Income-Based Segregation in Urban Areas: Framework for a Complex-Systems Approach

Article

Income-Based Segregation in Urban Areas: Framework for a
Complex-Systems Approach

Suraj Sridhar!
1 Student (BSc Economics, 2021-24), Dept. of Economics, UCL, UK; suraj.sridhar.21@ucl.ac.uk
Submission Date: 23 March 2022; Acceptance Date: 27" July 2022; Publication Date: 25" August 2022

How to cite
Sridhar, S. (2022). Income-based Segregation in Urban Areas: Framework for a Complex-Systems Approach. UCL Journal of
Economics, vol. 1 no. 1, pp. 33-42. DOI: https://doi.org/10.14324/111.444.2755-0877.1405

Peer review
This article has been peer-reviewed through the journal’s standard double-blind peer review, where both the reviewers and
authors are anonymised during review

Copyright

2022, Suraj Sridhar. This is an open-access article distributed under the terms of the Creative Commons Attribution Licence
(CC BY) 4.0 https://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, distribution and reproduction in any
medium, provided the original author and source are credited « DOI: https://doi.org/10.14324/111.444.2755-0877.1405

Open access
UCL Journal of Economics is a peer-reviewed open-access journal

Abstract

Income-based segregation is a fundamentally complex phenomenon. Though it can be analytically studied, developing an
agent-based model allows us to study segregation at several levels of aggregation — to better understand the interactions that
take place in between the micro- and macro- levels that lead to the pattern of segregation observed in modern cities. The
spatial agent-based model of the housing market developed in this paper gives a foundation which can be built upon to tackle
some of the key problems present in existing literature. We test the model to find that the degree to which households are
willing to spend on rent relative to other expenditures and the extremity of variation of this degree in the population give rise
to different patterns of segregation observed in the housing market. We assume a rental-only market, and that agents’ incomes
are locally spent. A section on guidance for further development and extension of the model is then presented.

Keywords: Income Segregation; Agent-Based Model; Housing Market; Urban Segregation; Complex System;
Spatial Autocorrelation, Computation
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1. Introduction

Any system for the organisation of social beings must inherently describe the networks they can access and influence. In the
study of people, whether in an economic, political, or moral context, understanding their “topology” gives a causal notion of
how the constituent parts of the system influence their networks: a critical intuition for macro behaviour. Cities lend themselves
to this type of disaggregation, owing to the myriad people, interdependencies, and interactions they comprise. Their behaviour
is characteristic of a complex economic system, defined here as a model of an economic phenomenon that builds up from
constituent parts, is simulated through computation, and perpetually asks how people change their behaviour in reaction to
the behaviour of others (Arthur, 2013). Income-based segregation is a commonplace result of the complex interactions that
make up a city, with consequences ranging from exacerbated income inequality (Bailey et al., 2020) to the polarisation of
ideas (Morales et al., 2019).

Existing research building an agent-based model of income segregation in cities is sparse. Prior to Schelling’s dynamic model
of racial segregation (1971), income segregation models used equilibrium analysis. Schelling’s work, which sets out a grid-
based model for residential racial segregation, has set standards in the field that spawned much further research in racial
segregation. These standards have been applied to models of income segregation with some success, but gaps still exist in
terms of minimising the number of assumptions made and ensuring model design factors such as intrinsic attractiveness of
locations are determined endogenously and not chosen arbitrarily by the modeller.

By building a simple grid model of the rental housing market in one city, we can adapt the model to understand the specific
factors that contribute to the spatial segregation of citizens by income. As a test, we vary the degree of homogeneity of the
marginal rate of substitution (MRS) between housing and non-housing expenditure of agents to study how the spatial
distribution of agents changes, finding that the greater the extremity of variation of the MRS, the lower the observed
segregation effect as measured by both quantitative and qualitative factors.

In the interest of disclosure, this paper is not complete. It does not intend to cement the notions of utility, maximisation, or
constrained choice such that they can stand up to the same well-established ideas in analytical models in economics.
Regarding the critical issues outlined by those analysing existing literature on agent-based models of segregation (Crooks et
al., 2008), neither does this paper constitute a solution to them. Rather, this paper seeks to be a beginning point for the study
of simulated housing markets — a framework using which the reader can conduct their own experiments as suits their interest.
In that respect, a full replication of the code used to build the model presented can be found on GitHub via the link provided
in the Appendix.

2. Literature Review

Patterns of segregation in cities are well documented, with much of the literature focusing on race and income. Income-based
segregation is defined here as the grouping of households with similar income levels into the same geographical or social
space (Reardon and Bischoff, 2011). This review attempts to organise the key ideas employed in modelling the emergence of
segregation, analyse how these learnings are applied to income-based segregation, and identify areas that require further, or
different, thinking.

It is worth mentioning that the analysis of income-based segregation is fairly unorganised in the field. While modern
researchers follow well-trodden paths, their approaches are always novel and highly variable. Crooks et al. (2008) aptly
summarise this phenomenon, declaring that “there are as many models as modellers”.

Despite that, common themes arise.

2.1. Traditional Models of Income-based Segregation

Analytical models of income-based segregation mainly take root from Tiebout (1956), on the premise that households’ location
choices are analogous to decisions between bundles of public goods available at each location. While his analysis concerns
political affiliation, the principles of the model are nonetheless applicable to income-based segregation. As analytically
demonstrated by Epple and Platt (1998), when heterogeneous households vote within their jurisdiction on taxes and
expenditure and are free to move between jurisdictions that offer different tax-expenditure rates, an equilibrium state of partial
income segregation arises. New research goes further, highlighting that income inequality — implicitly present in Epple and
Platt’s model — creates market pressure toward segregation by incomes, since houses are chosen based on the attributes of
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the neighbourhoods they are in and the physical characteristics of the housing stock (Watson, 2006). Reardon and Bischoff
(2011) verify this empirically, showing a positive correlation between income inequality and income-based segregation.

2.2. The Benefits of an Agent-based Approach

There are two reasons why we may favour a computational ABM approach. First, income-based segregation perpetuates its
own cause: increased segregation can isolate social networks and increase inequalities between regions, leading to further
pressure toward segregation (Schelling, 1969) and positive and negative feedback loops. While analytical approaches deal
well with stationary points that arise from these loops, their usefulness is limited to these cases only, and falls short in
describing the journey to these points and the timescales on which they may arise. Second, analytical models have to encode
most of the “processing” work into the same space as the result they are depicting. Their graphs have to be incredibly
information-dense, yet still show only a slice of the dynamics taking place.

In order to observe the feedback loops and document the interactions that individuals have within their city, agent-based
models (ABMs) can be used. ABMs build a bottom-up model of the market, ensuring the micro-level interaction between
individual actors is well-defined, allowing macro behaviour to emerge naturally, preserving heterogeneity, and removing the
need for aggregation that masks the complexity in the transition from the micro to the macro level. Households are represented
by singular agents with heterogeneous incomes, preferences, and behaviours. Their interactions are governed by common
rules. Through simulation, segregation emerges endogenously and without any assumption of equilibrium. Arthur (2013)
asserts that such thinking is of profound use to modelling systems with a multitude of interactions since the model takes
equilibrium to be a special case of a more general non-equilibrium state that the system is in.

2.3. The Schelling Model and its Derivatives

The first such ABM applied to segregation in Schelling’s seminal work (Schelling, 1971) details racial segregation, but in
principle, his model can act as a guide for desirable characteristics in ABMs of any kind of segregation. Schelling constructs
a grid of houses that he populates with Black or White households, leaving some vacant. An individual household dissatisfied
with the ethnic ratio in their local neighbourhood can move to the nearest vacant house. The model can be run by hand until
a stable equilibrium is reached, where every actor is satisfied with their current position and no more moves can be made. For
example, complete segregation would be a stable equilibrium, since a move to the opposite neighbourhood will cause
dissatisfaction. Schelling demonstrates that even a small preference for a local majority in terms of race can lead to total
segregation over time. Many authors have since developed Schelling’s model, remaining in the context of racial segregation
(Spaiser et al., 2018; Barr and Tassier, 2008; Zhang, 2011; Grauwin et al., 2012). Promising research conducted by Bonakdar
(2019) imposes housing, credit, and labour market constraints on Schelling’s model, finding that lock-in effects arise for low-
income households which are also stuck with negative equity, since the price of favoured houses exceeds the agent’s income,
especially when access to credit is low, though he does not investigate what lock-in effects imply for segregation. Bonakdar
concludes that racial segregation diminishes in comparison to income segregation when such constraints are imposed and
socioeconomic factors like income and education are non-zero.

2.4. ABMs of Income-based Segregation

While such market constraints are commonly applied to Schelling’s model, the literature on the direct application of ABMs to
income-based segregation is comparatively sparse. Of the few papers that document the creation of such ABMs, the models
laid out in Pangallo et al. (2019) and Gauvin et al. (2013) are the most developed, with the housing market forming their central
context.

Pangallo et al. (2019), though building on the model set out by Gauvin et al. (2013), lay out a more general framework. The
city created is grid-based but departs from Schelling’s by introducing an external “reservoir” of buyers, with internal movement
not explicitly defined. Location attractiveness depends on both a static exogenous intrinsic term and on an endogenously
determined term, which varies with the income statistics of the local neighbourhood. In both papers, this intrinsic attractiveness
decreases with distance from the centre, therefore accounting for the “monocentric” concentration of amenities and job
opportunities observed empirically. Pangallo et al. find their model agrees with empirical data (Reardon and Bischoff, 2011)
and that positive feedback results in richer households locating closer to the centre. Gauvin et al. take a further step by
adapting the model to Paris house prices in 1994, arranging for each district in Paris to be assigned its own intrinsic
attractiveness, and find that their results agree with empirical observation.
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However, there exists a critical problem in using intrinsic attractiveness as a basis for agents’ decisions. Since it is not
endogenously determined, it reflects an assumption of the modeller of a typical city structure and in whatever way it is
assigned, it imposes a condition on the model that is not necessary. Central business districts are not inherent characteristics
of a city, rather they are creations of the actors within the city itself. That intrinsic attractiveness takes on certain values
implicitly holds factors of amenities and opportunities constant in the area, when in fact, we have seen from Tiebout (1956)
and Epple and Platt (1998) that consumer-voters choose their level of amenities through location, creating demand for them
and boosting their production by picking higher tax-expenditure levels.

Gauvin adds depth to the issue through the introduction of a social influence term that characterises the degree to which
incoming transactions at a location put upward pressure on attractiveness due to a higher intensity of demand at that location.
When social influence is too low, heterogeneous attractiveness levels alone do not result in segregation. Yet, framing income
segregation as a problem of social preferences for neighbours with particular incomes — a notion borrowed from Schelling’s
model (1971) — and not an issue of the direct effects of incomes on the quality of neighbourhood characteristics in itself cuts
out key determinants of house prices, especially in a city, such as the local spending pattern of households. Furthermore,
since these incomes are constant in both models, social mobility, defined as agents being able to change their place within
the income distribution, is not accounted for.

3. Methodology

3.1. Defining the Objects

We now develop an agent-based computational model of a general city.
3.1.1. Agents

The model contains N agents, with each agent n = 1,2,..., N earning a fixed heterogeneous income level Y = y in each
period T, where Y is a random variable drawn from a specified distribution common to the entire population that we can vary.
Furthermore, each agent faces a trade-off between income spent on housing in period T and income toward non-housing

expenditure, represented by the marginal rate of substitution (MRS) & between housing and non-housing expenditure.

Therefore,
y =h+d
where h is housing expenditure and d is non-housing expenditure.

ay
1+«

h(y,a) = ) diy,a) = , a> 0.

Yy
1+a
The MRS « is exogenous to the model; similar to the income level, it is a random variable drawn from a specified distribution
that is in our control.

3.1.2 Houses

In order to preserve the elegance of Schelling’s (1971) model, this paper considers an M = M; x M, grid of houses (Figure 2),
setting M; = M, without loss of generality.

381 | 69 |333
S48 5 225
166 | 312 (182

Figure 1: The Moore neighbourhood (Gardner, 1970) of the house occupied by agent 5
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The utility u, ) of a house at position (a, b) is given by the simple mean of the incomes of the K agents occupying its Moore
neighbourhood (Figure 1):
K
Ugap) = Z
k=1

This utility can be interpreted as the availabilities of local amenities (including public services such as schools and hospitals,
and private facilities such as commercial areas) in line with Tiebout’s (1956) theory that the choice of consumer-voters on the
community they reside in is dependent on their preferences for local amenities.

==

It is important to note that u, ;) can be easily modified to reflect how we want the incomes of the surrounding neighbourhood
to translate into the utility of each house.

3.2. The Market Matching Process

Agents are initially allocated random houses in period T = 0, resulting in a grid similar to Figure 2.

m 14 mm? % 5 . :
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Figure 2: A grid of size N= 20 X 20. Darker shades indicate agents with lower income

Each next period starts with a round of bidding, where every agent places a bid B on every house in the city, given by:

(a b)
U(axbx)

B = X h(y, @)

where (a *,b *) is the location of the house with the highest utility. Therefore, each agent prepares a bid for every house in
order of preference based on housing utility u, ;) So that in the event that they are outbid for their most preferred house, they
have a next-best alternative.

All houses are then auctioned in a Dutch-style auction, starting with the highest bidder on each house. Once the new tenants
are set, the utilities of all houses are updated with the incomes of nhew neighbours in preparation for the next round of bidding.

3.3. Key Assumptions of the Model
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i) The market presented is purely rental, with tenancy contracts all lasting one period, after which they expire en
masse. There is one common implicit “landlord” for all tenants in the city.

ii.) The city is assumed to be closed, with each agent able to occupy one household such that every house is
occupied in every period. The landlord therefore sees demand for city housing only originating from the existing
city population. No external reservoir of agents exists.

iii.) That the presence of local amenities is dependent on neighbouring incomes is a strong assumption; the
implication is that income is locally spent, either through tax-based distribution, or through consumption of goods
and services in local markets. The exact interaction between local incomes and amenities is coded for in u, ).

iv.) All actors have perfect information and well-defined choices — hence the market clears.

4. Results

To quantify the degree to which the city is segregated by income, we can use Moran’s | (Moran, 1950), a metric of spatial
autocorrelation. Moran’s | is given by:
N ZZw; i =@ —Y)

| =
%Wy Li—y)?

where i and j index a pair of houses, y; and y; are the incomes of the occupants of houses i and j, w;; is a component of a
spatial weights matrix that takes on 1 if houses i and j are neighbours and O if they are not, and y is the average income of

the population. Moran’s | takes values —1 < I < +1, with I = —1 indicating perfect dispersal analogous to a checkerboard
pattern, I = 0 indicating random arrangement, and I = +1 implying perfectly segregated clusters.

Below are two typical evolutions of the model under various initial conditions.

Period 3 Period 16

population

a= 1lorl0
for each half of

a= 1or 10 or 100
for each third of
population

I = -0.0160 I = 0.206 I=0.254

Figure 3: Varying with a uniform income distribution, N = 400, income range: [1000, 10000]
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§ Period 0 Period 3 Period 16
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2 = g 1= 0.00112 I=0772 I=0.911

=0320

Gini

Uniform income
distribution

| = -0.0191 I=0317 I+0933

Income range: [10%,10°]

Figure 4: Varying income distribution with homogeneous a, N=400. Values for py and o in the lognormal distribution were
obtained based on (Schield, 2018)

From these preliminary results, we can ascertain that when there is a more pronounced difference in willingness to pay for
local amenities — as characterised by the presence of individuals with & = 1,10, and 100 in the population — the Moran’s |
value reached after a number of periods falls, indicating a fall in income-segregation. This is similar to varying the income
distribution but allows for more detailed interaction between agents’ income and expenditure to be encoded using the MRS in
future development.

5. Discussion and Points for Development
5.1. The MRS

What is the intuition behind the MRS and its impact on segregation? An individual agent, despite recognising the superior
amenities available at one location over another, will still only allow a certain proportion h = 11’—“ of their income to be spent

on housing. Therefore, a rich agent with a high value of & places a similar bid on a given house to a poorer agent with a low

value of &; the presence of individuals who do not place much importance on rental spending relative to other spending both
delays and reduces the overall segregation effect.

However, the assumptions exclude both wealth effects of home ownership and social mobility. The introduction of social
mobility is especially complicated, requiring either assumptions regarding (or the direct generation of) labour markets,
education networks, and even technological development.

5.2. On Local Expenditure

Furthermore, these results rely on the implicit assumption that local income is locally spent — if only in part then in a consistent
proportion across the whole city. Again, such an assumption cannot be removed without explicitly defining the avenues through
which income is generated and spent. Here, a more efficient model structure using multiple mathematical graphs that describe
the interdependencies between agents in different capacities can be employed. The spatial weights matrix w, which currently
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is only used to describe relationships between neighbours, can be replicated to account for other relationships, such as
employment contracts, transport links, and goods and services trade, all of which play a prominent role in the housing decision.

5.3. What Do We Want Our Cities to Look Like?

Analysis of ONS (Office of National Statistics) data indicated that urban towns and cities in the UK see a value of Moran’s |
between -0.15 and 0.7 (ONS, 2021). Research on Facebook data conducted by Bailey et. al (2020) illustrates a link between
socio-economic connectedness and social mobility — the networks people have access to can affect their maximum potential
earnings in their life, suggesting two-way causality between income inequality and income-based segregation.

Just as income inequality naturally questions the degree of inequality that is tolerable — or even desirable — in society,
policymakers here must make a judgement: how much segregation is too much? Adding social mobility to the presented model
can allow us to study the origins of the ONS’s and Bailey’s findings, and the conditions under which they are mitigated, giving
modellers the ability to recommend not just methods to achieve a given level of equity and mobility in society, but that level
which is consistent with the behaviour of free people itself.

6. Conclusion

This paper has provided a review of the literature on modelling segregation, which was revolutionised by Shelling’s (1969)
paper that analysed racial segregation, and, upon considering the existing attempts to translate his model into a computational
study of income-based segregation, has given a general, accessible framework that can be used for further research.

The grid-based model presented looks at the housing market in a closed city with one landlord and N agents with varying
incomes and expenditure preferences occupying N households. By measuring the degree of segregation using the Moran’s |
value reached after a given number of periods, we show that the presence of citizens with varying propensities to spend on
housing relative to other expenditures has a directimpact on the observed segregation pattern. The more variable and extreme
the differences in the proportion of income spent on housing by each agent relative to another agent, the closer the Moran’s |
value reached was to 0, implying a lower degree of income segregation.

The eradication of certain assumptions, such as that local income is locally spent, and that incomes remain fixed for the whole
simulation, can give rise to richer analysis. A model without these assumptions, we recommend, should replicate the spatial
weights matrix defined for Moran’s | to describe networks pertaining to the labour market, goods and services trade, and
transportation to analyse income-based segregation more efficiently and with greater detail.

There are a number of further considerations which could be addressed in future research:

i.) Challenges in geo-spatial ABMs
Crooks et al. (2008) outline seven key challenges faced by modellers when creating ABMs. No widely accepted
theoretical framework exists as with analytical models concerning utility, rents, rules for interaction, and other
modelling standards. In Crooks (2010), he also proposes a non-grid-based model for a city, better capturing the
high population densities present in modern metropolises.

ii.) Matching ABMs with data
A model is only as useful as it is applicable. New measures such as rank-order segregation proposed by Reardon
et al. (2012) and the spatial ordering index proposed by Dawkins (2007) allow model data to be more accurately
compared with empirical data so as to isolate the analysis of income segregation from the underlying income
distribution.

iii.) Artificial learning
Though the discussed models are dynamic, the agents themselves are static beings. Incorporating ideas from
Holland and Miller (1991) and Axelrod (1997) on agents adapting to novel circumstances through intelligent
learning and genetic selection processes could add a new layer of complexity to the entire model.
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Appendix

Code for the simulation (Python 3.8, Windows 10)
Link: https://qithub.com/claudelorrain/Income-Seqgregation
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