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ABSTRACT

Conventional techniques of epidemic modeling are based on com-
partmental models, where population groups are transitioning from
one compartment to another - for example, S, 7, or R, (Susceptible,
Infectious, or Recovered). Then, they focus on learning macroscopic
properties of disease spreading, such as the transition rates between
compartments. Although these models are useful in studying epi-
demic dynamics, they lack the granularity needed for analyzing
individual behaviors during an epidemic and understanding the
relationship between individual decisions and the spread of the dis-
ease. In this paper, we develop microscopic models of spatiotemporal
epidemic dynamics informed by mobility patterns of individuals and
their interactions. In contrast to macroscopic models, microscopic
epidemic models focus on individuals and their properties, such
as their activity level, mobility behaviors, and impact of mobility
behavior changes. Our microscopic spatiotemporal epidemic model
allows to: (i) assess the risk of infection of an individual based on
mobility patterns; (ii) assess the risk of infection associated with
specific geographic areas and points-of-interest (POISs); (iii) assess
the risk of infection of a trip in an urban environment; (iv) provide
trip recommendation for mitigating the risk of infection; and (v)
assess targeted intervention strategies that aim to control the epi-
demic spreading. Our work provides an evidence-based data-driven
model to inform individuals about the infection risks associated with
their mobility behavior during a pandemic, providing at the same
time safer alternatives. It can also inform public policy about the
effectiveness of targeted intervention strategies that aim to contain
or mitigate the epidemic spread compared to horizontal measures.
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Figure 1: An example overlay risk map of an urban area informed
by our microscopic spatiotemporal epidemic model.
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1 INTRODUCTION

Motivation. From the Plague of Athens (430 to 426 BC) [45] to the
Spanish Flu (1918) [42], pandemics have shaped the human history
[30]. In the last 20 years alone, the world had seen many infectious
disease outbreaks, such as pandemics caused by the SARS-CoV [48],
swine flu [11], MERS-CoV [63], Ebola [7], Zika [12], and recently,
SARS-CoV-2 [43]. These pandemics have tested the world’s most
advanced health systems and have caused an enormous societal and
economic damage. We currently witness two emerging trends re-
lated to the study of epidemics and epidemic response that motivate
our research:

(A) advances of digital tracing technologies;

(B) microscopic epidemic modeling that focuses on individuals.

These trends are linked and cannot be considered separately from
each other. Digital tracing — despite the privacy concerns — could
(potentially) be tolerated by communities as far as it can inform
substantially more sophisticated epidemic models and responses,
and effective microscopic epidemic modeling is only feasible if
continuous digital tracing is in place. We discuss below the premise
and risks of these trends as opposed to conventional approaches.

A. Offline versus digital tracing. Conventional non-pharmaceu-
tical intervention (NPI) methods to address the rapid spread of an
infectious disease include physical distancing, confinement measures
and human-based contact tracing of infected individuals. While
one can argue that these measures are effective in controlling the
spread of the disease and saving lives [22, 44], they have well-
known drawbacks: (i) they are imposing extreme restrictions
and limitations on an individual’s activities or freedom, leading to
a slowdown of a community’s socio-economic activities and side-
effects for the individuals themselves; and (ii) they depend on offline
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human-based contact tracing of infected individuals, which can be
cumbersome, expensive, slow and inaccurate. On the other hand,
advanced technological responses to the problem have claimed
some success in controlling the epidemic based on digital contact
tracing [26], enabled by GPS technologies and mobile apps [60] and
beyond [41]. This approach enables an easy and rapid implementa-
tion of infectious disease tracing as it requires to gather and process
simple information. Gathering sensitive information might infringe
the privacy of individuals [17]. Controlling an infectious disease
should not weaken an individual’s privacy. We therefore advocate
for privacy-preserving digital tracing protocols and technologies to
protect the privacy of individuals [3, 15, 35, 51, 56].

B. Macroscopic vs microscopic epidemic models. Most exist-
ing epidemic models assign population groups to compartments —
for example, S, I, or R, (Susceptible, Infectious, or Recovered) —
and people may progress between compartments [5]. Then, they
focus on learning macroscopic properties of disease spreading,
such as the transition rates between compartments. While these
models are useful in studying the spread of epidemics, they lack the
granularity needed for analyzing individual behaviors during an
epidemic and understanding the relationship between individual
decisions and the spread of the disease. Moreover, they assume
homogeneous population and full mixing, which is unrealistic (see
details in Appendix A). In contrast to macroscopic models, micro-
scopic epidemic models focus on individuals and their properties,
such as their activity level, mobility behaviors, and impact of mobil-
ity behavior changes. Thus, such models can study more realistic
heterogeneous populations. See also the discussion in Appendix B
about homogeneous and heterogeneous population in the SETR
epidemic model.

Our approach. The focus of the current research is on utiliza-
tion of digital traces of individuals (mobility data) to inform a more
comprehensive analysis of disease spreading through methods of
trajectory data mining [62]. We present mathematical models for
the spread of the disease in a community that take into account
the mobility patterns of individuals. We study the effect that
individual variability (heterogeneity) of mobility behavior has
to individual and spatial risk of infection. As people move in cities
following different mobility patterns, they engage in various types
of interactions with other people and visit different places. As such,
the relative risk of individuals getting infected or infecting others
can substantially vary depending on the relative risk of the places
they frequent. This observation can have significant consequences
on our understanding of how the disease can propagate in a com-
munity — from both a social and a spatial perspective — as well as
to the intervention strategies designed to control an epidemic.

Contributions. Motivated by these emerging trends and the inher-
ent limitations of conventional epidemiological models (see details
in Appendix A and B), we make the following major contributions:

e we present a data-driven microscopic spatiotemporal
epidemic model that incorporates individual variability
due to mobility patterns and allows to: (i) assess the relative
risk of infection of an individual, (ii) assess the relative risk
of infection associated with specific geographic areas and
points-of-interest (POIs), (iii) assess the risk of infection of
a (pedestrian) trip in an urban environment;
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e we present a statistical microscopic model that allows
to evaluate the risk of infection associated with a POl as a
function of the dispersion observed in indoor mobility;

e we present a POI recommendation model that suggests
safer trips to POIs; compared to a null model that considers
sensible alternatives for selecting a POI to visit, our model’s
recommendations substantially decrease the risk of infection;

o we present large-scale simulations using model parameter
values that resemble the recent COVID-19 outbreak and
realistic synthetic mobility data in a real urban environment
(large University campus and surroundings) that allow for
many human-human interactions; the model and algorithms
presented generalize to other similar infectious diseases

Organization. The remainder of the paper is organized as follows:
Sec. 2 provides preliminaries and formally defines the technical
problems of interest. Our microscopic spatiotemporal epidemic
model and scientific approach are presented in Sec. 3. Sec. 4 presents
an experimental evaluation of the different methods. We review
the related work in Sec. 5 and conclude in Sec. 6.

2 PRELIMINARIES AND THE PROBLEM

In this section, we first introduce notation and preliminaries related
to our model, then we formally define the problems of interest.

Definition 2.1. (Map) Consider a map M of a finite geographic
area of Earth representing the administrative boundaries of a city or
a city neighborhood. Since M is a relatively small region, the Earth
surface it represents has a low curvature and is close to flat. We can
therefore, for simplicity, assume it represents a finite 2-dimensional
Euclidean space R2. This assumption allows to approximate geo-
desic distances on Earth with Euclidean distances in R?.

Definition 2.2. (Block) Let the map M consist of a set of non-
empty finite disjoint blocks 8 = {b1, by, ..., b, } covering all its area,
where by, € B is a unit of a geographic area in the map. Assume the
block by is a polygon with an arbitrary area ai. Our work assumes
that blocks are hexagons that can fill a plane with no gaps, forming a
regular tessellation (see example in Fig. 1). We explain in Appendix
C the rationale behind this assumption.

Definition 2.3. (POI) Let a set of points of interests POI =
{POL,...,POIp} located on the map M, representing buildings
that individuals visit frequently, such as groceries, restaurants, and
so on. We assume that each POI; consists of a multi-block H; ¢ 8
that contains all blocks covered by the area occupied by POI;.

Definition 2.4. (Contact) Leta set of individuals N = {uy, ..., un}
moving in M for a finite observation time interval [0, T] forming
a set of trajectories #. For an individual u € N, a trajectory is
a sequence P, = {(x1,y1, 1), (x2,y2, t2), ..., (X7, yT, tT)}, Where
ti € [0,T] and (x;,y;) € R?. As individuals are moving around,
they can at times encounter each other, forming contacts. A contact
between two individuals u,» € N occurs when they are both found
in the same block by, at the same time. Multiple individuals found in
the same block at the same time all form contacts with each other.

Problem Definition. Our data-driven microscopic model of spa-
tiotemporal epidemic dynamics addresses the following problems:



Microscopic Modeling of Spatiotemporal Epidemic Dynamics

(P1) Given a map M, a set of individuals NV and their trajectories
P, determine the risk of infection risk, of each u € N.

(P2) Given a map M consisting of a set of blocks B, a set of
individuals A and their trajectories #, determine the risky,
of each b; € 8. The output can be used to construct a risk
map of the infectious disease, such as in Fig. 1. The risk map
can be visualized as a heat map, where the deeper the color
of a block is, the higher the infection risk associated with it.

(P3) Given a map M consisting of a set of blocks B, a set of points
of interest PO, a set of individuals N and their trajectories
P, determine the risk riskpoy, of each POI; € POI . For this
problem, we are interested in examining cases where a group
of individuals are gathered in a POI; of maximum capacity
m, for varying levels of dispersion (i.e., how individuals are
distributed in blocks), measured by the standard deviation o.

(P4) Given a map M consisting of a set of blocks B, a set of
individuals N, their trajectories #, and a spatio-temporal
epidemic spreading model, define block-based intervention
strategies to mitigate the risk of infection of individuals.

(P5) Givenamap M consisting of a set of blocks 8, a set of points
of interest POT and a query g by user u located at (x, y),
recommend a ranked list £ € POJ to visit that minimizes
infection risk.

3 METHODOLOGY

In this section we provide details of our methodology for mod-
eling individual variability in epidemics that is due to mobility
patterns. We first present a method for computing the infection risk
within each block, as a result of contacts between individuals inside
it. Moreover, we use this block risk to formally define the infec-
tion risk of each individual, as well as the risk associated with the
point of interest the blocks belong to. Finally, we present different
block risk-based intervention strategies, as well as a POI risk-based
recommendations, with the goal of reducing the infection risk of
individuals and the spread of the epidemic. Fig. 2 illustrates a dia-
gram of the process. Note that we do not intend on associating a
specific POI name to a particular risk value for privacy reasons.

3.1 Block infection risk

We define the risk of infection of a block b at time ¢ as the number
of all contacts occurring in the block at that time. Let nlt) represent
the number of individuals in b at time t. Then, the contacts are
equal to the number of all pairs of individuals. Formally:

nlt)(ntb -1)

briskj, = 22— 1)

Note that when only a single person is present within a block, the
risk of infection is 0, as expected. Next, we define the average risk
of a block over the entire observation time [0, T]:

T ,

20 brlsklt) )
T

Finally, we define the relative risk of each block by normalizing the

risk over all blocks B covering the entire observation area:

brisky,
Zjegg briskj

brisky, =

®)

rbrisky, =
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Algorithm 1: Relative Block Risk Computation

Input: P = {p1, p2, ..., Pis ---,» Pn } : pedestrian trajectories,
B = {bl, b2, veey bi, weey bk}t blocks

T
Output: RBRISK = { [rbriskl’;]b B} : relative risk of blocks
€BJt=0

partP «— [|; RBRISK « {}

for p; € P do
partP; « p;.partition(T)
units */
| partP.append(partP;)

/* partition traj by time

/% partP; = [p%pl,...,pI1 */
part P transpose() /* arrange traj segments by time x/
/x partPt = [ph,pt,....pL 1, ph] */
fort € [0,T] do
brisk? « Oy
activeB «— B.intersects(partP?);
containing each trajectory */
for b; € activeB do
L brisklil_ +4;
rbrisk? « brisk? | sum(brisk?)
RBRISK — RBRISK U {rbrisk’}

return RBRISK

/* get blocks

Algorithm 1 provides the pseudocode of computing the relative
risk rbrisky, of each block b; € 8. Using the rbrisky, values, we
are able to construct an infection risk map of M similar to the
example of Figure 1. A risk map provides useful insights into the
potential behavior of the epidemic at different locations within the
observation area. In the following paragraphs, we make use of the
relative risk values of blocks in the risk map M to provide metrics
related to the risk of individuals moving around M, as well as the
points of interest (POIs) within it.

3.2 Individual infection risk

In the next step, for a set of trajectories  and the set of blocks B,
we identify the block that each individual is in at every timestamp:

by: ue N, t €T, suchthat: (xy yy) € b for (xy, yy,t)

At this point, using the previously calculated relative block risks
RBRISK = {rbrisky,,rbrisky,,...} and the block each person
has visited, we can define the risk of infection for individuals. To
do this, we simply add together the block risk values of all blocks
an individual u has visited throughout the entire time they’ve been
present in the system T,. Formally:

risky = Z rbrisky, , (4)
teT,

Finally, similar to the relative block risk, we calculate the relative
individual risks by normalizing over the entire population:

rrisky = & (5)

Dve N Tisky

Note that we do not examine the average risk of every individual
over the time they were active in the system, but instead we look
at their total accumulated risk. These metrics may differ in many
cases. For example, a person with high-contact activity for a short
time and another with a few contacts but over a longer time could
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Figure 2: Architecture diagram for calculating the POI Risk. (A)
POI-based aggregation of hexagon blocks to form multi-blocks, (B)
Associating POI to a multi-block, (C) Risk map, (D) POI risk based
on the block risk under varying assumptions.

have the same total risk, but different average risk over time. In
this work, we are interested in the total infection risk that an indi-
vidual experiences throughout the observation time, and as such
the examination of average risk over time is outside our scope.

3.3 Multi-block and POI infection risk

Our microscopic epidemic model allows to examine the unique
infection interactions happening at the scale of POIs; recall that a
POI corresponds to a group of contiguous, adjacent blocks. There-
fore, in order to better represent a point of interest, we introduce
the concept of a multi-block H; ¢ B, which contains all blocks
corresponding to POI;. An illustration containing two multi-blocks
derived from the location of two POIs can be seen in Fig. 3. As
observed in the figure, some hexagons do not intersect any POI,
and thus cannot be meaningfully consolidated to form a multi-
block. Such hexagons are irrelevant to the infection transmission
dynamics within a POL Although we focus on POI-based block
aggregation in this work, other aggregation semantics are possible.
For example, multiple POIs belonging to the same mall or complex
can be further aggregated together to form a larger multi-block.
One can also consider aggregation at the level of a city. We are now
in position to formally define the infection risk associated with a
POI (i.e. the corresponding multi-block) in terms of the aggregated
risk of the blocks contained within it. Formally:

POIrisk; = Z rbrisky, 6)
beH;

3.4 Distribution of individuals in POIs

It is important to note that the POI risk can greatly depend on the
distribution of individuals in space. Since the value of brisky, has an
O(n?) relationship with the number of individuals within the block
b, we can infer that the same number of individuals concentrated
in a single block of a POI would produce a higher POI risk than the
equivalent number of people evenly distributed across every POI
block. Therefore, a metric that describes the “spread” or statistical
dispersion of individuals to POI blocks is particularly insightful.
Note that at this point, the distribution of individuals in such a
microscopic scale often is not known and/or considered in relevant
research and recommended guidelines [16]. The main factor that is
considered is simply the occupancy of a location, presumably along
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Figure 4: An example illustrating how two different POIs with the
same area (14 hexagon blocks) and total occupancy (42 people) may
have varying dispersions.

with an arbitrary infection probability multiplier. This inevitably
leads to the implicit assumption that all individuals in a given POI
are uniformly distributed throughout the POI’s area, which is a
strong assumption that may not necessarily reflect real conditions.
To better model the distribution and dispersion of individuals within
POIs, we consider the previously mentioned uniform distribution,
along with several instances of the normal distribution with varying
levels of statistical dispersion. More specifically, as in this case of
a discrete population, this represents a binomial distribution, but
we’ll refer to it as normal distribution for simplicity.

The normal distribution is popular in probability and statistics
and is a natural choice for real-world assumptions. With normal
distributions, dispersion is more commonly measured using the
standard deviation, as opposed to other measures such as the range
or interquartile range [39]. Although standard deviation can be com-
puted experimentally, we assume in our work that domain expertise
can provide this number. In particular, we take into account varying
levels of dispersion, with standard deviation o = {0.5,1.0,2.0,3.0}
respectively. The baseline for comparison would involve the uni-
form case where the standard deviation is not defined (i.e. ¢ = o).
Fig. 4 shows two example distributions of the same population that
yield the same mean, but distinctive standard deviation values.

3.5 Spatiotemporal epidemic modeling

Our model of epidemic spreading is based on an agent-based het-
erogeneous (due to mobility patterns) SE7 R model (see Appendix
B for details on the taxonomy of SE7 R epidemic models). At any
time step t, an individual can be in any one of the S, &, T, or R
states. First, we briefly describe the characteristics of each state in
the spatiotemporal context using semantics of a block:

(S) Susceptible. All individuals are initially in this state; each
one can get exposed to the infection by any one of the infected
individuals that belong to the same block b as that person, with
probability S per timestep.

(&) Exposed. Individuals in this state have been infected but have
yet to be infectious. Individuals remain in this state for the duration
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’ Legend: (O susceptible @) exposed @ infected l

Figure 5: An example illustrating the epidemic spreading dynamics
among five individuals in a three-hexagon POI during four observed
timesteps.

of the incubation period A of the disease — which we model as a
constant that lasts for 7 timesteps for simplicity. After this period,
the exposed individual is guaranteed to switch to the infected state.

(7) Infected. Infected individuals can transmit the infection to
anyone that shares the same block b at time ¢, with probability f.

(R) Recovered. Removed individuals are either infected individuals
who have recovered or who have passed away due to the disease. To
simplify the model, individuals are removed from the I state after
1, timesteps with recovery probability y. Recovered individuals are
assumed to neither catch the disease nor be susceptible to it.

Algorithmic Details of the Stochastic Model. Given a set of
(pedestrian) trajectories P, a finite set of regular disjoint blocks
8 in the map M, as well as epidemic parameters f, y, Iy and 7;,
the model allows to keep track of every individual’s states over
time. Recall that individuals can progress to different compartments
(susceptible to exposed to infectious to removed). With a population
size N, the cumulative number of individuals within each of the
states at time ¢ is given by S(t), &(¢), 7 (t), and R(t), respectively.
To represent the size of the epidemic spread, we consider two special
sets of infected individuals: (i) the initial seed set 7y = 7 (0), and (ii)
the set of all those individuals infected at the end of the time period
It = I(T). Formally, let individual u € by be in the susceptible
compartment and N, be the set of all other individuals residing in
block by at time ¢t. Each individual in AV, that is infected has some
probability § of transmitting the disease to u (modelled with a biased
coin flip). u’s state switches to the exposed state upon infection
(otherwise, u’s state remains the same). An exposed individual
automatically switches to the infected state after 7 timesteps and
an infected individual transitions to the removed state after 7,
steps, with probability y. The pseudocode of the stochastic model
of spatiotemporal epidemic spreading is provided in Algorithm 2. It
extends the work of [46] by assuming that all individuals residing in
the same tessellated block form a fully-connected contact network.
This allows to reduce spatiotemporal semantics (block-level) to
well-defined network-based epidemic dynamics. Fig. 5 depicts an
illustrative example of this epidemic spreading model. Algorithm 2
is a stochastic model and can be costly in terms of runtime. Appendix
D discusses how this can be alleviated by converting the model to
a deterministic method based on percolation theory.

3.6 Containment intervention strategies

In this section, we explore intervention strategies focused around
social distancing. We present two alternatives, a targeted interven-
tion and a randomized one, representing a null model.
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Algorithm 2: Spatiotemporal Epidemic Spreading Model
Input: , 8, S, 1, B, v, Iy, Ir
Output: BSEIR[OT] - {BS‘SIR(t) }T:O, where
SETR(t) — [[1,S(#) 1,&(2) I(2) R(2)
gSETR( — {[b30, b7, b7 bR |}

VbreB

S(0) — S; E(0) « 0; T(0) — T; R(0) « 0; BSEIRIOT] 1y

fort € [0,T] do
for by € B do
BSSI‘R([) — {}
for u € by do
if u.state = S then /* susceptible */
Ny < {p|p € P inblock by at time ¢} \ {u}
foro € N, do
ifoe bi(t) then
v infects u with probability f
if u is infected then
u.state — &
If“ —0
begins x/
S S
bg(”l) - b§<’> \ {u)
b2 b2 U {u}

/* incubation of u

else if u.state = & then
u .

If ++;

if I]}‘ = Iy then

u.state «— 1

/* exposed */

I¥ <0 /% recovery of u begins */
bEHY b\ {u)
b b U {u)

else if u.state = 7 then
IY ++
if 7 = I, then
u.state — R
by Y bl (uy

u recovers with probability y

/* infected */

if u recovers then
| bR bR U ()

else
L /* removed compartment; do nothing */

BSEIR(t)  SEIR(2) {[bf(”,b‘z(t),b‘,:(t),bf(”]}

BSEIR(0T]  @SEIR(OT] ;) GSEIR(1)

return BSEIRI0.T]

Targeted intervention. Each individual, using information pro-
vided by a risk map M, makes specific local decisions to limit
contacts and help contain the infection. This strategy can change
the structure of the social interaction network and therefore affect
the Ry number of the spread of infection [9]. Using the risk map,
the intervention assumes that an individual is provided by the indi-
vidual risk of every trip they plan to make within the observation
time, and decide to cancel the & most risky ones (i.e. fewer trips).
This results in eliminating a fraction @, of their overall contacts
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Figure 6: The image depicts the infection risk associated to paths. In the example, the orange path is less risky than the purple one when
travelling from the source (blue marker) to the destination (red marker).
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Figure 7: The image depicts the most recommended POIs (red markers) in close proximity to the user (blue location) with the least amount of
infection risk. As a disclaimer, we do not intend on displaying the risk associated to a particularly-named POIL

that would have occurred, but eventually did not. This informed
decision defines a targeted intervention that results in mitigating
the spread of infection (see an example of this process in Fig. 6).
Null model. In order to evaluate the comparative performance of
the targeted intervention strategy, we compare it with a null model.
The null model assumes that an equal fraction @, of contacts is
uniformly at random removed from the overall set of contacts.
The objective is to evaluate how a targeted intervention can be
beneficial to mitigating the spread of infection, compared to ran-
domized social distancing strategies (informed by horizontal health
policy measures). The evaluation is based on simulating the spread
of infection using a stochastic agent-based SE7 R model.

3.7 Safest POI recommendation model

In certain scenarios, evaluating the risk of a trip based on the relative
risk of blocks traversed might be insignificant or irrelevant (e.g.,
driving to a grocery store). In these scenarios, it makes more sense to
evaluate the infection risk associated with specific POIs that serve as
the intended destination(s) of the trip and provide recommendations
for potential better alternatives (see Fig. 7). Formally, given an
origin o, a set of POI's = {POIL, POl,, PO, ...}, a minimum social
distancing area a, a radius R and a list of maximum occupancy
ratios T = {y1,y2,¥3, ... }, our objective is to recommend the top-k
safest POI(s) within a radius R for different occupancy levels. We
consider three recommendation models:

Safest POI: This is our POI recommendation model, where desti-
nations are ranked by POIrisk and the safest one is chosen. The
pseudocode of the model can be seen in Algorithm 3.

Closest POLI: This is a sensible baseline model that effectively rep-
resents the expected behavior in the absence of a recommendation
service, where a POl is picked based on physical proximity.
Random POI: This model serves as the null model, where a POI is
uniformly at random selected as the destination.

For each of the Safest POI and Random POI models, we consider
the possibility that only a percentage ¢ of the total population N
actively follows the recommendation, while the rest revert to the

Algorithm 3: Safest POI Recommendation

Input: POIs: set of POIs, o: origin, T = [y1, y2, ..., Yk |: list of
occ. ratios, R:search radius, a: social distance area, o: std.
Output: POIrisk: list of minimum risk POIs within R km

POIrisk « []

for POI, € {x|x € POIs and A(o,x) <R} do
POIy.AreaSize

max_occu < a

fory e T'do
ns < Normal{o, POI,.numHex} X max_occu X y
risk < 0
for n € ns do

L risk « risk + % /* compute POI risk x/

POI,.nrisk.append( 7POIP'C£;I;1H€X )
| POlIrisk.append(POI,)

POIrisk « (POIrisk.min(axis = col))
return POIrisk

default behavior Closest POL We take the relative risks of each of
these POIs from each search query and identify the impact of fol-
lowing the recommendation. In particular, we evaluate the relative
risk difference had the user opted to elect the POI closest to them or
some other randomly-selected POL

4 RESULTS AND DISCUSSION

In this section, we present a comprehensive experimental evalua-
tion of the methods and models introduced and discuss the conse-
quences of the results obtained. We begin by listing the research
questions/scenarios we aim to explore. Then, we present details of
the data employed. Finally, we elaborate on process we followed
to experimentally evaluate each research question, along with the
results and discussion of broader insights. Table 1 provides a sum-
mary of the parameters used in the experiments. Our experiments
aim at answering the following questions:

(Q1) Effect of POI visitor distribution on risk. How visitors’
dispersion within a POI affect POI’s infection risk?
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Table 1: Summary of Parameters

Parameter Symbol Values
= #individuals 3,000
& | #data points 259,200,000
Total timesteps T 96 timesteps™
_ | Simulation runs I 100 iterations
§ | POl visitor count N 500 people
§ Ave. block count ¥/, POI |H| 57 hexagons
Hexagonal area A 4 m?
Max duration of POI visit T 15 timesteps
& Initial infection seeds | Zo| {1,3,5,7,10}% of N
‘> | Max occ. in the POI m {10, 20, ...,100}%
= | Oce. std. for POI o {0.5,1.0,2.0,3.0, 00}
Transmission rate B 0.01
g Incubation rate A 1.0
% Recovery rate Y 1.0
£ | Exposure period Texp 2 days
E Infection period Tinf 4 days
Recovery period Trec 7 days

One timestep represents five minutes.

(Q2) Effect of POI visitor distribution, occupancy and initial
infected seed size on direct infections. How many people
come in direct contact with infected individuals for distri-
butions of visitors with varying levels of dispersion? What
happens when the number of visitors approaches the max
capacity of the POI? How do varying proportions of initially
infected individuals impact long term infection counts?

(Q3) Impact of targeted & non-targeted interventions. How
does each strategy affect the progress of the epidemic?

(Q4) Impact of recommendation policy. How POI recommen-
dations can decrease the risk of infection?

Data generation. In our experiments, we developed a parametric,
stochastic agent-based synthetic data generator. We discuss our
data generation techniques in each of the following experiments,
and further provide more details on this in Appendix E.

4.1 Q1 Effect of POI visitor distribution on risk

For this experiment, we simulate the movement of individuals
within POIs using a stochastic process. For each timestamp ¢ €
[0, T], individuals freely move around within the POI - moving
from one block to another or perhaps remain in the same block. The
destination block is selected based on a predefined spatial distribu-
tion (conceptually, this corresponds to less or more "interesting”
places within the POI). This spatial distribution corresponds to
either the uniform distribution or the normal distribution with pre-
specified o values. Individuals remain within the POI up until a
maximum duration 7, while new individuals may enter the POI as
long as the maximum allowed capacity m has not been reached.
Entry times of new individuals are also randomized and follow a
normal distribution, which can be parametrically configured.

In order to examine the block risks inside POIs for different visi-
tor dispersion values, we generate a population of POI visitors with
a fixed number of individuals N, corresponding to a percentage m
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of the POI’s max occupancy, as well as various spatial distributions
with corresponding standard deviation values ¢. In Fig. 8a, we can
observe that the uniformly-distributed occupancies will tend to a
flat horizontal line in our plot as occupancy counts in the POI's
hexagons are approximately the same at each timestep — which
implies that the number of contacts, and consequently the relative
risks of each of these hexagons, would roughly be the same. We can
observe the risk of infection increases as the dispersion decreases
(i.e. lower o, people are more concentrated at the same spots). This
is in agreement with intuition: as social distancing implies that
people are more distributed in space, the risk of infection is lower.

4.2 Q2 Effect of POI visitor distribution, OCC.
and infection seed on direct infections

For this experiment, we use the same model as Q1 — however now
we select a portion |Zy| of the population to be initially infected and
act as seed for the epidemic. These individuals, when coming to
direct contact with others (i.e., occupy the same block), transmit the
infection to others who became exposed. Note that newly exposed
individuals are unable to become infected and cannot infect others
as this is a short-term observation time over the course of one day.
We utilize this method to execute three variants of this experi-
ment: (1) varying distributions of individuals, including the uniform
(o0 — o0) and normal distributions (o € [0.5, 1.0, 2.0, 3.0]); (2) vary-
ing maximum occupancy (m € [0%, 10%,20%, ..., 100%]) and (3)
varying sizes of initial seed (|Zo| € [1%,3%, 5%, 7%, 10%]). In all
cases, the non-varying values are fixed to o = 1.0, m = 100% and
|Zo| = 10%, with constant population size N' = 500, observation time
T = 8 hrs = 96 timestamps, and visit duration 7 = 15 timestamps.
The results for these can be seen in Figs. 8b, 8c and 8d, respectively.
As anticipated, situations that lead to increasingly dense con-
centrations of people (high occupancy, low dispersion) or larger
numbers of infected individuals (high occupancy, large seed size),
lead to higher direct infection counts. Although increasing the occu-
pancy contributes to both of these scenarios, the highest infection
counts are achieved by decreasing the dispersion in the population.
This may likely be due to the quadratic relationship between the
block occupancy and number of contacts, as discussed in Sec. 3.4.

4.3 Q3 Impact of targeted and non-targeted
intervention strategies

Now we address the proposed research question without making
the strong assumption of homogeneous mixing. Instead, we use
synthetically generated dataset of simulated pedestrian trajectories
in the York University, Keele campus in Toronto, with N = 3000
individuals, 1.5 million contacts and 260 million individual position
measurements (Table 1). We then model the spread of an epidemic
using an agent-based SE7 R model, with description as presented
in Appendix B. It is worth noting that this experiment demon-
strates interventions in a microscopic simulation process; more
sophisticated intervention strategies can be developed similarly.
After using the SE7 R model to simulate the course of an infec-
tion on the given population over the period of a month (T = 30),
we obtained an average of the final infected individual count at
any time in [0,T] (i.e. everyone in the &, I, R groups) over 20
executions. The final value was approximately 2449 individuals
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Figure 9: Comparison of interventions. This plot illustrates how
targeted interventions are more effective in practice, compared to
no or non-targeted intervention strategies (Q3).

— around 75% of the total population. Next, we repeated the sim-
ulation, after first applying targeted intervention strategy with
a € [0.1,0.2,...,0.5] values as well as applying the null-model inter-
vention strategy at the corresponding a, values. The final results
can be seen in Fig. 9. It is evident that the null model achieves an
approximately linear reduction in final number of infections, with
the targeted intervention performing better. The proposed method
achieved twice as high as the amount of prevented infections as
the null model, although there appears to be diminishing returns
after removing > 40% of contacts in the dataset.

4.4 Q4 Impact of recommendation policy

In this experiment, we made use of a dataset provided by Safe-
Graphl, which contains information about the location and floor
area of POIs, and generated queries originating at one of 380 loca-
tions O in Toronto, Canada. For each query, all relevant POIs within

!https://www.safegraph.com
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R =5 km belonging to a specific category (such as "restaurants")
were retrieved, along with their POIrisk; from a generated risk
map M. These are then ranked based on the criteria from Sec. 3.7.

In Fig. 10a, we examine the relative risk difference between the
safest option and the null model for both uniform and normal
(o = 1.0) distributions. Risks were calculated based on a max occu-
pancy definition of 4 m? per person as per post-COVID-19 social
distancing regulations in Ontario?. In the uniform case, people are
sufficiently dispersed; hence, close contacts do not occur. Thus, all
destinations pose the same individual risk value of 0. However,
in the more realistic case of individuals distributed normally, the
relative risk difference is negative for both recommended and null-
model options. As expected, the POIs recommended by our model
are safer than both the closest and the randomly sampled POIs.

We also examine scenarios where different percentages ¢ of
people follow the recommendation model, while the remaining
people (100% — &) select the closest POIs, with a max occupancy of
4 m? per person. In Fig. 10b, it is evident that as more people follow
our recommendations, the relative risk value goes down. The effect
is more evident for higher values of maximum occupancy.

Finally, we use the recommendation framework to evaluate how
the new post-COVID19 maximum occupancy regulations affect the
relative risk value, compared with the pre-COVID-19 value of 2 m?
per person. In Figure 10c, we report the difference between the two
for different occupancy values. It is evident that in realistic, normal
distribution scenarios, the post-COVID-19 maximum occupancy
guidelines have prevented a significant amount of infection risk.

5 RELATED WORK

Our research is mostly related to spatiotemporal epidemic modeling
and mobility-based epidemics spreading. Several key ideas on these
topics have already been cited throughout the paper. Here we briefly
elaborate on other aspects relevant to our research.

Trajectory data mining. Computational methods for mining spa-
tiotemporal, trajectory, and mobility data, have been extensively
studied by data mining and database communities [6, 62]. Of par-
ticular interest are problems related to trajectory similarity [55],
trajectory clustering [36], anomaly detection in moving objects [21],
computing node centrality in trajectory networks [47], and mining
interactions among moving objects overtime (eg. pedestrian group
trajectory detection [52-54]). Recently, deep learning approaches
for spatiotemporal learning have gained increasing attention [58].

Digital contact tracing. In our research, we assume that human
mobile traces are available. This can be enabled by existing digital
contact tracing technologies [14, 18, 25]. For instance, Aleta et
al. [1] synthesized contact networks and modeled SARS-CoV-2
transmission in the Boston metropolitan area using census and
contact tracing data. They showed how vital contact tracing is in
preventing 2nd wave spreading when complete isolation is relaxed.

Microscopic vs macroscopic epidemic models. Several works
have shown the limitations of macroscopic models over micro-
scopic models. For instance, Cui et al. [19] showed how high-risk
exposed individual counts in 50 U.S. states can be estimated at the
micro-level, but not in the macro-level. Liu [37] used multi-agent

2www.ontario.ca/laws/regulation/r21520



Microscopic Modeling of Spatiotemporal Epidemic Dynamics

1 10

SpatialEpi "22, November 1, 2022, Seattle, WA, USA

—— E=0%
-=- E=10%
- £=20%
§=30%
E=40%
E=50%
E=60%
E=70%
£=80%
- E=90%
~# £=100%

- SD=1 (safest - closest)
—¥ 5D=1 (safest - random)

== uniform distribution (safest - random)

L i SR

rnsk difference
o
misk [x% safest, (100-x)% closest]
o
0

4
»
|
i
|
-
|
1
1
i
*
"
"
#

#- normal risk (SD=1)
-~ uniform risk Y

PSSP TS .

relative risk
o

post-covid
maximum

0 20 40 60 80 100 [] 20
Mmax occupancy %

(a) Risk difference between recommended and
closest restaurant destinations

max occupancy %

(b) Effect of a percentage of population £ follow-
ing recommendations on risk

-1 T T T T T
60 80 100 ] 20 40 60 80 100

max occupancy %

(c) Post-Covid - pre-Covid maximum occupancy
relative risk evaluation

Figure 10: Experimental results for Q4

reinforcement learning to conclude the same. Cantin et al. [13] pre-
sented a hybrid model that integrates micro- with macro- attributes
of epidemic models, and showed that microscopic behaviors can
strongly influence the dynamics of macroscopic epidemic models.

Epidemic spreading in complex networks. Mathematical mod-
eling of epidemic spreading in networks is a popular topic that can
help to study and control the emergence of infectious diseases in a
population. For instance, Weitz et al. [59] designed epidemiological
interventions that exploit the idea of ‘shield immunity’. However,
methods cannot easily translate to health policy or individual-level
recommendations. In our study, we used an agent-based SETR
model, which has previously been employed to study epidemic
spread in dynamic networks. For instance, Perez and Dragicevic [49]
proposed a spatially explicit epidemiological model of infectious
disease for understanding the diffusion of a disease in a network of
human contacts. In their model, interactions are not fully dynamic,
but are determined by the location of individuals at certain times.

Non-pharmaceutical interventions. Instead of lockdown restric-
tions, Block et al. [9] proposed more moderate distancing strategies
including limiting contacts to similar, community-based or repetitive
contacts. More accurate microscopic epidemic modeling is useful in
designing intervention strategies. Miralles-Pechuan et al. [40] used
reinforcement learning to suggest high-level intervention strategies
rewarding fewer infections and less severe lockdowns. Fan et al.
[24] showed that mobility inspired interventions, such as limited
long distance trips, can notably reduce epidemic spread.

Population heterogeneity in epidemics due to mobility. Hébert-
Dufresne et al. [31] argued the importance of heterogeneity in mo-
bility for predicting an infectious disease’s outbreak size through
digital contact tracing technologies. Changruenngam et al. [16]
studied the effects of individual human mobility on disease trans-
mission dynamics. Lloyd-Smith et al. [38] showed how the basic Ry
in traditional epidemic analyses is only a population-level estimate;
thus, more targeted control interventions would be more effective.

Trip recommendations and epidemics. Part of our work focuses
on providing trip recommendations that satisfy domain-specific
constraints, such as in the works of [20, 50]. With recent pandemic,
factoring in infection risk in recommendation models has attracted
interest. For example, Fotsing et al. [27] designed an epidemic-aware
socio-spatial POI recommender model. Anastasiou et al.’s [4] graph-
based path search algorithm reduces an individual’s COVID-19
exposure risk taking into account accessibility constraints, outdoor

exposure thresholds, and congestion tolerance. Similarly, Alix et al.
[2] presented a system for recommending safe trips to POIs on a
geographic map based on risk evaluation of alternative trips.

6 CONCLUSIONS

We presented a data-driven microscopic spatiotemporal epidemic
model that takes into account the variability of individual mobility
patterns. Through this, we made analytic and insightful observa-
tions to the individuals’ infection risk, the relative risk of infection
of associated POIs and geographic areas, and the relative risk of
pedestrian trips. Our statistical microscopic model demonstrated
that the risk of infection increases with lower values of dispersion.
We further presented a model that suggests the safest POIs based
on low infection risks. We showed in our experiments the impact
of our model by exhibiting how much infection risk is reduced
by selecting our recommendation over sensible baselines. We also
established this by demonstrating that a high percentage of individ-
uals observing this policy can significantly reduce infection risks.
Finally, our experiment on reducing pedestrian trips demonstrated
that the overall infection count drops remarkably due to the decline
in number of contacts, and consequently the amount of interac-
tions. As a result, we established that our targeted interventions can
outperform generic intervention strategies. Our research on micro-
scopic modeling of spatiotemporal epidemic dynamics offers new
insights and has potential for significant socioeconomic impact.
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APPENDIX

A

BASIC REPRODUCTIVE NUMBER R,
LIMITATIONS AND BEYOND

The basic reproductive number Ry (sometimes called basic repro-
duction ratio), is the most widely used parameter in epidemiology.
It can be thought of as the expected number of new infections
caused by a single infected individual. Commonly used epidemio-
logical models suggest that Ry = 1 is a critical value. On one hand
when Ry < 1, each infected person produces less than one new
case in expectation, therefore the size of the outbreak is constantly
trending downwards, until eventually the disease dies off. On the
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other hand, when Ry > 1, each infected person produces more than
one new case in expectation, therefore the size of the outbreak is
constantly trending upwards. In principle, the larger the value of
Ry, the more challenging it is to control the epidemic. Despite its
usefulness as an approximate indication of the spreading power
of the disease, many studies have stressed the limitations of Ry.
An underlying assumption of Ry is that the disease is spreading in
a network that resembles a regular tree network — a special type
of a network topology that has no cycles and that each internal
node has a constant number of children defined by a branching
factor d. However, real-world communities do not resemble regular
trees, as it is common for people to have common friends (forming
triangles or cycles) and some people may have more contacts than
others. It is also easy to see how the basic computation of Ry breaks
down when we consider transmission of infection to be a stochastic
process involving discrete individuals [34]. In addition, the compu-
tation of Ry assumes the homogeneous mixing of individuals that
do not take into account any mobility-based individual variation.

B TAXONOMY OF SE7R EPIDEMIC MODELS

Epidemic compartmental models partition the population into sev-
eral compartments where people transition between them accord-
ing to their infection status. Classical models employ the STR
model [5, 10] (susceptible, infected, removed compartments). How-
ever our work instead utilizes the SE7R model, allocating an
additional exposed compartment specifically designed for individ-
uals that have been infected, yet not been infectious themselves.
This is particularly useful for infectious diseases that comes with
a significant latent (incubation) time period. There are two main
classes of SE7 R models, depending on the assumptions made of
population structure and transmission progression:

Homogeneous Population. This class assumes homogeneous
mixing of population, in which individuals progress between com-
partments at certain transition rates as described by ordinary dif-
ferential equations [23, 32]:
s  pIS. & pIS

dr
=~ = 18- =
dt N &

dR
dt = N de B

=AE-yT; a 2
where f, A and y are the transmission, incubation, and recovery
rates, respectively. As this model is deterministic, a fixed parameter
set and model initialization (t = 0), each simulation generates the
same result. Although this model can provide insights on the state
of epidemic spread and of health policy [57], it is also limited by
the assumption that individuals share the same characteristic.

Heterogeneous Population. This class is based on an agent-based
SEI R model, where each agent represents an individual [33, 49].
Through this approach, individual characteristics and behaviors
(such as mobility and contact patterns overtime) can be modelled
towards the epidemic. Various mobility patterns result in complex
spatiotemporal social interactions among people in the community
[47, 61]. These models pose a challenge of analysis and interpretabil-
ity that is due to their dependence on probabilistic epidemic spread.
Such models are more complex [29], yet are more realistic. In addi-
tion, they can aid in better understanding a disease due to individual
behaviors, as well as provide opportunities for designing targeted
intervention strategies that better translates with health policies.
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C HEXAGONAL BLOCK REPRESENTATION

We elected hexagons to represent our blocks, as these are preferred
over other shapes (such as squares or triangular tessellations) for
various reasons. For one, the “circular nature” of regular hexes
allows such polygon to tessellate a map, forming evenly-spaced
grid. Moreover, the nature of its “circularity” enables a natural
representation of curvatures in (mobility) trajectory data [8].

D STOCHASTIC TO DETERMINISTIC MODEL
USING PERCOLATION THEORY

Algorithm 2 exhibits a probabilistic process that is random in na-
ture. With the same initial conditions (eg. the same sets of infected
individuals, etc.) and parametric values, multiple independent simu-
lations of epidemic spreading process can generate several various
outputs, in terms of the total number of infected individuals at
the end of the observation period. This is due to the biased coin-
flipping mechanism that occurs at each timestep to decide whether
the infection would be transmitted to another individual. Fortu-
nately, a model based on percolation theory® presents itself to be
an equivalent deterministic model that allows faster simulations
than that of a stochastic model. To bring in this idea of percolation
in the model of epidemic spread, we can make a decision for each
edge "interaction” between any two given individuals in ¥ at the
beginning of the observation process, as opposed to deferring this
decision at runtime. In practice, we simply have to flip the biased
coin with probability f for each edge as many times as the dura-
tion of contact (expressed in time units); and then decide whether
to keep or remove it from the network. At the end of the whole
process, we have constructed a smaller interaction network.

E DETAILS ON DATA GENERATION

To model individuals’ mobility at a microscopic-level, having a
small-scale high-fidelity trajectory data is vital. Such data can easily
be obtained through camera motion tracking or motion sensors.
However, acquiring real trajectory datasets is challenging and not
a trivial task. This is mostly due to their sensitive nature, as using
real data comes with considerable privacy concerns — which we
have briefly covered in Sec. 1. While simulated datasets are not
always accurate of a real scenario, we have made an effort to create
“realistic” synthetic data with the goal of achieving results as close
as possible to experiments performed on real data. We believe
that the lack of sensitive real datasets should not refrain us from
working on interesting problems where we can demonstrate the
validity and effectiveness of models, provide support to health
policy and decision making, and have a potentially high social
and economic impact. As such, we instead developed a parametric,
stochastic agent-based synthetic data generator through a mobility
simulator SUMO®. This allows us to produce data reflecting both
realistic and extreme scenarios, while enables us to fully explore
the problem space. Furthermore, this tool could enable a domain
expert to produce highly customized datasets tailored to specific
conditions that would better reflect reality despite being synthetic.

3 Percolation theory in physics can help explain how fluids can flow through certain
types of porous material [28]. In network science, percolation can help describe the
behavior of a network when nodes or links are removed.
“https://www.eclipse.org/sumo/
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