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Motivations

• Can we combine the richness of demographic data
with the explanatory power of simulation?

• Semi-Artificial Population Models:
– A method for simulating scenarios of population change

– Combining statistical demographic approaches with
agent-based modelling (ABM)

• Intended to enhance the explanatory capacity of
demographic models of the UK population

• Problem: how to analyse uncertainty in complex
computationally-expensive models with feedbacks?
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Why Agent-Based Models?

• Combination of ABMs and statistical demography
allows for better alignment of simulations with the
‘real world’

• Flexibility can allow demographers to explore various
scenarios of population change at different levels,
and analyse the linked lives of the agents

• Through combining prediction with explanation,
such models can facilitate demographic theory-
building by examining the underlying mechanisms

[Billari & Prskawetz 2003; Courgeau 2012]
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Broader Picture

• Towards a synthesis of the statistical individual and
the simulated individual [credit to Daniel Courgeau and Frans Willekens]
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The Model: Basics

• ABM written in Repast Symphony 2.0*

• Enhanced reimplementation of the “Wedding Ring”
marriage formation model [Billari et al. 2007]

• Scaling 1:31,250 (50m people = 1,600 agents)

• One-year time steps for 1951 – 2061

• Empirical mortality and fertility rates for the United
Kingdom, with Lee-Carter (1992) type forecasts

• Differential fertility for married / unmarried agents

• Closed model: no international migration (yet)

*Model code available here: http://www.openabm.org/model/3549/version/2
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The Model: Agents’ Lives

• Partnership formation [Billari et al. 2007]

– Agents exist in a 1D Ring world, and each have a social
network of relevant others residing within a certain spatial
radius d of themselves

– The share of relevant others who are married, r,
determines the social pressure felt by that agent,
which influences their own partner search

– Married agents form separate households on the Ring

Social Pressure function:

s(r) = exp{β (r – α)} / [1 + exp{β (r – α)} ]
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Gaussian Process Emulators

• Uncertainty in computer models: parameters, model
inadequacy, observations, computer code, parametric
variability, residual variability [Kennedy & O’Hagan 2001]

• ABMs may be too expensive for Monte Carlo analysis
• Solution: to build an emulator – a statistical model of

the underlying computational model, reduced to its
selected inputs x, and an output of interest, y = f(x)

• Usual choice: Gaussian process emulators, estimated
within the Bayesian framework on a basis of selected
input-output combinations [Oakley & O’Hagan 2001]
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More formally…

• Let f(x) denote the computational model of interest
• Gaussian process emulator is defined, conditionally

on a set of its parameters, as a multivariate Normal
distribution for p realisations of f: [Oakley & O’Hagan 2002]

[ f( )|è, ó2, R ] ∼N[m( ), ó2 c( , )]
– Mean m modelled via a regression of x with parameters è
– ó2 is the joint variance parameter, and c( , ) is a correlation

matrix, which involves a roughness matrix R = diag(r1, …, rn),
indicating how strongly the emulator responds to particular
inputs, as well as a nugget term for code uncertainty

– Vague priors for (è, ó2), exponential for ri
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Uncertainty and Sensitivity

• Uncertainty analysis looks at how much uncertainty
in the output is being induced by given inputs x

• In sensitivity analysis, relative impacts of particular
inputs are assessed based on reductions of the output
variance due to observing these inputs

[Oakley & O’Hagan 2004]

• Simulation outputs: share of ever-married agents in
2011 and population in 2011; three inputs: α, β and d

• Software: GEM-SA (Gaussian Emulation Machine for
Sensitivity Analysis) v.1.1 [Kennedy & O’Hagan 2001; Kennedy 2004]

Source: ctcd.group.shef.ac.uk/gem.html
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Selected Results

Uncertainty and sensitivity analysis Output map for inputs α and β (d = 25)

• Output 1: Share of ever-married agents in 2011

• Uncertainty in α, β and d much
more important than the code
uncertainty (randomness
in the agent-based model)

• Of the parameters, α and β 
respectively account for 38%
and 49% of output variability;
their interaction contributes
further 10%

• Search distance does not play
an important role (less than 2%)
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Selected Results

Uncertainty and sensitivity analysis Output map for inputs α and β (d = 25)

• Output 2: Population size in 2011

• Code uncertainty more important
than uncertainty induced by
α, β and d

• Of the parameters, α and β
respectively account for 12%
and 32% of output variability;
their interaction contributes
further 13%

• Search distance was also found
very important, accounting for
32% of the output variability
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Selected Results

• Monte Carlo simulation for α = 0.4, ln(β) = 4, d = 25
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Conclusions

• Agent-based models of demographic processes,
augmented with statistical emulators, offer useful
insights into mechanisms of population change

• The use of Gaussian process emulators allows better
understanding of the parameter space

• Future methodological extensions:
– Learning about inputs from the benchmarking of outputs

to the data: Bayesian calibration of emulators will enable
the full propagation of uncertainty (vide Bayesian melding)

– Design of the experimental space, for example by using
Latin Hypercube samples or randomisation

PDF Creator - PDF4Free v2.0                                                    http://www.pdf4free.com

http://www.pdfpdf.com/0.htm


Thank you / Grazie!

The Engineering & Physical Sciences Research Council grant
EP/H021698/1 Care Life Cycle is gratefully acknowledged
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