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Abstract: In a world where epidemic outbreaks may take many lives, forecasting and analysis tools are of high impor-
tance - for an urban area such as New York City, a continent like Africa, as well as for the world itself. Such
tools provide valuable insight on different levels and help to establish and improve embankment mechanisms.
In this paper, we present an agent-based algorithmic framework to simulate the spread of epidemic diseases.
Based on the population structure of Germany, we investigate the impact of the number of agents, representing
the population, on the quality of the simulation. Real world data provided by the Robert Koch Institute (Ar-
beitsgemeinschaft Influenza, 2011; Robert Koch Institute, 2012) is used to evaluate our results. In a second
step we empirically analyze the effects of certain non-pharmaceutical countermeasures as applied in the USA
against the Influenza Pandemic in 1918-1919 (Markel et al., 2007). Our simulation and evaluation tool par-
tially relies on the probabilistic movement model presented in (Elsdsser and Ogierman, 2012). Based on our
empirical tests, we conclude that the amount of agents in use can have a huge impact on the accuracy of the
achieved simulation results. This reveals several challenges, which have to be taken into account in the design
of forecasting and analysis tools for the spread of epidemics. On the other hand, we show that by utilizing the
right parameters in our algorithmic framework - some of them being obtained from real world observations
(Eubank et al., 2004) - one can efficiently approximate the course of a disease in real world.

1 INTRODUCTION that are completely different in other topological set-
tings. Small islands connected only by ferries obvi-
ously offer other spreading opportunities than a huge
metropolitan city. Furthermore, the characteristics of
the spread of an epidemic also depend on the behav-
ior of the infected individuals. That is, different peo-
ple spread the disease (in its early stage) in different
ways, which may or may not lead to an outbreak.
The goal of this paper is to present and empiri-
cally analyze a new dynamic model for the spread of

In order to improve our chances to control an epi-
demic outbreak, we need proper models which de-
scribe the spread of a disease. Institutes, govern-
ments, and scientists all over the world work inten-
sively on forecasting systems to be well prepared if
an unknown disease appears.

In recent years a huge amount of theoretical and
experimental study has been conducted on this topic.

While theoretical analysis provides important and
sometimes even counter intuitive insights into the
behavior of an epidemic (e.g. (Borgs et al., 2010;
Elsasser and Ogierman, 2012)), in an experimental
study one can take many different settings and pa-
rameters (Lee et al., 2008; Lee et al., 2010) into ac-
count. These usually cannot be considered simul-
taneously in a mathematical framework. A specific
topology, for example, may have its own attributes

Partially supported by the Austrian Science Fund

(FWF) under contract P25214 and by DFG project SCHE
1592/2-1.

Elsasser R., Ogierman A. and Meier M..

epidemics. One of our objectives is to find the right
parameters, which lead to realistic settings. There-
fore, we investigate a general simulation environment,
in which the different parameters can easily be ad-
justed to real world observations. A second objec-
tive is to evaluate similarities between countermea-
sure approaches in our model and the real world. We
use empirical data for the comparison. Our tool is
agent-based, i.e., the individuals (or groups of such)
are modeled by agents interacting with each other.
The environment approximates the geography of Ger-
many, in which agents may travel between cities.
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Within a city the agents interact according to the prob-
abilistic model presented in (Elsdsser and Ogierman,
2012) in a distributed manner. For a detailed descrip-
tion of the algorithmic framework see Section 2.

1.1 Related Work

There is a huge amount of work focusing on the anal-
ysis of epidemic diseases. In this subsection we pro-
vide an overview of the results which are closely re-
lated to the topic of this paper. In our description, we
often rely on the style and wording of (Elsésser and
Ogierman, 2012).

The structure of this subsection is as follows. At
the beginning we present a simple model, which is of-
ten used to simulate an epidemic. Then, we describe
some movement models, on which several studies
w.r.t. the spread of epidemics are based. We conclude
the section by providing an overview of certain em-
pirical results in the field of disease spreading as well
as of the main approaches one can identify.

There-is plenty-of work considering epidemio-
logical processes in different scenarios and on var-
ious networks. The simplest model of mathemati-
cal disease spreading is the so called SIR model (see
e.g. (Hethcote, 2000; Newman, 2003)). The popula-
tion is divided into three categories: susceptible (S),
i.e., all individuals which do not have the disease yet
but can become infected, infective (1), i.e., the individ-
uals which have the disease and can infect others, and
recovered (R), i.e., all individuals which recovered
and have permanent immunity (or have been removed
from the system). Most papers model the spread of
epidemics using a differential equation based on the
assumption that any susceptible individual has uni-
form probability b to become infected from any in-
fective individual. Furthermore, any infected player
recovers at some stochastically constant rate g.

This traditional (fully mixed) model can easily be
generalized to a network. It has been observed that the
corresponding process can be modeled by bond per-
colation on the underlying graph (Grassberger, 1983;
Newman, 2002). Interestingly, for certain graphs
with a power law degree distribution, there is no
constant threshold for the epidemic outbreak as long
as the power law exponent is less than 3 (Newman,
2003) (which is the case in most real world networks,
e.g. (Faloutsos et al., 1999; Adamic and Huberman,
2000; Amaral et al., 2000; Ripeanu et al., 2002)).
If the network is embedded into a low dimensional
space, or has high transitivity, then there might exist
a non-zero threshold for certain types of correlations
between vertices (Newman, 2002). However, none of
the papers above considered the dynamic movement
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of individuals, which seems to be the main source of
the spread of diseases in urban areas (Eubank et al.,
2004).

In (Eubank et al., 2004) the physical contact pat-
terns are modeled by a dynamic bipartite graph, which
results from movement of individuals between spe-
cific locations. The graph is partitioned into two parts.
The first part contains the people who carry out their
daily activities moving between different locations.
The other part represents the various locations in a
certain city. There is an edge between two nodes, if
the corresponding individual visits a certain location
ata given time. Obviously, the graph changes dynam-
ically at every time step.

In (Eubank et al., 2004; Chowell et al., 2003) the
authors analyzed the corresponding network for Port-
land, Oregon. According to their study, the degrees
of the nodes describing different locations follow a
power law distribution with exponent around 2:82.
For many epidemics, transmission occurs between in-
dividuals being simultaneously at the same place, and
then people’s movement is mainly-responsible for the
spread of the disease.

The authors of (Elsésser and Ogierman, 2012)
considered a dynamic epidemic process in a certain
(idealistic) urban environment incorporating the idea
of attractiveness based distributed locations. The epi-
demic is spread among n agents, which move from
one location to another. In each step, an agent is as-
signed to a location with probability proportional to
its attractiveness. The attractiveness’ of the locations
follow a power law distribution (Eubank et al., 2004).
If two agents meet at some location, then a possible
infection may be transmitted from an infected agent
to an uninfected one. The authors obtained two re-
sults. First, if the exponent of the power law distribu-
tion is between 2 and 3, then at least a small (but still
polynomial) number of agents remains uninfected and
the epidemic is stopped after a logarithmic number of
rounds - even if each agent may spread the disease
for f(n) time steps (where f(n) = o(logn)). Sec-
ondly, if the power law exponent is increased to some
large constant, which is argued to be an implication
of certain countermeasures against the spreading pro-
cess, then the epidemic will only affect a polyloga-
rithmic number of agents and the disease is stopped
after (loglogn)°® steps. In this case each agent is
allowed to spread the disease for a number of time
steps, which is bounded by some large constant. The
results explain possible courses of a disease and point
out why cost-efficient countermeasures may reduce

2In (Eubank et al., 2004) the degree represents the num-
ber of individuals visiting these places over a time period of
24 hours.
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the number of total infections from a high percentage
of the population to a negligible fraction.

In addition to the theoretical papers described
above, plenty of simulation work has also been
done. Two of the most popular directions are the
so called agent-based and structured meta-population-
based approach, respectively (cf. (Ajelli et al., 2010;
Jaffry and Treur, 2008)). Both models have their ad-
vantages and weaknesses. The main idea of the meta-
population approach is to model whole regions, e.g.
georeferenced census areas around airport hubs (Bal-
can et al., 2009), and connect them by a mobility net-
work. Then, within these regions the spread of epi-
demics is analyzed by using the well known mean
field theory.

The agent-based approach models individuals
with agents in order to simulate their behavior. In this
context, the agents may be defined very precisely, in-
cluding e.g. race, gender, educational level, etc. (Lee
etal., 2008; Lee et al., 2010), and thus provide a huge
amount of detailed data conditioned on the agents set-
ting. Furthermore, these kinds of models are also able
to integrate different locations like schools, theaters,
and so on. Thus, an agent may or may not be infected
depending on his own choices and the ones made by
agents in his vicinity. The main issue of the agent-
based approach is the huge amount of computational
capacity needed to simulate huge cities, continents or
even the world itself (Ajelli et al., 2010). This lim-
itation can be attenuated by reducing the number of
agents, which then entails a decreasing accuracy of
the simulation. In the meta-population approach the
simulation costs are lower, sacrificing accuracy and
some kind of noncollectable data.

To combine the advantages of both systems, hy-
brid environments were implemented (e.g. (Boba-
shev et al., 2007)). The main idea of such systems
is to use an agent-based approach at the beginning
of the simulation up to some point where a suit-
able amount of agents is infected. Then, the sys-
tem switches to a meta-population-based approach.
Certainly, such a system combines the high accuracy
of the agent-based simulations at the beginning of
the procedure with the faster simulation speed of the
meta-population-based approach at stages in which
both systems may provide similar predictions. Here,
the situation to switch between both approaches (in
both directions) is defined by a threshold T describ-
ing a specific amount of infected agents. In (Boba-
shev et al., 2007), the authors compared average epi-
demic trajectories produced by both approaches and
determined which threshold value (if any) results in
equivalent average trajectories. For certain epidemics,
especially unknown ones, this adjustment may be dif-

ficult or even not feasible at all.

These kind of simulations are also used to investi-
gate the impact of (non-)pharmaceutical countermea-
sures on the behavior of an epidemic. Germann et
al. (Germann et al., 2006) investigated the spread of
a pandemic strain of the influenza virus through the
U.S. population. They used publicly available 2000
U.S. Census data to identify seven so-called mixing
groups, in which each individual may interact with
any other member. Each class of mixing group is
characterized by its own set of age-dependent prob-
abilities for person-to-person transmission of the dis-
ease. They considered different combinations of so-
cially targeted antiviral prophylaxis, dynamic mass
vaccination, closure of schools and social distancing
as countermeasures in-use, and simulated them with
different basic reproductive numbers Rg. It turned
out that specific combinations of the countermeasures
have a different influence on the spreading process.
For example, with Rp = 1:6 social distancing and
travel restrictions did not really seem to help, while
vaccination limited the number of new symptomatic
cases per 10,000 persons from 100 to 1. With
Ro = 2:1, such a significant impact could only be
achieved with the combination of vaccination, school
closure, social distancing and travel restrictions.

1.2 Our Results

The results of this paper are two-fold. First, we show
that by increasing the number of agents we are able
to significantly improve the accuracy of our results in
the scenarios we have tested. This is due to different
phenomena, which are only visible if the amount of
agents in use is large enough. For example, if the
number of agents exceeds a certain value, then the
epidemic manages to keep a specific (low) amount
of infected individuals over a long time period. Fur-
thermore, the number of agents has to be above some
threshold to allow the epidemic to enter some specific
areas/cities in the environment we used. Obviously, a
certain amount of agents is also needed to avoid sig-
nificant fluctuations in our results. However, we could
not determine the right threshold for the specific in-
stances, which certainly depends on the properties of
the simulated environment and the population size.
The second main result of this paper is that by
setting the parameters properly, one can approximate
the effect of some non-pharmaceutical countermea-
sures, which are usually adopted if an epidemic out-
break occurs. This observation is supported by the
empirical study of (Markel et al., 2007). Interest-
ingly, the right choices of parameters in our experi-
ments seem to be in line with previous observations in
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real world (e.g. the right power law exponent seems to
be in the range 2:6-2:9, cf. (Eubank et al., 2004)). To
analyze the effect of the countermeasures mentioned
above, we integrate the corresponding mechanisms
on a smaller scale, and then verify their impact on a
larger scale too.

2 THEORETICAL MODELS AND
ALGORITHMIC FRAMEWORK

Our model is based on the distributed algorithmic
framework introduced in (Elsdsser and Ogierman,
2012). In that paper a (rough) asymptotic analysis
of the spread of a disease in a large urban environ-
ment was considered, while in our paper we include
its spread on a larger scale with several hundred cities,
and provide a more precise (empirical) analysis on a
smaller as well as on a larger scale. Hereby, the cities
are chosen from a list in descending order of their
population size. Since we do not consider cities in-
habiting less than one agent on expectation, the num-
ber of agents is the limiting factor here. It is intu-
itively clear that large (and thus attractive) cities play
a major role in a fast spread of an epidemic since a
higher population density entails a potentially higher
infection probability. Excluding such hotspots would
of course slow down the infection spread. The prob-
lem is, this could only be achieved by quarantine the
whole city itself. One cannot assume inhabitants liv-
ing and working there would or could leave every-
thing behind. Therefore we consider such strategies
only on a smaller scale.

In our model, the agents may not only move be-
tween locations within a city but between cities as
well. Furthermore, due to simplicity the agents are
not categorized (i.e., they do not provide further prop-
erties like gender etc.). Note, we are not interested in
the evaluation of such details. In the following, we
briefly introduce the model.

Environment and Movement. Our model incorpo-
rates both intra- and inter-city movement. We model
the inter-city movement using a complete graph G =
(V;E). In this graph, each ¢ 2 V corresponds to a city
of Germany. However, depending on the size, not ev-
ery city is contained in V. The population is repre-

sentedby n= n. agents, with n¢ being the number
c2v
of agents assigned to c¢ proportional to its real world

population. Furthermore, each city contains a num-
ber of so called cells described below. Agents may
move independently from one cell to another or even
travel to another city in each step. Each cityc 2V is
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assigned an attractiveness d. proportional to its pop-
ulation size (w.r.t. the whole population). Note, after-
wards dc does not change anymore. Let At be the
event that agent i travels from city s to t. Let further
p be the probability that an agent decides to travel
at all, and let dist(s;t) be the Euclidean distance be-
tween cities s and t. Then, the probability that event
Ai-st Occurs is given by

d dist 1(s;t)

d; dist X(s;])’
(s:))2E

Pr(Aist) =1p

Thus, the probability for an agent entering a specific
city is governed by the distance to said city, its popu-
lation size as well as the current position of the con-
sidered agent.

Since our model incorporates intra-city movement
as well, each ¢ 2 V is a clique of cells on its own.
These cliques are defined by G; = (V;; E¢) with kng
being the size of V. (recall that n; is the number of
agents assigned to city c). Note, k does not affect the
amount of agents but the amount of cells only. The
nodes v 2 V; are the cells described above. Here,
k > 0 is a constant, which will be specified in the
upcoming experiments. The cells represent locations
within a city an agent can visit. Each cell may contain
agents (individuals), depending on the cells so called
attractiveness. The attractiveness d of a cell v is cho-
sen randomly with probability proportional to 1=d?2,
where a > 2 is a constant depending on the simu-
lation run. In each step, if an agent decides not to
visit another city, then it moves to a randomly chosen
cell according to the distribution of the attractiveness’
among the cells. This also holds for the first cell an
agent is accommodated in after entering a city.

Epidemic. We use three different states to model
the distributed spreading process. These states par-
tition the set of agents into three groups; 1 (j) con-
tains the infected agents in step j, U(j) contains the
uninfected (susceptible) agents in step j, and R (j)
contains the resistant agents in step j. Whenever
it is clear from the context, we simply write I, U,
and R, respectively. If at some step j an uninfected
agent i visits a cell (within a city) which also contains
agents of 1(j), then i becomes infected with proba-
bility 1 (1 g)""®, with 1°(j) being the number of
infected individuals in the same cell. We refer to the
concrete value of g in the upcoming simulations.

Countermeasures. In our model, the countermea-
sures are governed by the parameters a and k. That
is, high values of these two parameters imply a high
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level of countermeasures and vice-versa. With coun-
termeasures applied, individuals avoid places with a
large number of persons more often, waive needless
tours, and are more careful when meeting other peo-
ple. While a is mostly responsible for a decreas-
ing number of visitors within a cell, and thus for the
avoidance of crowded areas for example, k governs
the total space available for all individuals. That is,
if k increases, then more cells are available for the
total number of individuals, and meetings within the
same cell are less frequent. Thus, k basically mod-
els how careful people interact with each other when
they meet. As pointed out in (Markel et al., 2007),
a single countermeasure alone is most likely not suf-
ficient to stop an epidemic. Therefore, we assume a
combination of countermeasures to be in place, which
then would be able to sufficiently influence the pa-
rameters a and k. Although the models described
above already provide everything needed to simulate
the use of countermeasures, one aspect is still miss-
ing. When do we activate/deactivate the countermea-
sures and what order of magnitude should they have?
We use two different types of countermeasure-models
for this purpose: a (multi-tier) level based approach
considering the amount of infected agents in the cur-
rent step, and a ratio based approach considering the
amount of newly infected agents in the current step
compared to the one in the step before. In the follow-
ing, we use ap and kg as initial values for a and k,
respectively.

In the level based model, we have one or more
levels, and within each level a certain pair of param-
eters a and k is used. Let LMy, stand for the level
based model with m levels L = fly;:::;1ng [ lo. Fur-
ther, let T = FI$; 15;1$;14; 22,19 14 g be the set defining
the transition points for all levels, i.e., 19 defines the
transition point from level i to i 1 whereas I}' de-
fines the transition point from level i to i + 1. Note,
4 =14 does not necessarily hold. Additionally,
ap;as;:;am and ko; kq; i ky define the parameters
aand k, which are applied in the corresponding levels

us assume that 1§ = 0; 18 = 1§ = 10;1¢ =1 =20;1§ =
¥. That is, if at most 10 percent of the population
of a city is infected in step i, ap and ko are applied
to simulate the spread of the disease. If the num-
ber of infected individuals is larger than 10 percent,
then a; and k; are used. Should the amount of infec-
tions go even above 20 percent, both parameters are
raised to a, and ky, respectively. Similarly, both pa-
rameters are lowered to the previous values whenever
the amount of infections falls below the correspond-
ing transition values.

In contrast, the ratio based model RM uses a non

static approach. Let the set of newly infected nodes of
acity c in step i be denoted by I, (i). Furthermore, let
aj and k; denote the corresponding parameters used
instepi. If ﬂ% a, for some constant a, then
we set aj+1 = aj +z1 and Kj+1 = kj + 22, where 21,2
are some small constants which will be specified later.
Consequently, if jljc'zi(')ll)j 1=a, then we set aj+1 =
maxfag;a; z19 and Kj+1 = maxfko;ki z2g. The
values applied in the various models are specified in
Section 3.5.

3 EXPERIMENTAL ANALYSIS

As already stated in Section 1, the environment ap-
proximates the geography of Germany with up to 10
million agents. Note, the obtained results are almost
identical for the same simulations utilizing 100 mil-
lion agents. Depending on the number of agents, our
simulations use several hundred cities as visitable ar-
eas spread all over the country. Each city is assumed
to be reachable from any other city. However, an
agent may travel at most 1000 km within a single time
step. Each time step represents a whole day in the real
world. Conseguently, an agent moving from one city
to another has to wait until its destination is reached
before it can interact with other agents at its destina-
tion.

3.1 Setup and Implementation

The experiments, including the ones with 100 mil-
lion agents, were mostly performed on a computa-
tion node of the Doppler cluster at the University of
Salzburg. This node integrates a quad-socket AMD
Opteron 6274 CPU (16 physical cores at 2.1 GHz
each) with 512 GB RAM (32 x 16GB DIMMs). An
Intel Xeon E5430 CPU (2,66 GHz, 4 physical cores)
has been used as a secondary evaluation unit for ex-
periments which were not so critical in terms of time.

Our simulator is implemented in Java and uses
an agent-based core architecture, where each agent,
depending on the number of overall agents in use,
represents several inhabitants during the simulation.
Furthermore, our system is completely event driven.
Overall we are able to perform large scale experi-
ments with more than 100 million agents in a reason-
able time frame. Since such huge amounts of agents
generate a significant impact in terms of performance,
several parallelization approaches are implemented.
For example, several worker threads are used, which
are chosen accordingly to the number of available
physical cores.Furthermore, to decrease the compu-
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tational time for inter-city travels, we also take ad-
vantage of a parallelization approach concerning the
agents themselves.

3.2 Simulations

In the upcoming sections we present and evaluate our
results. Due to space limitations, only a selection of
the results is presented here. In the following we fo-
cus on

1. the impact of the number of agents on the char-
acteristics of the simulated epidemic compared to
real world data, and

2. the impact of non-pharmaceutical countermea-
sures on the behavior of the epidemic (e.g. social
distancing, school closures, and isolation (Markel
et al., 2007)).

Furthermore, we also analyze our parameter set-
tings. Although this is only a short part, our settings
seem to coincide with the real world observations of
(Eubank et al., 2004), and thus provide an additional
valuable-insight. Note that the figures presented in
this section show values based on the real world pop-
ulation size and not on the number of agents. Thus,
a direct comparability is given without the need to
scale.

3.3 Relevance of the Chosen Parameters

Based on real world observations (e.g. (Eubank et al.,
2004)), we chose a = 2:8 and k = 1 as a starting point
for a series of simulations concerning a and k, re-
spectively. Each plot represents values averaged over
50 different simulation runs for each parameter con-
stellation utilizing 10 million agents. The parameter
notation is given in Table 1.

In Figure 1(a) and 1(b) we analyze the impact of
a and k on the behavior of the epidemic, and compare
the results to the characteristics of a typical Influenza
case reported by the RKI2. To increase the readabil-
ity, we omit to add the RKI-plot as the 6th one. In-
stead we refer the reader to Fig. 2. Note, although
the plots for a = 2:4 and a = 2:6 may seem more
similar to the RKI-curve at first sight, the differences
to the RKI-plot (cf. Table 2 for an example of simi-
larity measures) are significant when scaled properly.
Besides, of all five a-values a = 2:8, which has also
been obtained in (Eubank et al., 2004) in a different
context, represents the best tradeoff between curve
similarity and amount of infections. All remaining
parameters were set to identical values as in Case 1
(cf. Section 3.4). For k a similar phenomenon can be
observed. With increasing k (including fractional val-
ues), the characteristics of the curve (i.e., the amount
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Table 1: The parameter notation used in the evaluation.

g With this probability an agentv 2 U is being
infected independently by each w 2 | occu-
pying the same cell at the same time.

D, The amount of steps an agent v 2 | is infec-
tious, thus being able to infect others.
Initial amount of cities the infection is being
placed in.

Agentinit | Amount of initially infected agents which
are placed in Cityjn;; different cities.

Cityinit

a The power law exponent used to compute
the attractiveness of the cells within each
city.

k A multiplicative factor to increase/decrease

the amount of cells proportional to the ini-
tially assigned amount of agents. Withk =1
the amount of agents is identical to the num-
ber of cells within each city.

of infected individuals at the peak vs. total number of
infections and total duration of the outbreak) become
less and less accurate. Even if we increase the value
to 2, the obtained curve does not follow the charac-
teristics of the real world observations reported by the
RKI® anymore.

In terms of the probability of infection g we sim-
ply chose a reasonable value low enough to model an
Influenza epidemic, but high enough to provoke an
outbreak. This seemed reasonable due to the (at least
to our knowledge) lack of concrete values deduced
from real world observations.

3.4 Case 1- Number of Agents

Before we present the results for this case, we first in-
troduce the relevant sources for comparison. For Sub-
case a), we compare our results to real world data pro-
vided by the RKI (Robert Koch Institute, 2012) Surv-
Stat system for the year 2007. The parameter values
were taken from reference data provided by the RKI
(Arbeitsgemeinschaft Influenza, 2011) where possi-
ble, or set to reasonable ones otherwise. In Subcase
b) then, a disease for a fictional epidemic is presented.

3.4.1 RKI: Basis of Comparison

In this case, we compare our results to the real world
data provided by the RKI3. For this purpose we use
two different data sources: the official report of the

3The Robert Koch Institute (RKI) is the central fed-
eral institution in Germany responsible for disease con-
trol and prevention and is therefore the central fed-
eral reference institution for both, applied and response-
orientated research. (Source: http://www.rki.de/EN/Home/
homepage_node.html)
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Figure 1: A composition of some simulation runs concern-
ing varying a (1(a)) and k (1(b)) only. All other parameters
are identical to Case 1 (cf. Section 3.4). Each result rep-
resents the average of 50 different simulation runs with 10
million agents for the topology of Germany.

Influenza epidemiology of Germany for 2010/2011
(Arbeitsgemeinschaft Influenza, 2011) and an online
database containing obligatory reports called SurvS-
tat (Robert Koch Institute, 2012).

Relevance. The data for the SurvStat database and
the report of 2010/2011 itself were obtained from
more than 1% of all primary care doctors spread all
over Germany. Note that not every infected person
consults a doctor, which implies that the data of the
SurvStat system contains only the serious courses
of the disease. Nonetheless, these sources provide
a valuable tool to obtain insight into the spread
and persistence of the Influenza virus in Germany.
Further, due to the data’s significance, it is possible
to estimate the number of infections within certain
areas as well. Since the spread of infections in the
real world is influenced by factors like seasonal
fluctuations or the virus’ aggressiveness, the number
of total infections may significantly differ from
year to year, cf. (Robert Koch Institute, 2012) for
different years. However, the course of the curve
usually does not change. Consequently, we do
not focus on absolute values in our simulations,
but on the characteristics of our results. These
characteristics remain, up to some scaling factor,
identical over the whole data set provided by the RKI.

(b) 10.000.000 Agents

Figure 2: Simulation results for Case 1a) (red) in compar-
ison-to real world data (green) provided by the RKI for a
varying amount of agents. Each result represents the av-
erage of 50 different simulation runs. The reliability of the
averaged value is indicated by the corresponding confidence
interval.

3.4.2  Subcase a)

The Parameters in this case are as follows. We set
g = 7%, D, to 5 days, the amount of initially infected
cities Cityjyit to 1 (namely Berlin), and the amount of
initially infected agents Agentinit to 0:0015% of the
overall agents used for these simulations. Further-
more,a=2:8and k =1.

Each obtained plot represents the average of 50
different simulation runs. Figure 2 shows the results
for the first subcase. Here, the green curve represents
the real world data provided by the RKI for the year
2007 while the red curve represents our simulation re-
sults. Note that both curves vary significantly in terms
of absolute numbers. However, this is not our focus
here. Due to the level of abstraction in our model and
since the RKI data only contains reported cases (see
above), the absolute numbers do not coincide. Addi-
tionally, as stated above, the data provided by the RKI
also differs significantly (in terms of absolute num-
bers but not the disease characteristics) from year to
year (cf. (Robert Koch Institute, 2012)). Therefore,
we focus on the course of the disease and the result-
ing characteristics of the plotted curves.

It is easy to see that the more agents are used, be-
ginning from Figure 2(a) up to Figure 2(b), the more
the curve characteristics converge. Moreover, the ac-
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curacy of each simulation run increases as well (cf.
the confidence intervals in Figure 2). With at least
500:000 agents in use, both curves become similar.
Note that we shifted the outbreak position of the RKI
data to the origin to create a comparable situation.
Since the moment of an outbreak varies in reality as
well (cf. (Robert Koch Institute, 2012)) and the be-
ginning of the disease is not important for us, this re-
location does not have any influence on the data or the
evaluation itself.

To obtain a more formal evaluation, we define
three measures, which are used to compare our results
to the data provided by the RKI. These are: the time
to peak (TTP), the epidemic duration (ED), and the
area of the curve (AC). The time to peak describes the
week with the maximum amount of newly infected
agents of the corresponding curve. The area of the
curve is simply the summation of the area between the
origin and the endpoint EP (defined by the epidemic
duration). Finally, the endpoint of the epidemic dura-
tion is the week in which only a minor amount of new
infections occur, and no significant new infections are
observed anymore. Minor infections are defined to
start at a step i and last till the last step j of the sim-
ulation while for all stepsi ' j it holds that the
amount of newly infected agents does not exceed 9%
of the maximum value.

In Table 2 we consider the relative values of these
measurements compared to the RKI data. That is,
the numbers given in this table represent the ratio be-
tween the value obtained in our simulations and the
value provided by the RKI. For example, a value of
4:00 for TTP in the case of 10:000 agents implies that
the time to peak in our case divided by the time to
peak in the real world data is 4.

Using the individual deviation measurements, we
define a global deviation value by the formula %
TTP+3% AC+ 3% ED. For simplicity we consider
each individual measurement uniformly weighted.
The results, which confirm our previous observations,
are given in Table 2 and Figure 3.

All obtained results and previous statements
imply a fragile balance between the accuracy, the
parameter setting, and the amount of agents in use.

3.4.3 Subcase b)

In Contrast to Subcase a), the Epidemic here is a Fic-
tional One. We set g=1:5%, D'|' to 5 days, the amount
of initially infected cities Cityj,j; to 1 (namely Berlin),
and the amount of initially infected agents Agenti,i; to
0:0015% of the overall agents used for these simula-
tions. Furthermore, a =2:8 and k = 1.
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Table 2: Quantitative comparison and deviation measure-
ments of the achieved results in Case 1a) with respect to the
data provided by the RKI. The results refer to the following
properties: time to peak (TTP), the epidemic dration (ED),
and the area of the curve (AC). Here, the AC is starting at
the origin and ending at the endpoint EP defined by the ED.
All values are given as a relative deviation concerning the
data provided by the RKI. The deviation value itself is com-

puted utilizing 3 TTP+3 AC+3 ED.

Deviation
ED/ Deviation

Agents| TTP EP AC

Value
(week)

10K 2;33 3;53=53 5;58 3;81
25K 2;00 3;53=53 4;71 3;41
50K 1;83 3;47=52 3;70 3;00
100 K 1;33 2;87=43 3;10 2;43
250K 1;17 2;27=34  2;59 2;01
500 K 1;17 1;87=28 2;29 1;77
1M 1;17 1;67=25 2;16 1;66
25M 1;00 1;53=23 2;00 1;51
5M 1;00 1;47=22 , 1;92 1;46
10M 1,00 1;40=21 1;88 1;43

6

TTP ===
ED ==

AC ==
Deviation value —5—

Deviation measure
~ w
T

»-
T

10K 25K 50K 100K 250K 500K 1M 2.5M 5M  10M
Simulation runs to the corresponding agent numbers

Figure 3: A visual representation of the data of Table 2.

In this subcase, we chose g relatively low com-
pared to the subcase above to emphasize the distor-
tion. We show a significantly varying course of dis-
ease, which even exceeds the distortion of Subcase a).
Using these parameters we were able to identify mul-
tiple curve characteristics, partially shown in Figure
4. The differences are significant. First, we observed
the extinction of the disease almost instantly after the
outbreak, followed by a completely unpredictable be-
havior including an increasing as well as a decreasing
influence of the disease, up to a self-stabilizing infec-
tion spreading (cf. Fig. 4(a) and 4(b)). Since no other
parameter was altered, only the different number of
agents could have such a strong influence on the re-
sults.

Combined, both subcases indicate a significant in-
fluence of the amount of agents in use on the spread-
ing process itself. One main goal in such simula-
tions is to gain some speedup with a lower number
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Figure 4: Simulation results for Case 1b) (red) for a varying
amount of agents. Each result represents the average of 50
different simulation runs. The reliability of the averaged
value is indicated by the corresponding confidence interval.

of agents while keeping the collectible data (for ex-
ample the number of infections) almost identical in
terms of accuracy. Now, this seems to be a very fragile
premise which cannot necessarily be achieved. Note,
we did not explicitly tune the settings for the dif-
ferent amount of agents since such possibilities may
not be present or applicable for medical forecasting
and disease estimation systems. Especially for un-
known or largely unexamined diseases this may be
very problematic. However, due to the dependency of
the amount of cells in a city and the amount of agents
in use, this is done, to some extent, implicitly by our
model.

3.5 Case 2 - Non-pharmaceutical
Countermeasures

Now we extend our analysis to incorporate non-
pharmaceutical countermeasures such as school clo-
sures and social distancing. Here, we stick to a fic-
tional epidemic simply because it simplifies the pre-
sentation, i.e., due to the increase of g to 12%, a faster
spread is achieved and the impact of the used counter-
measures is amplified. Similar to Case 1, we set D'|' to
5 days, the amount of initially infected cities Cityipi; to
1 (namely Berlin), and the amount of initially infected
agents Agentini: to 0:00075% of the overall agents (to
compensate the higher g at the beginning). All rele-

vant parameters concerning the countermeasure mod-
els can be found in Table 4 and 5.

We assume that such countermeasures basically
affect the parameters a and Kk, since the individu-
als will most likely avoid places with a large num-
ber of persons, waive needless tours, and be more
careful when meeting other people. Although one
of these modifications alone is most likely not suf-
ficient (Markel et al., 2007), we can simply assume a
combination of these strategies to be in place, which
then would be able to sufficiently influence a and k.
For obvious reasons, we cannot compare our simula-
tion results to current real world data, which consider
different epidemics with varying (or no) countermea-
sures in use. Therefore, we use the work of Markel et
al. (Markel et al., 2007) for this purpose. Especially
Figure 5 is of particular interest. There, the direct cor-
relation between establishing countermeasures and a
decreasing amount of new infections (and vice versa)
is well highlighted. We observed an identical effect in
our simulations (cf. Figures 6, 7, 8 and Table 3). Note
that different combinations of countermeasures used
in (Markel et al., 2007) entail different kinds of im-
pacts on the death rates. In contrast, we do not focus
on specific combinations but on sufficient ones to ac-
tually achieve an immediate impact on the epidemic.

Table 3: Percentage of the overall infected inhabitants (Case
2). Column NOCM represents the percentage of overall in-
fections without any countermeasures in use, whereas the
other columns state the gain compared to the case without
countermeasures for the corresponding level based and ratio
based model, respectively.

Infected Agents (in percent)

AGENtS| NocM LM, LM M3 RM
10k | 55;45 40;36 24;38 25;26 31;93
25k | 58:57 16;72 1;56 15;18 33;43
50k | 76;20 13;49 21;50 28;40 42;51
100k | 75;08 11;75 0:29 16;50 27;88
250k | 81;37 11;13 18;95 16;38 40;30
500k | 85;77 18;05 16;15 20;04 39;26
1M | 86;12 1:84 14;53 12;16 37;41
2;5M | 88;22 12;47 14;66 13;42 35;47
5M | 87;39 11;33 8;50 8;90 29;81
10M | 88;06 8,0 9;30 9;15 32;08

As already described in Section 2, two different
countermeasure approaches are of main interest for
us: the level based (LM7; LM, and LM3), and the ratio
based (RM), respectively. Both use different mecha-
nisms and parameters to achieve the embankment of
the epidemic. Recall that all transition points in the
level based model are chosen w.r.t. the ratio between
the amount of currently infected individuals and the
population size of the city.
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Figure 5: Weekly excess death rates from September 8, 1918, through February 22, 1919 (Markel et al., 2007, Figure 3).
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Figure 6: Example results for BER for Case 2. The number
of agents refers to the total amount in the simulation.

Similar to Case 1, the results with at most 10 mil-
lion agents in use are presented for each model. Al-
though the level based approach is completely dif-
ferent compared to the ratio based approach, the
achieved results are similar. However, the overall in-
crease of a and k by the ratio based approach may
be noticeably higher, especially if a large number of
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Figure 7: Example results for HAM for Case 2. The number
of agents refers to the total amount in the simulation.

agents is used (cf. for example Figure 8(b)). That is,
while all LM-modelsuse a  3:3, the RM-model goes
above 4. This implies that the LM-models are more
cost efficient, since both a and k are kept lower and
therefore less effort is needed to achieve and maintain
said values.

Additionally, to be able to compare our results to
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Table 4: Parameters for the level based countermeasure models relevant for  Table 5: Parameters for the ratio based coun-
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Figure 8: Example results for PB for Case 2. The number
of agents refers to the total amount in the simulation.

the findings in (Markel et al., 2007), we examine the
following three cities in more detail: BER (population
size:  3:5 million), HAM (population size : 1.8
million) and PB (population size:  146:000). Fig-
ures 6, 7 and 8 represent a composition of some inter-
esting results for each city and model in use. Note
that the green curve in these figures represents the
countermeasure level for the LM models at the cor-
responding time, and indicates the number of times
71,22 have increased a;k in the RM model. Recall,

j
in the RM-model level j implies a;j = ag +
k=1

z; and

: zp forastep i.

k=1

Our results confirm the impact, influenced by
the effectiveness of the countermeasures, of different
countermeasures observed in the real world (Markel
et al., 2007). Compared to Figure 5, our simula-
tions show a similar behavior (i.e., more than one
peak during the epidemic). It is easy to see that the
countermeasures presented in (Markel et al., 2007)

ki =ko+

directly influence the course of the epidemic. The
same property can be observed in our results (cf. Fig-
ure 6(b), 7(a) or 8(a)). One can see that depending
on the countermeasure level (indicated by the acti-
vated/used level), the number of infections increases
or decreases. Note that although our figures show the
number of infected individuals and not the death rate
as shown in Figure 5, a comparison is still possible
since this deviation can be normalized using a scaling
factor.

Furthermore, we observe that small adjustments
of the two parameters a and k entail a significant im-
pact on the number of overall infections (cf. Table 3).
Among others, it was shown that if the power law ex-
ponent (and k as well) is assumed to be some large
constant, then even a very aggressive epidemic with
g = 100% will affect no more than a polylogarithmic
number of the population. Our findings now back up
these observations.

In conclusion, in this case we showed the im-
pact of different countermeasures on the behavior of
a population w.r.t. our model. Although some com-
plexity of the real world is lacking, the similarities
to real world observations are still present. Starting
with settings for the environment, and therefore im-
plicitly the individuals’ behavior, based on real world
observations (cf. Section 3.3) relatively low level
countermeasures were sufficient to embank or at least
significantly suppress an outbreak. Essentially the
same properties were already observed in reality (cf.
(Markel et al., 2007)). This underlines the impor-
tance of behavioral and environmental models based
on power law distributions.

4 CONCLUSIONS

Agent based simulators offer various possibilities to
perform very detailed experiments. However, the pa-
rameters used in these experiments highly influence
the results one might obtain. As we have seen, even
the number of agents has a significant impact on the
quality of the results. This includes the reliability of
different simulation runs with an identical parameter
setting. By using the right parameter settings and a
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proper number of agents, it is possible to approximate
the course of a disease as observed in the real world.
Furthermore, our experiments indicate that the algo-
rithmic framework presented in this paper is able to
describe, to some extent, the impact of certain non-
pharmaceutical countermeasures on the behavior of
an epidemic.
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