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a b s t r a c t

Agent-based micro-simulation models require a complete list of agents with detailed
demographic/socioeconomic information for the purpose of behavior modeling and simu-
lation. This paper introduces a new alternative for population synthesis based on Bayesian
networks. A Bayesian network is a graphical representation of a joint probability distribu-
tion, encoding probabilistic relationships among a set of variables in an efficient way.
Similar to the previously developed probabilistic approach, in this paper, we consider
the population synthesis problem to be the inference of a joint probability distribution.
In this sense, the Bayesian network model becomes an efficient tool that allows us to com-
pactly represent/reproduce the structure of the population system and preserve privacy
and confidentiality in the meanwhile. We demonstrate and assess the performance of this
approach in generating synthetic population for Singapore, by using the Household
Interview Travel Survey (HITS) data as the known test population. Our results show that
the introduced Bayesian network approach is powerful in characterizing the underlying
joint distribution, and meanwhile the overfitting of data can be avoided as much as
possible.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The development of agent-based urban transportation and land use micro-simulation models, such as MATSim1 (Balmer
et al., 2006), UrbanSim2 (Waddell, 2002) and ILUTE3 (Salvini and Miller, 2005), has greatly benefited the process of urban policy
making. In principle, these models simulate the behavior/activity patterns of each agent over time, helping researchers and deci-
sion makers to evaluate the impact of various policy scenarios related to transportation, land use and other urban environmen-
tal issues in a simulation-based setting. As an essential component, these micro-simulation models require a complete list of
agents with detailed demographic and socioeconomic information at both individual and household levels.

Population synthesis is the process to generate an appropriate realization of the entire population, for each region/zone of
interest, as the initial input to the aforementioned micro-simulation models. In doing so, we need to have a comprehensive
understanding about the underlying structure of the studied population. Ideally, such information could be collected from
census data at an individual/household level, and then we can draw a certain amount of samples as synthetic population.
However, the use of such a detailed and disaggregated data set is highly sensitive, since one can easily identify a person
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by filtering people using those presented demographic and socioeconomic criteria. As a result, the use of disaggregated cen-
sus data is highly restricted in most countries and such data is almost never accessible to researchers for the purpose of
urban modeling. Instead of releasing the complete data, most governments and agencies do provide a subset sampled from
the whole population at a rate—ranging from 1% to 10%—for the purpose of urban modeling. This subset of microsamples is
usually referred to as public use micro sample (PUMS). For instance, the Integrated Public Use Microdata Series (IPUMS)4

project collects and distributes PUMS from USA (IPUMS-USA)5 and around the world (IPUMS-International).6 These microdata
sets are made available to researchers for free upon protecting statistical confidentiality. When PUMS is not available or acces-
sible, travel surveys that capture complete demographic and socioeconomic attributes in a comparable sampling rate can act as
a replacement. In addition to these microsamples, aggregated marginal information on regional/zonal level is usually available
from the bureau of statistics. The goal of population synthesis is to effectively and efficiently utilize the available microsam-
ples—together with the complementary aggregated/marginal information on each attribute of interest—to create a realization
of population that could satisfy the underlying population structure as much as possible.

One of the most popular existing techniques for generating synthetic population is Iterative Proportional Fitting (IPF),
which focuses on fitting a contingency table constructed from the microsamples to marginal constraints from aggregated
census data (Beckman et al., 1996; Agresti, 2002). Although IPF was proposed as a general numerical method to analyze con-
tingency tables (Deming and Stephan, 1940), it fits the description of population synthesis problem very well and has long
been considered a milestone in the field of population synthesis research. Given its widespread application, various exten-
sions and mutations have been developed based on the general IPF procedure to generate population with more complex
structures. The classical IPF model can be considered a loglinear model without interactions terms (Agresti, 2002, chap. 8.).

Another branch of models follow a probabilistic framework, which assumes, essentially, all agents come from a popula-
tion that is characterized by an underlying multivariate distribution. Such a joint distribution is capable of capturing not only
the marginal information, but also the complex dependence and higher-order interactions between different variables. By
sampling from this distribution, we are able to create an infinite pool of attribute-stamped population. However, in most
cases this joint distribution is not accessible or manageable directly and to reproduce this joint distribution becomes a pri-
mary task for most population synthesis techniques. As summarized in Caiola and Reiter (2010), current practice typically
employs sequential modeling framework, which impute each variable based on the others (i.e., impute X1 based on
X2;X3; . . . ;Xnð Þ, impute X2 based on X1;X3; . . . ;Xnð Þ, impute X3 based on X1;X2; . . . ;Xnð Þ, and so on). However, considering
the complex interactions among different variables, specifying conditional distributions/models is not a easy task, in partic-
ular when we have many variables of interest.

The purpose of this paper is to introduce a new alternative in the probabilistic framework. We propose to use a Bayesian
network model as an alternative to approximate the inherent joint distribution in a more efficient manner. A Bayesian net-
work encodes probabilistic relationships (causality or dependence) among a set of variables by using a graphical model.
Given the high efficiency and advantages provided by its graphical representation, this data-driven approach is able to deter-
mine the core structure of a population system with a limited number of microsamples. In this sense, Bayesian network
models are powerful tools for learning the structure of population systems, particularly in the case where the number of
attributes of interest is large while the amount of available microsamples are limited. This paper is devoted to illustrating
the application of this new alternative for population synthesis.

The remainder of this paper is structured as follows. In Section 2, we briefly review existing approaches on population
synthesis and the use of Bayesian networks in transportation modeling. In Section 3, we introduce the main methodology
for using Bayesian network to efficiently characterize the core structure of a population system. This structure is then used
as a representation of the underlying joint distribution. With this graphical reorientation and estimated local conditionals,
we can produce a realization of population by sampling the estimated Bayesian network. As an illustration, in Section 4 we
apply the proposed Bayesian network approach to generate synthetic population of Singapore based on information col-
lected from a large-scale travel survey. Concluding remarks are discussed in Section 5.

2. Literature review

Essentially, the development of any population synthesis techniques can be divided into two stages – fitting and gener-
ation (Müller and Axhausen, 2011). The fitting stage aims at characterizing the multiway distribution of all attributes of
interest based on the microsamples and available marginal information. The second stage focuses on generating a list of indi-
viduals/households by sampling from the fitted distribution. The fitting stage has long been considered to be difficult, since it
involves estimating a complex multivariate distribution from limited observations.

To cope with the fitting problem, various techniques have been developed, including the aforementioned IPF and other
Combinatorial Optimization (CO) based approaches. Given its simplicity and good performance, IPF has become the primary
choice in population synthesis since its development (Deming and Stephan, 1940; Beckman et al., 1996). In general, the IPF
model is a particular type of loglinear model that only preserve the main effects. Researchers are making continuous efforts
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