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1 Data and materials

Since our goal is to reconstruct the geometry of the path from a given subset of GPS trajectories, disregarding the time
dimension, each dataset used in this study contains trajectories following the same route, travelling in the same direction,
and having approximately the same start and end points. In this study, the data used consist of a collection of datasets that
respect these conditions, aligning with those outlined in [Etienne and Devogele, 2014]. The scenarios of greatest interest
for studying the aggregation method are paths under forest cover, due to the noise effect, and those containing a series
of sharp handling challenges in aggregation. Moreover, our analysis will be carried out by using both synthetic and real
trajectories. Thus three categories of data are considered : 1) Realistic Synthetic GNSS Trajectories : These simulated
trajectories provide a controlled environment to test the algorithm’s performance under various predefined conditions,
allowing us to assess its accuracy and robustness ; 2) Multi-Sensor Trajectories : data collected with different sensors
(professional, watched and smartphone applications) to evaluate how well the algorithm handles the heterogeneity of sen-
sor data ; and 3) Multi-Canopy Trajectories Acquisition : this involves collecting trajectories in environments with varying
canopy cover (i.e. open, medium, and dense forest). This category helps in understanding the algorithm’s performance in
dealing with signal obstructions and varying environmental conditions. Both multi-sensors and multi-canopy trajectories
are acquired by following the same repeatable data collection protocol, we defined.

1.1 Synthetic GNSS trajectories

In order to assess the metrological performances of the algorithm (i.e. its ability to reconstruct accurately the common
path followed by all the individual sample trajectories) it is required to test it on a large array of configurations, with a
substantial amount of GPS trajectories. This raises two operational problems :
First, to compare the estimated trajectory with the real route actually followed by the individual samples, it is required
to perform a costly and time-consuming on-the-field survey to measure the ground truth. This is especially problematic
since moderately to densely covered forest areas are of interest, where the direct use of precision carrier-phase GNSS
with Real-Time Kinematic fast and convenient procedure is often impossible. Therefore, ground truth has to be measured
with classical surveying traverse, tied to an absolute reference point, possibly located hundreds of meters away ; spending
a full day of topometric survey for each case study is not realistic.
Secondly, for each case study, individual GNSS trajectories must be collected by walking several times along the ground
truth route. Because GNSS error is known to be auto-correlated in time [Roberts, 1993], for a realistic acquisition of data,
trajectories must ideally be sampled at different times of day, which increases again drastically the effort needed to collect
real data.
To overcome these limitations, it was first decided to proceed to extensive experimentation of the algorithms on simulated
GNSS trajectories. This enables to simulate as many case studies as needed, with potentially unlimited number of GNSS
trajectories, and a readily available ground truth track to compare the results with. The used methodology is the following :
for each case study, a reference track is simulated (or extracted from an existing topographic database) and is considered
as the ground truth track from which all GNSS trajectories are simulated. The error between the estimated and ground
truth track is then evaluated, which in turn, enables to assess the sensitivity of the algorithm to all its parameters. Similar
methodologies have been used for example by [Biljecki et al., 2015] and [Zhang and Yang, 2015].
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Figure 1 – Example of a non-realistic simulation of a GNSS trajectory with a white noise process, completely missing
out the true correlation pattern of GNSS measurements.

This methodology however, requires an accurate modeling of auto-correlation error of GNSS trajectories, to avoid
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non-realistic simulations, as depicted for example in Fig. 1, which can also result in topological errors [Bonin, 2002,
Vauglin, 1997].

GNSS errors were then modeled through their covariance function γ(s1, s2) = Cov(X(s1), X(s2)) describing the statis-
tical covariance between positioning errors X(s1) and X(s2) at two locations s1, s2 ∈ R+ (described trough their curvilinear
abscissa along the ground truth trajectory). Further, the error X is supposed to be a second-order stationnary process (hence
described only by the difference s2 − s1), and is modelled to take into account different error components in the GNSS
trajectory measurement process, as illustrated on Fig 2.
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Coordinate system GNSS error White noise

Figure 2 – Illustration of the three error components in the GNSS trajectories. From left to right : (1) a long wave-length
process describing coordinate system errors, (2) an intermediate wave-length process describing GNSS observation errors
(auto-correlated in space and time) and (3) a white noise process (e.g. heat, vibrations, electronic noise).

Generation of GNSS trajectories was done independently on each of the two planimetric components, with a metho-
dology described in [Ripley, 2009] : with a random generator, we sampled n i.i.d. unit-variance and zero-mean gaussian
values, compiled in a vector x. It can easily be shown that, for any positive-definite matrix Σ ∈ Rn×n, the random vector
y = Ax where A is a Cholesky factor of Σ, is a realization of a correlated random vector Y having covariance matrix Σ.
The covariance matrix Σ is formed with Σi j = γ(s j − si).

In our experimentation, trajectories have been generated with a 5 m-amplitude exponential covariance process [Grejner-Brzezinska et al., 2005],
completed by a 1 m white noise process, a 50 cm range Gaussian Process for referencement error.
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Figure 3 – Example of 5 synthetic GNSS trajectories (blue) generated on a common ground truth track (dashed line).
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1.2 Multi-sensors and multi-canopy traces acquisition

To asses the impact of canopy and the sensors on precision accuracy, we defined and implemented a data collection
protocol.

First, based on the literature, we identified three types of canopy (i.e. open area, moderate coverage, and heavy coverage).
Additionally, we delineated five types of sensors (i.e. mobile phone equipped with VisioRando application, Polar GPS
device, Garmin GPS device, Keymaze device and professional Ublox GPS sensor chip).
Second, for each type of canopy, the following data collection protocol was defined :

— Identification of areas without spatial constraints (e.g. bridge, stream, unobstructed)

— Identification within a rectangle of an Origin/Destination route with moderate winding and approximate length of
300 m.

— Collect five round trips following the route exactly.

Third, the field work was done by two of the authors of this paper. The placement of the sensors is also relevant according
to the literature [Blunck et al., 2011]. To limit this effect, the GPS watches were worn on the wrist, the professional GPS
devices were carried in a bag with the antenna positioned externally, and the mobile phones were held in the hand. Data
collection has been carried out during the summer season. In total, for the three types of canopy and five sensors, 150
trajectories are collected.

Figure 4 – Set of 50 trajectories collected with five sensors in dense forest and ground truth route.

The ground truth route is obtained through a topometric survey conducted by a group of students as part of a to-
pometric project, under the supervision of the authors of this paper and their teachers [Calloch et al., 2024]. Absolute
positioning is conducted through GNSS differential static positioning of a set of reference points located in open-sky
conditions, between 300 and 500 meters from the surveyed route. Topometric determination of the route geometry is
performed with surveying traverse. The output ground truth is sampled with about 42 points (i.e. about 1 point every 7
meters) with an absolute positioning accuracy of 5 mm in each 3D axis (1σ).

1.3 Crowdsourced traces

To validate the results obtained with synthetic GNSS tracks and data acquired according to the proposed protocol,
we have chosen to test the algorithms on crowdsourced trajectories, as these will be used to derive pressure and route
frequency indicators for the end-users.

To this end, our third experiment was carried out considering tracks downloaded from Visorando 1 and from Wikiloc 2,
websites offering donwloading tracks published online by contributors. The GPS sensors used are therefore unknown, as
well as data changes, context conditions.

1. www.visorando.com
2. www.wikiloc.com
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In this experiment, we focused on hiking activity in the mountain area of the Pralognan Valley in the French Alps.
Specifically, from all the trajectories, we selected some of them having specific and challenging configurations and spatial
constraints : terrain constraints (e.g. ridge, river), infrastructure support (e.g. switchback trail) and variations of the shape
of the path (e.g. a straight line followed by a series of twists and turns with varying distances between them). Note that,
in a dataset, all the selected trajectories have the same origin/destination (see Figure 5).

Figure 5 – Trajectories in three differents contexts with spatial constraint : (a) ridge (terrain constraint), (b) series of sharp
(infrastructure constraint), (c) heterogeneous trail shape (scale variation)

Note that in Figure 5, traces may have been previously filtered via a simplification algorithm like Douglas-Peucker.
Indeed, all geometries offer the same characteristics like vertex of bends, turns in route. If this was not the case, traces
would be more dissimilar in shape.
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linéaires. PhD thesis, Université de Marne-la-Vallée (1991-2019).
[Zhang and Yang, 2015] Zhang, Y. and Yang, Y. (2015). Cross-validation for selecting a model selection procedure.

Journal of Econometrics, 187(1) :95–112.

4


	Data and materials
	Synthetic GNSS trajectories
	Multi-sensors and multi-canopy traces acquisition
	Crowdsourced traces

	Bibliography

