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1. INTRODUCTION 

The present and future of the automotive industry are strictly 
related to autonomous driving. As a result, the research and 
economic interest in measuring systems aimed at supporting 
ADAS has significantly grown in recent years, promoting the 
proliferation of manufacturers and commercial systems. Among 
the measuring systems that have seen a significant increase in 
terms of technologies, manufacturers, and models, LiDARs 
certainly hold a relevant place. In light of this, several recent 
studies have been proposed to allow the performance of 
LiDARs to be analysed and compared e.g. [1]-[6]. Such studies 
mainly treat the analysis and characterisation of LiDARs in 
optimal weather conditions, that is, good visibility. However, 
adverse weather conditions (fog, rain, snow) may severely affect 
the LiDAR performances. Accordingly, in this study, we focus 
on the development of an experimental method that allows 
evaluating the impact of fog both on the LiDAR performance, 
i.e., quality of the point clouds (PCs) produced and, on the 

algorithms used to analyse the PCs to implement the required 
tasks e.g., detection, classification, and tracking. 

In recent years, several studies exploiting emulation 
techniques to simulate and even compensate for the effects of 
fog through data analysis and AI have been proposed [7]-[9]. If, 
on the one hand, mathematical modelling and numerical 
simulation allow the analysis of complex scenarios and specific 
fog distributions, on the other, they suffer from some significant 
critical issues and limitations. One of the main ones is linked to 
the fact that the hardware and software characteristics of 
LiDARs are generally known only in a very approximate way. 
Thus, even in the hypothesis that the modelling or simulation 
perfectly replicated the beam propagation in bad weather, that 
is, what happens outside the LiDAR, there would remain 
significant uncertainty and arbitrariness in estimating how the 
LiDAR under consideration would exactly perform, given that 
both the characteristics of the emitted beam and the 
characteristics of the receiving hardware and processing 
software are generally little known. Such also significantly limits 
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the possibility of using mathematical modelling and numerical 
simulation for benchmarking. In this regard, the most effective 
strategy is reasonably experimental verification. Experimental 
verification of adverse weather effects on automotive LiDARs 
can be very challenging and, thus, potentially require highly 
complex structures, especially for fog. 

Reasonably, the best is placing the LiDAR under test in an 
environment large enough to allow the designed targets to be 
positioned at the distances of interest. Then, such a test facility 
must be able to generate fog at the concentration required to 
give rise to the desired meteorological visibility. The complexity 
and costs of such facilities are such that only a few exist in the 
world. For example, there are plants with these characteristics 
in France, the CEREMA’s Adverse Weather Facility in 
Clermont-Ferrand (www.cerema.fr), and in Japan, the Weather 
Chamber at the Japan Automobile Research Institute (JARI, 
www.jari.or.jp). Complex facilities can also be found in 
Germany, such as the Bosch research campus in Renningen and 
the CARISSMA research and testing center at the Technische 
Hochschule in Ingolstadt. Thanks to these facilities, some 
studies on the characterisation of LiDAR for automotive 
applications in the presence of fog have been possible e.g., [10]-
[14]. 

In addition to the costs related to the size of these test 
facilities, a critical aspect is the fog. Indeed, generating a fog 
uniform in space over the entire volume required to allow 
placing the targets at distances significant for automotive 
applications is extremely difficult, if not impossible. In this 
regard, however, it is appropriate to observe that, as described 
in greater detail in section 2, in the hypothesis of a purely 
absorbing medium, the spatial uniformity of the fog along the 
optical path that separates the LiDAR from the target is not 
required as the overall attenuation suffered by each beam is 
given by the integral of the attenuation along its optical path. By 
eliminating the requirement that the fog be uniform along the 
entire optical path of the beams, the approximation of a purely 
absorbing medium makes it technically possible to use the 
ample facilities previously described, facilities for which it would 
be reasonably practically impossible to generate and guarantee 
the spatial uniformity of the fog. 

In light of such an approximation, in this study, we propose 
a much simpler and cheaper setup based on the generation of 
fog inside a chamber with transparent walls, the fog chamber, 
FC. The proposed method thus implies interposing such a FC 
between the LiDAR under test and the target of interest. Then, 
to fill the FC with fog to realize the desired meteorological 
visibility. 

As described in more detail in the following sections, such a 
FC was designed with dimensions small enough to obtain a 
setup with low costs and simple to build and use. Conversely, 
the FC is sufficiently large to allow attenuation of a large portion 
of the field-of-view, FOV, of the LiDAR under test and, 
therefore, to allow the analysis of extended targets as required 
by automotive applications. 

In the following, section 2 recalls the main theoretical aspects 
underlying the proposed method. Then, section 3 describes the 
setup, measurement method, and metrics proposed for the 
analysis and comparison of LiDARs and PC processing 
algorithms. To provide an idea of the results obtainable using 
the proposed method, section 4 reports some example results 
from a popular commercial LiDAR, the VLP 16 by Velodyne, 
and the pcfitsphere function of the MATLAB® Computer 

Vision Toolbox. In this paper, we propose an analysis example 

for a single LiDAR-algorithm pair, as we wanted to focus more 
on the measurement approach than the results. As will be 
discussed in section 4, these LiDAR and algorithm are chosen 
because they are widely used in automotive applications. 

Finally, section 5 discusses the proposed method by 
comparing it with the state of the art and, section 6 reports some 
conclusions. 

2. THEORY 

To allow fog to be treated both from the point of view of 
modelling and experimental verification, a commonly 
introduced approximation is to model it as if it is a purely 
absorbing medium. This approximation is, for example, the 
basis of the concept of meteorological optical visibility, MOR, 
defined by the World Meteorological Organization (WMO). As 
described above, such an approximation also makes technically 
feasible the use of the extensive facilities described previously 
for the characterisation of automotive LiDAR in the presence 
of fog. According to the Lambert–Beer law, the irradiance of a 
monochromatic and collimated beam propagating in a purely 
absorbing medium is given by [15], [16]: 

𝐸(𝑧∗) = 𝐸(0) ⋅  exp [− ∫ 𝜀(𝜆) ⋅ 𝑐(𝑧)𝑑𝑧
𝑧∗

0

], (1) 

where 𝑧 is the axis along which the beam propagates, 𝐸(𝑧∗) is 
the irradiance at 𝑧∗, 𝐸(0) is the irradiance at 𝑧 =  0, 𝜀(𝜆) is the 

molar extinction coefficient at wavelength 𝜆 and, 𝑐(𝑧) is the 
concentration of the absorbing species, i.e., the chromophore, 

at 𝑧. From (1), it is easy to observe that the attenuation 
introduced by a purely absorbing medium depends on the 
average concentration of the absorbing species along the optical 
path 

𝑐0↦𝑧∗ =
1

𝑧∗
∫ 𝑐(𝑧) d𝑧 

𝑧∗

0

 (2) 

but not on how such a chromophore distributes along the path. 
Therefore, for a purely absorbing medium, a uniform 

distribution of fog of concentration 𝑐0 ↦ 𝑧∗, as well as any 
other distribution of fog such as to give rise to the same average 

concentration 𝑐0 ↦ 𝑧∗
, produce exactly the same beam 

attenuation. Hence, the Lambert Beer law is often reported in 
the form: 

𝐸(𝑧∗) = 𝐸(0) ⋅ e𝜀⋅𝑐0↦𝑧∗⋅𝑧∗
 . (3) 

In light of this, in many fields ranging from avionics to 
automotive, the atmospheric visibility is quantified exploiting 
the meteorological optical range (MOR) [17]. Recalling the 
definition proposed by the World Meteorological Organization 
(WMO) [17], the ISO 289021:2012 standard [18] defines the 
MOR as: “length of path in the atmosphere required to reduce the luminous 
flux in a collimated beam from an incandescent lamp, at a colour 
temperature of 2700 K, to 5 % of its original value”. From (3), the 
MOR can be calculated imposing [17], [18]: 

0.05 = e−𝜀⋅𝑐0↦𝑧∗⋅MOR , (4) 

thus, the MOR can be expressed as: 

MOR =
1

𝜎
ln

1

0.05
≈

3

𝜎
 , (5) 

where 𝜎 is generally referred to as the absorption coefficient or, 
extinction coefficient. 
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As will be described later, in this study, we wanted to analyse 
the attenuation suffered by the beam emitted by the specific 
LiDAR under test. Therefore, the MOR is calculated at the 
wavelength used by the LiDAR under test. From (5), in this 
study, the MOR thus represents the path length in a uniform 

medium having an extinction coefficient equal to 𝜎, required to 
reduce the intensity of a monochromatic collimated beam 
having the same wavelength as the IUT to 5 % of its original 
value. 

3. MATERIALS AND METHODS 

As introduced above, the proposed method takes advantage 
of the fact that, for a purely absorbing medium, the beam 
attenuation does not depend on the specific spatial distribution 

of the chromophores, but only on 𝑐0 ↦ 𝑧∗, the average 
concentration along the optical path. Thanks to this, we propose 
a method that consists in concentrating the fog only in a section 
of the optical path of the beam, the fog chamber. For a purely 
absorbing medium, the alteration of the beam caused by the 
propagation through the FC is exactly the same as would be 
obtained if the beam had propagated through a uniform fog of 

concentration 𝑐0 ↦ 𝑧∗. In the following, subsections 3.1 and 
3.2 describe the proposed setup and measurement procedure, 
respectively. Finally, subsection 3.3 describes the metrics 
proposed for the analysis and comparison of both LiDARs and 
PC processing algorithms. 

3.1. The proposed setup 

As introduced previously, the proposed method is based on 
the generation of fog within a FC, which must be placed 
between the LiDAR under test (instrument under test, IUT) and 
the target of interest to generate the MOR to be analysed. As 
demonstrated in our previous articles [19], [20], in this way, the 
target can be placed at a considerable distance, without the need 
to generate fog along the entire optical path that separates the 
IUT from the target. Given the dual interest both in the 
characterisation and comparison of the performances of 
LiDARs and algorithms used to analyse the PCs provided by the 
LiDAR, the proposed setup must allow the analysis of the effect 
that the fog has on the entire target of interest. Consequently, 
as introduced previously, the FC must have dimensions, on the 
one hand, small enough to obtain a setup with low costs and 
simple to build and use. On the other hand, sufficiently large to 
allow attenuation of a large portion of the field-of-view, FOV, 
of the IUT to involve all the beams that contribute to the 
formation of the target image in the PC. The example results 
that will be shown in section 4 were obtained using a cubic FC 
with a side of 1 m. 

Figure 1 shows a schematic representation of the proposed 

setup. As shown in the figure, the FC is placed at a distance 𝑑FC  

from the IUT and slightly tilted by an angle 𝛼 to prevent the 
faint specular reflection generated by the transparent walls of 
the FC from being detected by the IUT. The target is then 

positioned at a distance 𝑑T  from the IUT. 
To allow the estimation of the attenuation introduced by the 

FC and, therefore, of the equivalent MOR, the FC is equipped 

with a LASER diode, LD, and a photodiode, PD. Since 𝜀(𝜆), 
the molar extinction coefficient at wavelength 𝜆, depends on the 
wavelength, LD must be chosen with a wavelength as close as 
possible to that of the IUT. The beam generated by the LD is 
then collimated and aligned to impact the active area of PD. 

As shown in Figure 2, the fog is generated using an ultrasonic 
mist maker placed inside the fog generation chamber, FGC, 
placed on the top of FC. 

The fog generated by the FGC is then spread into the FC 
using a fan. As shown in Figure 2, the FC also includes two 
perforated baffles to support fog uniformity. These perforated 
baffles create three layers: the top layer, the measurement layer, 
and the bottom layer. The fog generated by the FGC 
accumulates in the top layer from where it diffuses in the 
measurement layer (the middle layer). Finally, the fog in the 
measurement layer diffuses into the bottom layer, where a small 
opening allows venting of the chamber. 

3.2. The proposed measurement procedure 

The proposed measurement procedure consists of four 
phases: 

1) warm-up, 
2) baseline,  

3) filling of the FC, and 

4) measurement. 

During the warm-up phase, the FGC is turned off, i.e., there 
is no fog generation, and the IUT is turned on for a time not 
less than the warm-up time determined as described in [4]. The 
warm-up phase also allows the LD source and the electronics 
for the conditioning and acquisition of the signal generated by 
PD to stabilize. 

 

Figure 1. Schematic and not to scale representation of the proposed setup. 
The fog is generated inside the FG, which is placed between the IUT and the 
Target. To allow the MOR to be estimated, the FC is equipped with a LASER 
diode, LD, and a photodiode, PD. To prevent the faint specular reflection 
generated by the transparent walls of the FC from reaching the IUT, the FC is 
slightly inclined at an angle 𝛼. Therefore, the optical path length within the 
FC, 𝑧FC, is equal to the size of the FC, rescaled by the sine of the tilt angle, α. 
The target and FC are located at distances 𝑑T and 𝑑FC from the IUT, 
respectively.  

 
Figure 2. Picture of the developed FC. The fog is generated inside the fog 
generation chamber, FGC, and its distribution is promoted by two perforated 
baffles. The LASER diode, LD, and a photodiode, PD, circled in red, allow 
estimating the attenuation introduced by the FC, thus the equivalent MOR. 

Measurement  
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FGC 

PD 

FAN 

LD 

Baffle 
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At the end of the warm-up phase, the baseline phase begins. 

During this phase, the FGC is kept off, while 𝑁base  PCs and 
recordings of the current photogenerated by the PD are 
acquired. Once the baseline phase is completed, the FC filling 
phase begins. During this phase, the FGC is turned on, and no 

measurements are acquired with the IUT, while the current, 𝐼, 
generated by the PD is used only to estimate the MOR. 

Once the desired MOR is reached, the FGC turns off, and 
the fourth phase, the measurement phase, begins. 

The measurement phase involves acquiring 𝑁rep  PCs in rapid 

succession (acquisition frequency 𝑓rep). During these 

acquisitions, the current 𝐼 generated by PD is also recorded. 

Once the acquisition of the 𝑁rep  PCs has been completed, the 

procedure requires waiting for a time 𝑡idle. After 𝑡idle, other 

𝑁rep  PCs are acquired, simultaneously recording the current 𝐼. 

This routine of acquiring the 𝑁rep  samples in rapid succession, 

then waiting for 𝑡idle, is repeated until the desired number of 
samples has been acquired. If interested in a large number of 
samples, the FC can be filled with fog again to repeat the 
procedure several times. The total number of samplings is 

indicated with 𝑁tot; therefore, the total number of PCs available 

for analysis is 𝑁tot  ·  𝑁rep. 

In accordance with what is reported in section 2, the MOR 

relating to the 𝑖𝑡ℎ acquisition is equal to: 

𝑀𝑂𝑅(𝑖)= 
1

𝜎(𝑖)
ln (

1

0.05
) , (6) 

where, 𝜎(𝑖), the absorption coefficient relating to the 𝑖𝑡ℎ 
acquisition: 

𝜎(𝑖) = 
1

𝑧FC

ln [
𝐸(0, 𝑖)

𝐸(𝑧FC, 𝑖)
] , (7) 

being 𝐸(0, 𝑖) and 𝐸(𝑧FC, 𝑖) the irradiances entering and leaving 

the FC during the 𝑖𝑡ℎ acquisition. Assuming that the source is 
stable (experimentally verified condition) and given that, in the 

absence of fog inside the FC, the irradiance is conserved, 𝐸(0, 𝑖) 
can be estimated from the irradiance leaving the FC during the 
baseline acquisitions. Therefore, since the current 
photogenerated by the PD photodiode is proportional to the 

irradiance leaving the FC, 𝐸(𝑧FC), if the active area of the 
photodiode is larger than the spot size, the absorption 

coefficient relating to the 𝑖𝑡ℎ acquisition can be calculated as: 

𝜎(𝑖) = 
1

𝑧FC

ln [
𝐼base

𝐼(𝑖)
] , (8) 

where, 𝐼base  and, 𝐼(𝑖) are respectively the currents recorded 

during the baseline phase and the 𝑖𝑡ℎ acquisition. Thus, 

𝑀𝑂𝑅(𝑖) = 𝑧FC ⋅ {ln [
𝐼base

𝐼(𝑖)
]}

−1

⋅ ln (
1

0.05
) . (9) 

To minimize the contribution of ambient lighting on the 
photogenerated current, the photodiode is shielded from 
ambient lighting. Any offset is estimated and compensated by 
recording the current photogenerated by the PD photodiode 
when the LD source is obscured. 

3.3. Metrics proposed for the analysis and comparison of LiDARs 
and processing algorithms 

As previously anticipated, the proposed method allows both 
analysing and comparing the LiDARs performance estimating 

and comparing the performance of the PC processing 
algorithms. In this regard, the proposed method involves 
comparing the results obtained in the absence of fog with those 
obtained in fog. The metrics proposed for the analysis and 
comparison of LiDARs focus on the analysis of the "raw" PC, 
while those aimed at the analysis and comparison of the 
algorithms focus on the results of the processing. In both cases, 
the proposed method does not impose constraints on the target. 
If a target of specific interest is not defined, a sphere is a good 
choice as target since it presents significant practical advantages 
both in terms of alignment and processing. The results reported 
in section 4. were obtained by analysing a spherical target. 

3.3.1. Analysis and comparison of LiDARs 

For the analysis and comparison of the performance of 
LiDARs, it is possible to exploit the fact that LiDARs analyse 
the surrounding space by sampling it in spherical coordinates, 
generally along pre-established and constant directions, i.e., 
fixed elevation and azimuth angles, hereinafter referred to as 
rays [4]. 

Since the elevation and azimuth angles along which the 
LiDAR samples the surrounding space are fixed, for each of the 
rays that sample the target, the only quantity that can vary is the 

spherical coordinate radius, 𝑟 [4]. Therefore, by analysing the 
PC in spherical coordinates, not only is it easy to segment the 
PC to consider only the rays relating to the target, but it is also 
possible to evaluate how the presence of fog has impacted each 
of the rays that made up the image of the target in the PC. 
Hence, for the analysis and comparison of the performance of 
LiDARs, it is possible to analyse parameters such as the 
variation of the coordinates of the centroid defined by the 
points of the PC relative to the target, as well as, to analyse, for 
each of the rays that constitute the target, the variation of the 

estimated axial distance, i.e., the spherical coordinate radius, 𝑟 . 
The centroid of a finite set of 𝑘 points [p

1
, p

2
,…,p

k
] is the sum 

of all point coordinates divided by the number of points: 

𝐶PC =  
p1 + p2 + ⋯ + p𝑘

𝑘
. (10) 

Assuming that the image of the target in the PC is the result 

of sampling carried out along 𝑘 rays, thus composed of 𝑘 points, 
from each PC it is possible to extract the centroid of the target. 
Therefore, to compare the behaviour of the LiDAR in the 
absence and presence of fog, it is possible to calculate and 
analyse: 

- 𝐶RAW−base
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ defined as the centroid of the 𝑁base  

centroids each obtained from the 𝑁base  PCs relating to 
the baseline phase, 

- 𝑠C−RAW−base defined as the experimental standard 

deviation of the mean calculated from the 𝑁base  

centroids relating to the baseline phase, 

- 𝐶RAW−meas(𝑖)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ defined as the centroid of the 𝑁rep  

centroids each obtained from the 𝑁rep  PCs relating to 

the 𝑖𝑡ℎ  acquisition recorded during the measurement 
phase, 

- 𝑠C−RAW(𝑖) defined as the experimental standard 

deviation of the mean calculated from the 𝑁rep  centroids 

relating to the 𝑖𝑡ℎ  acquisition recorded during the 
measurement phase. 

Hence, it is possible to calculate the module of the 
displacement vector between the coordinates of the centroid 

relating to the baseline, and that relating to the 𝑖𝑡ℎ  acquisition: 
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ΔC−RAW(𝑖) = |𝐶RAW
̅̅ ̅̅ ̅̅ ̅(𝑖) − 𝐶RAW−base

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅|, (11) 

and check the significance by comparing it with 𝑠C−RAW−base  

and 𝑠C−RAW(𝑖). 

Similarly, assuming that Γ is the subset of 𝑘 rays, i.e., pairs of 

angles (𝜑𝑙 , 𝜃𝑚) of 𝑙 =  {1, 2, … , 𝐿} elevation and 

𝑚 =  {1, 2, … , 𝑀} azimuthal position, that constitute the points 

of the PC relating to the target, for each of such 𝑘 pairs is 

possible to evaluate the variation of the spherical coordinate, 𝑟, 

as the fog concentration varies. Hence, for each of the 𝑘 rays 
that compose the image of the target in the PC, it is possible to 
define: 

- 𝑟RAW−base̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(𝜑𝑙 , 𝜃𝑚) as the mean value of the radius of 

the (𝜑𝑙 , 𝜃𝑚) ray calculated over the 𝑁base  PCs relating 
to the baseline phase, 

- 𝑠r−RAW−base(𝜑𝑙 , 𝜃𝑚) as the experimental standard 

deviation of the mean of the radius of the (𝜑𝑙 , 𝜃𝑚) ray 

calculated over the 𝑁base  PCs relating to the baseline 
phase, 

- 𝑟RAW̅̅ ̅̅ ̅̅ (𝜑𝑙 , 𝜃𝑚, 𝑖) as the mean value of the radius of the 

(𝜑𝑙 , 𝜃𝑚) ray calculated over the 𝑁rep  PCs relating to the 

it acquisition recorded during the measurement phase, 

- 𝑠r−RAW (𝜑𝑙 , 𝜃𝑚, 𝑖) as the experimental standard 

deviation of the mean of the radius of the (𝜑𝑙 , 𝜃𝑚) ray 

calculated over the 𝑁rep  PCs relating to the 𝑖𝑡ℎ  

acquisition recorded during the measurement phase. 

Then, for each of the 𝑖 ∈  [1, 𝑁tot] acquisitions, it is possible to 
calculate the root-mean-square error: 

𝑅𝑀𝑆𝐸RAW(𝑖) = √
𝜁(𝑖)

𝑘
, (12) 

where 

𝜁(𝑖) = ∑ [𝑟RAW̅̅ ̅̅ ̅̅ (𝜑𝑙 , 𝜃𝑚 , 𝑖) −  𝑟RAW−base̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ (𝜑𝑙 , 𝜃𝑚)]

(𝜑𝑙,𝜃𝑚)∈Γ

2

, (13) 

and 𝑘 is the number of rays sampling the target and, therefore, 

the cardinality of the subset Γ — the subset of rays, i.e., pairs of 

angles (𝜑𝑙 , 𝜃𝑚) that constitute the points of the PC relating to 
the target. 

3.3.2. Analysis and comparison of PC processing algorithms 

For the analysis and comparison of PC processing 
algorithms, it is possible to proceed similarly to what was done 
for the analysis and comparison of LiDARs. The difference is 
that the analysis and comparison of LiDAR is based on PCs, i.e., 
raw data, while the analysis and comparison of processing 
algorithms must take into consideration the outputs of the 
processing algorithms. 

Given that PC processing algorithms are generally aimed at 
tasks such as detection, classification, and tracking, a quantity of 
interest is the ability to continue performing these tasks even in 
the presence of fog. It is thus convenient to define the Boolean 
parameter "SUCCEEDED(MOR)" whose value is: 

- 1 if the algorithm was able to carry out the task while 
maintaining an error lower than or equal to the 
maximum error allowed, or, 

- 0, if the algorithm was not capable of carrying out the 
task or has carried out it by introducing an error greater 
than the maximum allowed error. 

Moreover, similarly to before, it is possible to calculate and 
analyse: 

- 𝐶ALG−base
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  as the centroid of the 𝑁base  centroids each 
obtained by applying the processing algorithm to the 

𝑁base  PCs relating to the baseline phase, 

- 𝑠C−ALG−base as the experimental standard deviation of 

the mean calculated from the 𝑁base  centroids relating to 
the baseline phase, 

- 𝐶ALG−meas
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(𝑖) as the centroid of the 𝑁rep  centroids each 

obtained by applying the processing algorithm to the 

Nrep PCs relating to the measurement phase, 

- 𝑠C−ALG (𝑖) as the experimental standard deviation of the 

mean calculated from the 𝑁rep  centroids relating to the 

𝑖𝑡ℎ  acquisition recorded during the measurement phase. 
Hence, it is possible to calculate the module of the 

displacement vector between the coordinates of the centroid 

relating to the baseline, and that relating to the 𝑖𝑡ℎ  acquisition: 

ΔC−ALG(𝑖) = |𝐶ALG
̅̅ ̅̅ ̅̅ (𝑖) −  𝐶ALG−base

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ |, (14) 

and check the significance by comparing it with 𝑠C−ALG−base 

and 𝑠C−ALG (𝑖). 
Similarly to what was done previously, if the output of the 

processing algorithm includes a surface, it is possible to 
compare the surface relating to the baseline with that relating to 

the 𝑖𝑡ℎ  acquisition and calculate the root-mean-square error, 

𝑅𝑀𝑆𝐸ALG(𝑖). If the target is a sphere, the PC processing 
algorithm must reasonably be aimed at identifying a sphere, thus 
extracting its parameters, center, and radius of the sphere. 

∆C−ALG(𝑖) then becomes the magnitude of the difference 
between the average coordinates of the centre of the sphere 

during the 𝑖𝑡ℎ  acquisition and during the baseline. The 

calculation of 𝑅𝑀𝑆𝐸ALG(𝑖) is further simplified as it is equal to 
the difference between the average radius of the sphere 

extracted from the 𝑖𝑡ℎ  acquisition and the average radius of the 
sphere obtained during the baseline. 

4. RESULTS 

As previously introduced, to provide an idea of the results 
obtainable using the proposed method, this section reports 
some example results obtained from a very popular LiDAR in 
the automotive sector, namely, the VLP16 from Velodyne 
whose PCs were analysed using a popular and easily available 
processing algorithm, that is, the pcfitsphere function of the 
MATLAB® Computer Vision Toolbox. Such an algorithm is 
based on the Mestimator Sample Consensus (MSAC) algorithm 
to find the sphere, which is a variant of the RANdom SAmple 
Consensus (RANSAC) algorithm. This algorithm was chosen 
because it is a popular choice for object detection [21]-[23] and 
because it is available in the MATLAB® toolboxes and, 
therefore, usable by anyone wishing to repeat the test. 

The target used in these tests was a polystyrene sphere with 
a radius of 15 cm. During the tests, the sphere was kept 
suspended by a thin wire. Table 1 summarizes the settings used 
to acquire the reported example results. As an example, Figure 3 
shows a PC acquired during the baseline phase (no fog along 
the optical path), while Figure 4 shows a zoom of the sampling 
of the target in such a PC. Depending on the applications of 
interest, the detection success can be accomplished in case the 

error is lower than a specific threshold 𝑇. 
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Defining: 

ΔC−ALG−%(𝑖) = |𝐶ALG
̅̅ ̅̅ ̅̅ (𝑖) −  𝐶ALG−base

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ | ⋅ 100, (15) 

and 

𝑅𝑀𝑆𝐸ALG−%(𝑖) =
|𝑅sph
̅̅ ̅̅ ̅̅ (𝑖) −  𝑅sph−base

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ |

𝑅sph−base

⋅ 100, (16) 

where 𝑅sph(𝑖) and 𝑅sph−base are the average radius of the 

sphere extracted from the 𝑖𝑡ℎ  acquisition and the average radius 
of the sphere obtained during the baseline, respectively, the 
target detection was considered successful, i.e., 
"SUCCEEDED=1", if 

ΔC−ALG−%(𝑖) ≤ 𝑇ΔC , (17) 

and 

𝑅𝑀𝑆𝐸ALG−%(𝑖) ≤ 𝑇RMSE. (18) 

Figure 5 shows the trend of the Boolean parameter 
"SUCCEEDED" obtained from the analysis of the outputs of 
the pcfitsphere function as the MOR generated by the FC 

varies. Figure 6 and Figure 7 show the trends of ΔC−ALG−%(𝑖) 

and 𝑅𝑀𝑆𝐸ALG−%(𝑖), also reporting the respective experimental 
standard deviation of the mean. 

For example, considering a maximum acceptable error 
T = 20 %, Figure 5 shows the trend of SUCCEEDED 
parameter for the sphere Radius and Center coordinates. As 
particularly evident from Figure 6, the failure in the detection of 

the sphere, i.e., SUCCEEDED = 0, is mainly due to the error 
in estimating the coordinates of the center of the sphere. 
Indeed, when the MOR drops below approximately 3 m, the 
processing algorithm appears to be no longer able to reconstruct 
the sphere. The analysis of the PCs, i.e., the RAW data provided 
by the IUT, reveals that this is because, for a MOR lower than 
about 3 m, the LiDAR begins detecting the fog front as a target. 
Indeed, when the MOR drops below approximately 3 m, the 
centroid of the target was substantially in correspondence with 

the fog front, i.e. at distance 𝑑FC  from the IUT. 

5. DISCUSSION 

As described previously, mathematical models or numerical 
simulations can be used to analyse the performance of LiDARs 
in the presence of fog. Although such approaches allow for 
overcoming some relevant issues related to experimentation, 
they are not free of significant drawbacks and limitations. 

As introduced previously, the LiDAR response also depends 
on the shape and amplitude of the echo received. These 
characteristics depend on countless quantities both internal to 
the LiDAR and external. For example, the shape and amplitude 
of the received pulse depend on external quantities such as the 
inclination and reflectance of the specific point of the target on 
which the beam generated by the LiDAR is incident [24]. The 

Table 1. Settings used to acquire the reported example results. 

Setting Value 

𝑁base 10 

𝑁rep 5 

𝑓rep 10 Hz 

𝑡idle 60 s 

𝑁tot 1500 

𝑑T ≈ 2.75 m 

𝑑FC ≈1 m 

Target sphere radius 15 cm 

Target sphere material polystyrene 

 

Figure 3. PC acquired during the baseline phase (no fog along the optical 
path). A red sphere has been inserted into the image whose radius and centre 
correspond to the average radius and average centre recorded during the 
baseline phase. In the figure, it is also possible to see the metal frames of the 
FC (the rectangles located approximately 1 m and 2 m from the IUT). The IUT 
position corresponds to coordinates (0,0,0).  

 

Figure 4. Zoom of the sampling of the target relating to the PC shown in 
Figure 3. In the figure, it is possible to observe how the points of the PC, 
represented with blue dots, accurately intercept the surface of the sphere. 

 

Figure 5. Trend of the Boolean parameter "SUCCEEDED" obtained from the 
analysis of the outputs of the pcfitsphere function as the MOR 

generated by the FC varies. 
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greatest criticality, however, is because, in addition to the 
significant complexity linked to the modelling of the 
propagation and reflection of the beams, much of the 
information required to estimate or simulate the signal 
photogenerated from the LiDAR detectors is often partial or 
even completely unknown. Indeed, in addition to the 
characteristics of the transmission medium, the shape (time 
evolution) of the pulse generated by the LiDAR detector in 
response to the received echo depends on a multitude of 
characteristics of the LiDAR itself such as the space-time 
characteristics of the emitted impulse, the field of view (FOV), 
the aperture stop and, the responsivity of the detectors, as well 
as, the performance of the front-end electronics. When these 
characteristics are known, they are generally only approximately 
known. 

Even in the fortunate hypothesis of being able to analytically 
describe or numerically model in an appropriate way the 
temporal evolution of the received echo, the analysis that the 
LiDAR operates on this signal to compose the PC is reasonably 
fully known only to the manufacturer. 

Hence, mathematical modelling and numerical simulation 
are inexorably significantly limited by the incomplete knowledge 
of the LiDAR to be analysed. The hypotheses and assumptions 
necessary to overcome this lack of information thus make, on 

the one hand, the estimate of the actual performance less 
accurate, and on the other hand, the benchmarking of the 
performance of different LiDARs complex, if not impossible. 
By using the LiDAR intended to be analysed, experimentation 
does not require knowing any of the previous information. 
Experimental verification thus appears reasonably more capable 
of allowing benchmarking. However, also experimentation 
presents significant complexities. The main one is the 
generation of fog. Nonetheless, in the hypothesis of a purely 
absorbent medium, the spatial distribution of the fog becomes 
irrelevant since the attenuation suffered by the beam depends 
only on the average concentration of the fog along its optical 
path and not on how fog distributes along it. Such an 
approximation is the basis of the proposed method, as well as 
of the ample facilities described previously for the 
characterisation of automotive LiDAR in the presence of fog. 

In conclusion, mathematical models or numerical 
simulations allow the effect of different fog patterns to be 
analysed quite accurately. The main limitation of these 
approaches is that, since the characteristics of LiDARs are 
generally known only approximately, it is difficult to accurately 
analyse performance, as well as compare different LiDARs as, 
in general, the information required to highlight any differences 
is not fully available. 

On the contrary, experimental verification encounters 
significant complications in the analysis of complex fog patterns 
but, does not require knowledge of any information to compare 
the behaviour of the LiDARs since what is analysed is the actual 
signal obtained. 

6. CONCLUSIONS 

Driven by the goal of autonomous driving, recent years have 
seen a proliferation of LiDAR systems for automotive 
applications. This has led to an increasing need for measurement 
methods capable of evaluating and comparing as well as guiding 
the development of both the LiDARs and, the algorithms 
responsible for analysing the PCs provided by the LiDARs. 

Driven by this request, many methods and studies have been 
proposed. However, most of these methods and studies have 
focused on the analysis and comparison of the performances 
obtained in conditions of good visibility. In this study, we 
propose a simple and cost-effective method for the analysis and 
comparison in the presence of fog. Such a method allows both 
to analyse and compare the LiDARs performance and to analyse 
and compare the performance of the PC processing algorithms. 

The proposed method is based on generating the fog inside 
an FC, that is, inside a chamber with transparent walls. Such a 
method allows analysing and comparing, as well as supporting 
the development of both the LiDARs and the PC processing 
algorithms. The example results reported in section 4 
demonstrate how the proposed method can analyse both the 
performance of the algorithms and of the LiDARs. For 
example, the proposed method allowed determining the 
maximum fog concentration, i.e., the minimum MOR, beyond 
which the algorithm was no longer able to operate correctly. 
Moreover, the proposed method also allowed us to discover the 
cause of the algorithm error, that is, the fact that, as the fog 
concentration increases, the IUT incorrectly starts to recognize 
the fog front as a target. 

As introduced in section 1, although it involves critical issues 
in terms of complexity and costs, the best is reasonably to place 
the LiDAR and the target in an environment filled with fog, i.e. 

 

Figure 6. ΔC−ALG−%(𝑖) and sC−ALG(𝑖) as a function of MOR. In the lower 
figure, the dashed red line (− − −) represents sC−ALG−base.  

 

Figure 7. 𝑅𝑀𝑆𝐸ALG−%(𝑖) and 𝑠R−sph(𝑖) as a function of MOR. In the upper 

figure, the dashed red line (− − −) represents the RMSE on the baseline radius 
obtained by replacing in the (16) 𝑅sph(𝑖) with 𝑅sph−base and 𝑅sph−base with 

the actual radius of the sphere 𝑅 = 15 cm. In the lower figure, the dashed 
red line (− − −) represents 𝑠R−sph−base.  
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inside the FC. The proposed setup has limitations primarily due 
to the approximations intrinsic in its approach based on the 
purely absorbing medium. There are some several limitations 
due to the hardware used in this prototype. For example, at 
present, visibility is estimated using a single pair of LD and PD, 
thus sampling the FC volume along a single line. Moreover, as 
introduced in section 1, the best is to place the LiDAR directly 
inside the FC, to perform a test the most similar to the reality. 
However, future studies could focus on configuration 
improvements to overcome hardware limitations. For example, 
a matrix of LD-PD pairs could be implemented to monitor 
visibility at different points of the FC volume. 

Despite the previous limitations, the proposed method 
allows analysing and comparing the performance of both 
LiDARs and PC processing algorithms in the presence of fog, 
all while avoiding both the cost and complexity of the ample 
facilities and the limitations intrinsic to mathematical modelling 
and numerical simulation. 
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