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Bayesian Active Learning for Received Signal
Strength-Based Visible Light Positioning

Federico Garbuglia®, Willem Raes

Dirk Deschrijver

Abstract—Visible Light Positioning (VLP) is a promising indoor
localization technology for providing highly accurate positioning.
In this work, a VLP implementation is employed to estimate the
position of a vehicle in a room using the Received Signal Strength
(RSS) and fixed LED-based light transmitters. Classical VLP ap-
proaches use lateration or angulation based on a wireless prop-
agation model to obtain location estimations. However, previous
work has shown that machine learning models such as Gaussian
processes (GP) achieve better performance and are more robust
in general, particularly in presence of non-ideal environmental
conditions. As a downside, Machine Learning (ML) models require
a large collection of RSS samples, which can be time-consuming to
acquire. In this work, a sampling scheme based on active learning
(AL) is proposed to automate the vehicle motion and to accelerate
the data collection. The scheme is tested on experimental data from
a RSS-based VLP setup and compared with different settings to a
simple random sampling.

Index Terms—Visible Light Positioning (VLP), machine learning
(ML), Gaussian processes (GP), active learning (AL), adaptive
sampling.

1. INTRODUCTION

NDOOR localization technologies have become indispens-
I able in the modern world [1]. Many applications in an indoor
setting benefit from or even require location awareness. The
need for indoor localization technologies arises from the fact
that Global Navigation Satellite Systems (GNSS) [1], which
are the prevalent technology in outdoor environments, cannot
provide accurate localization indoor due to signal attenuation
and multipath effects. Examples of use cases for indoor posi-
tioning systems can be found in consumer electronics, where
indoor navigation assistance and location-based advertising are
of interest. Further use cases present themselves in industry
where accurate indoor localization is of interest, amongst others,
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for asset tracking in manufacturing, preventing accidents and
indoor fleet monitoring. Due to the fact that indoor environments
are typically more complex when compared to outdoor settings,
there is currently no single prevalent technology for indoor
positioning. As a consequence, several competing technologies
exist which in turn are typically tailored for a specific set of use
cases. The most common ones that are discussed in literature [2],
[3] are based on Radio Frequency (RF) signals [4], [5], [6],
acoustic signals [7], [8], optical wireless-based signals [9] and
vision-based systems [10]. The typical signal features that are
used for positioning are the Received Signal Strength (RSS),
Time of Arrival (ToA) and Angle of Arrival (AoA). Based on
such features, the most common techniques that can provide
a location estimate are circular lateration, angulation, finger
printing and Machine Learning-based models.

Machine Learning (ML) methods have become an important
tool for improving indoor localization technologies. A major
benefit of ML is that it is data-driven and does not require
meticulous quantification of every parameter in the propagation
model to achieve accurate and robust positioning. ML has been
used in the context of indoor positioning using both supervised
and unsupervised methodologies [11], [12] for, amongst others,
NLOS-detection [13], feature extraction [14] and for directly
providing location estimates [15].

Due to the ubiquitous deployment of LEDs in indoor envi-
ronments and their favourable properties for providing wire-
less communication [16], optical wireless-based positioning
technologies have gained significant research interest. In the
context of optical wireless-based positioning, the solutions using
infrared light [17] and visible light [18] are commonly reported
in the literature.

The receiver hardware that is typically used for data acquisi-
tion are a single photodiode (PD), an array of PDs [19], a quad-
rant PD [20] equipped with an aperture to provide angular diver-
sity and a camera/image sensor [21]. In this work, a localization
approach using visible light is employed, which in literature
is more generally known as Visible Light Positioning (VLP). It
uses LEDs as transmitters, a single photodiode as receiver sensor
and it leverages the RSS as a feature for providing data-driven
positioning based on Gaussian process regression [22]. In recent
years, the interest for the application of ML in the context of
VLP has risen significantly. Previous work using ML mod-
els for positioning has shown that data-driven approaches can
drastically outperform classical multilateration-based methods
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which require a full description of the propagation model both in
terms of accuracy and robustness [23]. Furthermore, in non-ideal
light propagation scenarios, classical VLP techniques struggle
to provide accurate localization while ML approaches can easily
cope with these environments. The feasibility of VLP has also
been proved for 3-D position estimation, using either classical
multilateration methods [24] or ML models [25].

In the literature on VLP, ML techniques such as Artificial
Neural Networks (ANN) [26], Gaussian Processes [27], Sup-
port Vector Machines (SVM) [28] and K-Nearest Neighbours
(KNN) [29] have already been employed to improve localization
accuracy and robustness. In previous related work, the focus pre-
dominantly has been on model selection and data efficiency in or-
der to achieve the best possible localization performance. Other
papers have been focusing on possible optimizations in data-
driven VLP approaches, using for example simulation-based
data or interpolation to augment available dataset and describe
methods on how to scale the ML approaches to large setups
[30], [31]. However, these approaches only aim at reducing the
number of samples, without directly optimizing the trajectory
of the receiver. Moreover, a very important aspect that is not yet
sufficiently investigated, is how to efficiently acquire a training
dataset in the offline phase of ML-based approaches and how to
guarantee that the acquired dataset is representative for the setup
where localization is to be deployed. This work addresses this
problem and offers the following original contributions. First,
a new Bayesian active learning [32] scheme is proposed, using
two stochastic ML models: one model drives the vehicle towards
the positions where the RSS values are most uncertain, while
the other model provides the position estimation using the RSS
samples collected along the way. Second, two different position
estimation techniques are analysed and compared. Third, a line-
based sampling strategy is introduced to enhance the efficiency
of the Bayesian scheme: multiple samples are collected along the
linear motion of the vehicle, between two consecutive positions
of interest. This strategy allows for a greater estimation accuracy,
for the same distance travelled by the vehicle.

The rest of the paper is organized as follows. Section II
formally states the problem of defining a sampling strategy
in RSS-based VLP setting and it provides an overview of
typical sampling strategies. In Section III, the new Bayesian
AL methodology is described in detail and its main functional
blocks are analysed. Next, Section IV reports the results of the
new strategy, when tested on RSS data collected in a suitable
experimental setup. The strategy is also compared with different
settings against a simple random sampling. Finally, conclusions
are drawn in Section V.

II. PROBLEM STATEMENT

In the typical RSS-based problem setting, the vector of the
received signal strength ¢, hereby denoted as intensity values, is
dependent from the position x of the receiver. This dependency
can be represented by a direct mapping f:

i=f(z), f:UCRN »RM (1)
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where NN, is the number of light transmitters and V,, = 2ina2-D
reference system. The goal of the RSS-based VLP is to estimate
the position & given the intensity values <. In other words, the
goal is to identify an inverse mapping g:

x=g(i), g:VCRY R (2)

Note that inverse mapping ¢ exists only if the direct mapping f
is bijective in the domain of possible positions U.

In the classical RSS multilateration scheme, the inverse map-
ping is analytically obtained as the solution of a non-linear
system of equations. Then, the system can be solved with a
least squares optimization [33], for each possible ¢. Instead, ML
techniques can provide an approximate inverse model g ~ g that
estimates the position for any vector of intensities. The position
estimation via a ML model is convenient when the defining
analytical relations between ¢ and « are infeasible and require
heuristics to be exactly quantified, due to the high complexity
of the VLP environment.

The main drawback of ML models is the necessity of a suffi-
ciently large set of measured samples S = {i, z,}_;, which
can be time-consuming to collect. In fact, in the VLP setting,
the receiver must perform a physical movement through space
in order to measure intensity samples at different positions. Fur-
thermore, collecting samples without an appropriate sampling
strategy may lead to insufficient performance in locations where
the setup does not provide a reliable RSS coverage. Fortunately,
a sampling strategy can be design such that the accuracy of the
inverse model ¢ is maximized, while limiting the time spent to
move the receiver.

A. Sampling Strategies

The main task of the sampling strategy, known as exploration,
is to select positions x that are sufficiently spread, in order to
maximize the modelling accuracy in the whole domain. Explo-
ration can be easily performed with simple one-shot strategies
such as random search, grid search (or boustrophedon [34]), or
latin hypercube design [35]. One shot-strategies select a fixed
number or samples that are spread in the domain, based on
geometrical criteria. They allow to rapidly identify the sampling
positions before any measurement is executed. However, they
require a good prior estimate on the number of sample to draw:
scarce samples would produce inaccurate models (undersam-
pling), while excessive samples would need long measurement
times and provide little additional information (oversampling).
Consequently, one-shot strategies typically need to be adapted
to the problem setting with several trials.

A more efficient way to select sampling positions is via
active learning (AL), also known as adaptive sampling [32].
Using AL, a stochastic ML model can be trained to predict the
intensity values and their confidence interval, for any position
that is not yet sampled. Then, by interrogating the stochastic
model, it is possible to sequentially choose new positions x that
mostly reduce the model uncertainty about the intensity 2. In
the considered VLP setup, such AL task can be performed by a
stochastic extension of the direct mapping f. In fact, the direct
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mapping already provides the intensity values for any position
of the receiver.

The next Section presents a new strategy to obtain an accurate
inverse model g by collecting samples using AL on a model of
the direct mapping f ~ f.This strategy is based on the following
assumption: samples that reduce the uncertainty of the f are also
beneficial to improve the inverse model g.

III. METHODOLOGY

The previous Section introduced two models of the relation
between positions and intensities in a RSS-based VLP setup.
One is the inverse model g, that performs the position estimation
task, given the intensities measured by the receiver. The other is
the direct model f that allows to define an AL sampling strategy
in the space of positions. In this work, the Gaussian process
(GP) [22] is proposed for both direct and the inverse model.

A. Gaussian Processes

The Gaussian process provides a stochastic representation
of an observed function, given a set of data samples. In fact,
the GP assumes that each function sample is a realization of a
random variable, obeying to a prior Gaussian distribution. In
addition, the correlation among the input samples is represented
by a user-defined covariance function, also known as kernel.
Subsequently, the GP allows to compute a posterior probability
distribution for the function value at any input sample that is not
yet observed. The posterior is also Gaussian and can be obtained
analytically via Bayesian inference [22]. In other words, for each
new input sample, the GP returns an expectation value and a
confidence interval, which are represented by the mean and the
variance of the posterior, respectively.

The main advantage of the GP is that is non-parametric:
unlike ANN and other popular ML models, it does not require
trainable parameters to represent the observed function; instead
the GP model stores the mutual information between any pair of
input samples, in the form of a covariance matrix. Consequently,
the GP is highly accurate and computationally cheap with low
amount of data samples. These properties allow the GP to
efficiently perform active learning tasks, when the modelled
function is defined over low-dimensional spaces.

In RSS-based VLP, the GP has demonstrated high accuracy
in the inverse modeling, and high robustness to the degradation
of the receiver’s sensor [15]. Thus, in this contribution, the GP
is also applied to model the direct mapping f for the selection
of sampling positions.

B. Active Learning

Based on the Gaussian process model of f , the active learning
scheme in Fig. 1 is considered. First, few initial samples are
collected by moving the receiver and measuring the emitter’s
intensity until the position &y, is reached. Second, a direct GP
model is trained to predict the intensity values for any position.
At this point, the algorithm ends if a stop condition is met.
Otherwise, an acquisition function a() assigns an importance
score to any position, based on the prediction of the direct GP

8559208

LNy+n, .
New Acquisition
sample(s), function
TNo+n. a(w)
Ny := No+n,
Initial Direct GP
sample(s) model
(i mi}i2, f~GP(x)

Inverse GP > ;
model m(z)

g~ GP(i)

Fig. 1. Active learning scheme based on the Gaussian process model of the
direct mapping f.

model. Then, the receiver is commanded to move towards the
position &, 45, that maximizes the acquisition function:

TNy+n, = arg max|a(x)] 3)
xclU
Along the receiver trajectory, new intensity samples are collected
at the positions [ n,+1, - - - N, +n. ) and added to the initial set.
Then, the direct GP model is updated with the new data. This
iteration is repeated until the stop condition is met.

C. Inverse Modeling Methods

At each iteration of the described AL scheme, the inverse
model g can be build to predict any new positions, based on
the samples collected so far. A second GP is proposed for this
task: § = E[GP(4)]. In fact, as shown in [15], the GP has been
successfully used as inverse model in RSS-based VLP.

A more simple method to obtain inverse modeling predictions
is to perform a Monte Carlo sampling over the direct model. This
method is referred to as direct random search (DRS) further on.
The first step of DRS is to compute the f prediction for many
random query positions Ur; second, the predicted intensities are
compared to the receiver’s current measure. Then, the estimated
position is approximately the position for which the predicted
intensities are closer to the measured values. In other words, the
inverse modelling task can be executed as:

(i) ~ arg min | f(z) — i| 4)
xcUr

where | - | is the Euclidean distance. Note that a GP is used as
direct model: f(x) = E[GP(x)].

This inverse prediction approach has already been employed
in [36] to define an acquisition function in an inverse problem
setting. However, in [36] the active learning strategy aims at
finding the best inverse solution to only one observation, rather
than training an inverse model for the whole observable domain.

The advantage of the DRS method is that it does not require
the training of an additional model. However, the direct model
has to be interrogated for a large number of positions, which
need to be carefully chosen to avoid excessive computational
cost. Moreover, in contrast with the inverse GP model, it does
not provide a confidence interval for the estimated positions.
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Fig.2. A photo of the experimental setup with which the measurements have
been conducted. The green arrows indicate the placement of four of the LED
transmitters, mounted on wooden beams. The green patch indicatively marks
the sampling domain of the proposed strategy.

D. Line-Based Sampling

In the considered AL scheme, the choice of the acquisition
function is crucial to measure at positions that are most signif-
icant for the direct GP model. In this work the variance of the
direct model is chosen: a(x) = Var[GP(x)]. Consequently,
after each iteration, the receiver reaches the position for which
the direct model presents the highest variance. In other words,
the receiver measures the positions where the direct model is
most uncertain about the intensity values. Hence, this strategy
is named maximum variance sampling.

By default, the maximum variance sampling only identifies
one position to be reached by the receiver. Additional positions
are sampled by extending the maximum variance to a line-
based sampling. In line-based sampling, at each active learning
iteration, the intensity is measured at intermediate positions
[Ny+1, - - - TNy+n.—1]. between the current and the final posi-
tion of the receiver, which is selected by the maximum variance
of f . The intermediate positions are chosen on straight line, with
constant step size d:

d=|xjq1 — x|, j=DNo,...,No+ns—1 (5)

This strategy allow to increase the number of collected samples,
while keeping the same total travel distance.

IV. APPLICATION EXAMPLE
A. Experimental Setup

The proposed active learning strategy is applied in an exper-
imental VLP constellation. The setup was built in an industrial
logistics test environment, pictured in Fig. 2, which in total spans
6 m x 4 m where four LED-based transmitters are installed on
the ceiling at a height of 5.71 m above the plane in which the
receiver moves. The transmitters are installed in a rectangular
pattern and provide VLP coverage for the entire area. However,
for the evaluation of the sampling strategies in this work, only a
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Fig. 3. Receiver’s trajectory during the collection of experimental data. Blue
points represents the measured samples, while the green area is the domain
where the sampling strategies are subsequently simulated.

subset of the area spanned by the four LEDs in the center of the
setup was considered. The setup is described in detail in [37].

In order to test the different sampling strategies, a dataset
of positions and RSS values is collected by manually moving
the receiver across the room (Fig. 3). Along the receiver’s
trajectory, 31511 RSS-positions pairs are measured. The ground
truth position of the receiver is measured by a high-accuracy
LIDAR localization system, while RSS values are measured as
the absolute intensity of the light on the receiver’s sensor. The
LIDAR localization system, which have been also employed
in [37], guarantees a positioning precision of +0.02 m.

Subsequently, the simulation of any sampling strategy can be
performed by extracting intensity values at the desired positions
via Delaunay interpolation over the experimental dataset. For
simplicity, the simulation is confined to a rectangular patch of
4 m X 3.5 m in the room, represented by the green patch in
Fig. 3. In addition, a validation set {(4;, ;) }\*, is obtained by
interpolating the collected samples over a grid of N, = 50 x 50
sampling positions in the rectangular patch. Fig. 4 represents the
validation set intensity values across the positions, for each light
emitter.

Using the same collected data, the strategies can be con-
sistently evaluated, without being affected by time-dependent
variations of the environment. The sampling strategies are also
examined using RSS in form of relative intensity 2,.¢;, according
to the following definitions:

in

] (6a)

Trel * in,rel = n= 1a s

where ¢ is the measured intensity n is the emitter index. Note
that 2,..; values are scaled in the range [0,1].

Subsequently, the active learning scheme in Fig. 1 is tested.
First, an initial sample is drawn for a random position of the
receiver inside the room. Next, for 30 iterations, the receiver is
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T2 [m]m

6.0
xy [m]

Fig. 4.

moved at positions indicated by the sampling strategy, where
the new intensity samples are collected. The proposed scheme
is executed using the maximum variance strategy and line-based
strategy, as described in Section III-D. For reference purpose, a
random sampling strategy is also tested: the direct GP and the
inverse modelling methods are updated progressively, drawing
intensity samples at random positions. These evaluations are
performed by using a squared exponential kernel [38] for the GP
models and 2048 random query positions for the DRS method.
Furthermore, a default step size d = 0.5m is chosen for the
line-based strategy.

B. Results and Discussion

A first verification of the basic assumption of the proposed
AL scheme is performed: the best samples for the direct model
also improve the accuracy of the inverse model. For this purpose,
the mean relative error (MRE) and the maximum absolute error
(MAE) are computed at each iteration between the models’ pre-
diction and validation samples, for different sampling strategies:

1 |ge(ie) — =

MRE, (7
LN e

MAE), = max |Gk (2¢) — @4 (8)

where x;, i, are the test data samples, | - | is the 2-D Euclidean

norm and gy, is the inverse model prediction at the k-th iteration.
Then, the MRE values are averaged across 10 runs, for different
starting positions, and reported in Fig. 5. Here, it is evident that
when the absolute intensities are used (Fig. 5(a)) both the direct
GP model and the DRS method gradually improve, while the
inverse GP model is highly inaccurate for many iterations. On the
contrary, by using relative intensities (Fig. 5(b)—(d)), the direct
GP and the inverse modeling methods improve simultaneously,
for any sampling strategy. A possible explanation for this result
is the following: using the absolute intensity, samples may be
too close in the input space of the inverse GP model; this can
cause numerical errors in the GP, due to kernel matrix inversion.

Next, the cumulative density function (CDF) of the position
error is evaluated on the validation set after a 40-meters travel
of the receiver, for all the sampling strategies and for both the
inverse modeling methods. The obtained CDFs are shown in
Fig. 6. The Figure indicates that the best positioning accuracy
is reached using the line-based sampling and the GP as inverse

Ground truth intensity values for the validation of sampling strategies, for each light emitter [i1, . . .
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Fig. 5. Mean relative error (MRE) between the models’ prediction and the

ground truth values for different sampling strategies. Shaded areas indicate the
variability of the MRE across 10 execution, for different starting positions.
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CDF of the position error
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0.8 1
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o
o
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Maximum variance: Inverse GP
0.2 === Maximum variance: DRS
Line-based: Inverse GP
Line-based: DRS
—— Random sampling: Inverse GP
0.0 === Random sampling: DRS
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Position Error [m]
Fig. 6. Cumulative density function of position error on the validation set

after a 40-meters travel, for different sampling strategy and inverse modeling
methods, using relative intensity values.

TABLE I
INVERSE MODEL ERROR METRICS AMONG DIFFERENT SAMPLING STRATEGIES.
THE VALUES ARE RECORDED AFTER A 40-METERS TRAVEL AND THEY ARE
AVERAGED ACROSS 10 RUNS FOR DIFFERENT STARTING POSITIONS

Random samp. Max. variance Line-based

DRS Inv.GP | DRS Inv. GP | DRS Inv. GP
p50 [m] 0.126 0.096 0.105 0.086 0.073 0.040
p95 [m] 0.401 0.367 0.228 0.190 0.162 0.097
MAE [m] | 0.755 0.785 0.409 0.317 0.302 0.197
MRE 24.8e-3 | 21.1e-3 | 19.1e-3 | 15.5e-3 | 12.7e-3 | 7.3e-3

model. Therefore, the line-based sampling appears to be the
most efficient method with respect to the total travel distance.
Table I reports the pS0 and p95 values of CDF, together with
the defined MRE and MAE metrics, for the examined sampling
strategies and inverse models. Interestingly, the positioning
error using the line-based sampling is lower than 0.10 m for
95% of the test samples. Moreover, the DRS method appears
significantly less accurate than the inverse GP model, for any
strategy.

In addition, Fig. 7 analyses the position error in the line-based
strategy, for different step sizes. It is apparent the improvement
of the inverse GP model is gradual, but marginal for a step size
smaller than 1 m. Note that small steps correspond to a high
number of new samples at each iterations; since the GP model
complexity grows as O(n?) with the number of training samples,
smaller step sizes may require different modeling techniques in
order to avoid excessive computational costs. The effect of the
step size can also be evaluated in a typical positions scanning
over an orthogonal grid, also known as boustrophedon [34].
For this purpose, the inverse GP model has been trained on a
grid of points with different step sizes. Then, the p95 error is
plotted in Fig. 8 against the step size, for both the grid points
and the line-based samples. Note that for a fair comparison, the
line-based sampling is stopped when reaching the same travel
distance of a complete grid with same step size. Fig. 8 shows that
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CDF of the position error: line-based sampling
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a
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0.00 0.05 0.10 0.15 0.20
Position Error [m]
Fig. 7. Cumulative density function of position error on the validation set, for

the line-based strategy and inverse GP model with step size d, after 30 iterations,
using relative intensity.

p95 positioning error

0.5
— grid
line-based
0.4
[m] 0.3
0.2
0.1
02 03 04 05 06 07 08 09 10
d (step size)
Fig. 8. P95 error of inverse GP models (relative intensity) with respect to the

step sizes, for the line-based sampling and a grid sampling (boustrophedon).
Line-based sampling are terminated when reaching the travel distance of a
corresponding complete grid.

the line-based sampling consistently produces more accurate
inverse models than grid sampling. For illustration purpose, an
example of receiver trajectory for different sampling strategies
is provided in Fig. 9. This figure also shows the intensity of
the first emitter predicted by the direct model, after collecting
30 samples (red dots). It can be observed the the maximum
variance sampling produces a more uniform coverage of the
position space. However, the line-based sampling produces a
more regular trajectory using the same number of samples.

Finally, in order to corroborate the choice of Gaussian pro-
cesses in the proposed line-based sampling strategy, other ma-
chine learning techniques are tested as inverse models. This
analysis is performed by simply swapping the Inverse GP model
in the AL scheme (Fig. 1) with other models, namely ANN [26],
SVM [28], KNN [29] and Gradient-boosted Trees (GBT) [39].
The results are reported in Table II, from which the GP emerges
as the most accurate inverse modeling technique, confirming the
findings in [15].
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Max variance sampling

Line-based sampling, d=0.5 m
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Random sampling

4.5 5.0 5.5 6.0 6.5 7.0

Fig. 9.
segments show the trajectory of the receiver.

Relative intensity of the first emitter as predicted by the direct GP model, for different sampling strategies, after collecting 30 samples (red dots). Orange

TABLE I
COMPARISON AMONG ML TECHNIQUES FOR INVERSE MODELING TASK IN THE PROPOSED LINE-BASED SAMPLING STRATEGY. THE MODELS ARE TRAINED ON THE
SAME DATA SAMPLES AFTER 30 ITERATIONS OF LINE-BASED SAMPLING; THE METRICS ARE AVERAGED AMONG 10 RUNS WITH DIFFERENT STARTING POSITIONS

Model MRE MAE | Training time [sec] | Implementation Settings
GP [27] 6.8¢-3 | 0.196 | 0.560 BoTorch [40] Squared exponential kernel with ARD [38]
ANN [26] 11.9e-3 0.266 | 9.244 PyTorch [41] Dense layers sizes [100, 100], L2 loss,

Adam optimizer, learning_rate=0.005, 500 epochs, batch_size=8
SVM [28] | 12.9¢-3 | 0.278 | 0.071 Scikit-learn [42] | Default, Squared exponential kernel, L2 loss, regularization=100
KNN [29] | 18.3e-3 | 0.422 | 0.013 Scikit-learn [42] | Default, neighbors=4, L2 loss
GBT [39] 19.0e-3 | 0.486 | 0.006 XGBoost [39] Default

V. CONCLUSION

In this work, a new active learning strategy has been applied in
a RSS-based Visible Light Positioning setting. The AL strategy
employs a direct GP model that select the most interesting posi-
tions to be measured, based on the maximum variance approach.
Subsequently, an inverse GP model is trained to predict the
position of the moving receiver given the measured intensity
values, using the previously collected samples. In this method,
expressing the collected samples in the form of relative intensity
values prevents numerical instabilities in the inverse GP model.
In addition, the efficiency of the sampling strategy is enhanced
by collecting multiple samples on a straight line between the
indicated positions. The resulting line-based approach outper-
forms the random sampling strategy and the basic maximum
variance sampling. After 30 iterations, the inverse GP model is
able to estimate the position with an error lower than 0.1 m in
95% of the space, while the maximum recorded error is smaller
than 0.2 m. Further research is needed to assess the robustness of
the technique to different environmental conditions, such as light
noise, sensor degradation and obstacles between the receiver and
the transmitters.

ACKNOWLEDGMENT

The authors gratefully acknowledge the Internal Funds KU
Leuven Start-up Grant that made this research possible.

REFERENCES

[1] C. Laoudias, A. Moreira, S. Kim, S. Lee, L. Wirola, and C. Fischione,
“A survey of enabling technologies for network localization, tracking, and
navigation,” IEEE Commun. Surv. Tut., vol. 20, no. 4, pp. 3607-3644,
Oct.—Dec. 2018.

[2] F. Zafari, A. Gkelias, and K. K. Leung, “A survey of indoor localization
systems and technologies,” IEEE Commun. Surv. Tut., vol. 21, no. 3,
pp- 2568-2599, Jul.—Sep. 2019.

H. Liu, H. Darabi, P. Banerjee, and J. Liu, “Survey of wire-
less indoor positioning techniques and systems,” IEEE Trans. Syst.,
Man, Cybern., Part C. (Appl. Rev.), vol. 37, no. 6, pp. 1067-1080,
Nov. 2007.

Y. Shu et al., “Gradient-based fingerprinting for indoor localization and
tracking,” IEEE Trans. Ind. Electron., vol. 63, no. 4, pp. 2424-2433,
Apr. 2016.

Y. Gu and F. Ren, “Energy-efficient indoor localization of smart hand-held
devices using bluetooth,” IEEE Access, vol. 3, pp. 1450-1461, 2015.

M. R. Mahfouz, C. Zhang, B. C. Merkl, M. J. Kuhn, and A. E. Fathy, “In-
vestigation of high-accuracy indoor 3-D positioning using UWB technol-
ogy,” IEEE Trans. Microw. Theory Techn., vol. 56, no. 6, pp. 1316-1330,
Jun. 2008.

J. H. DiBiase, H. F. Silverman, and M. S. Brandstein, “Robust localization
in reverberant rooms,” in Microphone Arrays. Berlin, Germany: Springer,
2001, pp. 157-180.

B. Cox, L. Van der Perre, S. Wielandt, G. Ottoy, and L. De Strycker,
“High precision hybrid RF and ultrasonic chirp-based ranging for low-
power IoT nodes,” EURASIP J. Wireless Commun. Netw., vol. 2020, no. 1,
pp. 1-24, 2020.

Y. Zhuang et al., “A survey of positioning systems using visible LED
lights,” IEEE Commun. Surv. Tut., vol. 20, no. 3, pp. 1963-1988,
Jul.—Sep. 2018.

D. Xu, L. Han, M. Tan, and Y. F. Li, “Ceiling-based visual positioning for
an indoor mobile robot with monocular vision,” IEEE Trans. Ind. Electron.,
vol. 56, no. 5, pp. 1617-1628, May 2009.

A. Nessa, B. Adhikari, F. Hussain, and X. N. Fernando, “A sur-
vey of machine learning for indoor positioning,” IEEE Access, vol. 8,
pp- 214945-214965, 2020.

H. Q. Tran and C. Ha, “Machine learning in indoor visible light po-
sitioning systems: A review,” Neurocomputing, vol. 491, pp. 117-131,
2022. [Online]. Available: https://www.sciencedirect.com/science/article/
pii/S092523122200306X

H. Wymeersch, S. Marano, W. M. Gifford, and M. Z. Win, “A ma-
chine learning approach to ranging error mitigation for UWB lo-
calization,” IEEE Trans. Commun., vol. 60, no. 6, pp. 1719-1728,
Jun. 2012.

D. V. Le, N. Meratnia, and P. J. Havinga, “Unsupervised deep feature
learning to reduce the collection of fingerprints for indoor localization
using deep belief networks,” in Proc. Int. Conf. Indoor Positioning Indoor
Navigation, 2018, pp. 1-7.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]


https://www.sciencedirect.com/science/article/pii/S092523122200306X
https://www.sciencedirect.com/science/article/pii/S092523122200306X

8559208

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

W. Raes, N. Knudde, J. De Bruycker, T. Dhaene, and N. Stevens, “Ex-
perimental evaluation of machine learning methods for robust received
signal strength-based visible light positioning,” Sensors, vol. 20, no. 21,
2020, Art. no. 6109. [Online]. Available: https://www.mdpi.com/1424-
8220/20/21/6109

J. Luo, L. Fan, and H. Li, “Indoor positioning systems based on visible
light communication: State of the art,” IEEE Commun. Surv. Tut., vol. 19,
no. 4, pp. 2871-2893, Oct.—Dec. 2017.

E. Aparicio-Esteve, A. Herndndez, J. Urefia, J. M. Villadangos, and
F. Ciudad, “Estimation of the polar angle in a 3D infrared indoor posi-
tioning system based on a QADA receiver,” in Proc. Int. Conf. Indoor
Positioning Indoor Navigation, 2019, pp. 1-8.

D. Karunatilaka, F. Zafar, V. Kalavally, and R. Parthiban, “LED based
indoor visible light communications: State of the art,” JEEE Commun.
Surv. Tut., vol. 17, no. 3, pp. 1649-1678, Jul.—Sep. 2015.

S. Zhang, P. Du, C. Chen, W.-D. Zhong, and A. Alphones, “Robust 3D
indoor VLP system based on ann using hybrid RSS/PDOA,” IEEE Access,
vol. 7, pp. 47769—47780, 2019.

S. Cincotta, A. Neild, C. He, and J. Armstrong, “Visible light positioning
using an aperture and a quadrant photodiode,” in Proc. IEEE Globecom
Workshops, 2017, pp. 1-6.

L. Bai, Y. Yang, C. Guo, C. Feng, and X. Xu, “Camera assisted received
signal strength ratio algorithm for indoor visible light positioning,” /IEEE
Commun. Lett., vol. 23, no. 11, pp. 2022-2025, Nov. 2019.

C. E. Rasmussen and C. K. Williams, Gaussian Processes for Machine
Learning. Cambridge, MA, USA: Univ. Press Group Limited, 2006.

M. F. Keskin, A. D. Sezer, and S. Gezici, “Optimal and robust power allo-
cation for visible light positioning systems under illumination constraints,”
IEEE Trans. Commun., vol. 67, no. 1, pp. 527-542, Jan. 2019.

F. Yang, S. Li, J. Zhang, S. Xu, L. Cong, and Y. An, “STARLIT: 3D indoor
positioning with smartphones and reflection light,” in Proc. ACM Turing
Celebration Conf. - China, New York, NY, USA, 2019, pp. 1-5.

S. Zhang, P. Du, C. Chen, and W.-D. Zhong, “3D indoor visible light
positioning system using RSS ratio with neural network,” in Proc. 23rd
Opto-Electron. Commun. Conf., 2018, pp. 1-2.

H. Zhang et al., “High-precision indoor visible light positioning using deep
neural network based on the Bayesian regularization with sparse training
point,” IEEE Photon. J., vol. 11, no. 3, Jun. 2019, Art. no. 7903310.

N. Knudde, W. Raes, J. De Bruycker, T. Dhaene, and N. Stevens,
“Data-efficient Gaussian process regression for accurate visible light
positioning,” [EEE Commun. Lett., vol. 24, no. 8, pp.1705-1709,
Aug. 2020.

H. Q. Tran and C. Ha, “Improved visible light-based indoor positioning
system using machine learning classification and regression,” Appl. Sci.,
vol. 9, no. 6, 2019, Art. no. 1048.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 6, DECEMBER 2022

H. Q. Tran and C. Ha, “High precision weighted optimum k-nearest
neighbors algorithm for indoor visible light positioning applications,”
IEEE Access, vol. 8, pp. 114597-114607, 2020.

Y.-C. Wu et al., “Using linear interpolation to reduce the training samples
for regression based visible light positioning system,” IEEE Photon. J.,
vol. 12, no. 2, Apr. 2020, Art. no. 7901305.

1. M. Abou-Shehada, A. F. AlMuallim, A. K. AlFageh, A. H. Mugqaibel,
K.-H. Park, and M.-S. Alouini, “Accurate indoor visible light positioning
using a modified pathloss model with sparse fingerprints,” J. Lightw.
Technol., vol. 39, no. 20, pp. 6487-6497, Oct. 2021.

B. Settles, “Active learning literature survey,” Comput. Sci. Tech. Rep.,
Univ. Wisconsin—Madison, Madison, WI, USA, Tech. Rep. 1648, 2010.
[Online]. Available: https://burrsettles.com/pub/settles.activelearning.pdf
J. Nocedal and S. J. Wright, Numerical Optimization (Springer Series
in Operations Research and Financial Engineering Series), 2nd ed. New
York: Springer, 2006. [Online]. Available: http://dx.doi.org/10.1007/978-
0-387-40065-5

H. Choset, “Coverage of known spaces: The boustrophedon cellular
decomposition,” Auton. Robots, vol. 9, no. 3, pp. 247-253, Dec. 2000,
doi: 10.1023/A:1008958800904.

F. Viana, G. Venter, and V. Balabanov, “An algorithm for fast optimal latin
hypercube design of experiments,” Int. J. Numer. Methods Eng., vol. 82,
pp. 135-156, 2009.

K. Matsui, S. Kusakawa, K. Ando, K. Kutsukake, T. Ujihara, and
1. Takeuchi, “Bayesian active learning for structured output design,” 2019,
arXiv:1911.03671.

W. Raes, J. D. Bruycker, and N. Stevens, “A cellular approach for large
scale, machine learning based visible light positioning solutions,” in Proc.
Int. Conf. Indoor Positioning Indoor Navigation, 2021, pp. 1-6.

A. G. Wilson and R. P. Adams, “Gaussian process kernels for pattern
discovery and extrapolation,” 2013, arXiv:1302.4245.

T. Chen and C. Guestrin, “XGBoost: A scalable tree boosting system,” in
Proc. 22nd ACM SIGKDD Int. Conf. Knowl. Discov. Data Mining, New
York, NY, USA, 2016, pp. 785-794. [Online]. Available: http://doi.acm.
org/10.1145/2939672.2939785

M. Balandat et al., “BoTorch: A framework for efficient Monte-Carlo
Bayesian optimization,” in Proc. Adv. Neural Inf. Process. Syst., 2020,
vol. 33, pp. 21524-21538.

A. Paszke et al., “Pytorch: An imperative style, high-performance deep
learning library,” in Advances in Neural Information Processing Systems
32, H. Wallach, H. Larochelle, A. Beygelzimer, F. d Alché-Buc, E. Fox,
and R. Garnett, Eds., San Jose, CA, USA: Curran Associates, 2019,
pp. 8024-8035.

F. Pedregosa et al., “Scikit-learn: Machine learning in python,” J. Mach.
Learn. Res., vol. 12, pp. 2825-2830, 2011.


https://www.mdpi.com/1424-8220/20/21/6109
https://www.mdpi.com/1424-8220/20/21/6109
https://burrsettles.com/pub/settles.activelearning.pdf
http://dx.doi.org/10.1007/978-0-387-40065-5
http://dx.doi.org/10.1007/978-0-387-40065-5
https://dx.doi.org/10.1023/A:1008958800904
http://doi.acm.org/10.1145/2939672.2939785
http://doi.acm.org/10.1145/2939672.2939785


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


