
The SILAS-model: Sexual Infections as Large-scale Agent-based
Simulation

Stefan Scholz1, Manuel Batram2, and Wolfgang Greiner1

1Dept. of Public Health, Bielefeld University
2Dept. of Business Administration & Economics, Bielefeld University

Introduction
Agent-based models (ABM) simulate decision-making and interacting entities as autonomous software agents. Hence,
ABM is a method of interest to answer a variety of research questions in the field of health economics, ranging from clas-
sical modeling for health technology assessment to assessment of policy impact on social security systems. Independent
of the research question at hand, a realistic depiction of all relevant population characteristics in the agent population is
the basis for retrieving valid answers. In this context, the economic evaluation of interventions (behavioral or technolog-
ical) of infectious disease must rely on a sufficiently realistic depiction of the disease dynamic. The spread of infectious
diseases not only depends on the course of the disease, but also on the population structure and on behavioural aspects
relating on the heterogeneity of patients or patient groups. Therefore, effects caused by certain individuals may not be
covered by the models mostly used in epidemiology or public health so far, as only expected values of a population
are incorporated in those models (i.e. Markov, dynamic transmission). A famous example to demonstrate the influence
of the non-average behavior of a single individual is the spread of HIV in the US via a flight attendant in the 1980’s.
(see Auerbach et al., 1984) Modeling the spread of HIV using only expected values regarding mobility and number of
sex-partners would have failed to include this kind of behavior and therefore the spread of the disease would have been
underestimated. Agent-based modeling (ABM) can incorporate the heterogeneity of individuals and the variety of their
behaviors to provide more valid and reliable results in epidemiology, public health and health economic evaluation of
infectious diseases.

This paper presents first results from the Sexual Infections as Large-Scale Agent-based Simulation (SILAS)-model, on
the spread of syphilis in Germany. As additional feature to existing literature on ABM in STDs, which reports results for
the subgroup of men who have sex with men (MSM)(Gray et al., 2011), the agent population in SILAS is representative
for the whole German population.

Methods
Demographic related behavior
The SILAS-model is implemented in the FLAME-framework (Software Engineering Group, 2014). The software is us-
ing the X-machine framework to operationalize agent behavior and interaction via a messageboard system (Coakley/
Smallwood/Holcombe, 2006). Each agent has a set of 21 memory variables (e.g. age, sex, sexual orientation and rela-
tionship status) with its individual value sets. Agents in the starting population are intialised with their memory variables
being representative for the general German population. In addition, age-, sex- and sexual orientation-specific relationship
rates and according age differences between the partners are applied. Within each model iteration (one day) agents run
through the model according to the model flow depicted in figure 1a.

In the first period of each iteration, agents update their memory variables independent of interactions with other agents.
For example, the day of pregnancy is increased, the age is incremented if the iteration matches the agent’s birthday or
methods of contraception are chosen. Also, at this point in time, agents determine wether they die on the next day, in
which case they get removed from the agent population.

The second period of time serves for intention-building and the communication of intentions related to relationships
and sexual contacts. Thereby, the intention for a new relationship is communicated to a helping "stat-agent" and break-up
intentions are directly communicated to the partner. The "stat-agent" collects all agents with the intention for finding a new
partner, matches these agents according to age and sexual orientation and communicates the result back to the agents in
the next iteration. This approach was chosen for computational reasons to avoid redundand readings of the messageboard
by all agents. All relationship-related memory variables are updated in the relationship-function.
Sexual intentions are transformed to sexual contacts in relationships without the use of messages assuming symmetric
intentions for sexual contact in relationships (for details please see Batram/Scholz, 2014). Sexual intentions of singles are
communicated to the "stat-agent" in the same way as the intention for a new relationship. Unfaithful behavior is possible,
whereas a non-single agent behaves like a single agent.
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In the final period single or unfaithful agents are notified, whether a sexual contact was realized and if it lead to
pregnancy considering individual fertility periods and conception probabilities of female agents (de La Rochebrochard/
Thonneau, 2002; Gnoth, 2003; Keulers et al., 2007; Wilcox/Weinberg/Baird, 1995; Barrett/Marshall, 1969; Colombo/
Masarotto, 2000). Again, all related memory variables will be updated. The actual birth (i.e. the creation of a new agent)
is realized in the first period under the consideration of age-specific rates of induced and spontaneuous abortions. (Nybo
Andersen et al., 2000; Federal Statistical Office, 2014)
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(a) General, daily model-flow of the SILAS model: Circles de-
note the different states of the agents, squares denote functions,
green lines denote messages sent and black lines denote the flow
of agents through the model. The flow on the left depicts the
statistical agent, the right side the person agents.
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(b) Course of the disease of syphilis within each agent:
Each node represents a Markov-state, arrows denote the
direction in which agents in a certain health state can
move.

Disease modeling
Agents of the starting population have an age-, sex- and sexual orientation-specific probabilities of syphilis infection. The
course of the disease itself is modeled as a Markov-model within each agent as depicted in figure 1b. Once the simulation
started, the spread of the disease is only governed by the behavior rules and interactions of the agents. Depending on the
health state of the agent, different probabilities of transmission by unprotected sexual contact between agents and age-
and sex-specific diagnosis and treatment rates are applied from reported data. (Robert Koch Institute, 2014) Furthermore,
congenital transmission at birth is modeled explicitly.
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Behavior estimation
The agent behavior (interaction and memory updating) is modeled stochastically and is estimated using data of the German
federal statistics office, the Robert Koch-Institute (Robert Koch Institute, 2014), the PAIRFAM panel dataset (Nauck et al.,
2014; Huinink et al., 2011), and published literature. Thereby, all distribution-parameters of agent-functions or behavior
rules (e.g. mean and variance of a normal distribution) have been estimated in dependence on the agent-memory variables
using generalized additive and linear models. For example, all four parameters of the zero-one-inflated-beta distribution,
which is used to model all probabilities in the model (e.g. probability of a sexual contact), have been estimated conditional
on age, sexual orientation, pregnancy, length of relationship, etc. Agents use the resulting coefficients to calculate their
individual, conditional probability distributions and sample their daily behavior from those distributions. A multinomial
logit-model was estimated for contraception-use of the agents. Contraception options include no contraception, condoms,
birth control pill or both of the latter. All parameters of the according distributions are estimated using the GAMLSS-
package (Rigby/Stasinopoulos, 2005) or mlogit-package (Henningsen/Toomet, 2011) for R (R Core Team, 2014).

The possibility of computational parallelization in the FLAME-framework as well as in the software tool programmed
for the creation of the starting population allows for acceptable run-times for large populations of 1 million agents (∼ 8
minutes on a standard-workstation).

Preliminary Results
As can be seen in figure 2a the model sufficiently approximates the observed age-specific fertility rates (ASFR) in Ger-
many. Deviations may be due to the stoachstic nature of the model in combination of the agent population of 100,000
agents, which is used for the step-by-step validation in the current development phase of the model. Hereby, the bottom-
up implementation of the demographic behavior rules leads to valid results on the macro-level without any feedback-loop
between macro- and micro-level. Infertility, age-specific conception probabilities, induced and spontaneous abortions
show to have a relevant effect on the birth rates.
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(a) Demographic results: The figure depicts the age-specific fer-
tility rate within and outside of relationships produced by the
model in the first year of the simulation in contrast to the ob-
served German age-specific fertility rate (green line).
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(b) Disease spread between agents: Each node represents
a Markov-state, arrows denote the direction in which
agents in a certain health state can move.

Using the ASFR as indicator for the realistic sexual behavior of the agents, it can be concluded that the frequency of
sexual contacts and contraception methods correspond to the German population, thus allowing a realistic simulation of
STI spread. Figure 2b shows the infection paths between agents in the SILAS-model for preliminary assumptions about
the course of syphilis. In combination with the memory variables of the agents, the role of homo-, hetero and bisexual
agents in outbreaks as well as mother-to-child infection can be analyzed.

Concluding Remarks
The SILAS model seems to provide a valid foundation for analyses in the context of epidemiological, public health and
health technology assessment in the field of infectious diseases. The agent-based approach provides a tool to identify spe-
cial patterns of the STI spread thus allowing the evaluation of tailored interventions or the effect of health care utilization
(e.g. time to diagnosis). Planned extensions to the model include a regional distribution of agents and the inclusion of sex
workers as important parameters to disease spread.
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