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One-Way Pedestrian Traffic Is a
Means of Reducing Personal
Encounters in Epidemics

Bernardo A. Mello*

Department of Physics Institute, University of Brasilia, Brasilia, Brazil

Minimizing social contact is an important tool to reduce the spread of diseases but harms
people’s well-being. This and other more compelling reasons urge people to walk outside
periodically. The present work explores how organizing the traffic of pedestrians affects
the number of walking or running people passing by each other. By applying certain
rules, this number can be significantly reduced, potentially reducing the contribution of
person-to-person contagion to the basic reproductive number, Ry. One example is the
traffic of pedestrians on sidewalks. Another is the use of walking or running tracks in
parks. It is obtained here that the number of people encountering each other can be
drastically reduced if one-way traffic is enforced and runners are separated from walkers.
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1. INTRODUCTION

Contagious epidemics, as the Covid-19 pandemic, often demand limiting physical interactions
among people in order to reduce the contagious rate. Governmental measures to reduce physical
contact range from the closing of public facilities and schools to restrictions on mobility,
lockdowns, quarantines, and curfews. These extreme measures, though necessary, should be used as
last resources, due to their economic and personal negative impacts. Of great help in these situations
are the physical and psychological benefits of physical exercises, walking included [1, 2]. On the
other hand, physical contact and proximity should be avoided to reduce the spread of pathogens
such as SARS-CoV-2 [3].

Measures that reduce the physical interaction with minimal disruption in the daily activities,
as the ones proposed here, must be adopted whenever possible. For example, if sidewalks and
crosswalks at intersections are made one-way, with walking only allowed on the right-hand ones
(the street must be at pedestrians’ left), the major inconvenience would be one more block of
walking for pedestrians when leaving their starting points or reaching their destinations.

Pedestrian behavior depends on internal and external aspects such as urban environment,
contingent individual situation, and crowd behavior [4-6], which must all be considered when
planning traffic interventions. Sophisticated methods have been proposed to study pedestrian
motion [7-9] and used, for example, to study the efficiency of pedestrian mobility [10]. Mostly,
the studies on urban mobility have been concentrated on efficiency, well-being, safety, and other
relevant aspects of daily life [11-13].

The present work addresses a completely different goal, which is only justifiable in abnormal
circumstances, such as epidemics: minimizing the encounters among pedestrians. The conceptual
problem is much simpler, since the interpersonal effect on mobility is not relevant due to the low
density of people, justifying the use of a more “pedestrian” mathematical model.
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FIGURE 1 | Example of encounters between walkers on a circular track. The
blue walker moves in the clockwise direction and the green and the red
walkers move in the counter-clockwise direction, the red walker moves faster
than the green. The time and the number of encounters up to that instant are
shown above each figure.

2. METHODS

2.1. Modeling the Encounters

Figure 1 illustrates the movement of three walkers on a circular
track. The first encounter occurs between t = 0.8 and 1.0,
involving two walkers moving in the same direction, the faster
red overtaking the slower green. The second encounter occurs
between t = 1.0 and 1.2, between the blue and the red
walkers that move in opposite directions. Video 1, available
in the Supplementary Material, features the movement of
these walkers.

The encounter of walkers moving in the same direction is due
to different speeds, and its frequency is reduced if the walkers
walk at a similar rate, regardless of fast or slow. On the other
hand, the encounter frequency of walkers moving in opposite
directions is proportional to the average of their absolute speeds,
regardless of the difference in their absolute values.

To represent the movement of a crowd, the initial position
is supposed to be random and uniformly distributed over the
track. Measures of walking speed in several conditions presented
in [14] were used to adopt the mean value of 1.4 m/s with the
standard deviation of 0.25 m/s for the walking speed. From [15],
the running speed is assumed to be twice these values, i.e., an
average of 2.8 m/s and a standard deviation of 0.5 m/s. Random
and constant speeds with normal distribution are assigned to
the walkers and runners, with the corresponding average and
standard deviation. When minimum or maximum speed were
imposed, the speed of individuals under or above these limits was
redefined as equal to the boundary values.

Two measures are proposed to evaluate the number of
encounters per person. One is the number of encounters per
minute, that is suitable to evaluate the encounters of a person
who goes out for a given amount of time, for example, for jogging.
The other is the number of encounters when a person walks along
100 m, typically, the length of one block. This is suitable for the
analysis of a person who goes out to reach a certain place.

2.2. The Frequency of Encounters

Consider two people with constant speeds v and v/ moving
around a closed path of length L. If they stay on the track
long enough, they will cross each other with a common
temporal frequency

lv—v]
L

fiv V) =filv,v) = (1)

If N people with constant speeds distribution p(v) share the same
track, the average frequency of encounters of a person with speed
vis

N—-1 [
(), = - / lv—|p(v) dv, )

and the population average is

mm=/ i), p(v) dv. 3)

Another relevant quantity is the spatial frequency, the number
of encounters by unit of length of the distance traveled by the
particle with speed v, given by

N finv)
fsv,v) = T (4)

From this we can define the person and the population averages,

(f;(v))vl — (ﬂ("))v’, (5)

v

mw=[rwmwmw ©)

2.3. Probability of Diverse Encounters
The number of encounters may not be the best quantity to
evaluate the probability of contagion if two people encounter
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more than once when traveling along a short track. Encountering
the same person twice is not the same as encountering two
people, one time each. Despite the same number of encounters,
in the latter case the probability of meeting a contagious person
is higher.

In the situation analyzed here, all people spend the same time
7 on the track, entering and leaving it at the same rate, N/t,
which leads to the mean occupancy N. The number of people
who visit the track at a time window [ty, o + t] is 2N, consisting
of the people who arrive in the time interval [y — 7, fo+7]. Of the
time that each of those people stay on the track, a time 7’ is spent
inside the time window [fo, tp 4 7], with the uniform probability
density 77! in the interval 0 < t’ < 7. Accordingly, a person on
the track will share it with 2(N — 1) other people during the total
time of his/her visit, and the time shared with those people will
be in the interval 0 < t/ < t with probability density 7!

If two people with speeds v and v share the same track for
a time 7/, the probability that they will meet each other at least
once is

if L/t <|v—+],

if [v—+v| <L/T.

a(t,v,v) = {1 (7)

lv—+|7'/L

For any two people on the track, the probability of meeting at
least once is

(T V) = l/Tr((t’,v,v/)dt/, (8)
0

T
L
— L/ if L/t <|v—"],
2|V—V| (9)

)
v 2V | /L if lv—V| < L/t.

From the above expression, the diversity coefficient of encounters
is defined as the fraction of non-repeated encounters,

2(m(v, V) /7T

V) = (10)
¢ finv)
L/t L?/7? /
— if L/t <|v—1V],
o o TR gy
1 if |v—+v/|<L/t.

The factor 2 in Equation (10) comes from the above discussion
about the number of different people that enter or leave the track
in the course of the time 7. For the population, the fraction of
non-repeated encounters is

@) = f [ S PP dvd.  (12)

2.4. Monte Carlo Simulations

Complementary to the analytical approach presented in
section 2.2, Monte Carlo simulation was used to describe a
closed track with N individuals, and a random generator with
a uniform distribution over the track length was used to define
their position. The time evolution was performed by Euler
integration with constant At. From the number of encounters of

each individual, x;, the mean number of encounters per minute
and per 100 m were, respectively, calculated as

(xi)
X minute = & (13)
Tsim
and
i
aoom = (71 (1)
L; I'pop

where Tgm is the total simulation time in minutes, and L; is
the distance traveled by the individual 7, in hectometers. The
expected values (ensemble average) of these quantities are equal
to the frequencies Equations (3) and (6),

(15)

(X minute)ens = (ft)vv/x (X100m)ens = <fs>w/r

with the proper units of time and distance.

3. RESULTS

Asa concrete case of the analysis presented here, one can consider
a 5,000 m track shared by 500 people. The results are the average
number of encounters per person at each minute or each block
(100 m), calculated by numerical integration of the expressions
from section 2.2. These two quantities are proportional to the
average density of people on the track, in this case, 1 person at
every 10 m, and do not depend on the simulation time or the
track length and shape. Proportionality may be used to determine
these quantities for other densities.

We start with equal numbers of people moving in both
directions of a track, 80% of them walking and 20% running.
These percentages were arbitrarily chosen but the results are
qualitatively equivalent for other values. The distribution of their
speeds is shown in Figure 2A, together with the number of
encounters per minute and per 100 m. It can be seen that the fast
runners run by several people per minute, but have a minimal
number of encounters along 100 m since they cover that distance
quickly. A slow walker, on the other hand, exhibits the opposite
behavior, for reverse reasons.

To reduce the number of encounters observed in Figure 2A,
we enforce unidirectional movement, illustrated by Figure 2B.
To evaluate the effect on the crowd, we refer to the average
values, Equations (3) and (6), shown in Table 1. By comparing the
bidirectional and the unidirectional columns of line 3 in Table 1,
it can be seen that the number of encounters per minute and per
100 m are both reduced by 68%, to around one-third of their
values in bidirectional traffic.

The encounters between people moving unidirectionally are
due to their heterogeneous speed, which can be made more
homogeneous by separating runners and walkers. Encounters of
walkers are shown in Figure 2C. By comparing the columns of
unidirectional encounters of lines 3 and 5 of Table 1, we find
a contraction to 43% and 54%, respectively, of the number of
encounters per minute and per 100 m.

Line 1 of Table 1 shows the average number of encounters
for a track where only runners are allowed. As predicted by
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FIGURE 2 | (A) Analysis of a track with 100 people per kilometer, 80% of them walking and 20% of them running, in both directions. The speed distribution is shown
as the pink area in arbitrary units. The red curve is the average number of encounters per minute for people moving at a certain speed, given by Equation (2). The blue
curve is the average number of encounters per 100 m for people moving at a certain speed, given by Equation (5). (B) Same as (A), with one-way enforced. (C) Same
as (A) with one-way enforced and running forbidden. For illustration, Videos 2-4, representing 50 people in a 5,000 m track under the same rules can be found in the

Supplementary Material.

Equations (3) and (6), comparison of the runners on line 1
with the walkers on line 5 of Table 1 shows that the number of
encounters per 100 m is the same for walkers and runners, but
the number of encounters per minute is twice bigger for runners.
Therefore, the density on a track of runners must be half of that of
walkers to produce the same number of encounters per minute,
but equal densities produce identical numbers of encounters per
100 m in tracks exclusive for runners or walkers.

Further reduction in the encounter rates can be achieved by
imposing minimum and maximum walking speeds, for example,
to no more and no less than one standard deviation of the
average speed. Reductions of 30% are obtained, as can be seen
by comparing the unidirectional encounters of lines 5 and 8 in
Table 1. The modest improvement and the practical difficulties
of imposing such measures suggest that they are not workable.

The fraction of non-repeated encounters between two people
is measured by the diversity coefficient, Equation (11), plotted
in Figure3 for a runner and a walker. If the track is large
enough to prevent multiple encounters, |[v — v/| < L/t, the

diversity coefficient is 1, indicating that every encounter of a
person involves different people. For shorter tracks, each pair of
people may meet each other several times, and the coefficient of
diversity is reduced.

Figure 3 shows that the diversity coefficient is bigger for a
crowd equally divided between runners and walkers than for
one runner and one walker, because the presence of people with
similar speed diminishes the chances of repeated encounters. As
a general rule, the analysis of Figure 3 demonstrates that more
uniform speed distributions lead to higher diversity coefficients.
However, if the track is long enough, the number of repeated
encounters vanishes and the diversity coeflicient reaches its
maximum value, (¢,,/) = 1.

4. DISCUSSION

Transmission of diseases involves a multitude of aspects and
this work addresses just one of them, the number of people
met. This information is important to evaluate the probability
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TABLE 1 | The average number of encounters per minute and per 100 m for a
track with 100 people per kilometer subjected to different conditions, as defined
by Equations (3) and (6).

Fraction (ft)yw (Min~") (fs)y (hm™T)
Vmin Vmax of runners Bidir. Unidir. Bidir. Unidir.

1 - - 100% 18.5 3.38 11.2 212
2 - - 50% 15.3 5.46 13.3 4.94
3 - - 20% 12.0 3.90 12.5 3.93
4 - - 10% 10.7 2.91 12.0 3.14
5 - - 0% 9.23 1.69 1.2 2.12
6 - 1.65 0% 8.99 1.46 1.1 1.89
7 1.15 - 0% 9.24 1.46 1.0 1.72
8 1.15 1.65 0% 9.00 1.23 10.8 1.50

The Vmin and vmax are the minimum and the maximum acceptable speeds for people on
the track. The third column is the fraction of runners on the crowd.

1.0 A
0.8
3 %% —— 0 %, Unidir
S 041 — 20 %, Unid?r
—— 50 %, Unidir
— 0 %, Bidir
B2 —— 20 %, Bidir
0.0- —— Runner and walker
0 2 4 6
L (km)

FIGURE 3 | Coefficient of diversity of the encounters, defined by

Equation (12), with the fraction of runners and the direction indicated in the
legend. The curve for one runner and one walker, with velocities respectively
equal to 2.8 and 1.4 m/s in the same direction, uses Equation (11).

of encounters with infected people, of physical contacts, and of
meeting and interacting with acquaintances.

Recent results on aerodynamics indicate that a trail of
potentially contagious droplets is left behind walking and
running people [16]. The probability of contagion depends
on the level of exposure to the pathogen [17], which is
proportional to the density of pathogens on that cloud and
to the time spent inside the trail of droplets. This aspect
is not covered in this paper and will be addressed in a
subsequent work.

Regarding the organization of pedestrian traffic, if one-way
movement and walking-only rules are imposed on bidirectional
tracks shared by walkers (80%) and runners (20%), the number
of people encountering each other per minute is reduced to
one-seventh of its original value and the number of encounters
per 100 m is reduced to one-sixth of its original value. If
one-way movement is imposed on a walking-only walkway, or

sidewalks, for example, the number of encounters is reduced
to one-fifth of its original value. The improvements are also
significant for running-only tracks. Therefore, establishing one-
way walkways and separating runners from walkers are effective
measures to reduce the physical encounter of people during
contagious epidemics.

To avoid complicating the discussion, this paper focuses on
closed paths. Open paths, such as trajectories of pedestrians
reaching a destination in cities, or of joggers in roads, may
be considered very large closed paths partially traveled by each
individual. The frequency of encounters discussed here depends
only on the density and the conclusion regarding these quantities
hold also for open tracks. For open or very large tracks, the chance
of multiple encounters is zero, the diversity coeficient is one, and
only the frequency of encounters matters.

From the biological point of view, contagion is also related
to the variability of the host [18] and pathogen [19], which
depends on the number of people met. On short tracks,
measures that reduce the number of crossings also increase the
diversity coefficient of the encounters. The product of these
two quantities provides the number of different people met. On
the one hand, higher diversity increases the chance of meeting
someone infected. On the other hand, repeated encounters
with the same person increase the pathogen doses received
from infected people. This paper provides the tools to quantify
these two effects, but proper decisions about the suitability of
each measure can only be made considering the dynamics of
each disease.
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