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Abstract: This study aims to address the existing gaps in evidence regarding spatio-temporal mod-
eling of COVID-19 spread, specifically focusing on the impact of different urban land uses in a
geospatial information system framework. It employs an agent-based model at the individual level in
Gorgan, northeast Iran, characterized by diverse spatial and demographic features. The interactions
between human agents and their environment were considered by incorporating social activities
based on different urban land uses. The proposed model was integrated with the susceptible-
asymptomatic-symptomatic-on treatment-aggravated infection—-recovered—dead epidemic model
to better understand the disease transmission at the micro-level. The effect of various intervention
scenarios, such as social distancing, complete and partial lockdowns, restriction of social gatherings,
and vaccination was investigated. The model was evaluated in three modes of cases, deaths, and the
spatial distribution of COVID-19. The results show that the disease was more concentrated in central
areas with a high population density and dense urban land use. The proposed model predicted the
distribution of disease cases and mortality for different age groups, achieving 72% and 71% accuracy,
respectively. Additionally, the model was able to predict the spatial distribution of disease cases at the
neighborhood level with 86% accuracy. Moreover, findings demonstrated that early implementation
of control scenarios, such as social distancing and vaccination, can effectively reduce the transmission
of COVID-19 spread and control the epidemic. In conclusion, the proposed model can serve as a
valuable tool for health policymakers and urban planners. This spatio-temporal model not only
advances our understanding of COVID-19 dynamics but also provides practical tools for addressing
future pandemics and urban health challenges.

Keywords: COVID-19; agent-based modeling; geospatial information system; urban land use; urban
resilience

1. Introduction

As of February 2023, the coronavirus (COVID-19) pandemic had adversely affected
over 660 million people and had killed almost 6.7 million people worldwide [1]. The disease
has become a major public health issue with unprecedented social and economic damages.
Iran was identified as the second center of the pandemic after China [2], with a higher
case fatality ratio (CFR) than the global average (CFR: 1.91% vs. 1.01%) as of 6 January
2023 [1]. Despite implementing various control measures, such as early testing, contact
tracing, social distancing, and mass vaccination to control the outbreak, new waves of the
disease continue to emerge [1].
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Previous studies have demonstrated that combining a geographical information sys-
tem (GIS) with spatial statistics or machine learning algorithms can provide a robust frame-
work to explore the spatial patterns of infectious diseases [3,4]. For instance, Tabasi et al. [5]
identified the spatio-temporal clusters of COVID-19 based on epidemiological features in
Golestan province, Iran. They found that these clusters varied based on epidemiological
characteristics with higher concentrations in areas with a higher proportion of young adults.
In Bangladesh, Masrur et al. [6] investigated the spatial and temporal patterns of COVID-19
using space-time clustering techniques. Their results show that the central and southeastern
regions have a higher risk of COVID-19 transmission and that the failure to comply with
preventive public health measures could lead to the formation of larger disease clusters..

Even though the studies above provide useful insight about the spatial and temporal
patterns of COVID-19 and influential factors, they lack the ability to examine the spread
of the epidemic in an area with complex social structures, such as the spatial dynamics of
the disease, and the effect of control strategies on the disease outbreak. To address this
gap, several mathematical models have been applied to simulate the process of COVID-19
transmission and the effectiveness of control scenarios. Some of these attempts have used
susceptible-infected-recovered (SIR) epidemic models [7-9] or more detailed simulations
using susceptible—exposed-infected-recovered (SEIR) epidemic models [10,11]. While these
approaches are useful to understand the general behavior of epidemics at large scales, they
have limitations in accurately modeling the spatial spread of a disease at the micro-level,
such as individual-based behaviors and interactions between individuals, as they assume
that all individuals in a diseased state (e.g., infected) have similar characteristics.

Unlike the classic mathematical models, in agent-based models (ABMs), dynamic inter-
actions between agents and the environment are simulated in a heterogeneous population,
allowing various agents in the same conditions to make different decisions based on their
characteristics and experiences [12]. ABMs offer a unique framework for exploring diverse
views of disease dynamics at the individual level and investigating how demographic
factors such as age can affect the disease outbreak [13,14]. ABMs include agents with a set
of properties known as units of modeling, an environment, and a set of rules to govern their
behaviors. Moreover, the influence of the system on individual behaviors and the influence
of these behaviors on the system are examined; therefore, complex behaviors at higher
levels are the result of collective interactions of agents at lower levels [15]. Recently, several
ABMs were developed to model COVID-19 transmission. Bouchnita and Jebrane [16] devel-
oped a multi-scale hybrid ABM to evaluate the effect of control measures on the spread of
COVID-19. They showed that even with social distancing measures in place, fear of the pan-
demic could make people more susceptible to infection, and the presence of asymptomatic
cases could contribute to the exponential growth of the epidemic. Zhou et al. [17] examined
the spatial heterogeneity of the COVID-19 outbreak and optimized the spatial allocation
of vaccination efforts. They showed that herd immunity is heterogeneously distributed;
therefore, vaccination strategies should be spatialized. However, their model did not take
into account land use affecting the disease spread (e.g., educational and medical land use)
and only considered four epidemic states (SEIR model) for human agents.

Integrating an ABM with the GIS can lead to a better understanding of the complex
process of the spatio-temporal spread of diseases [18]. To our knowledge, there has been in-
sufficient research on spatio-temporal modeling of the spread of COVID-19 using ABMs and
the GIS at the individual level. Mahdizadeh Gharakhanlou and Hooshangi [19] simulated
the spatio-temporal spread of COVID-19 using an ABM and susceptible-exposed—-infected—
recovered—dead (SEIRD) model in Urmia, Iran. They showed that closing educational
facilities, heeding social distancing, and limiting the presence of civil servants in admin-
istrative centers could mitigate the severity of the disease. Olszewski et al. [20] analyzed
the spatio-temporal spread of COVID-19 using an ABM. The results indicate that applying
social restrictions resulted in a sharp reduction in COVID-19 incidence and flattened the
epidemic waves.

To bridge the gap described above, this study aims to:
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e  Develop an ABM by integrating with an improved susceptible-asymptomatic-symptomatic—
on treatment-aggravated infection-recovered—dead (SASOARD) model in the GIS framework
to simulate the spatio-temporal spread of COVID-19.

Incorporate the heterogeneous interactions within the community in the model.
Design the proposed model based on demographic data and different types of urban
land use to track the spatial location of agents, their mobility, and the spatial spread of
the disease.

e  Evaluate the effects of various intervention scenarios, including complete lockdown,
partial lockdown, social distancing, restriction on social gatherings, and vaccination.
Investigate the effect of urban land use on the COVID-19 outbreak.

Identify vulnerable populations and disease-prone areas, which should be prioritized
for more targeted and effective policies.

The proposed model can serve as a valuable tool to assist health policymakers to
better understand the spatio-temporal spread of various strains of COVID-19 and evaluate
the effective preventive measures. Moreover, the proposed ABM with GIS integration
can be used as a spatial decision-support tool to promote urban resilience in the face of
future pandemics.

2. Materials and Methods
2.1. Study Area

The COVID-19 spread in Gorgan, the capital of Golestan province, which was one of
the most vulnerable provinces of Iran to the disease in the first year of the pandemic [21],
was modeled. The CFR in this province was reported to be about 2.5 times higher than
the average CFR in Iran [1]. Gorgan has a very high population density, heterogeneous
population characteristics, and ample urban facilities compared to other areas in this
province (Figure 1). With a population of about 350,000 people, Gorgan is the most populous
city in the province and consists of 52 neighborhoods and 1911 blocks [22]. Densely
populated communities and high-density urban land use can increase the likelihood of
COVID-19 transmission and make it an ideal location to study the spatial dynamics of the
disease and evaluate the effectiveness of various intervention strategies [23].

2.2. Data Collection and Preparation

A database of patient characteristics, demographic information, and spatial data was
compiled. The database includes the confirmed COVID-19 cases in Gorgan from the
beginning of the epidemic (1 February 2020) to 28 February 2021. For each patient who was
either hospitalized due to the virus or tested positive, several characteristics, such as age,
sex, date of diagnosis (or date of death due to treatment failure), and residential location,
were retrieved from the Golestan province Center for Disease Control and Prevention
(CDC) [21]. Demographic data on the number of residents in each block (Figure 2A),
classified into 16 age groups ranging from 0—4 to 75+, were obtained from the Deputy of
Statistics and Information of Golestan province [22].

Unlike previous studies that assumed a uniform distribution of the population, the
actual distribution of the population was incorporated in the model [16,24-26]. The spatial
data contains the spatial administrative boundary of the study area, population blocks,
urban land use, and neighborhoods retrieved from the Deputy of Statistics and Information
of Golestan province [22]. The land use maps include commercial, recreational, educational,
administrative, health, and religious land use (Figure 2B).

The finest available scale for the disease data was the neighborhood level; therefore,
the disease data (reported COVID-19 cases and deaths) were assigned to the corresponding
neighborhood based on the patient’s address. Moreover, the demographic information
was assigned to the corresponding block for all 16 age groups, allowing the actual pop-
ulation of each block to be assigned based on the age group. The disease and spatial
data were prepared in Microsoft Excel 2016 and ArcGIS version 10.2 (ESRI, Redlands, CA,
USA), respectively.
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Figure 1. The geographical location of Iran (A), Golestan province (B), and Gorgan and its 52 neigh-
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2.3. Model Development

The overview, design concepts, and details (ODD) protocol was used to develop the
ABM of COVID-19 transmission in Gorgan. The model begins with an overview of the
processes and components involved. Then, the design concepts for the model are presented.
Finally, the details of the model implementation are introduced. The model algorithms
were executed in NetLogo programming language version 6.1.1 (Northwestern University,
Evanston, IL, USA). The results were presented in the form of diagrams and maps in
Microsoft Excel and ArcGIS Desktop, respectively.

2.3.1. Overview

The proposed model consists of two types of agents: human agents and cell agents.
Each human agent has different characteristics and behaviors, and their likelihood of
contracting or dying from COVID-19 varies based on their age group. The cell agents
represent different land use in the studied area. The model assumes that COVID-19 is
transmitted only between human agents and ignores the transmission of the disease in
closed environments (e.g., through contaminated surfaces). A time step of one hour was
considered in the model to account for transmission occurring at any time of the day;
therefore, the proposed model can depict various interactions between human and cell
agents in different time steps. The components of the proposed model are illustrated in the
unified modeling language (UML) diagram (Figure 3).

Study Area
— Name 1
Globals
— Time Counter (One hour)
— Infection per age group
Agents is located on — Deaths per age group
— X coordinate Field Unit — Ro
— Y coordinate — Size: 30mx30m
A — X coordinate
e enenad LI . — Y coordinate

Cell Agents

Human Agents \—‘

Demographic Data
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Figure 3. The ABM components (agent types, agent characteristics, and behaviors of agents in the
environment) using the UML diagram.
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All the processes performed by the agents in the proposed model in a time step and
the relations between the processes are shown in Figure 4. More information about the
model description are included in File S1 (Supplementary Materials).
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6: If infections ;i
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Figure 4. Overview of the scheduling process sequence at each time step using the UML sequence dia-
gram.

2.3.2. Design Concepts

The main features that distinguish ABMs from other classical computational models
are observability, randomness, interactions, and perception [18]. In each time step, specific
observations can be tracked, including the number of infected, recovered, and deceased
humans in each age group, the basic reproductive number (Ry), and the susceptibility of
cell agents in each type of urban land use.

Regarding randomness, when a human agent (based on the age group) moves to the
nearest land use relative to the distance from its population block, the location of that
agent is randomly placed in one of the determined land use cells they visit. In addition,
since adherence to social distancing in communities is not uniform [27], it is assumed that
agents do not adhere to social distancing guidelines uniformly (as described in Section
Social Distancing).

Disorganized interaction between agents is another main feature of the model. Cell
agents with different characteristics (various land uses) attract different human agents (in
terms of age group). Disease transmission between human agents also takes place in the
environment (cell agents). These interactions can occur anywhere in the environment, at
any time step, and can change according to different conditions. For example, human
agents in the age group of 15 to 18 years move toward areas of educational land use (high
schools) within a specific time limit (8 am to 2 pm), while in another time frame (6 pm to
9 pm), these agents visit areas of recreational and commercial land use; therefore, we are
likely to observe heterogeneous spatial and temporal interactions.

Human agents participate in daily activities based on their perception of their health
status. For example, if human agent sense disease symptoms, they quarantine themselves
and do not participate in social activities. In addition, an infected human agent seeks
medical services. If there is a capacity for hospital beds, this agent enters the ‘on-treatment’
stage. The cell agents (environment) can also perceive interactions between human agents.
In other words, if the disease is transmitted between human agents, the cell agent related
to the infected human realizes this condition and modifies its susceptibility.



Sustainability 2023, 15, 13827

7 of 20

2.3.3. Details

Many variables were incorporated into the ABM of COVID-19 transmission (Table 1).
The model included key processes, such as human mobility, social gatherings, disease
transmission, the SASOARD model, and the susceptibility map. In addition, various
scenarios have been considered, such as social distancing, complete lockdown, partial
lockdown, restriction in social gatherings, and vaccination.

Table 1. A summary of the variables related to the ABM of the COVID-19 spread in the study area.

Variable Description Values Source
No. of days it takes for infected people to be
Contagion days (T¢) contagious, and the virus can spread from 4 days [2]
them to others
Contagion distance (D¢) Maximum distance for possible contagion 2m [28]
. . The time interval between exposure to the a
Infection period (Tp) virus and immunity to the virus N(26,5) 7 days [29]
Incubation period (Tg) The time interval between exposure to the N(104) * days 2]

Diagnostic delay (Tp)

Aggravated symptoms
days (Ta)
Chance of aggravated
infection (Cp)

Mortality multiplier

Medical care capacity

Chance of infection (Cy)

Chance of death (Cp)

virus and symptom onset
The time interval between the onset of
symptoms and confirmed diagnosis of R(0,24) ® hours [21]
the disease

The time interval between exposure to the
virus and the onset of aggravated symptoms

The probability that the acute stages of the

disease will be seen in the infected person

T} divided by 2.5 [21]

18.5% [21]

1 or 2 (1: when the aggravated
symptoms are not seen in the
infected person, 2: when the [21]
infected person has entered the
aggravated infection stage)

24.7 beds per 10 thousand people [22]

The multiplying factor for the chance of
death in the infected person

The capacity of hospital beds in the
study area

The probability of disease exposure for each Minimum 0.07% (age group 5-9)

and maximum 6.44% (age grou [21]
age group 75 and above) Beetnp
Minimum 1.18% (age group
The probability of death for each age group ~ 25-29) and maximum 30.91% (age [21]
group 75 and above)

a: The notation N(u,0), where N indicates that the distribution is normal, i is the mean of the distribution, and
o is the standard deviation of the distribution. P: The notation R generates a random number in the interval (a,b).

Human Mobility

In this model, it is assumed that if the complete lockdown scenario is not activated,
human agents who are not receiving treatment can move up to 30 m in any direction
(randomly between 0 and 360°) within the environment during a specific time of the day
(6 a.m. to 2 p.m.) based on the Moore neighborhood (a two-dimensional square lattice
containing a central cell and the eight surrounding cells [30]); however, under the complete
lockdown scenario, human agents are limited to move up to 3 m in any direction per time
step (within the timeframe listed above). It should be noted that human agents cannot
enter or exit the environment during the modeling process.

Social Gatherings

Inspired by the CovaSim framework [31], this study used a hybrid contact network for
interaction between human agents. Since the data requirements (e.g., household, school,
workplace, and community age mixing patterns; school size distributions, enrollment
rates by age, student-teacher ratios; workplace size distributions, employment rates by
age) could not be met in the study area, the SynthPops contact network, which has been
applied in the CovaSim framework [31], was not used; therefore, the daily activity of
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human agents was scheduled in the model (Figure 5). This process is activated when partial
and complete lockdown scenarios are not in effect. For example, human agents aged 3 to
24 years old attend the nearest educational land use from their population block at 8§ am and
remain there until 2 pm. Based on the age group, these agents attend kindergarten (aged
3-7 years old), elementary school (aged 7-11 years old), middle school (aged 12-14 years
old), high school (aged 15-18 years old), or university (aged 19-24 years old). They return
to their population blocks at 2 pm and stay there until 6 pm. Then, they go to the closest
recreational and commercial land use and remain there until 9 pm. They return to their
assigned population blocks at 9 pm and remain there until 8 am. The same activities will be
repeated the next day. In the same way, human agents aged 25 to 74 years old go to certain
areas of land use at specific times of the day, as shown in Figure 5. The process of social
gatherings is inactive for human agents > 75 years old or <2 years old. It is assumed that
the maximum gathering size is 50 people for each urban land use. For example, no more
than 50 people can visit a gym (recreational land use) between 6 pm and 9 pm.

Age group 3 to 24 years Age group 25 to 74 years

Elderly (75 years and above)
and babies (0 to 2 years)

.=
it i >
28 B i- “ i {:j 'ﬁ'
1Y »
Population blocks Population blocks Population blocks
08:00 Q
A
Educational Administrative ﬁ Commercial
14:00 @

Population blocks Population blocks

18:00 |@| !
(Recreatonai )~ ([Commercat ) (Recreationat )
[
21:00
(Fopuiatan o]

Figure 5. Daily social activities for human agents according to age groups.

Disease Transmission

It is assumed that the process of disease transmission between human agents occurs
only from 6 am to 12 am. The transmission process depends on various conditions, and if all
are met, the disease will be transmitted. First, a susceptible human who is not on treatment
must be within D¢ (Table 1) of at least one infected human who has been infected during
the last 4 days (Tc, Table 1). If the conditions are met, the susceptible human may become
infected based on the probability of infection that varies per age group (Table 1). D¢ is
limited to a maximum of two meters and is defined based on the Moore neighborhood [30].
If the susceptible human becomes infected, the Ry is updated, and the susceptibility of the
cell where the infected human is located increases by one unit.

SASOARD Model

The SASOARD model considers different health states of human agents, which are
determined based on their characteristics and the conditions encountered during the simu-
lation. When a susceptible human is infected with the virus, he/she enters an asymptomatic
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status. After passing Tg and Tp (Table 1), the status changes to symptomatic. Symptomatic
individuals do not participate in social activities. If a hospital bed is available, their status
will change to the on-treatment status, meaning they no longer infect anyone, participate in
social activities, and move within the environment. In addition, the probability of death
is reduced by half. After passing the T4, an infected human may enter the aggravated
infection status based on a certain probability (Ca), and the likelihood of death for an
aggravated infected human is doubled (Table 1). As the Tj passes (Table 1), the infected
human recovers. If the recovered human has used a hospital bed, one unit is added to the
available capacity of hospital beds. It is assumed that the recovered human will be immune
to the virus during the simulation. From the onset of aggravated symptoms to the end of
the Ty, the infected human may die from the virus based on certain probabilities (Table 1).
At this stage, if this human has used medical services, the existing capacity of hospital beds
in the model is increased by one unit.

Susceptibility Map

The susceptibility maps are generated to display the spatial spread of the disease.
When a susceptible human becomes infected, the susceptibility of the cell agent in which
that human is located increases by one unit. As the cell agents change at each time step, the
disease susceptibility map is updated. Areas (cell agents) with higher susceptibility values
indicate high-risk areas of the COVID-19 outbreak and are determined based on different
types of urban land use (Figure 3).

Social Distancing

In this model, it is assumed that human agents do not uniformly adhere to this policy.
When the scenario is activated, a random number (people’s adherence to this control
scenario) between 0 and 2 m is added to the distance between the susceptible and infected
humans, leading to decline in the disease transmission between human agents.

Complete Lockdown

When the complete lockdown scenario is implemented, human agents will not partici-
pate in any social activities, and their mobility within the environment will be restricted. In
other words, human agents can only move up to 3 m at each time step and are required to
return to their population block.

Partial Lockdown

When this scenario is activated, human agents will no longer be able to participate in
social activities except for visiting areas of health land use; however, unlike the complete
lockdown policy, the mobility of human agents is not restricted, and they can move within
the environment, as described in the human mobility process (Section Human Mobility).

Restriction in Social Gatherings

One of the primary actions to mitigate disease transmission in communities is restric-
tions on social gatherings. As explained in Section Social Gatherings, it is assumed that a
social gathering size would be a maximum of 50 individuals; thus, it is assumed that this
restriction is in the form of reducing the gathering size for human agents.

Vaccination

Evidence indicates mass vaccination is the most effective way to combat the COVID-19
pandemic [32]; however, vaccination is only required for people without symptoms of
the disease, otherwise, it aggravates the symptoms [32]. Thus, it is assumed that only
susceptible human agents who have not yet been infected could be vaccinated. In this
model, the vaccinated human agents will no longer contract the disease.
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2.4. Model Verification

To verify the accuracy of the conceptual models and simulations, and to avoid logical
errors in the translation of the model into code, model verification was performed [33].
This involved code walk-throughs, debugging, and verifying the model’s behavior by
varying key parameters, such as Tg, Tj, and the initial infected population, while keeping
other parameters of the model constant. To investigate the effect of the Ty on the epidemic
process, the disease spread was examined using different values of Ty (13, 26, and 52 days).
Next, the disease prevalence was investigated according to different values of Tg (5, 10,
and 20 days). Then, the epidemic status under different initial infected population sizes
(i.e., 0.02%, 0.2%, and 2% infected human agents of the total population) was examined, as
explained in Section 3.2.

2.5. Model Validation

To confirm that the proposed model is a logical representation of reality, model valida-
tion was executed [33]. The proposed model was evaluated in terms of COVID-19 cases
and deaths in different age groups and the spatial distribution of COVID-19 cases. The
proportion of infected human agents in each age group to the total infected human agents
(as a percentage) in the model was validated using actual values. Then, the proportion
of deaths in each age group to the total number of deaths (as a percentage) in the model
was compared with its corresponding observed values. To evaluate the spatial spread of
COVID-19, the spatial distribution of the cases in 52 neighborhoods of the studied area in
two modes of modeling and reality (disease data) was compared.

The coefficient of determination (R?) indicator was used to examine the model’s
predictability [3]. The closer R? is to 1, the closer the predicted values by the model are to
the observed values. Moreover, the Chi-square test was employed to examine the similarity
of two data sets (e.g., predicted and observed values) based on Equation (1):

P . 2
=T, g

where x?2 represents the Chi-square value, Pi is the predicted value, and Oi is the observed
value. For example, in this study, P; means the ratio of predicted COVID-19 cases in the
age group of 0—4 years to the total predicted COVID-19 cases, and O; shows the proportion
of observed COVID-19 cases in that age group to the total observed COVID-19 cases. In
addition, i represents the number of situations in which the predicted and observed values
can be compared; therefore, the value of i for COVID-19 cases and deaths in different
age groups is 16, and its value for the spatial spread of COVID-19 in neighborhoods
of the studied area is 52 (the number of neighborhoods). It should be noted that the
model outputs in each condition have been obtained from the average of 100 simulations
to account for variations and ensure the robustness of the results. The variance of the
results was determined using Student’s t test with two-tailed confidence intervals and a
significance level of 95%.

To identify the statistically significant hot and cold spots of the simulated COVID-19
outbreak, the optimized hot spot analysis was applied [34]. In addition, to compare the
spatial directional distribution (i.e., central tendency and directional trend) of the simulated
COVID-19 outbreak and the urban land use across the study area, the directional distri-
bution (standard deviational ellipse) statistic was used [35]. Using the standard deviation
ellipse (SDE), it is possible to determine whether the spatial distribution of the COVID-19
spread and the urban land use are elongated and therefore have a specific direction [35].
More information about the optimized hot spot and the directional distribution statistics is
provided in [34,35].

The endemic equilibrium phase was also presented by using Ry. A disease reaches
its endemic equilibrium state when the Ry is greater than or equal to one during an
epidemic [36]. To visualize the simulated epidemic trends and compare them with reality,
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we illustrated the weekly new cases (reported in reality) alongside the weekly Ry (derived
from the model) during the 14 weeks of the epidemic (from the beginning of the epidemic).

3. Results
3.1. Control Scenarios

As shown in Figure 6A, applying a social distancing scenario at different stages of
the epidemic can result in various epidemic patterns. If this scenario is implemented
on the 10th day, it is almost possible to control the epidemic; however, applying social
distancing on the 20th and 40th days led to a significant reduction in disease cases (less
than 1000 individuals after 100 days) compared to no social distancing restrictions.
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Figure 6. The trend of the COVID-19 outbreak by applying different scenarios: social distancing (A),
complete lockdown (B), partial lockdown (C), restriction in social gatherings (D), and vaccination (E).

As depicted in Figure 6B, applying the complete lockdown scenario on the 10th day of
the epidemic led the epidemic peak to decrease by about 2000 units compared to its peak
on the 20th day; however, if this scenario is applied on the 40th day of the epidemic, it has
a limited effect in controlling the outbreak.

Figure 6C illustrates the results of a partial lockdown scenario at different times of the
epidemic (the same as the social distancing scenario). Applying this scenario on the 10th
day of the epidemic instead of applying it on the 20th day of the epidemic will lead to a
delay in the peak of the epidemic by approximately 10 days and a slight reduction in the
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disease cases. In addition, applying this scenario on the 40th day of the epidemic has a
limited effect in reducing disease cases.

The effect of different social gatherings sizes (10, 20, and 50 humans) on the dis-
ease spread was also examined. According to Figure 6D, reducing the size of the social
gatherings leads to a decrease in the epidemic peak.

To assess the effect of population vaccination on the spread of the disease, it is assumed
that 50% of the susceptible population is vaccinated on different days of the epidemic.
As shown in Figure 6E, population vaccination has a potential effect in reducing disease
outbreaks. If the vaccination is administered on the 10th day of the epidemic, it will result
in a sharp reduction in the epidemic peak (roughly 60%) and a delay in its occurrence;
however, when comparing the vaccination on the 10th and 20th days of the epidemic, there
is no noticeable change in the peak of the epidemic, only a delay in its timing.

3.2. Model Verification

Figure 7 provides an illustration of the epidemic over time based on different scenarios
for Ty, Tg, and the initial infected population. Figure 7A shows the disease spread using
different values of T; (13, 26, and 52 days) while keeping the other parameters of the
model constant. The results indicate that as the T increases, the number of infected human
agents also increases. A longer Ty results in a delayed epidemic peak and with a higher
prevalence. The maximum number of infected human agents under the scenario of 52 days
was almost 12,000, whereas for the 26- and 13-day scenarios, they were approximately
6000 and 3000, respectively; therefore, doubling the length of the Ty leads to double the
number of COVID-19 cases at the epidemic peak.
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Figure 7. The epidemic of COVID-19 regarding varying key parameters of interest: the Ty (A), the
Tg (B), and the initial infected population (C).

Figure 7B displays the disease spread using different values of Tg (5, 10, and 20 days),
with the other parameters held constant. As the T increases, the epidemic’s peak appears
earlier (Figure 7B). Reducing the Tg from 20 to 10 days results in the epidemic peak
occurring roughly 10 days later and infecting almost 6700 individuals; however, a further
reduction in the Tg to 5 days lead to a significant delay in the epidemic peak.
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Figure 7C illustrates the effect of the initial infected population on the epidemic under
different population sizes (i.e., 0.02%, 0.2%, and 2% infected human agents of the total
population). As the initial infected population increases from 0.02% to 0.2% and then to 2%,
the epidemic peak occurs earlier, from 69 days to 53 days and then to 37 days, respectively.
This implies that when the initial infected population is increased tenfold, the disease peak
occurs roughly 15 days earlier; however, the increase in initial infected population only
accelerates the epidemic peak and has no significant effect on the overall severity of the
disease (Figure 7C).

3.3. Model Validation

Figure 8 displays the results of validating the model by comparing the proportion
of infected human agents and the death rate with actual data. According to Figure 8A,
the predicted proportion of infected humans in different age groups is similar to their
corresponding observed values, indicating a good performance of the model (R? = 0.7198,
(95% confidence interval (CI), 0.7060 to 0.7337)). In addition, the Chi-square value for
the predicted and observed cases was calculated as 16, which was lower than the critical
value (x? 905 (15) = 24.996), meaning the null hypothesis is not rejected; therefore, there
is no significant difference between the predicted and observed proportions in different
age groups.
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Figure 8. Comparison of the predicted infection rate with the observed infection rate based on age

groups (A). Comparison of the predicted mortality rate with the observed death rate for different age

groups (B).

According to Figure 8B, the predicted mortality rates in different age groups were
almost consistent with the corresponding observed values. The R? index indicates that the
proposed model can predict the mortality pattern according to the age group with an accu-
racy of approximately 71% (R? = 0.7143, (95% CI, 0.6908 to 0.7379)). The calculated value
for the Chi-square test (x? = 24.498) was lower than the critical value (x? o5 (15) = 24.996),
suggesting that the predicted values for the mortality based on different age groups are

close enough to the observed values.

The comparison of the spatial distribution of the infection rate from the model and
the reality at the neighborhood level showed similar patterns (Figure 9). The proposed
model could predict the spatial distribution of the infection rate at the neighborhood level
with 86.0% accuracy (R2 = 0.860, (95% CI, 0.8477 to 0.8724)). In addition, the result of
the Chi-square test shows that the calculated Chi-square (x? = 8.016) was lower than the
corresponding critical value (x? 005 (51) = 68.669), indicating no significant difference
between the spatial distribution of the predicted infection rate in the neighborhoods of

Gorgan and the corresponding observed values.
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Figure 9. Comparing the observed infection rate (A) with the predicted infection rate (B) at the
neighborhood level in Gorgan.

3.4. Spatial Spread of COVID-19

The susceptibility of the cellular agents was investigated at consecutive time points
(on the 20th, 40th, 60th, 80th, and 100th days of the epidemic). According to Figure S1
(Supplementary Materials), the cells with higher susceptibilities correspond to the locations
where COVID-19 has been most prevalent.

Figure 10 shows the spatial directional distribution of the COVID-19 outbreak (hot
and cold spots after 100 days of the epidemic) and the urban land use across Gorgan.
Figure 10A,B shows that the SDE parameters for the simulated COVID-19 outbreak and
the urban land use, such as the center point, the semi-major axis, the semi-minor axis, and
the directional angle, are relatively close; therefore, the spatial directional distribution of
the simulated COVID-19 outbreak and the urban land use are very similar and mostly
concentrated in the central areas of the city.
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Figure 10. The standard deviation ellipse of the simulated COVID-19 outbreak (A) and the urban
land use (B).
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Furthermore, the vulnerability of each urban land use to the disease was explored.
The proportion of infections that occurred in each type of land use to the total infections
(as a percentage) is shown in Figure S2 (Supplementary Materials), indicating that the
administrative land use account for the largest proportion of disease transmission, followed
by recreational land use.

3.5. Temporal Trend of COVID-19

The good agreement of the values obtained for daily Ry during the epidemic (between
1 and 3.09, with an average of 2.18) with its values in previous research [37-39] ascertained
the reliability of the proposed model. As seen in Figure S3 (Supplementary Materials), with
the onset of the epidemic, the weekly new cases and the weekly Rg reach their peak during
the fourth and fifth weeks of the epidemic (217 weekly new cases and weekly Ry = 2.97)
and then they decline. As the Ry value decreases and gets closer to one, the disease reaches
its endemic equilibrium phase.

4. Discussion

This study utilized an ABM to simulate the spatial spread of COVID-19 in Gorgan
in northeast Iran with a heterogeneous spatial and demographic structure. The ABM
considered the interactions between human agents and their environment by incorporating
social activities based on different urban land use. The proposed model was integrated
with the SASOARD epidemic model to better understand the transmission of the disease at
the micro-level. The effect of various intervention scenarios on the epidemic was examined.
In addition, the model’s behavior was assessed by varying key epidemic parameters,
and evaluated in three modes of cases, deaths, and the spatial distribution of COVID-19.
The results show that the disease was more concentrated in central areas with a high
population density and dense urban land use. Furthermore, the proposed model could
predict the distribution of disease cases and mortality based on different age groups with
an accuracy of 72% and 71%, respectively, and the spatial distribution of disease cases at the
neighborhood level with 86% accuracy. In addition, the results of the Chi-square test show
that the predicted values in the mentioned modes are close enough to the corresponding
observed values; therefore, these results increase the reliability of the proposed model.

The study investigated the effect of various intervention scenarios on the spread of the
disease, including social distancing, complete and partial lockdowns, restriction of social
gatherings, and vaccination. The social distancing scenario demonstrated a significant
reduction in disease spread if implemented on the 10th day of the epidemic (Figure 6A). The
results show that the peak of the epidemic was reduced by 98%. This is supported by the
findings of Alagoz et al. [40], who showed that the timing of implementing social distancing
could have a major impact on COVID-19 incidence. The partial lockdown scenario was
found to have a lesser effect than the complete lockdown scenario, with a reduction of
13% and 86% at the epidemic’s peak when applied on the 10th day (Figure 6B,C). The
restriction of social gatherings not only reduced the epidemic peak but also led to a delay in
its emergence (Figure 6D). The vaccination scenario on the 10th day of the epidemic showed
a 60% reduction of the epidemic’s peak and a 20-day delay in its occurrence (Figure 6E).
The findings are consistent with Sah et al. [41], who showed that expediting population
vaccination can reduce disease transmission. In general, early implementation of control
scenarios can reduce COVID-19 transmission and even help control the transmission. The
results indicate that social distancing and vaccination scenarios, when implemented in
early stages of the outbreak, can have a greater impact to control the epidemic than other
scenarios. Prioritizing these scenarios can help policymakers in their efforts to accelerate
managing the epidemic; however, the effectiveness of these measures depends on the level
of public compliance.

The spread of COVID-19 was found to be more concentrated in the central areas
(Figure 10A), possibly due to the high population density and urban land use, which
increase the likelihood of human contact and exposure to the virus. These findings are
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in line with the studies of Tabasi et al. [23], Xu et al. [42], and Razavi-Termeh et al. [43],
who illustrated those areas with high population density, better economic status, higher
socio-economic complexity, and a higher employment rate tend to have greater impacts on
the spread of the disease. From a practical standpoint, urban managers can prevent the
excessive spread of the disease in areas with high-density urban land use by designing
urban land use in a decentralized manner in the urban environment. It may improve the
resilience and sustainability of urban systems in the face of pandemics.

The results also show that different types of land use exhibit varying susceptibility
to the disease. For instance, administrative land use that attracts a considerable portion
of the population for daily activities was associated with a higher number of cases of
COVID-19. On the other hand, despite a higher number of educational land use compared
to commercial, recreational, and health land use, the prevalence of the disease was lower,
possibly due to the lower severity of the disease in the age group of 3 to 24 years, who
primarily use educational facilities. These findings highlight the importance of considering
various factors in understanding the spread of COVID-19, such as the number of people
utilizing different types of land use, the age group of people, and social gatherings. Health
policymakers can utilize the findings to identify high-risk land use, restrict human mobility
in these areas, and provide additional medical facilities to the residents of high-risk areas.

The findings indicate that the model has been able to identify the peak of the epidemic
in the studied area. An analysis of the Ry values shows that the peak of the epidemic
occurs in the fourth and fifth weeks. In addition, when the disease reaches its endemic
equilibrium state, the manageable daily new cases can be determined using the proposed
model. Accordingly, this study can be useful in crafting policies that determine when the
epidemic will peak and also identify the severity of the epidemic.

To our knowledge, previous ABM studies [44—46] mainly considered limited states for
human agents; however, a human agent has more epidemic states, such as asymptomatic
infected, symptomatic infected, on treatment, and aggravated infected. Moreover, previous
studies generally have only focused on specific land use (e.g., colleges, supermarkets,
offices, and religious land use) to model COVID-19 transmission [47-53]. For example,
Bouchnita and Jebrane [16] implemented their ABM model with 250 human agents in
a limited simulation environment (250 m x 250 m). They ignored heterogeneous social
and geographic structures in their model. Cuevas [24] investigated the risk of COVID-19
transmission using a limited number of agents. This model has not been implemented in a
real environment. The complex interactions and the heterogeneous demographic structures
between agents were also ignored. Additionally, these studies have often focused on the
temporal evolution of the pandemic and overlooked the spatial dynamics of the disease. For
example, in the study by Mahdizadeh Gharakhanlou and Hooshangi [19], residential areas
and the population of human agents were randomly distributed, precluding the analysis of
spatial distribution of the disease. They only simulated human agents in four age groups:
0-5, 5-24, 24-64, and 64 years and older, while cases and deaths in other age groups are also
common [5]. In addition, only limited types of urban land use, including schools, offices,
and business areas, were included, while other land use types, such as health centers,
universities, and recreational, cultural, and sports centers, can also be influential in the
spread of the disease [23]. They assumed limited states of the epidemic situation (SEIRD)
for a human agent. Furthermore, the effect of vaccination on the COVID-19 outbreak was
not accounted for in their model.

This study has several limitations that should be acknowledged. The COVID-19 data
used in the model were mostly extracted from previous studies, and the data accuracy was
not fully investigated. Future work can consider uncertainties in the data and processes.
The model assumed a closed environment, whereas humans can move out of the environ-
ment, which can be examined in future studies. This study assumed that all COVID-19
variants have similar virulence and transmissibility during the study period; however,
this proposition is arguable, and it should be considered in future studies. The model
also assumed complete immunity from re-infection for individuals who have received a
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vaccine or recovered from the disease, which is not realistic. Further research can examine
the effect of different vaccine doses on the epidemic. Additionally, information about the
control scenarios and people’s responsiveness to these measures was not available, as the
primary focus of this study was on designing control scenarios and observing the changes
in epidemic behaviors. In the future, more realistic assumptions and evaluations of the
impact of these public health measures on the epidemic can be conducted by gathering such
information. For example, the stringency index, which measures the degree of strictness
of public health policies over time, can be incorporated into the model to improve the
evaluation of public health measures.

5. Conclusions

This study has underscored the importance of ABMs in modeling the COVID-19 spread
at the individual level under various scenarios in an urban environment. In this study, four
principles of spatial ABMs were presented [54], which include designing the behavior of
agents and the environment, considering heterogeneous spatial and demographic structures
in the model, model verification and validation, and extracting spatial patterns of the
disease by the model. To implement these principles, the behavior of human agents was
defined through the SASOARD model and the time pattern of human activities based on
urban land use. The results demonstrate that COVID-19 is more prevalent in the central
areas of Gorgan, which have high population density and dense urban land use. This
finding provides an interesting perspective for urban managers in the post-pandemic
period to design urban land use in a decentralized manner in the urban environment,
which slows down the spread of COVID-19 and thereby improves the preparedness and
resilience of communities in the face of future pandemics. The study has also showed that
the social distancing and vaccination scenarios applied in the early stages of the epidemic
could have the most significant impacts in controlling the spread of the disease. This study
can enlighten health managers and urban planners to understand the spatial spread of the
disease, design control scenarios for allocating resources to high-risk areas and vulnerable
populations more effectively, and construct a sustainable and resilient urban system to deal
with future pandemic events.
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/ /www.mdpi.com/article/10.3390/su151813827/s1, File S1: The model description. Figure S1: The
spatial spread of COVID-19 on the 20th (A), 40th (B), 60th (C), 80th (D), and 100th (E) days of the
epidemic in Gorgan. Figure S2: The COVID-19 outbreak according to different urban land use in
Gorgan. Figure S3: The temporal variation of the weekly new confirmed cases and the weekly Rg
during the 14 weeks of the epidemic in Gorgan. Model S1: Model.
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