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ABSTRACT The sterilization properties of the C-band of the ultraviolet (UV) light have been well-known
for many years; however, their application has become more vital and widespread today due to the
Covid-19 pandemic. Nevertheless, minimal work has been devoted to simulating UV-C propagation for
surface disinfection in indoor environments. UV light has also been proposed for non-line-of-sight (NLOS)
outdoor communication applications, where a number of simulators have been developed, but with several
simplifications. The current work presents a fully-featured simulator for UV light propagation, called
LaUV, designed mainly for indoor settings, capable of calculating measurable parameters that can be used
for indoor surface disinfection and communication applications. LaUV considers atmospheric absorption
and scattering according to Rayleigh and Mie theory, and reflections from rough surfaces. The scattering
cross-section and probability density function of the scattering angles (phase function) are calculated
accurately for any wavelength, concentration, and diameter distribution of spherical scattering particles
(aerosols and droplets). Examples are presented for indoor environments, including empty rooms and rooms
with furniture, for different environmental conditions and surface albedos. Interesting initial conclusions
can be drawn, considering the spatial distribution of UV exposure for surface disinfection applications and
channel modeling for line-of-sight (LOS) and NLOS communication, demonstrating the versatility and the
potential applications of the proposed simulator.

INDEX TERMS Ultraviolet (UV) light, channel modeling,Monte Carlo simulation, indoor communications,
surface disinfection.

I. INTRODUCTION
Ultraviolet (UV) light, especially in the C band (UV-C),
exhibits sterilization properties against bacteria, viruses, and
fungi, already known for many years. The research interest
for these properties has been revived due to current coro-
navirus epidemiological conditions [1]. Furthermore, UV-C
light has also been considered for non-line-of-sight (NLOS)
outdoor communication applications for distances of a few
hundred meters due to its increased bandwidth [2]. Last but
not least, it needs emphasizing that some recent studies rec-
ommend UV-C for indoor communication applications as an
effective alternative means of other optical technologies [3].
Based on the above, it becomes evident that the exploitation
of UV radiation for health purposes and communication will

The associate editor coordinating the review of this manuscript and
approving it for publication was Chaitanya U. Kshirsagar.

intensify evenmore in the coming years. Therefore, computa-
tional tools that simulate accurately the physical phenomena
that take place during light propagation in appropriate exper-
imental settings, are expected to gain importance.

A. RELATED WORK
The application of UV-C spectrum in outdoor communi-
cations dates back to the previous decades, and Monte
Carlo (MC) methods were applied to model the corre-
sponding channel characteristics (see [4] and the references
therein). In summary, some typical studies are as follows.
First, an MC simulation for an NLOS outdoor channel with
atmospheric scattering phenomena was described in [5], and
several atmospheric conditions were considered for a range
of wavelengths. Second, in [6], a method was introduced to
model the impulse response of anNLOS outdoor UV commu-
nication channel with Rayleigh and Mie scattering. However,

VOLUME 9, 2021
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 137543

https://orcid.org/0000-0003-1055-3007
https://orcid.org/0000-0002-3975-3785
https://orcid.org/0000-0001-8810-0345


M. S. Baltadourou et al.: LaUV: Physics-Based UV Light Simulator for Disinfection and Communication Applications

the scattering angle probability was approximated using the
generalized Henyey-Greenstein (HG) function instead of
the accurate Mie calculations. In particular, when scatter-
ing depends intensely on particle diameters, that approxi-
mation may cause inaccuracies. Results were presented for
many wavelengths spanning the UV-C spectrum for a sin-
gle atmospheric conditions scenario. Then, in [7], the MC
method, combined with point probability, was applied to sim-
ulate a UV atmospheric communication model. Nevertheless,
the Mie scattering angle probability was expressed with the
HG phase function having a single set of parameters, thus,
not allowing for accurate results for different air conditions.
Finally, the authors in [8] adopted the HG phase function
approximation to study the effect of aerosols on the ground
point spread function of high altitude light sources.

Some individual studies have lately emerged dealing with
the possibility of applying UV as an alternative means for
providing diffuse optical communications in indoor environ-
ments. The general framework on the design and implemen-
tation of some systems is adequately described in [3]. In [9],
a novel dynamic beamforming method has been suggested
which makes use of the distance to estimate the user loca-
tion. Note that the challenges of an indoor optical wireless
medical body area network were discussed in [10], where the
MC method was employed to estimate the channel impulse
response (CIR). A simple model of an empty room was
considered, while a 3D model of a person was allowed to
move in random trajectories. Best fit statistical models to
describe the distribution of these parameters for more general
scenarios were proposed.

The germicidal properties of UV-C light have been
explored as a function of wavelength for different viruses,
bacteria, and fungi, for a long. Theoretical and experimental
findings revealed a strong germicidal effect of UV-C light
between 200 and 280 nm, with an intermediate peak at
254 nm [11]. A pretty recent study indicated that the far
UV-C light (207-222 nm) efficiently kills pathogens such
as human coronaviruses and influenza [1], potentially with-
out harm to exposed human tissues [12]. Several reports
focused on coronavirus surface disinfection with encouraging
experimental results [1], [13] but they only treat the issues
of exposure measurements and biological effectiveness. Fur-
thermore, a review of viruses and bacteria deactivation using
UV-C light at different wavelengths (mainly 222 and 254 nm)
was discussed in [14].

The application of UV-C light to air disinfection, especially
in medical facilities, has also been investigated, both for
upper-room air exposure combined with natural air convec-
tion or in-ducts air exposure [15]. Somewhat less attention has
been given to surface exposure. For instance, in [16] and [17],
experimental measurements were reported with a mobile
UV-C generator in a hospital room. Limited approaches to
surface disinfection simulation were presented in [18] and
most recently in [19] with applications to coronavirus but
without considering the physics of UV atmospheric propa-
gation. In the work of [20], a 3 × 3 UV-C LED array was

designed to disinfect small packaging, and its effectiveness
was assessed with a simple ray-tracing simulator.

Few relevant works appeared trying to utilize a free illu-
mination design software package [21]. In [22], the DIALux
software was employed to simulate the UV dose distribution
on respirator masks in a small disinfection chamber. Very
recently, an attempt to assess the utilization of DIALux for
UV light was reported in [23], in comparison to the com-
mercial software OpticStudio used to design optical instru-
ments [24]. DIALux is essentially a ray-tracer producing
photorealistic renderings for many materials and commercial
light sources, which currently allows incorporating UV light
sources. However, the accurate physics of UV light propa-
gation was not studied either in DIALux or OpticStudio. The
atmospheric scattering appears to be ignored in both software
packages, as verified in [23, (Fig. 4)], whereas the term scat-
tering is used to model reflection from rough surfaces. The
effect of temperature, air humidity, and droplet/aerosol size
distribution is also not included in these software packages.

B. MOTIVATION AND CONTRIBUTION
A physics-based MC simulator of UV light propagation in
an indoor environment, named LaUV, is proposed in the
present work.1 The simulated indoor scene may be closed,
where photons cannot escape the scene but may be attenuated
during their interaction with surfaces, or open, where photons
may leave the scene from openings with no triangulation,
such as doors or windows. The simulator can handle any
number of objects in the scene with arbitrary geometry, pro-
vided they have been triangulated. It considers atmospheric
scattering in a very accurate manner and reflection from
rough surfaces. Furthermore, scattering from spherical water
droplets and aerosols is explicitly handled. In contrast, most
UV propagation simulators approximate the Rayleigh and
the Mie scattering angle using the HG or the more gen-
eral Gegenbauer-Kernel function (GK) phase function. These
convenient approximations allow for faster generation of ran-
dom scattering angles, and even if they can be parameterized,
their accuracy is limited, affecting the overall accuracy of
the simulation [25], [26]. In [27], the utilization of the Mie
phase function was found to be more accurate than the HG,
or GK function, according to experimental results for blood
scattering.

A case of photon propagation, well-studied in the litera-
ture, considers semi-infinite continuous absorbing media that
include small regions of specific shapes with different optical
properties, such as layered tissues containing spheres or slabs.
In those settings, MC variations, such as the perturbation
method (pMC) and the scaling method (sMC) have been
introduced [28] to alleviate the problem of the high computa-
tional burden. These variations utilize one or few traditional
MC executions and attempt to predict the MC outcome in

1The acronym LaUV comes from the combination of the word Lamia,
the Greek city that is the place of origin, living, or working of most of the
authors of the paper, and the word ultraviolet.

137544 VOLUME 9, 2021



M. S. Baltadourou et al.: LaUV: Physics-Based UV Light Simulator for Disinfection and Communication Applications

slightly different settings, such as small displacements of the
source or changes in the optical properties of the absorbing
media in small regions. However, the problem of simulating
photon propagation in indoor environments with complicated
triangulated surfaces, e.g., furniture, is very different from
the problems mentioned above, and no such attempt to use
pMC or sMC have been reported to our knowledge. Well-
established approaches that apply MC to media with trian-
gulated surface interface also utilize the traditional MC with
specific calculation optimizations. For instance, in [29] the
proposed triangular mesh-based MC (MMCM) utilizes ray
tracing with Pluecker coordinates to solve the ray-triangle
intersection problem, although using approximating phase
functions. A similar approach is followed in [26]. TIM-
OS [30], an MC applied to tetrahedra, also uses traditional
MC with ray tracing that intersects the four faces of the
tetrahedron inside which the photon is propagating. None of
these approaches propose the use of pMC, sMC or similar
techniques.

The proposed work implements the physics of photon
propagation and scattering, simulating the physical phenom-
ena at the level of photons. Other approaches perform the sim-
ulation considering packets of photons [31]. Although such
approaches may improve the statistics, several assumptions
and simplifications are usually required, which deteriorate
accuracy. For instance, in [31], the scattering angle is not
estimated accurately for each different size of nanoparti-
cles; instead, it is calculated using an approximating phase
function, typical for all scattering events, whereas absorption
is also handled using a heuristic rule at the packet level.
Although packet handling may be advantageous for light
propagation in absorbing media, such as tissue, it does not
appear to offer any advantages in simulating the propaga-
tion in the atmosphere that considers scattering with differ-
ent size nanoparticles without significant absorption. Thus,
the approach of simulation of individual photon propagation
with an accurate description of the physical phenomena was
selected in our work.

The measurable outputs are designed for UV-C-based sur-
face disinfection, as well as indoor and outdoor optical com-
munication applications. The overall contribution of the work
can be summarized on the following topics:

• Atmospheric scattering is simulated accurately by calcu-
lating the cross-section and scattering angle probability
distribution directly from the Rayleigh and Mie theory
for spherical nanoparticles, without resorting to approx-
imating phase functions.

• The air humidity and temperature are also considered,
and accurate droplet and aerosol diameter distributions
are used to simulate different atmospheric conditions
scenarios, occurring naturally or artificially with nebu-
lizers.

• The simulator provides the following results per elemen-
tary surface triangle: the UV exposure as implicitly indi-
cated by the number of photons absorbed per surface unit

area, the contribution of each phenomenon to exposure,
and the distribution of the total path length of absorbed
photons.

• The calculations mentioned above can accurately be
performed for any wavelength, λ, thus allowing exper-
imentation with any λ values, such as 207, 222,
and 254 nm, which reportedly have biological sig-
nificance both for humans and viruses/bacteria/fungi
[1], [11]–[13].

• These measurements can be used to calculate the disin-
fection fraction for any geometric setup of light sources
and indoor objects and model the extinction rate for any
given point of the indoor environment.

• Finally, the mean of the total path length of each photon
absorbed in any triangle can easily be converted to the
channel impulse response between the source and this
triangle, thus completing the channel modeling process.

C. STRUCTURE
The rest of the paper is organized as follows. Section II briefly
discusses the physics of light propagation in the air in the
presence of spherical aerosols and droplets, with particular
references to Rayleigh andMie scattering and photon absorp-
tion phenomena. Section III describes the overall methodol-
ogy to implement the single-photon propagation and scat-
tering and reflection phenomena in any indoor environment
after triangulating the existing objects. Section IV describes
the simulation scenarios used to present several measurable
quantities for three different atmospheric conditions and two
surface albedo values A, assuming an empty room and a room
with furniture. Finally, some helpful concluding remarks are
drawn in Section V with a brief discussion regarding the
applicability of LaUV to optical communications and surface
disinfection.

II. PHYSICS OF LIGHT PROPAGATION
When radiation interacts with air molecules and other
aerosol/droplets, scattering and absorption phenomena occur.
The cross-section and scattering angle distributions adopted
in the current study are described below.

A. RAYLEIGH SCATTERING
For particles with diameter, d , up to 10 times smaller than
the incident photon wavelength, λ, the scattering process is
described by the Rayleigh theory. The cross-section for an
airborne particle with refractive index, n, is derived by [32,
eq. (1)]

σR =
2π5

3
d6

λ4

(
n2 − 1
n2 + 2

)2

. (1)

The distribution of radiation with respect to the scattering
angle θ is expressed by [33]

I (θ)
I0
=

1+ cos2θ
2

, (2)
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which applies to random polarization and is independent of λ
and d . According to (1), the Rayleigh scattering cross-section
for dry air is proportional to λ−4 and is obtained by

σSR,dry = σ0λ
−4, (3)

where σ0 ≈ 4.4×10−16 cm2nm−4.
Roughly speaking, the atmosphere is a mixture of dry

air and water particles. The water vapor density, %ν , can be
calculated based on [34]

%ν = RH%sν, (4)

where RH is the relative humidity and %sν is the saturated
vapor density. It was shown that for values of temperature
T up to 40oC (degrees Celsius), is estimated as [34]

%sν = τ0 + τ1T + 8.1847× 10−3T 2
+ 3.1243× 10−4T 3,

(5)

where τ0 = 5.018, and τ1 = 0.32321. Typical values for ρν
are in the range of a few g·m−3. It needs mentioning that the
diameter of a single water molecule is approximately equal
to 0.28 nm [35]; however, the water exists in the air in the
form of moisture particles with a diameter ranging from 1 nm
to a few µm much larger than the molecular diameter [36].
In general, the concentration of water particles of diameter,
d , smaller than λ, i.e., the number of particles present in unit
volume, is expressed by

ρN =
%ν

%w
1
6πd

3
, (6)

where %w is the water density. Assuming that all the water
particles in the air have the same diameter, the Rayleigh scat-
tering coefficient µsR (also known as extinction coefficient
measured in m−1) is specified as

µsR = σsR,dryρN ,dry + σwρN , (7)

where σw is calculated for any λ according to (1), n is obtained
from [37] at the selected wavelength and ρN ,dry is the concen-
tration of scatterers in dry air (number per m3). The mean
free path of each photon for Rayleigh scattering is readily
obtained as

l̄fR =
1
µsR

, (8)

Further, the mean free path, lf , is related to the atmospheric
visibility by the Koschmieder equation [38]

lV =
3.912
µsR

= 3.912l̄fR. (9)

By assuming particles with uniform diameter and combin-
ing (4)-(9), we can easily estimate the water particle diameter
as a function of

d =
2.584× 10−8

[lVRH%sν]1/3
. (10)

For example, assuming that T = 25◦C, RH = 50%,
and lV = 10 km, (9) implies that the diameter of water

FIGURE 1. Rayleigh scattering coefficient vs. wavelength for T = 20◦C
and RH = 50%.

droplets corresponding to this environmental condition is
d = 5.307 nm. It becomes evident that during average
atmospheric visibility, the diameter of water particles is much
smaller than the wavelength, justifying the assumption that
the interaction between the photons and the water droplets
can adequately be described by Rayleigh scattering.

Figure 1 illustrates the values of µsR, calculated as
described above, for T = 20◦C, RH = 50%, and λ between
200 nm and 300 nm, for four different particle diameters:
0.275, 1, 2, and 5 nm. As it can be observed, the value of
µsR due to Rayleigh scattering is very low; thus, the mean
free path for a photon with λ = 200 nm takes values from
50 m (for water particle diameter equal to 5 nm) to more
than 1000 m (for single water molecules). In practice, under
normal atmospheric conditions, the values of µsR usually lie
in the range 10−2 − 10−1 m−1, resulting in a mean free
path between 10 and 100 m. Thus, Rayleigh scattering has a
negligible effect on the indoor propagation of UV radiation,
even for high relative humidity. Furthermore, since the value
of the atmospheric absorption coefficient,µαR, is two to three
orders ofmagnitude lower thanµsR, it is practically negligible
in indoor environments [39].

B. MIE SCATTERING FOR SPHERICAL NANOPARTICLES
The Mie scattering theory applies to particles with a diameter
comparable to or greater than λ. It is necessary to includeMie
scattering in LaUV since the concentration of water particles
in the air and the distribution of their size varies with the
meteorological conditions and human activity, e.g., pollution.
Furthermore, artificially induced humidity using nebulizers
produces water particles with a diameter between 500 and
5000 nm [40]. In these cases, the predictions of the Rayleigh
theory forµsR will not be accurate. On the other hand, theMie
theory is accurate for scattering particles with a diameter of
λ or larger and smaller particles, reproducing the Rayleigh
results in the latter case. Thus, Rayleigh scattering can be
considered a particular case of Mie scattering.
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According to Mie theory [31], [41], the extinction, scatter-
ing, and backscattering efficiency of a spherical nanoparticle,
namely the ratio of the extinction, scattering, and backscat-
tering cross-sections to the geometrical cross-section of the
particle, respectively are expressed according to the formulae

Qext =
2
ζ 2

∞∑
n=1

(2n+ 1)Re (an + bn), (11)

Qscat =
2
ζ 2

∞∑
n=1

(2n+ 1)
(
|an|2 + |bn|2

)
, (12)

Qback =
1

4πζ 2

∣∣∣∣∣
∞∑
n=1

(2n+ 1) (−1)n (an − bn)

∣∣∣∣∣
2

. (13)

where

an =
ψn (ζ ) ψ

′
n (mζ )− mψ

′
n (ζ ) ψn (mζ )

ξn (ζ ) ψ ′n (mx)− mξ ′n (ζ ) ψn (mζ )
,

bn =
mψn (ζ ) ψ ′n (mζ )− ψ

′
n (ζ ) ψn (mζ )

mξn (ζ ) ψ ′n (mζ )− ξ ′n (ζ ) ψn (mζ )
. (14)

Here, m = n
/
nm and ζ = kR, where n and nm are

the complex refractive indices of the particle and the sur-
rounding medium respectively, R is the particle radius, and
k = 2πnm

/
λ is the wavenumber in the surrounding medium.

The functions ψn (ζ ) and ξn (ζ ) are the spherical Bessel
and spherical Hankel functions, respectively, defined in [42,
eq. (10.1.1)]. The prime denotes differentiation with respect
to the argument. The absorption efficiency is obtained by the
difference

Qabs = Qext − Qscat

=
2
ζ 2

∞∑
n=1

(2n+ 1)
[
Re (an + bn)− |an|2 − |bn|2

]
.

(15)

Equations (11) and (12) are obtained by integrating the
Poynting vectors corresponding to the incident and scattered
fields on the surface of a sphere concentric to the particle [31],
[41]. Of note, these results are independent of the hypothet-
ical integration sphere radius, and thus they are valid both
for the near-field and the far-field zone. Since the absorption
cross-section of the water particles at the desired wavelengths
(200-300 nm) is two to three orders of magnitude lower than
the scattering cross-section, the extinction coefficient can be
considered equal to the scattering coefficient (measured in
m−1), given by the formula

µsM = ρNσsM = ρNQscatπ
d2

4
, (16)

where σsM is the Mie scattering cross-section. Figure 2 illus-
trates σsM as a function of λ and d for relative humidity 80%
and temperature 20oC.
Furthermore, the angular distributions of the scattered radi-

ation intensity for light polarized perpendicular and parallel

FIGURE 2. The Mie scattering coefficient and scattering cross-section per
particle as a function of λ and d for RH = 80% and T = 20◦C .

to the plane defined by the incident and scattered photons
(scattering plane) are expressed by [31, eqs. (5.30-31)]

I⊥ (θ) =

∣∣∣∣∣
∞∑
n=1

2n+ 1
n (n+ 1)

[anκn (θ)+ bnτn (θ)]

∣∣∣∣∣
2

, (17)

and

I// (θ) =

∣∣∣∣∣
∞∑
n=1

2n+ 1
n (n+ 1)

[anτn (θ)+ bnκn (θ)]

∣∣∣∣∣
2

, (18)

where τn (θ) = d
dθ Pn1 (cos θ) and κn (θ) =

Pn1(cos θ)
sin θ , with

Pn1 (cos θ) being the associated Legendre polynomials for
m = 1 [42, ch. 8]. Consequently, the probability of a photon
scattered at an angle θ regarding the incident direction is
proportional to I⊥ (θ) and I// (θ) for light polarized perpen-
dicular and parallel to the scattering plane, respectively. For
non-polarized light, the probability for a photon scattered at
an angle θ can be considered proportional to

p (θ) '
I// (θ)+ I⊥ (θ)

2
(19)

Figure 3 depicts the probability of Mie scattering at dif-
ferent angles in polar coordinates for several combinations
of the wavelength and particle diameter. It appears evident

VOLUME 9, 2021 137547



M. S. Baltadourou et al.: LaUV: Physics-Based UV Light Simulator for Disinfection and Communication Applications

that as the particle diameter increases, the probability of
scattering at small angles (relative to the direction of the
incident radiation) also gets high.

C. SPHERICAL PARTICLES WITH DIFFERENT DIAMETERS
In any realistic scenario, the atmospheric humidity consists
of spherical water particles with different diameters. The
concentration of water particles as a function of their diameter
is based on the modified gamma distribution [36, eq. (1)]

ρ(d) = n0

(
d
2

)α
exp

[
−
α

γ

(
d
d0

)γ ]
, (20)

where n0 is the total number of particles, α is a positive
integer, γ is a positive real number, and d0 is the particle
diameter at maximum frequency. The values of these param-
eters for different atmospheric conditions can be found in the
literature.

The probability, πi, for the particle with diameter di is esti-
mated according to (20), setting n0 = 1 [43]. Furthermore,
the concentration of every particle, ρi, is derived through the
following linear system

Mρ = B, (21)

where

M =


δm1 δm2 δm3 · · · δmN
π2 −π1 0 · · · 0
π3 0 −π1 · · · 0
...

...
...

. . . 0
πN 0 0 · · · −π1

 ,

ρ =


ρ1
ρ2
ρ3
...

ρN

 , B =
(
%ν 0 . . . 0

)T
,

%ν expresses the total mass of water particles per m3 of air
and δmi is the mass of each particle with diameter di.

The scattering cross-section, σi, for each particle size diam-
eter, di, at the selected wavelength can be calculated using
either Rayleigh or Mie scattering theory, depending on the
particle size relative to the wavelength. Then, the scattering
coefficient and the mean free path of a photon propagating
through moist air containing the above size distribution of
water particles are determined by

µs =
∑
i

ρiσs,i , l̄f =
1
µs
. (22)

The probability of a photon scattered by a particle with
diameter di is given by

pi =
ρiσi

µs
= ρiσi l̄f . (23)

As far as the scattering angle is concerned, there is no
dependence on the particle diameter for Rayleigh scattering.
For Mie scattering, the probability distribution of the scatter-
ing angle can be generated using (19) for any value of d .

TABLE 1. The values of λ and d used for lookup tables precalculation.

D. PHOTON ABSORPTION
A photon may be absorbed from an atmospheric particle or
a surface triangle. The probability of atmospheric absorption
in dry air or air containing spherical water particles is two
to three orders of magnitude lower than the scattering prob-
ability. The probability of atmospheric absorption becomes
significant only if the atmosphere contains particles different
than water. Thus, in our scenarios, atmospheric absorption is
considered negligible.

The probability of photon absorption by a surface triangle
is defined as one minus the albedo (reflectivity) of the trian-
gle. It is the primary means of UV energy deposition on the
triangle, which could be used for communication disinfection
purposes.

III. COMPUTATIONAL MODELING OF LIGHT
PROPAGATION IN THE AIR
A. ADJUSTABLE PHYSICAL QUANTITIES AND
PRECALCULATION OF LOOKUP TABLES
LaUV allows setting the values of the main physical proper-
ties to simulate various atmospheric conditions and assess the
applicability of the UV light effect in applications including
disinfection and communications. Specifically, the imple-
mented mathematical model allows the user to set the wave-
length of the emitted radiation, the temperature, and the
atmosphere composition, namely, the relative humidity and
particle densities for several diameters. The simulator can be
applied to indoor (or even outdoor) settings, including any
number of triangulated objects of arbitrary shape. In addition,
the albedo and the roughness of each triangle can be defined.

To accelerate the algorithm execution, we have precalcu-
lated and stored in text files the Mie scattering cross sections
for all combinations of wavelengths and particle diameters
in Table 1, using (11)-(13), respectively. For the same com-
binations of λ and d , the probabilities for all Mie scattering
angles have also been precalculated using (19) and stored.
The probabilities for pre-specified angles are also calculated
for Rayleigh scattering, independently of the particle diame-
ter. Finally, the scattering cross-section and the probabilities
for intermediate wavelength or particle diameter values can
be calculated using linear interpolation.

B. ALGORITHM FOR SINGLE-PHOTON PROPAGATION
Algorithm 1 summarizes the UV photon propagation as
implemented in the present study. The inner WHILE loop
tracking each photon terminates when the air or the surface
has absorbed it, or the photon has ‘‘gone away’’, i.e., being
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FIGURE 3. Probability distribution for Mie scattering at a specific angle relative to the incident radiation for different values of λ and d .

at a distance greater than a predetermined threshold from the
modeled scene. The later condition (‘‘gone away’’) enables
the application of the algorithm to outdoor or not fully closed
indoor scenes; if a photon can move away from the scene of
interest in these scenes, where the MC algorithm has to stop
tracing the photon.Moreover, the algorithmic steps are shown
graphically in Fig. 4. The mathematical formalism of the
atmospheric scattering and surface reflection are described
in detail in the following section.

C. RANDOM SCATTERING ANGLE GENERATION
In general, it is not always possible to calculate the inverse
function of the cumulative probability distribution of p(θ ).
Therefore, we employ the following steps to generate the
random scattering angles. First, p(θi) is discretized for θi =
iδθ , i = 0, 1, 2, . . . and δθ = 1o. The cumulative probability,

ci =
i∑

k=0
p(θk ), is then calculated for all discrete angles, θi.

Each time a random angle is required, a random number,
r , is generated using the uniform distribution in [0,1], and
the consecutive elements of the cumulative probability ci,
ci − 1 are determined so that ci−1 ≤ r < ci. To obtain
continuous random angles, θi, linear interpolation applies
to the corresponding angles, θi, θi−1, using the following
equation

θ = θi−1
ci − r
ci − ci−1

+ θi
r − ci−1
ci − ci−1

. (24)

The above method applies to generate random scattering
angles for both Rayleigh and Mie scattering using (2) and
(19), respectively as p(θi).
To verify the method, 100.000 random angles were cal-

culated for Rayleigh and Mie scattering. In Mie scattering,
the wavelength was set to 254 nm, and a particle diameter

FIGURE 4. Schematic diagram of the proposed photon propagation
algorithm.

of 100 nm was selected.2 The histograms of the generated
random angles are calculated with a bin size of 1 degree. The
two histograms are plotted in polar coordinates in Fig. 5. The
theoretical probability distributions according to (2) and (19)
are also overlayed.

2This wavelength was selected as an example since a peak of disinfection
efficiency has been observed at λ = 254 nm and 222 nm, according to [11],
[14].
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Algorithm 1 Photon Propagation Algorithm
Input: Faces and vertices of the triangulated surface, A for

each triangle, RH , T , λ, d0, α, γ , di, sources’ location
Output: For each triangle: exposure, prevalent phenomenon,

total path lengths of each absorbed photon
Init: di and ρi, µsR and µsM , p(θ), triangle normal vectors n

for each photon do
Initialize starting coordinates, θ , ϕ, and lf

while photon has not been absorbed or gone away do
Calculate new photon position using (27)
if no trajectory intersection with any triangles then

if Atmospheric absorption then
break Launch new photon

else
Calculate scattering probabilities pR =

µsR
µsM+µsR

(Rayleigh) and pM =
µsM

µsM+µsR
(Mie)

Select ξ ∼ ∪(0, 1)
if Rayleigh scattering then

lf ← lfR = −
lnξ
µsR

Select θ from (2)
else

lf ← lfM = −
lnξ
µsM

Select di from (23), θ from (19), and ϕ, uni-
formly distributed in [0,2π]

else
Determine the nearest triangle,1i, as the intersecting
one
Select ξ ∼ ∪(0, 1)
if ξ < A(1i) then

exposure(1i) = exposure(1i)+ 1
break Launch new photon

else
Current photon coordinates← reflection point
Calculate r′, and the remaining lf
Calculate new photon coordinates using (27)

FIGURE 5. The theoretical scattering angle distribution (smooth red
curve) and the histogram of the generated random angles (blue curve).

D. PHOTON ATMOSPHERIC SCATTERING
Photons are scattered by atmospheric molecules or particles
during propagation, causing a change in the propagation

FIGURE 6. The geometry of atmospheric scattering.

direction. The following mathematical description applies
both to Rayleigh and Mie scattering.

Let Qi be the photon’s current position and p = (x, y, z)
the incident vector to this position. If an atmospheric particle
scatters the photon with scattering angle, θi, and azimuthal
angle, ϕi, the scattering vector s = (x ′, y′, z′) is calculated
through the formulae [44, eq. (11)]

x ′ =
sin θi
√
1− z2

(xz cosϕi − y sinϕi)+ x cos θi,

y′ =
sin θi
√
1− z2

(yz cosϕi − x sinϕi)+ y cos θi,

z′ = − sin θi cosϕi
√
1− z2 + z cosϕi. (25)

It can be confirmed that θi = cos−1
(
p̂·s
)
with p̂ = p

/
|p|.

When the z component of the unit p vector is greater than
0.99999, the above formula is modified as [44, eq. (12)]

x ′ = sin θi cosϕi,

y′ = sin θi sinϕi,

z′ = −
z
|z|

cosϕi. (26)

The geometry of the scattering process is illustrated
in Fig. 6. It is easy to confirm that s is a unit vector. The
new photon position,Qi+1, relative to its current location,Qi,
is determined as

Qi+1 = Qi + slf , (27)

where lf is calculated as described in Algorithm 1.

E. PHOTON REFLECTION FROM SURFACES
When a photon propagating from its current position, Qi,
along the incident vector, p = Qi+1−Qi, intersects a surface
triangle with a normal vector, n, at the pointC , it will either be
absorbed or reflected, according to the triangle albedo. If the
incident surface is smooth, the reflection is perfect, and the
reflected unit vector, r, is calculated through the formula [45]

r = p̂− 2
(
p̂·n

)
·n, (28)
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FIGURE 7. Schematic representation of the reflection process for specular
reflection.

where p̂ = p
/
|p|. The above three vectors lie on the same

plane and are defined so that cos
(
p̂·n

)
< 0 and cos (r·n) >

0. The angles of incidence and perfect reflection are equal.
If the reflecting surface is rough, the reflected vector r′

deviates from the perfect reflection vector r by an angle ω;
thus, r′ is not necessarily at the same plane as p, r, and n.
The angle ω is randomly set using the normal distribution
with zero mean and standard deviation 6 = 1 rad. The
value of 6 defines the roughness of the surface and can
be set for each triangle individually. Values of 6 close to
0 indicate ideal, or very specular reflection, whereas greater
values bring about diffuse reflection. Care has been taken so
that the angle between n and r′ is less than 90o. The new
photon position after the surface reflection is given by

Q′i+1 = C + r′
(
lf − |C − Qi|

)
. (29)

The reflection as described above is depicted in Fig. 7.

F. IDENTIFYING TRIANGLE-LINE SEGMENT
INTERSECTIONS IN 3D
For each linear segment of a photon path, its intersection is
checked with all triangles comprising the modeling scene.
If such intersecting triangles exist, the intersection point clos-
est to Qi is determined. For this purpose, the algorithm by
Möller and Trumbore was employed in [46] as implemented
in [47].

IV. NUMERICAL RESULTS
A. SIMULATION SCENARIOS
A scene consisting of a closed room of dimensions 5 × 5 ×
5 m, with and without furniture is considered. One or two
light sources are used, placed at positions (1.5, 2.5, 3) and
(3.5, 2.5, 3), each emitting 1,000,000 photons isotropically
downwards. The origin of the reference system is set one at
the floor corners of the room, whereas all length units are in
meters.

Several different scenarios have been simulated. In every
scenario, the wavelength is considered 250 nm, and three
different cases of particle diameter distribution are chosen,

TABLE 2. Summary of the different scenarios investigated.

TABLE 3. Scenario 1 (RH = 50%, T = 20◦C , λ = 250 nm, d0 = 0.002 µm,
α = 3, γ = 0.543).

based on the modified gamma distribution (20) with the
most frequent particle diameter, d0, equal to 2 nm, 20 nm,
and 4 µm, respectively. The first value corresponds to the
atmospheric conditionswith the highest visibility. The second
corresponds to conditions with condensed humidity and low
visibility, whereas the droplets with d0 = 4 µm (3rd value)
are generated mainly by nebulizers. These combinations are
summarized in Table 2.

The surface albedo values were set to 0.1 and 0.5, respec-
tively. The first value approximates the UV-C albedo for most
materials, while only specific materials exhibit UV-C albedo
values as high as 0.5 [48], [49]. The rest of the simulator
parameters were kept constant for all scenarios with the
following typical values, RH = 50% and T = 20◦C , α = 3,
and γ = 0.543. Details of the aforementioned parameters for
scenarios 1, 2, and 3 are highlighted in Tables 3, 4, and 5,
respectively.

Figure 8 demonstrates the simulation results of the prop-
agation of a parallel photon beam (red line), consisting
of 100 photons under each of the above six scenarios. The tra-
jectories of the photons until they are absorbed are visualized
in blue. The red dot represents the single source, positioned
at (3.5, 2.5, 3).

Scenarios 1b, 2b, and 3b reveal a greater diffusion of the
photon distribution compared to scenarios 1a, 2a, and 3a,
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TABLE 4. Scenario 2 (RH = 50%, T = 20◦C , λ = 250 nm, d0 = 0.02 µm,
α = 3, γ = 0.543).

TABLE 5. Scenario 3 (RH = 50%, T = 20◦C , λ = 250 nm, d0 = 4 µm,
α = 3, γ = 0.543).

respectively. That is due to the high albedo value, i.e., the
surface reflection. In scenarios 1a and 1b, the most frequent
particle diameter equals d0 = 2 nm, and hence Rayleigh
scattering prevails. Due to the small µs, the mean free path
length of the photons, lf , is approximately 20 m, so the
propagation in a room of these dimensions is almost along
straight lines, between surface reflections. In contrast, in sce-
narios 2a and 2b, where µs is high, intense scattering occurs,
as can be confirmed from Fig. 3. The most probable particle
diameter, d0, equals 20 nm; therefore, the Mie scattering
prevails with a more uniform angle distribution. In scenar-
ios 3a and 3b, Mie scattering also prevails, however mainly
forward scattering appears due to the high value of d0 = 4µm
(see Fig. 3) with the most probable scattering angle equal to
few degrees. Therefore, despite the significant value of µs,
the beam does not exhibit substantial divergence within the
room dimensions.

LaUV has been implemented using the Matlab (Math-
works) programming environment. Typical execution times

FIGURE 8. A parallel photon beam of 100 photons, shown in red and
their trajectories until absorbance.

on a typical laptop (Intel (R) Core (TM) i5 1035G1 CPU
1 GHz 1.19 GHz, 8GB RAM) for scenario 1a (1 million pho-
tons) and 185,548 triangles were approximately 2.5 hours.

The computational complexity of LaUV can be theoreti-
cally computed, especially in closed rooms, where the pro-
posed algorithm simulates each photon until it is absorbed.
In open scenes, the simulator stops tracking photons when
their distance from the scene becomes greater than a
pre-defined threshold (‘‘gone-away’’ algorithmic check).

The scattering coefficient, µs, is expected to have strong
effect on execution time: as the value of µs increases,
the mean free path lf becomes smaller and atmospheric scat-
tering becomesmore frequent for each photon. Consequently,
the algorithmic steps involving selecting scattering-type,
angle, and calculation of the new position (including check-
ing for surface reflections) are executed more frequently.
It is, therefore, safe to conclude that increasing µs will cause
execution time to increase.

However, changes in µs value can be a result of change of
temperature and relative humidity, or change of the diameter
distribution of water nanoparticles, which affects the Mie
scattering angle distribution (phase function). More specif-
ically, an almost uniform scattering angle distribution (due
to small particle diameter), combined with a high µs value,
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FIGURE 9. The computational complexity (execution times) of the
proposed LaUV. Times are provided for the empty room with
7500 triangles and 10,000 photons.

will result in many photon scatterings before a photon -
surface collision occurs. On the other hand, a scattering
angle distribution that favors forward scattering will result
in photon - surface collisions after fewer atmospheric scat-
terings. This can be observed in Fig. 8 (scenarios 2a and
2b vs. 3a and 3b), where although the µs does not alter
significantly (5.07m−1 vs 6.7m−1), the effect of the different
phase functions due to different particle diameter distribution
is profound. Therefore, it is expected that a change in µs
will have a strong effect on the execution time in the case
of a more uniform distribution of scattering angle (such as
in scenario 2). On the other hand, in the case of larger diam-
eter nanoparticles that favor forward scattering (such as in
scenario 3), the effect of µs on the execution time should be
less profound. This can be observed experimentally in Fig. 9,
where the execution time of LaUV is shown against different
values of µs for scenarios 2 and 3, caused by changing the
RH only (the phase function remained unaffected for each
scenario), keeping A = 0.5. A number of 10,000 photons
have been considered, using the same computer hardware.
It is evident that in the case of scenario 3, the increase of
execution time, as a result of increasing µs, is linear with a
smaller gradient, compared to the corresponding increase in
the case of scenario 2.

In the closed room case, the surface albedo is also expected
to affect the execution time, i.e., low values of the albedo
cause a low probability of a photon surviving a surface
reflection. Therefore, it would lead to short execution times,

whereas albedo values close to 1 (non-realistic for most mate-
rials for UV-C light) would cause very long execution times.
More formally, for constant A, a photon probability not being
attenuated after n surface reflections is An. Thus, the nec-
essary number of surface reflections to reach a probability
of non-attenuation equal to or less than 0.01 is n ≥ −2

log10A
,

which shows that the necessary number of surface reflections
for a photon to be absorbed, increases exponentially as A
approaches the value of 1. This behavior can be observed
clearly in Fig. 9, where the execution times for 10,000 pho-
tons are provided for scenario 3, for three different values of
RH . The number of triangles is also expected to affect the
execution time, precisely the algorithmic step that checks for
triangle–line segment intersection in 3D.

Since scenarios 3a and 3b resemble scenarios 1a and 1b in
terms of photon trajectories, despite the different atmospheric
conditions, we give a particular focus on scenarios 1a, 1b, 2a,
and 2b in the rest of the current section. The light sources
considered for each selected scenario are indicated by red
dots. The following quantities are graphically depicted using
a standard scale for comparison:

• exposure, indicated by the number of absorbed photons
per cm2 for each elementary triangle, which is propor-
tional to UV exposure rate

• the prevalent phenomenon in the deliverance of exposure
in each triangle, as described in the next paragraph

• the mean total path length of the photons, L̄, ended up in
each triangle

B. EMPTY ROOM
Scenarios 1a and b and 2a and b were simulated in the room
without any furniture. The primary purpose is to investigate
the behavior of UV light in a simpler environment before
introducing more complicated geometric objects.

1) PREVALENT PHENOMENON PER TRIANGLE
Figure 10 shows the prevalent phenomenon in each triangle
(direct line-of-sight (LOS), reflection, and scattering). The
following color-encoding applies, including cases of more
than one phenomenon being equally strong:

• blue triangles: LOS - the majority of the absorbed pho-
tons in these triangles arrived without sustaining scatter-
ing or reflection

• green triangles: Reflection - the majority of the absorbed
photons in these triangles arrived after at least one reflec-
tion, without sustaining scattering

• red triangles: Scattering - the majority of the absorbed
photons in these triangles arrived after at least one scat-
tering, without sustaining reflection

• light blue triangles: LOS and reflection equally prevail
• yellow triangles: Reflection and scattering equally pre-
vail

• purple triangles: LOS and scattering equally prevail
• white triangles: LOS, reflection, and scattering equally
prevail
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FIGURE 10. The prevalent phenomenon per triangle.

• black triangles: no photons have been collected
It is noticed that for small µs and low albedo, LOS prevails

in almost all triangles with direct LOS with the sources (blue
color). In the NLOS triangles (barycenter z-coordinate >
3m), photons can end up only by reflection (green color) or
scattering (red color). In scenario 1b (A = 0.5), reflection
prevails in triangles close to the wall edges and triangles with
z-barycenter coordinate larger than the sources (3 m). Due
to the specific room dimensions and sources’ arrangement,
floor triangles close to edges receive more photons than wall
triangles close to edges. (Although at the same distance from
the source, the incoming LOS photons are more perpendicu-
lar to the floor triangles than wall triangles, closer to edges).
That can also be confirmed in Fig. 12. In case of significant
surface reflection (high A), more reflected photons end up in
wall triangles close to the edges than the reflected photons
absorbed in floor triangles (close to edges). This phenomenon
diminishes when the albedo obtains low values. These can be
verified in Fig. 11, scenario 1a and 1b. Meanwhile, for large
values of µs (scenario 2a, 2b), scattering prevails in most
triangles, as expected (red color in Fig.10, right column).

2) UV EXPOSURE
Figure 11 quantifies the UV exposure (equivalently the num-
ber of absorbed photons per cm2) for each elementary tri-
angle using a standard color scale. In scenarios 1a and 1b,
Rayleigh scattering occurs due to the small d0 value. The
atmospheric scattering is less frequent (µs has small values,
and lf = 1/µs = 50 m), so LOS prevails (triangle with blue
color in Fig. 10). More photons end up in triangles with a
small distance from the photon sources and a higher impact
angle in all scenarios. Differences in absorbed photons in
scenarios 1a and 1b are attributed to the different surface
albedo. In scenario 1b, greater diffusion of the absorbed

FIGURE 11. The exposure (absorbed photons per cm2) in each triangle.

photon occurs, mainly in triangles with NLOS (triangles with
barycenter z-coord. > 3 m), compared to scenario 1a due
to the higher albedo. In scenarios 2a and 2b, the increased
µs value compared to scenarios 1a and 1b causes absorbed
photons to be diffused in larger areas of the walls. That
becomes particularly obvious on the floor and in NLOS areas.
The increased absorption shown on the wall at x = 0 is due to
the small distance of one of the sources (minimum distance
of only 1.5m from the source 1) and the overlaid projection
of the 2nd source. The differences between scenarios 2a and
2b are less visible in the current color scale.

For all scenarios, fewer photons are absorbed in the corners
of the room, with this phenomenon being more profound in
scenarios 2a and 2b due to increased scattering. Lower values
of the albedo further enhance this phenomenon. In scenarios
2a and 2b, µs has a considerable value; thus, the mean free
path is very short, resulting in many scatterings per photon.
Therefore, scattering is the prevailing phenomenon in almost
all triangles. In addition, the small diameter of the water parti-
cles results in an almost uniform distribution of the scattering
angle. Consequently, the exposure difference between LOS
and NLOS areas becomes diminished. Although scenarios
2a and 2b appear to have very similar absorbed photon dis-
tributions, the increased reflection caused by higher albedo
in scenario 2b smooths the considerable differences between
centers of the walls and corner areas. That will become more
apparent in the following subsection, where a furnished room
is studied.

3) MEAN TOTAL PATH LENGTH
Figure 12 depicts the mean length of the total path, L̄, of the
photons absorbed in each triangle for an empty room, using
a standard color scale for comparison. In scenario 1a, the L̄
value for each triangle is smaller than scenario 1b due to
the increased surface albedo of the latter, which induces a
significant number of surface reflections. In scenarios 2a and
2b, L̄ significantly increases compared to scenarios 1a and

137554 VOLUME 9, 2021



M. S. Baltadourou et al.: LaUV: Physics-Based UV Light Simulator for Disinfection and Communication Applications

FIGURE 12. The mean total path length of the photons absorbed in each
triangle.

1b due to the larger value of µs. Additionally, the difference
in albedo between scenarios 2a and 2b causes the mean total
free length to increase in 2b. It is of interest that in an empty
room of dimensions 5 × 5 × 5m, L̄ ranges between 5 m
(low µs, low A) to over 35 m (high µs, high A). Triangles
close to the sources exhibit an L̄ value less than that of more
distant triangles, as expected. That becomes more apparent in
scenarios 2a and 2b.

4) CIR
By assuming that all photons are simultaneously emitted from
the sources at time t = 0, the temporal distribution of the
photons absorbed per cm2 in any triangle over their total path
length becomes equivalent to CIR, since the total path length
can be converted into the time of arrival (ToA). Figure 13
indicates the two characteristic points for the empty room:
point A on the floor directly under one of the sources (source
position: (1.5, 2.5, 3) m and point B close to the corner.
The CIR for points A and B, for scenarios 1a and 2a, are
illustrated in Fig. 14. In both scenarios, the CIR for A is
much sharper than for B, which appears flattered and delayed.
There is a marked difference between the CIRs for the same
points between the two scenarios: in scenario 2a, the CIRs for
both points exhibit a long tail towards the right, with delayed
appearance of the peak, compared to scenario 1a.

C. ROOM WITH FURNITURE
Inwhat follows, the same scenarios were executed in themore
realistic case of inserting four beds in the room, resembling a
hospital room. The beds consist of approximately 44512 tri-
angles arranged realistically, referring to an ordinary hospital
room.

1) PREVALENT PHENOMENON
Figure 15 demonstrates the phenomenon that prevails in each
triangle (blue for LOS, green for reflection, and red for scat-

FIGURE 13. The two selected points (A and B) in the empty room.

FIGURE 14. The CIR at the two selected points, for scenarios 1a (A = 0.1,
d0 = 2 nm, µs = 0.02 m−1) and 2a (A = 0.1, d0 =20 µm, µs = 5.07 m−1),
measured for the nearest light source only.

tering). The prevalent phenomena in every scenario defined
above are similar to those of the empty room. Themain differ-
ence is that the reflection becomes the prevalent phenomenon
under the beds (green color) and close to the edges, especially
in scenario 1b (low µs, high A, as observed in Fig. 16 that
zooms into one of the beds). The latter can be explained as
follows: in scenario 1b (empty room), the triangles of the
walls close to the edges receive many photons reflected from
the floor. The inclusion of beds caused the reflected photons
to end up at higher triangles, where the LOS continues to be
the prevalent phenomenon due to the better orientation and
smaller distance from the sources.

2) UV EXPOSURE
Figure 17 illustrates the UV exposure for each elementary
triangle of the scene, using a common color scale for com-
parison. The distribution of exposure in the furnished room is
similar to the empty one in Scenario 1a. However, the dis-
tribution of exposure in Scenario 1b changes significantly
with the inclusion of beds. The high A value and the large
numbers of triangles with random orientation, introduced by
the beds, distribute the absorbed photonsmore equally among
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FIGURE 15. The prevalent phenomenon per triangle.

FIGURE 16. Details of the prevalent phenomenon in areas close to the
beds.

the room triangles. That is evident in NLOS areas, such as the
wall triangles with z > 3 m and the triangles under the
beds, where the number of absorbed photons increases in
scenario 1b as shown in Fig. 18. In scenarios 2a and 2b,
the atmospheric composition of water droplets favors Mie
scattering, andµs obtains high values, resulting in many pho-
tons’ absorption in triangles near the ceiling and not near the
corners, as discussed in Fig. 17. Furthermore, the increased
reflection caused by higher albedo in scenario 2b smooths
the significant differences between the centers of the walls
and corner areas significantly, as shown in Fig. 17 at a lesser
degree.

Figure 18 highlights the exposure on several bed surfaces
as well as beneath the bed, which is essential when using
UV-C light for sterilization purposes. As observed in sce-
nario 1a, parts of the beds with direct LOS receive between

FIGURE 17. The UV exposure in each triangle.

FIGURE 18. The UV exposure in each triangle zoomed in beds.

FIGURE 19. The position of the selected points A, B, C, and D, used
in Table 5.

25.000 and 35.000 photons/cm2 for 2× 106 emitted photons,
whereas areas without LOS, such as under the bed, receive on
average 1000 photons/cm2. This situation slightly improves
in 2a and gets significantly enhanced in scenario 1b.
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TABLE 6. Number and fraction of photons absorbed in four characteristic points of the beds assuming 2× 106 photons emitted from the two sources.

FIGURE 20. The mean total path length L̄ of the photons that ended up in
each triangle.

To study the results in a more comprehensive manner, four
characteristic points are selected, depicted as A, B, C, and D
in Fig. 19 (on the pillow facing up, at the side of the pillow,
at the side of the bed and under the bed respectively). Point A
is in LOS, and point B is marginally in LOS. Points C and D
are definitely in NLOS; however, photons reach point C more
easily than D. The exposure at each of the 4 points is provided
in Table 6 for the four different scenarios, considering 2×106

emitted photons. The relative exposure at point A (LOS)
is also shown. Point A receives the highest exposure in all
scenarios due to LOS, as expected. The rest of the points
receive photons by scattering or reflection, so their exposure
is significantly lower. It can be observed that in scenarios 1a
and 2a, the low albedo causes the NLOS points B, C, and D
to receive a tiny fraction of photons with respect to the LOS
point A, irrespective of the µs value. In scenarios 1b and 2b,
the high A value makes the fraction of exposure in the NLOS
points (C, D) increase significantly. Among them, scenario 1b
(high A, low µs) appears to maximize this fraction consider-
ing point D, an NLOS point hard to reach by the photons.
That is an important finding since it directly impacts light
communications (affecting channel attenuation) and surface
disinfection applications. Note that scenario 1b corresponds
to natural conditions with slightly reduced visibility. It does
not require increased droplet concentration, or large droplet
diameter, which would necessitate nebulizers.

3) MEAN TOTAL PATH LENGTH
Figure 20 illustrates the mean total path length, L̄, of the
photons absorbed in each triangle using a common color scale
for comparison. In scenario 1a, L̄ is smaller than in scenario
1b due to the increased surface albedo of the latter, which
creates a significant number of surface reflections. On the
other hand, in scenarios 2a and 2b, the L̄ value of the photons
attenuated at each triangle increases compared to 1a and 1b
due to the larger µs value. Moreover, the L̄ value for triangles
close to the sources is smaller than that of more distant
triangles, as expected. In all four scenarios and triangles, L̄
is greater in an empty room than in the furnished one. That
can be attributed to the much greater number of triangles in
the latter case causing more surface reflections and the higher
probability of photon absorption having traveled smaller total
paths.

V. CONCLUDING REMARKS
The UV-C light utilization for NLOS outdoor communica-
tions and disinfection of air or surfaces is already known
to the scientific community. However, there seems to be a
lack of computational modeling and simulation studies for
indoor surface disinfection and NLOS communications. Fur-
thermore, the emergence of epidemiological issues (such as
the recent coronavirus crisis) and the appearance of studies
indicating that specific far UV-C wavelengths may be safely
used for the above purposes even in humans’ presence [1],
[12], raises the priority of these research issues to a great
extent.

Our work focuses on covering that need mentioned above.
More precisely, LaUV is based on an MC simulation of
light propagation in the presence of any number of tri-
angulated objects. The simulator considers scattering from
air molecules and spherical water aerosols and droplets for
any wavelength and utilizes the proper Rayleigh and Mie
phase functions instead of the more popular approximations.
Furthermore, the atmospheric composition can be parame-
terized by the temperature, the relevant humidity, and the
concentration and distribution of water particle diameters.
To our knowledge, no studies cover these areas with adequate
physical accuracy and this level of parameterization.

Interestingly, LaUV applies to indoor setups, considering
rooms of typical dimensions, empty or with furniture after
triangulation. The measurable quantities on every triangle
focus on the UV exposure, the distribution of ToA of photons,
and the identification of the most prevalent phenomenon.
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These measurements allow for the design and prediction of
UV applications to surface disinfection, as well as optical
communications. Our initial results reveal subtle differences
in the UV exposure patterns, both in LOS close to wall edges
and corners and in NLOS, further affected by the presence
of furniture. In addition, the effects of surface albedo and
scattering coefficient, which also depends on the atmospheric
conditions, further complicates the exposure prediction.

Of note, LaUV is very well suited for surface disinfection
studies with well-defined geometric setups if combined with
experimental survival curves of specific viruses, bacteria,
or fungi. In addition, the output of the proposed system can
readily be utilized for telecommunication channel modeling,
both indoor and outdoor, considering almost any scenarios of
geometric setup and atmospheric conditions. The simulator
can be used to predict exposure with different geometries and
assess the effect of environmental conditions. Initial results
show that high albedo surfaces can increase exposure at
hard-to-reach points, even with small values of µs, for small
diameters of humidity droplets that are found under common
atmospheric conditions, eliminating the need for nebulizers.
Finally, despite the generally accepted concept that UV-C
should not be used in human presence, newer results support
the suitability of specific wavelengths with strong germicidal
properties and less harmful effects on humans. This concept
could also be explored using the proposed system, with 3D
human models, appropriate source positioning, and optimal
atmospheric conditions. Our future work will wade into these
topics.
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