) is found by using the Hough
Transform. The sidewalk solution with the largest number of
consistent measurements is selected

Amax = argmax A;(Atg, Aa;) )
i

where A;(Atg, Aa;) is the number of consistent measurements
for a candidate sidewalk [;. The position that corresponds to
this maximum number of consistent measurements is
considered the final solution of the algorithm.

The noise level of pseudorange measurements is very large
for low-cost GNSS receivers. Therefore, the estimated GNSS
positions are finally filtered by employing an extended Kalman
filter described in [52] and [53]. In this way, the GNSS
positioning accuracy can be further improved.

Fig. 9. Positioning results at experimental sites 2: Positioning results of the
proposed method

The C/NO measurements depicted in Figure 7 are further
employed to exclude sidewalks that do not meet the required
criteria. The positioning results, after eliminating these
unqualified sidewalks in advance, are presented in Figure 9.
And the positions are then filtered by using the Kalman filter.
As illustrated, the proposed algorithm significantly enhances
the positioning accuracy for site 2, reducing it from 23.3 m to
5.4 m by effectively filtering out incorrect sidewalks.

IVV. PERFORMANCE EVALUATION

In Hong Kong, the precise positions of lampposts have been
surveyed by the Lands Department of Hong Kong and made
available on the Internet. These lampposts provide valuable
information for assessing the performance of the proposed
method under different urban environments. In this study,
experiments were carried out at 8 lampposts in Mong Kok, a
typical urban area in Hong Kong. These lampposts were
selected to represent different positioning conditions in terms
of building height, street width and direction. Figure 10(a)
shows positions of the 8 lampposts.

During the experiments, the pedestrian stood beside each
lamppost, and recorded GNSS data for 5 minutes using the
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Huawei P40 smartphone. The smartphone supports the GPS and
Beidou constellations. Totally, the data collected last about
8*5=40 minutes on 9 December 2020. Each lamppost has a
number printed on it, which might be used to find people who
might be lost or in trouble, as illustrated in Figure 10(b). By
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referencing the number on the lamppost, we obtained their
precise position from the website of the Lands Department of
Hong Kong.

(b)

Fig. 10. The performance of the proposed GNSS positioning method is evaluated at eight lampposts with precise location: (a) positions of lampposts (b) the ID
printed on the lamppost in urban canyons

The pedestrian positioning system has been developed using
the digital pedestrian map provided by the Lands Department
of Hong Kong. This map includes 3D pedestrian network,
including sidewalks, crosswalks, bridges and underway. Their
centerlines are represented by polylines, including latitude,
longitude and height information, which are used in the
proposed method.

Fig. 11. Overview of the pedestrian network

Figure 11 displays a sample of the pedestrian map. Typically,
walkways have a width of 2-3 meters. Hence, if GNSS positions
can be accurately determined on the sidewalk, it can lead to a
substantial improvement in the performance of urban pedestrian
positioning.

Eight sets of GNSS data were collected to evaluate the
performance of the proposed method. In each data set, the
observed satellites are categorized into two groups: satellites on
the same side of the street as the pedestrian and those on the
opposite side of the street. The number of satellites with a C/NO
larger than 30 dB-Hz was counted for each group. Figure 12
illustrates the number of qualified satellites received from both

sides for the eight experimental sites. On average, the number
of satellites received from the opposite side was 6.8, while the
number of satellites received from the same side was 2.4. The
results clearly indicate that a greater number of qualified
satellites are received from the opposite side compared to the
same side. Consequently, the proposed algorithm successfully
rejects incorrect sidewalks with a success rate of 92%.
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Fig. 12. Number of qualified satellites received from the same side of the street
as the pedestrian and the opposite side of the street
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Figure 13 shows positioning results from the residual based
FDE and the proposed method for the 8 test points. As shown,
the residual based FDE results in a much larger cross-street
position error, compared with the along-street position error.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

With the proposed method, the cross-street direction

positioning error is significantly reduced with the use of the
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Fig. 13. Positions delivered by the residual based FDE and the novel FDE method for eight points

Positioning errors were calculated by comparing the
positioning results with the true position, and RMS errors for
eight experimental sites were shown in Figure 14. The residual
based FDE results in a position accuracy of 22 m, and the
proposed method delivers a positioning accuracy of 4.9 m.
More importantly, all the GNSS positions are solved under
constraints of sidewalks, and results show that the sidewalk-

level GNSS positioning in urban areas is achievable through the
proposed method.

A dynamic test was performed by a pedestrian walking
around a block in Mong Kok, Hong Kong, Ilasting
approximately 7 minutes. The test route includes four
sidewalks. The smartphone P40 was used in this test to collect
GNSS data.
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Fig. 14. Comparison of RMS errors between the residual based FDE and the
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Fig. 15. Number of qualified satellites received from the same side of the street
as the pedestrian and the opposite side of the street

Figure 15 shows the number of the qualified satellites
received from the same side of the street as the pedestrian and
the opposite side of the street. Under normal conditions, the
number of the qualified satellites observed from the opposite
side is significantly larger than that observed from the same side
as the pedestrian. There are some cases, where two the similar
number of the qualified satellites are observed from two sides.
These happen when the pedestrian is on the crossway or at the
corner of the street.

Figure 16 shows the positioning solution from the
conventional residual method and the proposed method. As
shown, positions obtained using the proposed method are
depicted by the green line, while those obtained using the
conventional method are represented by the blue dots. Due to
the absence of reference points, a detailed accuracy analysis
was conducted. However, when comparing the results with

Google Maps, it is evident that the proposed method greatly
improves positioning accuracy, achieving the sidewalk level
positioning.
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Fig. 16. Dynamic test results in Mong Kok, Hong Kong

It can also be concluded that the wrong sidewalk can be
determined at the crossway or at the corner using the proposed
method. This challenge can be further investigated by
considering sequential dynamic or by using pedestrian dead
reckoning system, which will be conducted in future work.

V. CONCLUSIONS AND FUTURE WORK

This paper presents the first urban GNSS positioning method
for pedestrians using pedestrian network. A unique algorithm is
proposed to distinguish two sides of the street. This algorithm
uses the fundamental concept of shadow matching algorithm,
but it does not require 3D building models. The new algorithm
is built on the fact that LOS signals received on two sides of a
street have distinct azimuths that are separated by the street
direction. To further enhance the FDE performance under
sidewalk constraints, GNSS positions are solved using the
Hough Transform estimator. The performance of the novel
method is evaluated using GNSS data from both static and
dynamic tests.

We analysed the C/NO observations collected at the eight
lampposts. Results showed that 92% of sidewalks can be
distinguished from the opposite sidewalk along the same street.
The proposed FDE algorithm improves the positioning
accuracy from 22 m to 4.9 m, a 77% improvement over residual
based FDE search algorithm. We also conducted a dynamic test
around a block in the urban canyon. Results show that the
positioning performance is greatly improved.

The proposed method improves the performance of urban
GNSS performance with the aid of a pedestrian map. The
advantages of this method include: 1) urban GNSS positioning
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accuracy is improved with sidewalk constraints; 2) multiple
faults can be detected and excluded efficiently by searching in
parameter space; 3) this method achieves the sidewalk-level
accuracy, benefiting lots of pedestrian applications. It can be
scaled to other cities that have a pedestrian map available. This
map represents each sidewalk by specifying its starting position
and ending position, which are used to constrain pedestrian
positions effectively.

The method proposed in this study can be used to augment
GNSS in urban areas when the pedestrian is walking on
sidewalks adjacent to buildings. In urban areas, pedestrians can
also walk in open spaces, on crossways, underground tunnels.
The proposed method does not work properly under these
conditions. In the next step, the integration of GNSS, pedestrian
network and inertial sensors will be conducted in future to
achieve seamless pedestrian navigation in urban canyons.

The proposed method not only improves urban GNSS
performance but also opens up opportunities for new
applications, such as jaywalking monitoring and last-mile
delivery. By addressing the issue of jaywalking, which has been
identified as a significant contributor to traffic collisions and
pedestrian fatalities, the proposed method has the potential to
contribute to reducing the alarming statistic of approximately
1.35 million deaths annually, with pedestrians and cyclists
accounting for half of the victims [54]. With its ability to
accurately distinguish between sidewalks and provide
sidewalk-level accuracy, the proposed method can be
effectively utilized for jaywalking monitoring, enhancing
pedestrian safety, and contributing to the overall improvement
of road user protection.
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