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Abstract

In this paper, we introduce an agent-based pedestrian simulation with aerosol modeling,
which we use for analyzing the risk of infection with airborne diseases, with special
attention to indoor scenarios and the corresponding geometry. For our analysis, we simulate
a realistic supermarket scenario, and analyze the influence of geometric factors for the risk
of infection regarding aerosol concentration. Using such a defined set of geometry allows
for a targeted analysis of risk factors. Specifically, we examine if angular structures bear
higher viral loads than flat structures, which is confirmed by our experiments. An artificial
neural network (ANN) specifically trained on simulation data is able to identify adjacent
geometric structures based on aerosol concentration with up to 94% accuracy.

Keywords: pedestrian simulation; agent-based model; aerosol modeling; infectious
diseases; indoor scenarios

1. Introduction

At the end of 2019, a novel coronavirus disease (COVID-19) was first identified in
Wuhan, China [1]. Within a few months, the infection spread rapidly across the globe,
resulting in an unprecedented pandemic and causing over 431,000 deaths during the initial
wave [2]. The disease is attributed to Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2). Despite extensive public health interventions and restrictions on daily
life, the number of new infections continued to increase worldwide [3]. In general, the
transmission of infectious pathogens through the air is a key problem in infection epidemi-
ology. Various other airborne respiratory pathogens are responsible for infections, e.g.,
influenza viruses, rhinoviruses, respiratory syncytial virus (RSV), and adenoviruses [4,5].
In principle, bacteria and fungi must also be taken into account [6].

The characterization “airborne respiratory pathogen” is a rather imprecise generic
name coined to address diverse entities that differ in seasonality of circulation, modes
of spread, transmissibility, susceptible populations, and the severity of symptoms. Air-
borne viruses, a subset of airborne respiratory pathogens, may be transmitted by direct
(physical) and/or indirect (fomite-mediated) contact and by droplets and/or aerosols
(with a debatable particle size threshold between “large” droplets and “fine” aerosols) [7].
Despite numerous precautionary measures, aeration and ventilation appear to be crucial
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from the viewpoint of exposure reduction to airborne viruses in enclosed spaces as virus-
contaminated aerosols still pose a serious problem indoors. The present study therefore
focuses on room dividers that can be applied to segment large rooms into smaller “pseudo-
insulated” sections and their possible effect on the spread of airborne viruses. Despite
the fact most self-serve supermarkets around the globe tend to inveigle their customers
into spending as much time as possible within their doors, shopkeepers have introduced a
variety of changes to minimize the risk of infection with airborne respiratory pathogens
while shopping [8].

Analyses using intelligent, agent-based models are available to investigate the risk of
airborne transmission of a virus in supermarkets [9,10]. These analyses also consider the
risk of infection associated with random movement and interaction patterns of people in
public indoor spaces in combination with the aerosol dispersion equation and pedestrian
agent models. It is, however, still unclear whether, in light of possible virus spread, a
distinction is to be made between straight aisles and aisles with corners. This may be tested
in an abstract environment with a parallel versus a perpendicular orientation of shelves
(synonym: dividers). Perpendicularity would then be defined as shelves set up to form
concave corners with an inner angle of 90° [11] as opposed to Euclidean parallelism in
which the dividers are placed along straight lines (i.e., “normal edges” [12]) that lie in
a common plane and do not intersect in three-dimensional space. The task would be to
assess the relative risk of infection at concave corners compared to what are considered
“cornerless points” [13].

The objective of this paper is to investigate the potential for integrating established
concepts for modeling variable geometries into an agent-based simulation framework for
the study of infectious events. The objective of this study is twofold: firstly, to examine the
efficacy of mathematical models and associated investigations in enhancing comprehension
of the significance of geometric characteristics, and secondly, to explore the potential of
these models and investigations to inform future geometric analysis. In this study, the
modeling of a supermarket using the geometric elements of the game TETRIS [14] was
examined as an example. The geometric elements, which are more commonly referred to
as “tetrominoes” (synonyms: “blocks”, “pieces”, “units”, and “zoids”), comprise seven
different rotatable two-dimensional one-sided geometric shapes. Each of these shapes
consists of four equal-sized squares (synonym: “cell”) which are connected at their edges,
and not just at their corners (see Figure 1). The geometric elements under consideration are
employed for the purpose of modeling a supermarket, with a particular focus on the shelves.
The simulation introduced here was designed to take place in a virtual representation of a
standard shop with aisles, walls, shelves, and sale and cash desks, as previously described
elseplace [15].

On the resulting simulation data, we use an artificial neural network approach
in order to analyze how well geometric properties can be predicted from associated
numerical values.

T

Figure 1. The seven basic tetromino shapes used (I, J, L, O, S, T, Z), divided into subblocks (blue),

with geometry (black), waypoints (red), and the containing subblock marked yellow.
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2. Related Work

Mathematical models and simulations designed to predict the behavior of SARS-CoV-2
and the outcome of COVID-19 may be viewed as a dime a dozen [16-18]. One of the
modeling techniques in the context of coronavirus infection uses a collection of autonomous
entities referred to as “agents”, who individually assess their situation to make decisions
on the basis of a set of rules [19,20]. As indoor environments are a significant venue for
the transmission of SARS-CoV-2 [21], various agent-based models have been implemented
to evaluate the risk of SARS-CoV-2 transmission in publicly accessible indoor facilities
such as supermarkets [22,23] or typical lecture halls [24]. Other studies, such as [25], use a
stochastic model to examine the transmission dynamics of hepatitis B and highlight the
importance of vaccination and control measures in containing the disease.

There are numerous comprehensive reviews on research into the simulation of pedes-
trian movements [26,27]. The models are predominantly divided into macroscopic and
microscopic approaches. Macroscopic models consider the crowd as the smallest unit,
while microscopic models consider individual pedestrians—this allows for a more realistic
description of the behavior of individual persons. While the authors of the present study
have previously presented an approach which describes agents emulating fully susceptible
people in a supermarket under the threat of a single lineage of SARS-CoV-2 [15], the cur-
rently introduced setting is inert to the number of virus lineages, the percentage of possibly
non-vaccinated individuals, or the effects of a vaccine breakthrough on infection statistics
as it focusses on a possible risk associated with a particular architectural feature.

Based on the ancient connection between architecture and geometry [28], the use of
well-defined geometric figures such as Tetris-style tetrominoes was deemed advantageous
when testing the hypothesis that geometric forms in architecture might play a role in the
indoors spread of SARS-CoV-2. Although there has been considerable research into the
mathematics behind the game of TETRIS and its game pieces [29-31], and aspects of the
game have been used across a diverse range of applications, including neuroscience [32,33],
sensor technology [34], and architecture [35], the current study seems to be the first to apply
the tetrominoes of TETRIS to systematically describe details of the spread of SARS-CoV-2
in a shop with an entrance, cashiers and an exit, as well as aisles surrounded by shelves.

As it is still unclear whether architectural concave vertexes with an inner angle of
90° [11] are contributing to a higher risk of infection with SARS-CoV-2 than geometries
referred to as “normal edge” [12], an agent-based model was implemented to simulate the
indoor traffic of unrelated people in a room full of obstacles.

3. Materials and Methods

In the following, we describe our agent-based simulation, including the mathematical
definitions of pedestrian dynamics, infectious disease modeling, and the modeling of the
geometry, which incorporates the embedding of TETRIS building blocks. The simulation
described here is based on a custom software implementation specifically tailored to
this study.

3.1. Pedestrian Dynamics

The simulation is based on a social-force model for pedestrian dynamics [36]. Each
anp) . The associated

pedestrian is modelled by an agent p; = (xi,vi, e?, v?, s;,dj,ci,c;
variables and attributes will be explained in the following.
Agent movement is determined by the equation of motion
dv;
dTl =f) + £+, (1)
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where v; denotes the current velocity of agent p;, and f?, lel, and fi]- denote self-acceleration,
wall, and agent-agent forces, respectively. The force f for self-acceleration is given by
0.0
o viel —vi(t)

f) = % 2)
where v? is the desired speed (m/s) of p;, e? is its desired direction, and T is a relaxation
constant, measured in seconds. Note that, as in the original model [36], a term for mass
is not provided. The wall force f*!(d,) determines the interaction of an agent with an
obstacle w € R2, with w denoting the position of the obstacle (or part of the obstacle). It is
calculated as

f¥(dy) = aexp <_gw)nw. 3)

Here, dy is the distance of p; from the (closest) obstacle w, a2 and b are model constants,
and n,, denotes the normal from w to p;. Interaction between two agents, p; and pj, is
determined by agent-agent forces f;;:

fij(d,0) = —dexp (%d> {exp (— (n’@9)2> tij + kexp (— (n@@)z) n,']} . 4)

With d being the distance between two agents p; and p;, and b= 9||t'|, k = sgnb, and

a,n,n’ being the model parameters. The vector t;; denotes the so-called “interaction direc-
tion” between p; and pj, calculated by normalizing t' = A(v; — v;) + e;; to length 1, and
n;; denotes the vector normal to t;;, oriented to the left. Finally, 0 is the angle between t;;
and e;j, with the latter being the normalized direction pointing from p; to p;. This force is
calculated for all pairs (i, ) of agents and summed up for each agent. The constant model
parameters are listed in Table 1, which also includes the corresponding identifiers used in
the original publication, if differing.

Table 1. Model parameter values [36].

Parameter Value

a (A in [36]) 45403

n 2.0+0.1

n' 3.0+£0.7

0% 0.35+0.01
A 20+02

T 0.54 £0.05s

3.2. Simulation Domain Modeling and Pathfinding

The simulation is carried out on a rectangular area Q) C R?, which represents an actual
two-dimensional environment of size w X h in meters. On this area, a floor plan given by a
two-dimensional binary map F defines the walkable space and obstacles. The size wr X hp
of the floor plan F is given in pixels (px), with a resolution factor sy = wr/w = hr/h
determining the ratio of pixels per meter. There are no considerable limitations as to
the composition of the floor plan, making our simulation suitable for many real-world
scenarios, well beyond the one presented here. For the efficient determination of the
distance d,, between agents and obstacles, we use the distance transform [37,38]. Within
the walkable area of F, we define starting, way, and destination points. These points are
denoted by si, wy, and di and subsumed in sets S, Dy, and Dp, respectively. The agents’
pathfinding is brought about by using Dijkstra’s algorithm [39]. To this end, a direction
map Df(“r € R"*UF js created for every destination point d; € D = Dp U Dyy. For every
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grid pointx € {0,...,hp — 1} x {0,..., wr — 1} within F, this map contains the direction
along the shortest path towards the corresponding destination point.

3.3. Pedestrian Simulation

The simulation operates on a set of agents Pgin, of fixed size n = | Psjm | which are active
at the same time. This set of agents is drawn from a global agent pool Py, 0f a larger size,
i.e., [Poool| > |Psim|- The simulation runs over a defined period of time fioa1 = [to, fmax],
measured in seconds. At the beginning of the simulation (timestep f), agents are placed
randomly at walkable positions according to a uniform distribution with regard to the
(rectangular) area. An agent’s initial starting point is thus referred to as s;(tp) = x;(to).
During the simulation, agents move towards their current individual destination point
d;(t), which can be either a way point or final destination point. If an agent has reached a
way point, it gets assigned a new destination point, which can again be from either category.
If an agent has reached a final destination point, it is removed from the simulation and
a new agent from the global pool P, is added to the running simulation at one of the
available starting points, which is again randomly chosen from a uniform distribution.
Generally, the size of the population as well as the number and placement of the points
of interest can be arbitrarily chosen, contributing to the adaptability of our simulation to
different and realistic scenarios.

3.4. Infectious Disease Modeling

We model infectious disease transmission by keeping track of aerosol virus concentra-
tion over space and time. We do so by employing a rather simple model based on tracking
agent trajectories and approximated aerosol diffusion, and more complex phenomena of
fluid dynamics, such as convection or turbulence, are not taken into consideration. Fur-
thermore, our model is strictly two-dimensional and does not take into account any height-
or gravity-related effects. To model virus concentration within the simulated area (), we
create a two-dimensional aerosol map, ¢¢ € RIFXWE | of the same size (and resolution),
wr X hr , as the binary floor map F, storing the virus concentration at each position. This
concentration is initially zero everywhere and increases as infectious agents move over the
map. This calculation is done for equally sized time windows of length ¢4, measured
in seconds, over the whole duration of the simulation. For each position x; of the agent’s
trajectory within the time window, a certain amount ¢ (measured in RNA /cm?) is dis-
tributed over a disk area of radius rae, and added to the map ¢7¢ cumulatively, with j being
the index to the respective time window.

Aerosol diffusion is approximated by a Gaussian blur filter, which is applied after
each step. To prevent the diffusion process from permeating through walls, the map ¢*¢ is
set to zero at all positions containing obstacles at the end of each step. To finally determine
an (non-infected) agent’s p; exposure to contaminated aerosol, the values of (p?e along the
agent’s own trajectory are summed up, resulting in c?eXp. To further evaluate the agents’
movements and their distribution, we also calculate heatmaps gb]ht € RM>@r for each time
frame. This map stores information about the cumulated time of stay of agents for each
position of the simulated area. It is calculated as the two-dimensional histogram of the
agent trajectories, with each discrete grid cell of the map considered a histogram bin.

3.5. Geometry Modeling

The floor plan of an actual supermarket serves as a basis for the simulation area. It
consists of an entry area, a main area, and an exit area. We populate the main area with
geometry based on the game TETRIS (cf. Figure 1), which is varied according to geometric
properties of the blocks for the different experiments performed. The total (rectangular) size
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of the floor map is 2497 x 1081 px (W x H), which equals an actual size of 72.6 x 31.4m?,
at a resolution of sy = 34.4 px/m. The floor plan is based on data of a standard German
supermarket (size and basic layout), which is similar to the one examined elsewhere [40].
Based on this plan, we created a layout tailored specifically to the experiments performed,
as described in Section 4. As mentioned above, we divide the floor plan into three areas:
the entrance area, the area containing cashiers and exits, and the main area (cf. Figure 2).
Within the entrance and exit areas, we define fixed starting, way, and destination points,
which do not change for all simulations. The sizes of the entrance and cashier areas are
27.7m x 16.6m and 27.7m x 12.8 m, respectively.

The main area holding the TETRIS geometry is divided into a rectangular grid of size
33 x 20 (W x H) (the inner area is of size 1697 x 1041 px, or 49.3 m x 30.3 m), with the
cell size corresponding exactly to the size of a tetromino subblock. Due to the margins at
the borders, a grid area of 31 x 18 is effectively used. The actual configurations for the
geometry and the process of creating them will be described in the following, as well as
in Section 4.

For the creation of the inner geometry of the main area, we draw on seven types of
TETRIS building blocks (“tetrominoes”, I, J, L, O, S, T, and Z), as shown in Figure 1. For
each tetromino, four variants are derived, one basic shape and three more, resulting from
rotations by 90°, 180°, and 270° (cf. Figure 3). All individual tetrominoes are built from
different arrangements of exactly four square blocks, and each of these blocks is further
subdivided into four subblocks (Figure 1). A tetromino thus consists of 16 subblocks. The
size of a subblock is 52 px, which equals an actual size of 1.51 m. The size was chosen to be
in accordance with the interior geometry of the original floor plan. The actual geometry
used in the simulation is equal to the inner “skeleton” of the tetrominoes, i.e., the area with
(Manhattan) distance of one subblock side-length to the outer boundary. Each tetromino
has a defined subblock which contains one fixed way point. The subblocks are numbered
uniquely over all tetrominoes, ordered by orientation and type. The resulting three-digit
numbers XYZ can thus be used to identify tetromino type and orientation, later. The
subblocks containing a waypoint (marked yellow in Figure 1) receive special attention.
Numbering starts there and is counted up by tetromino type (within the group with the
same orientation). In other words, the subblock of the I-Tetromino with 0° orientation
containing a point of interest (POI) is 001, for J 002, for L 003, and up to Z 007. From
there on, the identifying numbers are simply counted up, starting again at the next I-
Tetromino subblock and increasing first over the same tetromino (clockwise), then with the
other tetromino types in the same orientation, ending at 112 with the “last” subblock of
Tetromino Z. For the next batch of tetromino orientation, X is counted up by one, resulting
in 201 for the POI of Tetromino I with orientation 90°. X thus indicates orientation, and
X € {0,1} equals 0°, {2,3} 90°, {4,5} 180°, and {6,7} 270°. Again, identifiers are then
counted upwards, increasing first per tetromino type and then per rotation.

The scenarios used are created by filling the available space randomly with tetrominoes
in a non-overlapping manner and flush alignment. For the scenarios considered here, the
tetrominoes are chosen either from the entire set or only from a defined subset. Additionally,
we fill the remaining empty space at the outer boundaries. This is done to avoid narrow
spaces between the TETRIS geometry and the outer walls. As the geometry is intended to
represent shelves, which are usually placed with the back side directly to the outer walls,
this measure avoids situations which would be unrealistic in the supermarket scenario at
hand and could distort measurements with respect to exposure times.

For evaluation purposes, we determine several quantities regarding the tetromino
grid of the main area. Firstly, we calculate heatmaps Hgame € R?%3? (same size as grid
area) as the histogram of the agents’ trajectory positions for each time-frame. A heatmap
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can be interpreted as the sum of the duration of stay (in seconds) of all agents visiting
a grid cell within the given interval. This way, we can determine the relation of aerosol
concentration to general activity at a certain location. As the heatmap does not give
explicit information about the number of agents visiting a grid cell, we additionally count
the number of individuals and store it as Iame € R?0%3, Finally, we calculate a map
Dframe € R?9%33, storing the distance at each (walkable) position from the entrance area.
This was done by using the fast-marching method [41] to determine the distance from
the middle starting point (shown in green at the upper right in Figure 2), resulting in a
(intermediate) map <pdiSt € RPFXWF From this map, we calculate Dgape € R20%33 by

frame

calculating the (arithmetic) mean value within each grid cell from gb?r{as; o

Figure 2. Basic floor plan with entry (upper right), cashier, and exit areas (lower right) with static
points, and empty grid for Tetris geometry (left, shown in gray).

Tetromino subblocks are categorized into different types regarding the shape, or
more precisely, the angle of the actual geometry at the subblock. This is done to
quantify the influence of the geometry. We define the set of possible cases as A =
{convex, concave, edge, straight}. If the subblock contains an inner corner, it is clas-
sified as concave, and if it is at the tip of an outer corner, it is classified as convex. Concave
subblocks are, for example (cf. Figure 3), 005, 037, and 006, and convex ones are 031, 053,
077. A subblock is classified as an edge if it is located at the tip of a straight line, e.g., 009
or 010. All other subblocks are classified as straight, meaning they are located next to a
straight wall. Examples include subblocks 022, 054, and 078.
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Figure 3. The whole set of tetrominoes used, with unique numbering of subblocks shown. Initial
configuration is shown in the bottom row; other rows show rotated versions.
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(0)

Figure 4. Illustration of randomly generated scenarios with different tetromino shapes: (a) Scenario 1

floor plan and POI (all tetrominoes used). (b) Scenario 2 floor plan and POI (I and O tetrominoes).
(c) Scenario 3 (J, L, S, T, Z tetrominoes). Black areas indicate obstacles.

4. Experiments

We consider three distinct scenarios, in which we vary the TETRIS-based geometry in
the main area of the floor plan and the composition of tetrominoes. The geometry is created
in a random manner and the corresponding scenarios differ in terms of the tetromino
shapes used.

In the first one (Figure 4a), the blocks are drawn from all seven available shapes. In
the second scenario (Figure 4b), only I and O shapes are used, while in the third one, ], L,
S, T, and Z blocks are used (Figure 4c). These classifications were made with respect to
the assumed accessibility or reachability of the waypoints in the individual shapes. As
shown in Figure 1, the waypoints of the I and O shapes are directly reachable from three
directions, while the waypoints of the ] and L shapes are partially obstructed from one
direction due to the nearby right angle of the walls. In addition, the waypoints of shapes
S, T, and Z are located directly in the corners, potentially forcing agents into even more
complex trajectories to reach them. For all three variants, we additionally created “empty”
equivalents, i.e., the TETRIS geometry was removed entirely from the main area, but the
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waypoints implied by the tetrominoes were kept. This way, we seek to gain insight about
the influence of the tetromino blocks on the exposure to viral load of the agents.

Based on these configurations, we ran simulations with the following parameters.
Each simulation was run with a number of n = 150 agents at the same time and an agent
pool of size ‘Ppool‘ = 1000. The duration of each run was set to tmax = 9500 s. To get
more meaningful figures, each configuration of the simulation was run ten times. The
time frame for aerosol calculations was set to tgame = 500 s; the values c3(t) determining
the viral load emitted by an infected agent is determined at each time ¢ for each agent
when calculating an aerosol map 4)?9. The corresponding radius is set to r,e = 0.5 m [42].

The agents’ desired speed v was sampled from a normal distribution N’ (1.29, 0.192>,
representing average pedestrian walking speed [36]. The Boolean value c;, determining
infectiousness, was sampled from a Bernoulli distribution with probability 0.02, which
equals a realistic incidence of 2% during the COVID-19 pandemic [15,43]. The viral load of
tidal air was assumed as 5 x 10 RNA copies/ cm? [44], and the respiration rate as 6-1L/s,
both together determining the deposited aerosol load per area and time. Figure 5 shows
exemplary aerosol maps ¢?€ for the individual scenarios.

€Y (b)

(0)

Figure 5. Exemplary aerosol maps ¢*¢ for each scenario: (a) all tetrominoes; (b) JLSTZ; (c) IO. Black
areas indicate obstacles.

We evaluate our simulation results with respect to agent movement and aerosol
concentration based on the grid structure in the main area, as implied by the tetromino
subblocks (see Figure 6). The evaluation can be divided into two main parts. On the one
hand, we analyze the agent count and aerosol concentration descriptively over time. This
is done based on the division into time frames, as mentioned earlier. On the other hand,
we train an artificial neural network (ANN) in order to test if grid cells can be assigned to
their location relative to tetromino geometry. More precisely, we analyze if grid cells can be
reliably assigned to corner or flat positions.

We opted for using an ANN in addition to the descriptive analysis for two reasons.
First, we wanted to analyze not only if differences between individual grid cells come about
from different average/mean values, but if they can actually be distinguished based on
the characteristics of the number of agents and aerosol concentrations over time. Secondly,
we wanted to identify the input variables of particular relevance for the differentiation of
tetrominoes with and without angular structures.

https://doi.org/10.3390/appliedmath6060085


https://doi.org/10.3390/appliedmath6060085

AppliedMath 2026, 6, 85

10 of 16

550 657 655 650 210 211 212 213 214 215 216 217 459 460 461 462

ss| 209708 707 222 721 720 710 210 438 oweforo 653 aosfin

s 1 262 263 204 253 457, Jsos 015020 409 410 654 1401 2

653 604 663 662 m.u:u 453 014f021 408 411 653 604 663 662 422413
260

210 211 212 213 6221601 s
200 755 707 222 221 720 715 218 259 250 257 256 617 TT6 615 67 13 612 61T 610 012001 422413 aolus
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708 707 222 721 720 715 216 004 057

262 263 204 253 262 263 204 253 654

259 258 257 255

Figure 6. Example configuration with grid area filled with tetrominoes. Colors and numbers indicate
block configuration, for more details refer to Section 3.5.

The ANN architecture used is an ensemble of 80 multilayer perceptrons, constituted
of fully connected layers with a Rectified Linear Unit (ReLU) as the activation function [45].
Hyperparameter tuning was performed to determine suitable training parameters, such as
the learning rate, dropout rate, and number of training epochs, with the final configuration
selected based on validation performance [46]. The input layers consist of 60 variables,
comprising the number of individual agents as well as the progress of heatmaps and aerosol
concentration over time. The individual ANNs have three hidden layers with 10 neurons
each and one output neuron predicting a corner or flat position. The networks were trained
with the iRPROP+ algorithm [47] on 75% of the gathered samples. The results stem from the
remaining 25%. To avoid biased performance estimates, the test set was strictly separated
from the training data. We measure the classification rating by means of the accuracy
(percentage of correct predictions) and the AUC value (area under the curve/area under
the receiver operating characteristic).

5. Evaluation

We evaluated the three different scenarios (“All, 10, JLTSZ”), based on ten simula-
tion runs each, with respect to the tetromino shapes used in all these simulations over
time. In other words, we counted the number of visitations by the agents. This adds
up to 1230 tetrominoes in total. The distribution (tetromino/count) with respect to the
fundamental shapes is as follows: I: 430; O: 180; J: 90; L: 120; S: 190; T: 140; Z: 80.

Based on the data gathered from these scenarios, we analyze three configurations,
where we juxtapose subsets of tetromino types with different properties. More precisely, we
compare tetromino types differing in angularity and in the corresponding reachability of
their waypoints. In this regard, tetrominoes I and O are entirely convex, and their waypoints
are not obstructed, as shown in Figure 1. The other remaining tetrominoes all have inner
corners with right-angle structures, making the waypoints harder to reach. Nevertheless,
they can be still be differentiated further, depending on the placement of the waypoints
with respect to the right angles. In this regard, the waypoints of L and ] are supposedly
easier to reach than the waypoints of S, T, and Z. We thus compare the convex tetrominoes I
and O with the non-convex ones JLSTZ, which constitutes the first configuration IO_JLSTZ.
In the second configuration, we move ] and L to the first group, resulting in a comparison
ofI, O, ], and L, on the one hand, and S, T, and Z, on the other. This will be referred to as
IOJL_STZ. In the last configuration, we only compare the convex tetrominoes I and O to
the non-convex and hard-to-reach tetrominoes S, T, and Z. Accordingly, this configuration
is called IO_STZ.

In the following, we analyze and compare these configurations quantitatively with
respect to associated aerosol concentration. We also analyze how reliably these configura-
tions can be predicted and classified by our ANN. This means that we analyze how well a
grid position can be classified as a convex or non-convex tetromino subblock, based on the
time-dependent aerosol concentration data from our simulation.
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Figure 7. Time-related analyses. (a) Numbers of different agents over time (IO_JLSTZ). (b) Aerosol
concentrations over time (IO_JLSTZ). (c) Aerosol concentrations over time (IOJL_STZ).
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For the approach IO_JLSTZ, Figure 7a shows the number of individual agents over
time. The solid lines show the averaged results for tetrominoes with and without angles;
the dashed lines show the results for the hypothetical situation with the geometry removed,
or, put differently, with the shelves not posing any hindrance to the agents. It can be seen
that the number of agents is significantly lower for the tetrominoes with angular structures
(JLSTZ). It can thus be assumed that congestions arise at the hotspots near the angular
tetrominoes, which are harder to reach, thus impeding the influx of additional agents.
This assumption is supported by the fact that the difficulty of reaching the waypoints gets
more severe during the first time intervals, which can be seen from the decreasing number
of individual agents at the hotspots of the angular tetrominoes. In order to rule out the
possibility that the lower numbers of agents at the angular tetrominoes stem from those
structures being supposedly harder to reach, for instance due to their placement within the
floor plan, we also conducted the simulations with the tetromino geometry removed, as
already described in Section 4. Exemplary agent trajectories are shown in Figure 8. From
the resulting numbers (Figure 7a), it can be seen that this is not the case, as the numbers are
still notably higher than the corresponding ones with the geometry still in place. Angular
structures may appear to accumulate more aerosols; however, this may reflect limited
accessibility for airflow, sampling, and cleaning rather than higher intrinsic deposition [48].
First and foremost, these numbers are within the same range as the numbers of the convex
tetrominoes. Furthermore, Figure 7b shows the aerosol concentrations over time. While
the value increases generally linearly for the tetrominoes without angular structure, it
increases almost exponentially for the other tetrominoes from f ~ 3500 s. Additionally,
a considerably higher concentration can be seen for the angular-structured tetrominoes
at the end of the measurement period. The differences are even more pronounced in the
IOJL_STZ approach (see Figure 7c).

(b)

Figure 8. Exemplary agent trajectories: (a) trajectories scenario IO and (b) Trajectories scenario IO,

empty equivalent. Black areas signify obstacles.
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For all three approaches, the ANNSs achieve very high classification rates, as shown in
Table 2. This means that the characteristics of the compared tetromino types are significantly
different. Thus, an obvious association between the shape of the tetromino and aerosol con-
centration exists. The AUC values also support previous findings that angular-structured
tetrominoes exhibit different characteristics. The results of the sensitivity analysis show
that the number of individual agents poses a significant input variable. In the approach
IO_JLSTZ, this applies especially for the interval between 1001 s and 3500 s, while for the
approach IOJL_STZ, this interval lies between 1001 s and 2000 s. The cause of this difference
might stem from the fact that the congestion starts earlier for destinations which are harder
to reach.

Table 2. ANN classification accuracy.

Configuration Classification Rate AUC
I0_JLSTZ 94% 0.98
IOJL_STZ 83% 091
I0_STZ 90% 0.98

6. Discussion

The present study was designed to determine whether constituents of this game,
tetrominos, can be used to examine the frequency and duration of infection-risking behavior
of individuals, agents, in the context of geometry and airborne respiratory pathogens (e.g.,
SARS-CoV-2).

Despite the fact that agent-based models are suited to capturing heterogeneity and in-
dividual behavioral changes [19], the trajectories found in the present study were, however,
suggestive of a predominantly counter-clockwise direction of agent movement around the
shop’s perimeter, despite the fact that the agents themselves had no laterality bias [49]. This
finding is in keeping with what has been described for stores with the entry situated on
the right side of the shopping area [50]. The architectural design of a store is one of the
keys to keeping customers busy with browsing and shopping for longer durations [51].
It has been reported that outlets with an interior architecture leading customers chiefly
counter-clockwise tend to make shoppers walk longer distances to accomplish their shop-
ping mission than stores with a more clockwise layout [52] (clockwise movement even
facilitates arithmetic calculation in terms of addition in a subset of customers [53], which
might at the end of the day reduce the quantity of purchases). As there is currently no
direct, well-established link in the literature between the direction of movement within a
shop (clockwise vs. anti-clockwise) and aerosol concentration, this could be investigated
in more detail in future. The situation introduced here was therefore set up to generate
trajectories resulting from a predominantly counter-clockwise direction of movement to
reflect a retailer’s desire to keep shoppers inside the store longer. This could, however, help
increase the risk of infection. A couple of publications therefore discuss how in response
to COVID-19, the trajectories of people may be revised inside buildings in an attempt to
optimize the use of furniture such as shelves and temporary partitions as barriers [54,55].

The findings of the present study may be interpreted in light of the fact supermarkets
tend to routinely locate popular items in the center of the aisles and as far from the entrance
as possible to ensure that even the potentially most single-minded buyer will pass a plethora
of tempting products. Mid-aisle positioning may be held accountable for the hotspots found
in the simulation. It may be locus of debate whether hotspots should be considered rather
irrelevant as air vortices produced by air conditioning and radiators as well as people
moving around in for instance a supermarket can make a location far away from the source
of the virus more dangerous than a location just two meters away [56]. In this context,
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the simulation presented here could be vastly improved by incorporating methods from
computational fluid dynamics (CFD) into the aerosol model [57,58].

7. Conclusions

In the present study, we have simulated and analyzed airborne infectious disease
spread with an agent-based pedestrian model and a defined set of geometry, derived from
the game TETRIS. The study shows that tetrominoes with angular structure significantly
differ in terms of the characteristics of aerosol concentration over time, compared to
tetrominoes lacking this angular structure. More precisely, the area on the inner or convex
side of the angular structure shows the increased concentration of aerosol contamination.
This association of location and concentration, which in part exhibits exponential rise, could
be shown with the help of ANN.

For practical use, it can be deduced that supermarkets should preferably avoid angular
structures and shelves, and especially structures with hard-to-reach corners (cf. tetrominoes
S, T, and Z). Other possible mitigation strategies include increasing the width of aisles or
considerate placement of points-of-interest. While this effect might not be pronounced with
only few customers attending the store, in our simulation, with rising numbers it reaches
figures relevant for infectious with airborne respiratory pathogens.
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