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Abstract

Demographic microsimulation has been used very successfully to
model the dynamics of kinship structure in historical and contempo-
rary populations. One of the main limitations of current approaches is
the calibration process, which typically requires ad hoc solutions. We
propose a method to calibrate demographic microsimulation to histor-
ical records and we apply it to the case of ancient Roman Italy. We
evaluate the impact that the Punic wars had on population growth via
both mortality of soldiers and the indirect effect on fertility rates re-
sulting from a form of marriage squeeze. Preliminary results indicate
that when male mortality perturbed marriage markets, the share of
Roman women unable to find a partner increased substantially. As a
result, fertility for the women bound to get married during the war de-
creased dramatically. Although the impact on population growth was
transitory, it took several decades before the population size returned
to the pre-war levels.

∗Authors are in alphabetical order reflecting equal contribution to the paper.

1



Introduction

Demographic microsimulation has been used very successfully to model the
dynamics of kinship structure in historical and contemporary populations
(e.g., Wachter, Hammel and Laslett 1978; Wachter 1997; Wachter, Knodel
and VanLandingham 2002). One of the most widely used demographic mi-
crosimulators is SOCSIM, a computer program that was originally developed
by Eugene Hammel and Kenneth Wachter, at UC Berkeley in the 1970s (e.g.,
Hammel, Mason and Wachter 1990). The simulator has been designed to
model very detailed sub-groups of a population, and to address a wide range
of research questions.

One of the most understudied areas of demographic microsimulation
(and, more broadly, agent-based models) is the calibration process. In prin-
ciple, perfect knowledge of demographic rates should lead to an unbiased
reconstruction of the kinship network through demographic microsimula-
tion. The only uncertainty associated to the simulated kinship structure
would be related to the stochasticity of the microsimulation. In practice,
knowledge of vital rates is far from being perfect. Kinship reconstruction
and forecasting demand a level of detail for demographic rates that is often
missing in available data sets. For instance, transition rates from one mari-
tal status to another one are usually not readily available and estimates may
not be very accurate. Fertility rates are usually not broken down by marital
status or parity. In most cases, demographic rates that are used as input
to the microsimulation need to be estimated from various data sources with
different sampling errors. Even when reliable data sources exist to compute
demographic rates broken down by the categories of interest, the hetero-
geneity of the population’s rates within the tabulated categories, and the
complexity of the matching process in the marriage market, constrain the
accuracy of the microsimulation.

Traditionally, the problem of calibrating SOCSIM has been addressed
using ad hoc tuning. Input rates are adjusted on a trial and error basis in
order for the output of the simulation to match key summary demographic
measures obtained from a population census or sample surveys. The de-
velopment of methods to calibrate SOCSIM has been mainly constrained
by the limitation of computer power in the past. Traditional methods have
heavily relied on minimizing the number of simulation runs by using expert
judgement in adjusting the input demographic rates in a consistent and
appropriate way.

With increasing computer power, there has been a growing interest for
the development of methods to calibrate simulation models. Bayesian meth-
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ods, in particular, have proved useful to formalize the process of calibration
and statistical inference. These approaches have not been developed or used
for SOCSIM. However, some of the key features of these approaches can
be applied to the context of demographic microsimulation. In this paper,
we propose a method to calibrate demographic microsimulation inspired
by recent developments in this area pioneered by Adrian Raftery and his
colleagues (Poole and Raftery 2000; Sevcikova, Raftery and Waddell 2007).
We offer an application to the historical demography of ancient Rome. More
specifically, we analyze the consequences of the Punic wars, and the related
mortality of soldiers, on marriage rates, number of births, and short- and
long-term population dynamics. The main idea is that, in a society where
practically only married women give birth, the impact of a long conflict
does not have only a direct effect on population growth (through the mor-
tality of men), but also an indirect effect (through a ‘marriage squeeze’ that
generates posponement of childbearing).

The Historical Debate

Questions regarding population size, population trend and demographic
structures are fundamental for our understanding of Republican history.
How we ought to judge what voting rights meant in the Republic, how the
performance of the Roman economy compared to that of later pre-industrial
counterparts and what impact it had on the living standards of individuals,
how the course of Roman history might have affected by the availability of
military manpower and the resilience of free labourers - these and similar
questions cannot be answered without at least an approximate idea of pop-
ulation dynamics (cf. Scheidel 2008). It does not come as too much of a
surprise then that recent years have witnessed a revival of intense debate
on the demographic background against which political and social develop-
ments during the period between Hannibal and Augustus took place. Did
Italy by the end of the Republic count about 6 million inhabitants, or rather
about 16 million? And was its free citizen population dwindling as a result
of continued natural birth deficits, or growing forcefully instead?

Traditionally, macro-demographic debates have been strongly rooted in
literary evidence on the Republican and Augustan censuses. Whereas some
of the recent publications have drawn on this literary evidence to propose
new demographic scenarios (notably Lo Cascio 1994, De Ligt 2004, and
Hin 2008), others have turned to archaeological survey evidence to seek an
answer to demographic questions (e.g. Launaro 2011, De Ligt 2012).
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The widely divergent population sizes adhered to in this so-called ‘low
count high count’ debate rest on implicit assumptions regarding a range of
demographic parameters, including population growth rates, marriage ages,
life expectancies and fertility levels. Theoretically, these underlying assump-
tions can be tested against historical demographic evidence. This would
allow us to evaluate the respective plausibility of diverse population devel-
opment scenarios. In practice, such an approach is only possible through
microsimulation: only then can demographic assumptions underlying vari-
ous population scenarios be made explicit.

Were there sufficient men of marriageable age for Roman women to find
a partner during and after the war, which can serve as a case study of shock
mortality? Did phases of intense conquest and military loss have long-term
consequences for population size? Could the Roman citizenry maintain itself
as a population, and even grow, without changing behavioural preferences
and strategies in response to mortality shocks? Or did historical conditions
require adaptive behaviour to survive? And could any feasible combination
of adaptive strategies lead to rapid population growth? Our paper con-
tributes to the debate in historical demography by evaluating the short-
and long-term impacts of the wars and, more generally, of high mortality
rates in a warring society on marriage dynamics, fertility, and population
trends.

Calibration of the Microsimulation Model

Figure 1 shows a schematic representation of the approach that we use to
calibrate the microsimulation model. The microsimulator requires demo-
graphic rates as input, and generates population files as output. The pop-
ulation files can then be analyzed, and summary demographic measures
can be extracted. These quantities can be compared with the respective
summary statistics obtained from historical records, like the Roman Egypt
census or Roman commemorative shift inscriptions.

The goal of the calibration process is thus to find a set of input rates
which are associated to simulated populations whose key characteristics
closely match the ones extracted from historical records. We may rescale
some age-specific demographic input rates using a set of parameters θ. We
express our uncertainty about the rescaling parameters using a probability
distribution for the parameters; that is the prior distribution. The choice of
a particular set of parameters from the prior distribution yields a popula-
tion output for which we can compute the likelihood, based on a comparison
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with historical records. The combination of the prior distribution and the
likelihood gives the posterior distribution for the rescaling parameters. The
posterior means for the parameters of interest are the final choice for the
rescaling parameters.

We assumed that the shape of the estimated age-specific rates from his-
torical records is fairly accurate and thus most of the uncertainty is associ-
ated to the scale or level of the parameters. Based on this premise, we chose
a set of parameters that rescale age-specific fertility rates and marriage rates.
We refer to these parameters as θ.

For the set of rescaling parameters θ, the likelihood is computed as fol-
lows:

1. Run SOCSIM n times, with the same set of chosen parameters, but
different seeds, and store the outputs.

2. From the n simulation outputs, compute the mean vector µ and the
variance-covariance matrix Σ for a set of five k summary quantities.

3. Based on a normal approximation, the probability of observing the
historical records for the key summary quantities, x, given the chosen
set of parameters is:

fX(x) =
1

(2π)k/2|Σ|1/2
exp(−1

2
(x− µ)′Σ−1(x− µ)) (1)

This is the likelihood for the specific set of parameters

Given a prior distribution and a parameterization to compute the like-
lihood, the posterior distribution for the rescaling parameters is obtained
using the SIR algorithm (Rubin 1987, 1988):

1. Sample with replacement a number m of parameter vectors from the
prior distribution.

2. For each sampled vector, compute the sampling importance weight,
which is proportional to the likelihood for the sampled vector.

3. Sample with replacement from the m parameter vectors with proba-
bilities proportional to the weights to approximate the posterior dis-
tribution.

A standard choice for the point estimate of the parameters is the mean
of the posterior distribution.
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Preliminary Results

Figure 2 shows simulated population pyramids of Roman citizens before the
conflict and at the end of the first Punic war. The population pyramids
provide an idea of the large impact that the war had on the population of
Roman male citizens. Figure 3 shows the simulated proportions of Roman
citizens never married, by sex, over time. When male mortality perturbed
marriage markets, the share of Roman women unable to find a partner
increased substantially. As a result, fertility for the women bound to get
married during the war decreased dramatically. Figure 4 shows the overall
impact that the Punic wars had on population size. Although the impact
on population growth was transitory, it took several decades before the
population size returned to the pre-war levels.

As we develop our models, we plan to evaluate different scenarios and the
effect of behavioral responses to the mortality shock. We will also be able
to make statements about the uncertainty of our results. Microsimulation,
and, in particular, statistical calibration of simulation models, will become
increasingly relevant in historical demography, as more and more historical
census micro-data become available.
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Figures

Figure 1: A schematic representation of the approach that we propose to
calibrate the microsimulation model.
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Figure 2: Simulated population pyramids of Roman citizens before the con-
flict and at the end of the First Punic war.
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Figure 3: Simulated proportions of Roman citizens never married, by sex,
over time.
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Figure 4: Simulated relative population size of Roman citizens over time.
The dotted lines indicate the temporal interval of the Punic wars.
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