IEEE TRANSACTIONS ON MOLECULAR, BIOLOGICAL, AND MULTI-SCALE COMMUNICATIONS, VOL. 7, NO. 3, SEPTEMBER 2021 175

A Molecular Communication Perspective on
Airborne Pathogen Transmission and Reception via
Droplets Generated by Coughing and Sneezing

Fatih Gulec

Abstract—Infectious diseases spread via pathogens such as
viruses and bacteria. Airborne pathogen transmission via
droplets is an important mode for infectious diseases. In this
paper, the spreading mechanism of infectious diseases by airborne
pathogen transmission between two humans is modeled with
a molecular communication perspective. An end-to-end system
model which considers the pathogen-laden cough/sneeze droplets
as the input and the infection state of the human as the output is
proposed. This model uses the gravity, initial velocity and buoy-
ancy for the propagation of droplets and a receiver model which
considers the central part of the human face as the reception
interface is proposed. Furthermore, the probability of infection
for an uninfected human is derived by modeling the number of
propagating droplets as a random process. The numerical results
reveal that exposure time affects the probability of infection. In
addition, the social distance for a horizontal cough should be at
least 1.7 m and the safe coughing angle of a coughing human to
infect less people should be less than —25°.

Index Terms—Airborne pathogen transmission, molecular
communication, probability of infection.

I. INTRODUCTION

OLECULAR communication (MC) is an emerging

research area which employs chemical signals for
information transfer. Originally, MC is proposed as the
communication method of the nanomachines mimicking the
biological cells in a nanonetwork [1]. MC can also be
helpful for practical macroscale applications which include
several experimental platforms using molecules or droplets
for the information transfer [2]-[7]. Furthermore, MC is
utilized to solve practical problems such as finding the dis-
tance to a molecular source [8], [9] or the location of this
source [10], [11].

Hence, MC can be employed as a tool to model the bio-
logical phenomena which consider droplets such as the trans-
mission and reception of pathogens (viruses, bacteria, etc.)
which cause contagious diseases via droplets. This concept is
first proposed in [12] which consider the infectious human
as a blind transmitter (TX) emitting pathogen-laden droplets
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and sensors as the receiver (RX) for outdoor environments.
This study is improved in [13] by taking silicon nanowire
field effect transistor-based biosensors into account to model
pathogen detection for airborne pathogen transmission.

Airborne transmission and self-inoculation (direct con-
tact) are two modes of infectious disease transmission via
pathogens [14]. Droplets can be classified as large droplets
and droplet nuclei (aerosols) which have sizes of larger and
smaller than 10 pm, respectively [15]. All expiratory activi-
ties such as coughing, sneezing, breathing and speaking can
generate large droplets and aerosols. While large droplets can
be effective in short-range, aerosols can spread pathogens to
longer distances due to their interactions with air. Airborne
transmission via droplets is a significant infection mechanism
for pathogens such as influenza virus [16], severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2) which causes
coronavirus disease 2019 (COVID-19) [17]. It is essential to
emphasize that this study is related with the COVID-19 out-
break, since one of the main mechanisms of this disease is
airborne transmission.

In fluid dynamics literature for airborne pathogen transmis-
sion, the movement of droplets are modeled by considering the
gravity, interaction of droplets with air, evaporation, airflows
and droplet size [17]. For coughing, [18] proposes a two-stage
jet flow model, which is based on experimental data. In [14],
the propagation of human sneeze and cough is modeled as a
cloud consisting of droplets and air and justified by experimen-
tal data for a sneezing/coughing human. Analytical approaches
are proposed in [19], [20] to estimate the trajectories of large
droplets and aerosols by considering evaporation and turbulent
flows for coughing. In [21], a Lagrangian particle model and
a discrete random walk model are proposed for the movement
of expiratory droplets and turbulent airflows, respectively.

The data collected for airborne pathogen transmission are
based on physical experimental setups. These setups consist
of humans, thermal manikins or respiratory machines for the
emission of droplets, and air samplers or imaging devices to
measure droplet concentration after emission [15]. Despite the
reliability of collected data from physical setups, computa-
tional fluid dynamics (CFD) simulators are preferred more due
to their low cost and high resolution in time and space. In
CFD simulations, 3-D Navier-Stokes equations are employed
with boundary conditions and solved by numerical methods.
In [22], the breakup process of droplets, droplet-air interaction
and resulting turbulent flows are considered for the movement
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of droplets which are emitted by coughing and sneezing with
and without a mask. The study in [23] takes into account the
effect of evaporation and wind for the dispersion of droplets.
[24] proposes a CFD method to model the dispersion of
droplets for sneezing and validates it with experimental data.

The aforementioned studies for airborne pathogen transmis-
sion focus on the dispersion of droplets for coughing/sneezing.
Very few studies such as [25] model the reception of droplets
via considering the inhalation rate of a human. In this paper,
we investigate airborne pathogen transmission and reception
mechanisms between humans with a MC perspective for
indoor environments. The infectious human which emit a
cloud consisting of pathogen-laden droplets and air by cough-
ing/sneezing is considered as the TX and the uninfected human
is defined as the RX unlike the studies in [12], [13] where the
RX is a biosensor. Furthermore, the effects of gravity, buoy-
ancy, and air-droplet interactions are taken into account for
the indoor propagation of the cloud, which are not consid-
ered in [13]. The propagation of the cloud in the MC channel
is modeled by modifying the deterministic model in [14] in a
probabilistic way. The cloud travels under the influence of ini-
tial velocity, buoyancy and gravity. The number of droplets in
this cloud is modeled as a random process. A receiver model
which takes the central part of human face as the interface
with pathogens into account is proposed. The propagation and
reception models are employed for the proposed end-to-end
system model in order to give the infection state of the RX as
the system output. The MC perspective gives the opportunity
to handle the airborne pathogen transmission modeling as a
system comprising a TX, channel and a RX. Moreover, this
perspective enables to approach the estimation of a human’s
infection state as a binary detection problem according to a
threshold defined as the sufficient number of pathogen-laden
droplets for infection. The contributions of this paper can be
summarized as follows:

e In order to model the spread of the infectious dis-
eases between humans, MC perspective leading us to use
and adapt the well-known communication engineering
techniques is proposed.

¢ An end-to-end system model which combines a chan-
nel model involving the propagation of pathogen-laden
droplets as a cloud and a RX model including the
interaction of these droplets with the uninfected human
is proposed.

¢ A probabilistic approach which enables the derivation of
the probability of infection for an uninfected human is
employed.

Furthermore, the proposed model is evaluated by numeri-
cal results. Our key findings for a coughing TX is given as
follows:

o Increased exposure time to pathogens increases the prob-

ability of infection.

o For a horizontal cough, the social distance should be at
least 1.7 m.

o It is safer to cough with an initial angle less than —25°
to infect less people.

The rest of the paper is organized as follows. In Section II,

the proposed end-to-end system model is presented. Section III

Transmitted droplets
with pathogens via— Channel
sneezing/coughing !

Fig. 1.

Infection state
i~ of the human

Block diagram of the end-to-end system model.

Receiver
(Human)

provides the derivation of the probability of infection.
Numerical results are given in Section IV and the paper is
concluded in Section V.

II. END-TO-END SYSTEM MODEL

This section provides a detailed explanation of the proposed
end-to-end system model for droplet-based MC between two
humans via sneezing/coughing. Here, a sneeze/cough can be
considered as an impulsive input signal. Hence, the end-to-end
system impulse response is defined as the system’s output,
which is the infection state, to a sneeze/cough as shown in
Fig. 1. Transmitted droplets are modeled as a cloud which is
a mixture of air and droplets. As the first step of the end-to-end
system model, the trajectory of the cloud is derived. In this
study, the model given in [14] for the propagation of the cloud
is adopted and modified. In the second step, we derive an end-
to-end system model with a probabilistic approach instead of
the deterministic approach in [14]. The third step details the
RX model which includes signal reconstruction, integration,
quantization and detection parts. In the last step, the algorithm
for the implementation of the system model is given.

A. Trajectory of the Transmitted Cloud

In our scenario, the TX emits the cloud with an initial veloc-
ity on the x-axis by sneezing or coughing. It is assumed that
the emitted cloud propagates in still air, i.e., with no ventila-
tion or wind. Due to the warmer air in the mouth (with density
pr at 34°C) with respect to ambient air (with density p, at
23°C), where pf < Pa [26], the emitted cloud is subject to
buoyancy on y-axis. As illustrated in Fig. 2, buoyancy, gravity
and initial velocity of the cloud affect the trajectory of the
cloud. Therefore, the trajectory is defined with the curvilin-
ear s-axis and 6 which shows the angle between the s and x
axes. During the propagation of the cloud, some of the droplets
settle to the ground depending on the gravity and air-droplet
interaction. Turbulent flows which are effective at the initial
phase of the propagation due to high cloud velocity are not
considered. In order to find the position of the cloud in 3-D
space, it is essential to derive the time-dependent density of
the cloud (p.(¢)). At the initial state (r = 0), the initial cloud
mass (m.(0)) can be represented by the addition of the initial
droplet mass (m4(0)) and initial air mass in the cloud (mg(0))
as given by [27]

me(0) = mg(0) + mq(0)
pe(0)V(0) = pa Va(0) + p(V(0) = V4(0)).

where V(7) is the cloud volume, pg is the droplet density, ps
is the air density in the mouth. The volume of droplets in the

(1a)
(1b)
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Fig. 2. Trajectory of the cloud between the TX and RX.

cloud (V4(t)) consists of different sized droplets with diam-
eter dj, and can be defined in terms of the volume fraction of
droplets (¢ ()) in the cloud as V4(0) = S35 | ¢,.(0) V(0).
Here, K is the number of the different droplet sizes, ¢ (0) =
N (0)Vy/V(0), Ni(t) and V} is the number and volume
of the spherical droplets of diameter dj, respectively. Ny (¢)
changes due to the settling of droplets to the ground as
explained in Section II-B. By substituting V;(0) into (1b) and
solving for p.(0), the initial density of the cloud is derived as

K

pc(0) = (pa — pp) ok (0) + py.

k=1

2

As the cloud moves, it entrains the ambient air with density pg
and its volume becomes V() = V(0) + V,(t) where V,(t)
is the acquired air volume. Since the initial volume fraction of
the air in the mouth with density py is relatively small in the
moving cloud (1075) [26], it is assumed as V(&) = V,(t).
After the emission of droplets, p.(t) can be derived via the
conservation of mass [27]. Hence, the mass of droplets at the
time instance 7 (my(t)) is equal to the initial mass of droplets
(mg(0)) and droplet mass can be expressed by the difference
of cloud mass and air mass according to (la) as given by

mg(t) = mgq(0) (3a)

Cloud B Air _ Initial B Initial (3b)
mass at ¢ mass at ¢/ \cloud mass air mass

P V() = pa V(1) = pe(0)V(0) = p; V(0). (o)

Via the substitution of (2) into (3c) and some algebraic

manipulation, the cloud density is derived as

K

pe(t) = (pa — pp)o(t) + pa.

k=1

4)

As illustrated in Fig. 2, there are two acting forces on the
cloud which stem from the gravity and buoyancy on y-axis.
Since pf < Pas the buoyant force (B(¢)) affects the movement
of the cloud upwards. The net buoyant force acting on the

B (Buoyant

*> Receiver

|
G b JA
(Gravity) (

)

cloud (Fg(t)) on y-axis is given by the difference of B(¢) and
the gravitational force (G(#)) as given by [27]

Fp(t) = B(t) — G(t) = V(t)pag — V(t)pc(t)g (52)
V(t)(pa — pe(t))g (5b)

where g is the gravitational acceleration.

The movement of the cloud is driven by the momentum
(I) which is defined as the multiplication of the mass and
velocity [27]. Since it is assumed that there is not any acting
force on the cloud for z-axis, I is defined on s-axis and is
decomposed into two components on x (I = I cos()) and y
axes (Iy = I'sin(f)). As the cloud moves, its mass increases
due to the entrained air and the velocity of the cloud decreases.
Since the force can be represented as the derivative of the
momentum [27] and there is not any acting force on the x-
axis during the propagation, the net force (F) on x-axis is
given by

I

F, - dI cos(0)

— 7
dt dt M
Furthermore, the net force on y-axis, i.e., Fg(t) is given by

dl, dI sin(0)
Fp(t)= -2 = ——~2, 8
B(t) = — 7 ®)
Since the initial buoyancy is conserved as introduced in [14],
we have Fg(t) = Fy where Fy is the net initial buoyant force.
With the initial conditions which are I(0) = Iy, 8(0) = 6,
I;:(0) = Ipcos(fp) and I,(0) = Ipsin(fp), I, and I, can be
given as the solutions of (7) and (8) (considering Fp(t) =
Fp) as

I; = Iycos(bp), Iy = Fot + Iysin(fp). 9

Since there is not any acting force on z-axis, the momentum

can be expressed as I = /2 + 7. Due to its definition, the
momentum can be written as [27]

I'=meve(t) = pe(t) V(t)ve(t),

where we can express the cloud velocity (v.(t)) as the dis-
placement on s-axis (s(f)) in an infinitesimal time interval,

(10)
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ie., v.(t) = ds(t)/dt. The cloud volume is defined as
V(t) = nr(t)3 where n = 47n/3 for a spherical cloud.
Furthermore, the radius of the cloud (r(¢)) is linearly related
with the distance such that r(¢) = «es(t) where a, is the
entrainment coefficient and is empirically determined [28].
Hence, (10) can be rewritten as
3 ds(t)
dt

When [ = /12 + Iy2 is incorporated into (11), we have

12+ 12

I=pe(t)nais(t)

Y

ds(t)
= ) 12
TRRPR O IOE (2
Here, (4) and (9) are substituted into (12) as given by
ds(t) \/th2 + 2Fgysin(0g)t + 102 "
= - (13)
A (A (pa — pp) k(1) + pa ) mads(t)?®
Remembering that V (t) = nas(t)? and ¢y (t) = %,
the denominator part of (13) is simplified as
F2t2 + 2FyIysin(0o)t + 12
o _ VR S ad

dt Z + panadsd
where Z = Y"1 (pa — py) Vi Ni(8).

For convenience, 6 is chosen as 0 in [14]. However, 6y # 0
is also considered in order to observe the effect of the initial
cough/sneeze angle in our study. In addition to this, the initial
conditions which are s(0) = 0 and #(0) = O are taken into
account in the integration of (14) to obtain the quartic equation
as given by (6), shown at the bottom of the page. Since the
discriminant of the quartic equation (6) is less than zero for
physically meaningful parameter values, two of the roots are
complex and one of the roots is a real and negative number.
Therefore, there is only one possible positive real root which
is used as the solution. However, this solution is a very long
expression to write in this paper.

In order to determine the trajectory of the cloud, 6 needs
to be derived. Via the substitution of I, = Icos(f) and
I, = I'sin(0) into (9), two expressions are obtained. Then, by
solving these two expressions for / and equating them gives
the equation below

_ Iycos(fp)  Fot + Ipsin(fp)

15
cos(0) sin(6) (15)
which can be solved for 6 as given by
_ Fot
0 = tan ! ———— + tan(fp) |. 16
N S R) (16)

B. Number of Propagating Droplets in the Cloud

After the emission of droplets, some of the droplets settle
to the ground due to gravity and their interaction with the
air [8], [29]. Therefore, the number of droplets decreases dur-
ing the propagation due to the settling of droplets. Moreover,
it is assumed that the droplets are homogeneously distributed
within the cloud and the settling droplets move out of the
cloud instantaneously. In addition, since the movement of each
droplet in the cloud is assumed to be independent of each other
at each time instance, the number of droplets in the cloud can
be modeled as a Poisson process with an intensity function
A(t) [30]. Here, A(t) which is the mean number of droplets
in the cloud can be derived by using the flow rate of the
droplets [14]. The flow rate of the droplets (J), which is the
derivative of the number of droplets and gives the number of
droplets flowing through a surface in unit time (number of
droplets/s), is defined as [27]
7= P g
where p(t) = A(t)/V(t) and A is the cross-sectional area
that droplets are flowing through and v is the velocity of
droplets. Since droplets settle through the lower half of the
cloud due to the observations in [14], A in (17) is substi-
tuted with A(f)/2 where A(f) is the surface area of the cloud.
Hence, (17) becomes

dA(1) A(t) A1)

a2 V@)Y (18)
where vg is the settling velocity of droplets and (—) sign repre-
sents the decrease in the number of droplets due to the settling.
For a spherical cloud, when the substitutions A(t) = 477 (t)?,
V(t) = 4mr(t)3/3 and 7(t) = es(t) are made into (18), the
rate of change of the mean number of droplets in the cloud is
given by

A7)

dX(t)  —=3vsA(t)  —3usA(1)

dt 2r(t)  2aes(t)

Since the solution of (6) is very long and makes the solution

of (19) very complicated, the trajectory and number of droplets

can be found numerically for each time instance. Furthermore,

the number of droplets can be different for each droplet size.

Thus, (19) is manipulated to derive the change of the mean
number of droplets at each time instance (A)) as given by

A) — —3Usk,,-)\k,iAt

19)

20
e 20)
where At is the time step, the subscripts i and k& show the
corresponding variables at ¢ = ¢; for the droplets of diameter
dy. At each time step, ¢; is increased by At and the mean

1 2F,

3 .
0% Pa g4yt + 7zs(t) — (jw’m(eo)> \/th2 + 2By ysin(6o)t + 12

12 (sin(90)2 - 1)

— In <2F0\/F02t2 + 2Fylosin(fo)t + I + 2F3t + 2F0105m(90)> =0 (6)

2F,
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number of droplets of diameter dj in the cloud is increased
via A ;41 = Ag; + AN For each time step and droplet size,
the number of droplets in the cloud (Ny ;) follows a Poisson
distribution with the rate Ay, ; [30]. Due to the large number of
emitted droplets, this Poisson distribution can be approximated
as a Gaussian distribution with a mean and variance Ay, ; [31].
Hence, Ny ; is represented as Nj, ; ~ N (Ag i, Agi)-

Settling velocities of droplets during the propagation are
defined according to the flow regimes which are Newton’s
(turbulent) flow, intermediate flow and Stokes (laminar) flow
regimes [32]. These regimes are determined according to
Reynolds number (Re) which is a dimensionless coefficient
showing the flow type of the fluid as defined by [27]
dk,ipa Ve, ;

Ha .
Equation (21) shows that Rey, ; depends on the changing cloud
velocity and droplet diameter at each time step. The settling
velocities according to the aforementioned flow regimes are
derived in the Appendix. The result of these derivations are
given by [32]

gdlf,i(ﬁ)d - pa)

Rekﬂ- = 21

180 , Re < 2 (22a)
a
(Stokes flow)
8/5
gdk/i (Pd — pa)
_— 2 < Re <500 (22b)

Yok =\ 13.8750% PP

(Intermediate flow)
3.03gdy, ;(pa — pa)
Pd

. 500 < Re <2 x 10°.

(Newton’s flow)  (22c)
The effective factors for the cloud are gravity, buoyancy, and
different flow regimes generated due to the initial velocity
and different droplet sizes as given above. In Newton’s and
intermediate flow regime, the trajectory of the cloud is domi-
nated by their high horizontal velocity with respect to gravity
and buoyancy. However, in Stokes flow, the buoyancy and
gravity is much more effective, since droplets lose most of
their initial momentum in the horizontal axis. The effect of
the turbulent flows is only considered to calculate the settling
velocities of the droplets, not for the velocity distribution of
them.

C. Receiver Model

Airborne pathogen transmission via droplets is infectious,
since emitted pathogen-laden droplets can be sensed by nose,
mouth and eyes [15], [33]. Hence, the human face is where
the sensing of the infectious pathogens mostly occurs. Even if
the pathogens are not directly received via the facial sensory
organs, it is possible to become infected by directly touching
the face and sensory organs consecutively. With this motiva-
tion, the cross-sectional area of the central part of the human
face is considered as the RX cross-section as shown in Fig. 3.
Moreover, a receiver model is proposed for the reception of
droplets as shown in Fig. 4.

As the first step of the reception, the droplets in the vicin-
ity of the RX is sensed by the human, which is defined

Biocular breadth

Receiver
cross-section

(Ar)
Sellion-Stomion
length

Fig. 3. Receiver cross-section in the human face.

as the signal reconstruction. Different signal reconstruction
models for a sensor in macroscale and a nanomachine in
microscale are proposed in [3] and [34], respectively. As
given in Fig. 3, the RX is assumed to be the cross-section
of the human face. In order to determine a circular cross-
section area (A g) for the RX by encompassing the eyes, mouth
and nose, a right-angled triangle whose sides are biocular
(biectocanthus) breadth (3p;), Sellion-Stomion length (Bss)
and the diameter of the receiver cross-section (2rg) as the
hypotenuse side is formed as depicted in Fig. 3. Here, Oy
is the length of the line connecting the outer end points of
the left and right eyes (eyelid junctions) and (s is the ver-
tical distance between the eye and mouth [35]. Hence, the
radius of the cross-sectional area of the RX (rg) is given as
TR = (\/ ﬁl%b + ﬁgs)/Q

When the cloud is transmitted via sneezing/coughing, there
are three cases for the interaction of the RX and the cloud of
droplets with diameter dj, whose centers are at the positions
for the ™" time step (TRr» YR» 2r) and (Ty, 4, Y i» 2k,;)> FESPEC-
tively. The relation between the 3-D Cartesian coordinates and
curvilinear s-axis is detailed in the next subsection. In the first
case, the cloud and RX do not coincide and there is no recep-
tion. The other two cases include the reception of droplets.
As illustrated in Fig. 5, when the cloud and RX coincide, the
reception of droplets is related with the cross-sectional area
of the cloud at z, ; = =g (A CSp.i)> Apg and their intersection
area (A RCy, ;)- The second case occurs when the intersection
area is less than or equal to the cross-sectional area of the RX,
ie., AROM < Apg. In the last case, the cloud encompasses
the RX, i.e., ACSIc,i > Ap = ARCk,z'

For the case shown in Fig. 5, A RC,,; can be derived by
calculating the intersection area of two circles as given by (23),
shown at the bottom the next page, [36] where the distance
between the centers of Apc, ; and A (drc, ,) is defined as
given below.

drey,,; = \/(?JR — yk,i)2 + (2r — Zk,z‘)2~ (24)

The received number of droplets can be derived by multi-
plying the time step (At) with the flow rate of the droplets
(J in number of droplets/s) at each time step. Since the RX
senses the droplets proportional to A RCy ;v the received sig-
nal after the signal reconstruction step for the aforementioned
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Receiver

Cloud with the
pathogen-laden
droplets in the
vicinity of the RX

Cumulative Sum
(Integration)

Signal Reconstruction
(Sensing)

H Quantization

Infection state
(Received symbol)

Detection

Fig. 4. Block diagram of the receiver model.

y Cross-sectional area of the
cloud at z = zg(Acs)

Intersection -
area(Agc)

Cross-seétional area
of the RX (Ag)

Fig. 5. Intersection of the RX and the cloud cross-section.

cases at each time step by recalling (17) is expressed as

K Ny
Zk—1 ka,iARck,i#At, Agrc,, < Ar (253)
B M4
N = K N
R; Z ’UC;W;AR ]‘gl At, ARCk ;= AR (25b)
k=1 nrk,i ,
0, otherwise, (25¢)

where Agg, , = 7”“12%01“1-’ Agp = ﬂrj%, n = 4n/3 and the
volume is nr,i ; for the spherical cloud.

As the time elapses, the cumulative exposure to the
pathogen-laden droplets at the RX can be modeled by the
cumulative sum (integration) of droplets with respect to time
subsequent to the signal reconstruction step as given in Fig. 4.
Afterwards, the signal is quantized, since the rate of the change
in the mean number of droplets may not be an integer. The
number of droplets after the cumulative sum is rounded to the
nearest integer in the quantization step. The received signal

after the quantization step is given by

K
Z .., Arc,; <AR (26a)
k=1

NRi = K ~
Z Ng,,» Arc,, = AR (26b)
k=1
0, otherwise. (26¢)

Here, the mean received number of droplets after the quan-
tization step for the kth droplet diameter at the ith time step
(Ng, ;) is defined as

Ve ,ARC. lAt i 1
\\M Zmzo Nk,i—m + 2J s ARC;M < AR

777’1?,1'
N (27a)
Rk,w =
Uck,ZARAt i 1 _
M 2o Messmt 3|1 Aroy = An,

(27b)

where |.| shows the floor function which maps a variable to
the integer less than or equal to this variable. The addition
with % within the floor function in (27a)-(27b) provides the
quantization by rounding the number of received droplets to
the nearest integer.

Subsequent to quantization, the infection state of the human
needs to be determined as the output of the system as shown
by Figs. 1 and 4. Therefore, the detection is essential accord-
ing to a threshold value (v) as the last step of the reception.
Physically, v corresponds to the quantity of pathogen-laden
droplets that suffice to make a human infected. Furthermore,
~ depends on the immune system of a human. Thus, detec-
tion via the threshold v enables to quantify the strength of
the human immune system and to handle the determination of
the infection state as a detection problem. Hence, the infec-
tion state (or the received symbol) can be expressed by binary
hypothesis testing which is given as

(28)

where the hypotheses Hy and Hj are defined as the situa-
tions of no infection as the received symbol O and infection

2 2 2
[ 9Re TR T Ty 9

+Tk

A = r%cos”
Rck,1 R 2dRCk TR

2 2
1 9Re, T TE T TR
JCOS

2

2dRcy, Tk,

1

- 5\/(—dRCk,i +rr+ Tk,i) (dRck,i + R — Tk,i) (dRO;m- — TR+ T‘k,i) (dRC;m- + R — T‘k,i) (23)
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Algorithm 1 Algorithm of the End-to-End System Model
I: Input: K, t;, At, vy, lo, Fo, pa> P4 Pfs Ha» Qes G
de,... k) Na,... k)00 60, B, Bss, initial positions of the
TX and RX,
2 t=0:At: i
:fork=1:1: K do
4: for i =1:1:length(¢) do
5 > Step 1: Trajectory
6 Calculate sj, ; by the real positive root of (6)
7. Tkyi = QeSk g
8
9

Calculate 0}, ; by (16)
: As = s — Sk i—1
10: Az = Ascos(f;); Ay = Assin(0y ;)

11: Thyi = T i1 + DL Ypi = Yp,i—1 + DAY
12: > Step 2: Number of Droplets in the Cloud
13: Ve, = As/At

14: Rey ; = dk,ivck,ipa/.ua

15: Calculate v, ; according to Rey, ; by (22a)-(22¢)
16: Calculate AX by (20)

17: Ak = Agi—1t+ AN

18: Generate Ny j ~ N (A i, Agi)

19: > Step 3: Reception

20: if (zp — 13,3) < 2k < (TR + 13;)) then
21: Oy = \/7”13Z — (2R — 7,0

22: AC’S;M = WT%Sk ;

23: Calculate dgc;, , by (24)

24: if (TCS;‘,,,; —rR) < dRCk:,i, < (TCSkJJrTR) then
25: Calculate N Ry by (27a)

26: else if dRC;w < (TCSk,z‘ — rg) then

27: Calculate Np, ; by (27b)

28: else

29 Np,, =0

30 end if

31 Ni,i = Ng,i — N,

32 end if

33: end for

34: end for

35: Calculate N, by (26a)-(26¢)
36: Determine the infection state (h) by applying (28)

as the received symbol 1, respectively. Here, the received
symbol sequence with M samples is represented as h =
[ho, b1, ..., hpr] which also gives the end-to-end system
response.

D. Algorithm of the End-to-End System Model

In this part, the way to obtain the output of the end-to-end
system model by employing the derivations made up to here
is clarified in the proposed Algorithm 1. In the algorithm, the
propagation, changing number of droplets in the cloud and
their interaction with the RX are handled separately at each
time step for each droplet size di. As the first step of the
algorithm, the trajectory of the spherical cloud is calculated
for each time step, i.e., the distance on the s-axis and 6 values
for ¢ = t; are calculated by (6) and (16). Then, the updated

position of the cloud on the s-axis is utilized to find its step
length (As). As shown in Fig. 2, As can be employed to
express the step lengths on x (Ax) and y axes (Ay) as given by

Az = As cos(@hi),Ay = As sin(ﬂk,i), (29)

where Az and Ay values are used to update the cloud position
on the corresponding axis. Since there is not any acting force
on z-axis, the center of the cloud maintains its position on this
axis. However, the cloud expands on x, y and z axes linearly
due to the relation 7y ; = aes ; as given in Section II-A.

In the second step of Algorithm 1, the mean number of
droplets in the propagating cloud is calculated. To this end,
the cloud velocity (v, ;) at the corresponding time step is cal-
culated by the displacément on s-axis. Then, settling velocity
(vsy, ;) 1s determined by (22a)-(22¢) according to Rey, ; which
is calculated by using v, , and droplet size. v, ; is exploited
to calculate the change in the mean number of droplets (A\)
and thus, the mean number of droplets is updated according to
this change. Here, the flow type of the cloud found by employ-
ing the velocity of droplets affects the number of droplets in
the cloud.

The third step of Algorithm 1 describes the reception via the
interaction of the cloud with the RX. When the cloud comes
to a sufficient distance to interact with the RX, the radius
of the cloud’s circular cross-section (resy..) is determined by
the geometrical relation with the radius of the cloud and the
positions of the TX and RX on the x-axis as given by

TCSy,: = \/7"1371' - (mR - 33k,z‘)27 (30)

which allows us to calculate the circular area of the cloud’s cross-
section (A4 Cgk’i). During the reception, the case that ACSk,z‘ <
AR can also be represented in terms of radii of the circles and
the distance between them such that (r¢s, ; —7r) < drcy,; <
(rcs,, ; +r)- In addition, the case for the cloud encompassing
the RX (A CSpi > Ap = ARCM) canbeexpressed as dpc, ; <
(rcs,,; — rr)- Using these conditions, the mean number of
droplets given in (26a)-(26c) is calculated. Then, the detection
is made according to the threshold  in order to determine the
infection state. Next, the probability of infection is derived by
using the end-to-end system model.

III. PROBABILITY OF INFECTION

The probabilistic approach which is considered in the
system model enables the derivation of the probability of infec-
tion of a human exposed to a sneeze or cough. To this end,
it is essential to derive the probability density function (pdf)
of the received number of droplets before the detection. As
given in Section II-B, the number of droplets in the cloud is
a Gaussian random variable for the droplet diameter of dj,
and " time step, i.c., Ni,i ~ N(Agis Ag,i). Hence, its pdf
(fn(Ni.;)) is given by

1 7(Nk,i*/\k,i>2
22g.

\/271')\]671' ¢

Since the received number of droplets before the detection
(Ng,) is a function of Nj ; as given in (26a)-(27b), its mean

IN(Ng4) = 31)
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Fig. 6. The trajectory of the cloud and its interaction with the RX in (a) 3-D. (b) 2-D. (c) The number of droplets.
TABLE 1

and variance for the reception cases can be given as

K 4 1
M1 = Zk:l \\277@:0 ak,ikk,ifm + §J7 ARCk,z < AR
(32a)
E(N =
( Ri) B K i b Ap s 1 A .
K2 = Zk:l Zm:O k,i\k,i—m + 5 s RC.; = AR
. (32b)
02 :ZK Zz a2 A n l A <A
1 k=1 m=0 k,i\k,i—m 2 s Rcm R
(33a)
Var(Np.) =
' 2 K i 2 1
o3 :Zkzl \‘Z"L:O bl i Mk i—m + EJ . ARy, = ARs
(33b)
Ve, i ARGy A Vey ; ARAL
where ay ; = TS b, i T E(.) and

Var(.) are expectation and variance operators, respectively.
By using (32a)-(33b), the pdf of Np, (fn,(Ng,)) can be
written as

s Arc,, <Ar (34a)

fNR(NRZ') =

>, ARrc,, = Ar (34b)

otherwise, (34c¢)

where (1, p9, a% and a% are defined in (32a)-(33b). The prob-
ability of infection corresponds to the situation where Ng, >~y

as given by
(o ¢]
P(Ng, > ") z/ I (u) du. (35)
¥
The solution for (35) can be derived for the pdf
given in (34a)-(34c) in terms of Q-function (Q(z) =
2
\/% [ exp(=4~)du) as given by
Q(”Ul‘”), Apc,, < A (36a)
P(NRi > )= -
Q(”U;”), ARa,, = A (36b)

0, (36¢)

The derived probability of infection and the system model
given in the previous section can be employed to analyze

otherwise.
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EXPERIMENTAL PARAMETERS

Parameter | Value [ Parameter [ Value
At 0.1s ts 10 s
TX’s position | (0,1.7,0) m (z,y,2) Veqr, k)0 11.2 m/s (cough) [37]
RX’s position | (1.7,0) m (y,2) g 9.81 m/s?
Io 0.0131 kg m/s [14] Qe 0.2116 [40]
Fy 0.0023 kg m/s? [14] Bpp (female) 8.853 cm [35]
Pd 993 kg/m3 [38] Bpp (male) 9.131 cm [35]
py (at 34°C) | 0.98 kg/m3 [39] Bss (female) 6.901 cm [35]
pa (at 23°C) | 1.172 kg/m® [14] Bss (male) 7.57 cm [35]
la 19x10~% kg/(m s) [14]

=100, 0= 0°

Probability of Infection
© © o o o o
S P e s oo o>

o

0.5 1 15 2
Distance from the TX on x-axis - X (m)

Fig. 7. Probability of infection according to distance for different time values.

the dynamics of the pathogen transmission as given with the
numerical results in the next section.

IV. NUMERICAL RESULTS

In this section, numerical results using the algorithmic end-
to-end system model and derived probability of infection are
given. The values of the experimental parameters are given
in Table I which includes values obtained by empirical stud-
ies [14], [35], [37]-[40]. Furthermore, the initial number of
droplets according to their diameters for a cough is given in
Table II. For sneezing, there are not sufficient empirical data
in the literature to obtain the parameter values given in Table I
such as a, and initial velocity [15]. Therefore, although our
proposed model is applicable to a sneezing scenario, we only
consider a coughing scenario for two static humans where
one of them is the TX and the other is RX. For the results in
Figs. 6-7, the dimensions of the RX are applied by using the
average values of male and female humans. Namely, 3, and
[ss are obtained by calculating the average of the female and
male values given in Table 1.
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Fig. 8. Infection state of the RX with respect to (a) zg, (b) v, and (c) .
TABLE II
INITIAL NUMBER OF DROPLETS [26]
d ‘ Quantity ‘ ‘ d ‘ Quantity ‘ ‘ d Quantity
(pm) (cough) (pem) (cough) (pm) (cough)
2 50 40 240 200 35
4 290 50 110 250 29
8 970 75 140 500 34
16 1600 100 85 1000 12
24 870 125 48 2000 2
32 420 150 38 Total 4973
For xpg = 1.5 m and 6y = 0°, Figs. 6 (a) and (b) depict

the trajectories of the cloud with respect to RX in 3-D and
2-D, respectively. Due to initial momentum of coughing and
net buoyant force, the cloud propagates in the horizontal and
vertical directions, respectively. As also observed in these tra-
jectories, the 3-D cloud can encompass (or intersect with) the
RX and the RX is exposed to droplets during the passage of
the cloud. Fig. 6 (c) shows the interaction of a human who
can be infected with a disease-spreading human by quantifying
the number of droplets received from the cloud. The number
of droplets are given by their mean and their variations (ver-
tical bars) due to the Gaussian distribution. These variations
are calculated as three times the standard deviation (99.73%
confidence interval) for each sample. The standard deviation
for the received number of droplets is not observed in Fig. 6
(c), since it is relatively small with respect to the mean value.
As observed in Fig. 6 (c), the number of droplets in cloud
decreases, since large-sized droplets settle due to the gravity.
As mentioned in Section II, the RX gets infected, when the
received number of droplets is above + as plotted in Fig. 6 (c).
This figure shows the importance of the exposure time which
is the interval of the changing zone in the received signal. If
the RX is exposed to the cloud less, it is possible not to be
infected, since the received number of droplets can be below
~. This interaction is also clarified in Fig. 7 by showing the
relation of the infection probability with the distance for dif-
ferent propagation time instances. Actually, this figure reveals
that if the RX is exposed to the cloud for a longer period, the
RX is more likely to be infected.

Different scenarios can be analyzed by employing the infec-
tion state, which is the output of the end-to-end system model,
for various xR, 7, O values and male/female receivers. In Fig. 8
(a), v is set to zero to determine the safe zone where there is
no possibility of infection. This safe zone starts at xg = 1.7 m
which also shows the minimum social distance. Fig. 8 (c) shows

80 100 120 140
Threshold - 5

-20
Initial coughing angle - 6,(%)

()

160 180 200 -40 -30 -10 0 10 20 30 40

(b)

that initial coughing angle affects the infection state severely.
For 6 values between 0 and —25 degrees, it is more likely to
infect someone due to the buoyant forces. Therefore, it is safer
to cough with an initial angle 6y < —25° which is depicted as
safe coughing angle in Fig. 8 (c). Coughing with 6y > 0° may
not be safe, since aerosols can suspend in the air and settle
eventually due to gravity or drift due to indoor air currents in
the long term. In Figs. 8 (a) and (c), the results are indistin-
guishable for male and female receivers. However, Fig. 8 (b)
shows that the infection states of female and male humans can
be affected differently for the same y values due to the slight
difference in the face dimensions.

In this paper, numerical results are based on our model
which focuses on the propagation and reception of droplets
in the outer layer of the human face. For a more rigorous
model, the effect of turbulent flows and the survival rate of
pathogens can be taken into account. The reception part can
be improved by considering the interaction of pathogens with
the human cells. In addition, v can be estimated by consider-
ing several effects such as age, chronic diseases and genetic
factors. These improvements are left as open research issues.

V. CONCLUSION

In this paper, an algorithmic end-to-end system model
is proposed for droplet-based communication via cough-
ing/sneezing between two static humans. The TX emits a cloud
which is a mixture of droplets and air and it propagates under
the influence of the initial momentum, gravity and buoyancy.
A receiver model which defines the central part of the human
face as the RX cross-section is proposed to give an output of
infection state of the RX. The transmitted and received num-
ber of droplets are modeled as random processes which lead
us to derive the probability of infection. It is revealed that
the initial coughing angle of the TX and the detection thresh-
old which actually corresponds to the strength of the human
immune system are significant parameters to model the air-
borne pathogen transmission. As the future work, we plan to
extend our study for mobile TXs and RXs.

APPENDIX

For a settling droplet, the downwards net force for a spher-
ical droplet at the i'" time step with the diameter dj, is
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given as
Fdowni =G, —B; = Vapag — Vapag
”dl?i
=5 (Pa = pa)g- (37)

Furthermore, an upward drag force acts in the opposite direc-
tion of gravity due to the interaction of the droplet with the
air. This upward drag force is given as [27]

2
F 1 2 dk,i
up; = ipdvsﬂ- 4 CDu (38)

where Cp is the drag coefficient. For the settling condition,
these upward and downward forces are in equilibrium. Hence,
we can obtain the settling velocity by equating these two forces
and pulling out vs as given by

4dy, i9(pd — pa)

= 39
Ui 3040 &9
Here, Cp changes according to Re as given by [32]
24
—, Re < 2 (Stokes flow) (40a)
Re
18.5
Cp = W’ 2 < Re < 500 (Intermediate flow) (40b)
0.44, 500 < Re < 2 x 10° (Newton’s flow).

(40c)

When the drag coefficients in (40a)-(40c) and Re in (21) are
substituted into (39), the settling velocities in (22a)-(22¢) can
be obtained.
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