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Abstract: Schelling and Sakoda prominently proposed computational models suggesting that strong ethnic
residential segregation can be the unintended outcome of a self-reinforcing dynamic driven by choices of
individuals with rather tolerant ethnic preferences. There are only few attempts to apply this view to school
choice, another important arena in which ethnic segregation occurs. In the current paper, we explore with
an agent-based theoretical model similar to those proposed for residential segregation, how ethnic tolerance
among parents can affect the level of school segregation. More specifically, we ask whether and under which
conditions school segregation could be reduced if more parents hold tolerant ethnic preferences. We move
beyond earlier models of school segregation in three ways. First, we model individual school choices using a
random utility discrete choice approach. Second, we vary the pattern of ethnic segregation in the residential
context of school choices systematically, comparing residential maps in which segregation is unrelated to parents’
level of tolerance to residential maps reflecting their ethnic preferences. Third, we introduce heterogeneity in
tolerance levels among parents belonging to the same group. Our simulation experiments suggest that ethnic
school segregation can be a very robust phenomenon, occurring even when about half of the population prefers
segregated to mixed schools. However, we also identify a “sweet spot” in the parameter space in which a larger
proportion of tolerant parents makes the biggest difference. This is the case when parents have moderate
preferences for nearby schools and there is only little residential segregation. Further experimentation unraveled
the underlying mechanisms.

Keywords: Agent-Based Model, Social Simulation, Segregation, School-Segregation, School-Choice, Discrete-
Choice-Model

Introduction

School segregation is a threat to integration in multicultural societies. The clustering of different ethnicities
in different schools is a persistent phenomenon in many countries (Bakker et al.[2011). It contributes to the
widening of educational, occupational, and earnings inequalities between ethnic groups (Ashenfelter et al.
2006;|Johnson|2011;Reardon & Owens|2014). Furthermore, schools have a key role to play in forming young
generations’ attitudes toward diversity. Indeed, in the wake of|Allport|(1954), a large stream of research has
demonstrated that under favorable conditions, inter-ethnic contacts can reduce ethnic prejudices (Dovidio et al.
2017; Powers & Ellison|1995). Intergroup contacts are even more important during youth, when children’s and
adolescent’s attitudes are still forming (Wolfer et al.[2016). Therefore, early positive inter-ethnic contacts are
crucial to form the attitudes next generations of citizens’ will hold on diversity. However, school segregation
strongly limits opportunities for inter-ethnic contacts in the first place.
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While school segregation can have highly undesirable societal consequences, there still is much to be learned
about the social mechanisms causing it. Interestingly, a recent sociological literature review on school segrega-
tion (Reardon & Owens|2014) shows that the overwhelming majority of studies have assessed its consequences
for educational inequality rather than its causes. Some studies, however, do address the issue by either docu-
menting micro-level parental preferences for school characteristics through surveys or interviews (Borghans et al.
2015;|Burgess et al.2007;Karsten et al.2003), or by looking at the relationships between school and residential
segregation at the macro level (Frankenberg|2013;/Johnston et al.[2006). Yet, what is largely absent is the con-
nection between micro-level parental choice behavior and macro-level school segregation patterns. One reason
why such work is much needed in our view is that, as a recent review of the field highlights, school segregation
outcomes can strongly differ between different spatial and institutional contexts (Boterman et al.[2019). Our
paper contributes to a small but growing agent-based literature stream addressing how interdependent parental
school choices aggregate to produce school segregation in different social and spatial contexts, and under which
conditions school segregation could be curbed.

A better understanding of the mechanisms driving segregation is particularly relevant because of the large-scale
increase of ethnic diversity many societies are currently experiencing. Some even see a “diversity explosion”
among the millennial generation (Frey|2018bljai|Tasan-Kok et al.[2014; Vertovec|2009), raising hopes of more ethnic
integration and of the erosion of ethnic boundaries in the foreseeable future. Notably, these new generations
are populated by a growing number of “mixed-race” households (Ellis et al.|[2007}2012), and “mixed-race”
individuals (Clark & Maas|2009), with strong preference for multicultural neighborhoods (Clark et al.|2018). A
very recent study specifically analyzing residential choices of the millennials in the USA (Clark & Brazil|2018)
shows considerable individual variation among ethnical groups, but also lower propensity to remain in ethnically
homogenous neighborhoods dominated by co-ethnics. In Europe, surveys show that large fractions of natives
are relatively tolerant towards ethnic minorities (Andersson et al.|2017).

The rise of diversity is accompanied by considerable transformation in residential segregation patterns. In the
USA, Glaeser & Vigdor|(2012) announced “the end of the segregated century”, and highlighted that entirely white
neighborhoods almost completely disappeared. Others (Alba & Romalewski|2013) have a more nuanced view
but many analysts converge to the idea that neighborhoods are becoming increasingly ethnically diverse (Farrell
& Lee|2011;Hall et al.|2016; Lee et al.[2012). The emergence of ethnically mixed neighborhood is, according to
Clark (2015), the major change in residential ethnic segregation of the past decades.

Increasing ethnic tolerance among significant fractions of the population can be expected to also have profound
impact on school segregation. However, formal modelling work raises doubts as to whether, and if so, to what de-
gree more tolerance among parents can really change the strong self-reinforcing tendencies of segregation which
Schelling’s and Sakoda’s (Hegselmann|2017;/Sakoda|1971;|Schelling{1971) famous models prominently uncovered.
Schelling’s model in particular is one of the best-known examples of a process of social self-organization in which
multiple interdependent individual actions generate an aggregate outcome which individuals neither intend nor
desire to bring about. It demonstrated how neighborhoods can end up strongly segregated due to “preference
dynamics” (Clark & Fossett|2008), even when individuals have largely tolerant ethnic preferences. Follow-up
literature has found this result to be robust across a wide range of variations of the model (Clark & Fossett[2008;
Fossett|2006;van de Rijt et al.[2009). Recent work (Stoica & Flache|2014) demonstrated how the argument of
preference dynamics also extends to the emergence of unintended school segregation. Yet, this work gives little
insight into the role of increasing variation in ethnic tolerance as we currently witness in modern societies.

Could higher levels of ethnic tolerance change the seemingly inevitable process through which segregated neigh-
borhoods and schools arise under preference dynamics? Schelling himself pointed to the opposite possibility.
Heterogeneity in preferences may be a crucial factor to destabilize ethnically mixed neighborhoods. This idea
was elaborated in the “bounded neighborhood model” or “tipping model” (Schelling(1971), in which cascades
that lead to the unravelling of integrated neighborhoods are triggered by a few highly intolerant agents who are
dissatisfied with the local ethnic mix and therefore move out first, followed by slightly less intolerant individuals,
and so on (Skvoretz2006). Extending this argument to schools, one might expect that heterogeneity in tolerance
will destabilize ethnically diverse schools, because of the behavior of intolerant parents.

However, recent work that explicitly included heterogeneous ethnic preferences in agent-based models of
residential Schelling-type dynamics, suggests that the implications of heterogeneous preferences may be less
straightforward (Fossett|2006; |Hatna & Benenson|2015; Xie & Zhou|2012). Xie & Zhou|(2012) extended the
Schelling-type model with heterogeneous preference distributions. They found segregation levels to be even
lower than they would be under homogeneous preferences, because tolerant agents self-sort into relatively
mixed neighborhoods, filling the vacancies left behind by intolerant agents who moved out. Extending this
argument to schools, one could expect some mixed schools and some others segregated.
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1.8 Thus, the literature points to conflicting intuitions as to the consequences of tolerance heterogeneity among
parents for school segregation. Deciding which intuition is more plausible becomes even more complicated
because preference dynamics in school choice are not just a mirror image of those postulated by models of
residential segregation. Building upon empirical work on school choice preferences (Borghans et al.|2015;|Burgess
et al.|2005; |Karsten et al.[2003), Stoica & Flache|(2014) integrated a new element relevant for school segregation:
individuals’ preferences for geographical proximity of schools. They assumed that - ceteris paribus - parents
favor nearby schools over distant schools. This could curb school segregation by keeping intolerant parents
from abandoning ethnically diverse schools in their neighborhood. But it could conversely foster segregation by
keeping tolerant parents living in segregated neighborhood from sending their children to mixed schools further
away from home. One might expect complex interplays between heterogeneity in parents’ ethnic tolerance,
residential segregation patterns and the strength of parents’ preference for nearby schools.

1.9  Toclarify whichintuition might turn outto be true, and under which conditions, we develop a new model of school
choices that moves beyond the previous work in three important ways. First, following recent work on residential
segregation dynamics (Hatna & Benenson|2015;|Xie & Zhou|2012), we take into account that there is heterogeneity
among parents in the degree to which they are ethnically tolerant. Simulations reveal that the introduction of a
substantial proportion of tolerant parents in a population can crucially affect which pattern of school segregation
eventually emerges. Second, we consider variation in the residential structures that form the context of school
choice. Finally, we drop the assumption inherited from Schelling and Sakoda and used in most modelling work,
that actors’ satisfaction with a school or residential location is fully determined by its characteristics. Instead,
our new model links up with recent advances in models of residential segregation (Bruch & Mare|2006;van de
Rijt et al.[2009) and uses a random utility specification of choice behavior where the probability of selecting
a school is positively associated with the potential satisfaction of an agent (McFadden|1973; for an empirical
modelling application see:|Borghans et al.|2015), while random deviations due to unobserved heterogeneity are
also considered.

1.10 The paper is organized as follows: details the three principal modeling assumptions we make;[Section|
describes our formal model; shows results of our simulation experiments; discusses

implications of our results and possible avenues for future research.

® Towards a More Realistic Model of School Segregation Dynamics: Hetero-
geneity in Tolerance, Complex Residential Distributions and Random Choice
Behavior

2.1 In this section, we discuss the possible impacts of heterogeneity in parents’ tolerance levels (Sub-Section 2.1),
variation in residential segregation patterns and non-deterministic choice preferences
on school segregation dynamics. We then develop a strategy to model how a large proportion of
tolerant parents in the population interacts with residential segregation patterns and parents’ preferences for
nearby schools on the level of school segregation.

Heterogeneity of ethnic preferences: Empirical evidence and theoretical consequences

2.2 The integration of heterogeneous ethnic preferences into our model was motivated by empirical research
showing considerable heterogeneity in school choice preferences not only between but also within different
ethnic and social groups (Borghans et al.|2015; Hastings et al.2006). While these studies measure heterogeneity
not explicitly for ethnic preferences but focused rather on distance preferences, preferences for high school
quality, or for a particular school denomination, heterogeneity in ethnic preferences has for example been
demonstrated by factorial survey studies of parents’ resistance against schools with varying proportions of
outgroup members (Billingham & Hunt|2016;/Coenders et al.[2004;|Goyette et al.[2012).

2.3 Anadditional reason why ethnic preferences should be assumed to be heterogeneous is that parents’ preferences
for school ethnic composition are likely to mirror preferences for neighbourhood ethnic composition. Using
increasingly sophisticated measurement instruments, studies of residential ethnic preferences clearly provide
evidence of heterogeneity. For example, based on data from the Multi-City Study of Urban Inequality, Xie &
Zhou|(2012) find that respondents can be classified into six different categories with significant differences with
respect to the proportion of outgroups they considered acceptable in a neighbourhood (see also:|Clark & Brazil
2018;/Clark & Fossett|2008;|Farley et al.[1978;Ibraimovic & Masiero|2014). Therefore, similarly to recent modelling
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work (Hatna & Benenson|2015; |Xie & Zhou|2012) on residential segregation, we systematically explore in this
paper under what conditions heterogeneity in ethnic preferences affects the self-sorting of tolerant parents into
integrated schools.

Importance of the residential context

Previous modelling work has also left unexplored how the residential context of school choice has had an impact
on emergent ethnic school segregation. For example, whether a preference for nearby schools fosters ethnic
schoolintegration and curbs self-reinforcing school segregation, may critically depend on residential segregation.
Preferences for nearby schools would reduce school segregation in a residentially integrated context, as schools’
ethnic compositions tend to reflect the composition of neighbourhoods if most parents prefer nearby schools
(Stoica & Flache|2014). Yet, real world cities are far from being perfectly integrated (Farley & Taeuber|1974;
Frankenberg|2013;/Johnston et al.[2006;|0Ong & Rickles|2004;|Reardon & Yun|2005).

The consequences of the degree of residential segregation could however be less straightforward at a local
level. Let us consider schools that are situated close to boundaries between ethnically homogeneous residential
clusters, geographically close to the homes of parents from both sides of an ethnic frontier. These schools
would therefore initially be highly integrated. This points to the possibility that strong distance preferences may
also foster school integration in some specific schools in a residentially segregated world, because ethnically
intolerant parents could be reluctant to bear the cost of sending their children to more segregated but more
distant schools. The interaction of distance preferences and heterogeneity in tolerance might also explain the
emergence of a mix of segregated and integrated schools similar to the mixed residential patterns observed in
many real-world cities.

In short, while intolerant parents would try to get away from integrated schools and be willing to choose more
distant segregated schools, tolerant parents may be willing to bridge larger distances to find ethnically integrated
schools. This suggests a potential for a complex interplay between two interdependent yet different forms of
segregation: schools can be segregated by ethnicity or by tolerance. Segregation by tolerance occurs if tolerant
and intolerant parents tend to send their children to different schools. In our model, ethnically segregated
schools would be populated by more intolerant parents, while more tolerant parents would choose ethnically
integrated schools. Our simulation experiments will explore how this possibility of simultaneous segregation
forms interact with the residential map in a city.

Probabilistic school choice

Most formalizations of Schelling-type segregation dynamics assume that individuals will never abandon a
residential neighbourhood or school as long as its ethnic composition remains satisfactory in the light of their
preferences (Hatna & Benenson|2015;|Stoica & Flache|2014). As a consequence, such models can generate “frozen
states”, such as stable ethnically integrated schools or neighbourhoods, which would collapse under more
realistic assumptions allowing occasional random moves or “erroneous” individual choices. In line with recent
modeling work on residential segregation (Bruch & Mare|2006;|van de Rijt et al.[2009;|Zhang|2004) we adopt a
random utility model, in which the satisfaction given by a school is positively associated with the probability
of selecting it. Yet, parents do not always opt for the most satisfactory option. Substantively, this randomness
can be interpreted as resulting from heterogeneity in unobserved factors other than distance and ethnic mix
which affect parents’ evaluation of a school, but also to some dissonance between preferred and actual school
or neighbourhood (Schwanen & Mokhtarian|2004).

The Model

We propose a model that uses largely the same Schelling-Sakoda type framework for generating both the
residential segregation pattern and the pattern of school choices parents make.[Sub-Section 3.1lexplains the
resulting two-step procedure,[Sub-Section 3.2]elaborates the decision-making model,[Sub-Section 3.3|describes
how residential maps are generated and where schools are located, and[Sub-Section 3.4|formalizes the outcome
measures quantifying emergent segregation.
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General logic of the simulations: A two steps procedure

We proceed in our simulations in two steps. In the first step, a residential map with varying degree of segregation
is generated using a Schelling-type algorithm. At the end of this step, parents stop moving for the rest of the
simulation. In the second step, we first generate schools at random positions (on the residential map generated
in the first step), and then assign parents to the closest school from their fixed residential location, corresponding
to a Voronoi diagram (Flache & Hegselmann|2001;|Okabe et al.[1992). This creates schools with initial ethnic
compositions that are representative of their neighbourhood. From this initial situation, the school choice
process starts: parents evaluate the attractiveness of available schools based both on their distance, and on
their ethnic composition.

Our model examines “post-residential” school choice (Hastings et al.2006), neglecting the complication that
residential choice could also be influenced by school choice. Given there are hardly any models in the literature
so far that bridge the dynamics of residential segregation and school segregation, we believe this simplification
is necessary. We also believe it is warranted as a first approximation, because residential choice is subject to
many more constraints than school choice, including housing prices, distance to work, the composition of the
neighbourhood, and the need to satisfy all members of a household simultaneously (Kim et al.|2005;|Schwanen
& Mokhtarian|2004). Thus, we make the simplifying assumption that once parents have chosen a house, they
select between available schools rather than changing their dwelling.

In what follows, the school choice model is described first, as it is the main model in our study. The choice
model used to generate the residential maps is derived as a simplified form of the school choice model (see also

Appendix A).

From utility to school choice: Decision making process of parents

We use a two-dimensional grid with 6400 cells (80 x 80) embedded on a torus. 90% of the cells (5760) are
populated by one “household” which is the decision-making unit modelled. Households have a fixed residential
location and a fixed ethnicity e € {1,2}. Once agents have been assigned to residential locations, 30 schools
are randomly placed on the map. For simplicity, each household is assumed to have only one child. Figure[l|
depicts three examples of residential maps and corresponding school assignment graphs. The household’s
school choice is represented as a tie between a household and a school in a bipartite graph, with households and
schools as the two types of nodes (right panel). A school choice decision can either be maintaining the already
existing tie, i.e. staying, or erasing it and replacing it by another, i.e. changing. Every household is linked to
exactly one school at any pointin time. Initially all schools have free capacity to receive new pupil, but all schools
also have the same maximum capacity equal to 403 pupils (7% of the total population). If a school has reached its
maximum capacity, parents can no longer select it until one pupil leaves. This maximum capacity parameter is of
importance in real-world settings. For example,|Kessel & Olme|(2018) show that the rule determining admission
in schools that face higher demand than seats can impact segregation levels. Further below, we present some
simulation results exploring the effects of variation in the assumption about maximum capacity.

For simplicity, we assume that the population of households consists of two ethnic groups of equal sizes. We
checked the sensitivity of our results to this choice in[Appendix E} Figure[18|where we adopted the more realistic
75-25% division. Diversity in ethnic preferences is introduced by dividing both ethnic groups into two different
categories, tolerant and intolerant agents. For tolerant agents, the ideal school comprises a significant share
of outgroup members, whereas intolerant agents prefer schools with very few or even no outgroup members,
distance being equal.

JASSS, 24(2) 2, 2021 http://jasss.soc.surrey.ac.uk/24/2/2.html Doi: 10.18564/jasss.4544



3.7

A: integrated

map

B: simple

segregation

C: complex

segregation

Intolerant parent, green ethnicity Tolerant parent, green ethnicity
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| Empty cell .Schuol

Figure 1: Residential maps and originally assigned schools. For each panel, the left side represents the residential
map and the right side the corresponding school assignment in the initial condition. Ties represent the connec-
tion between a household and the school to which it is originally assigned to. Panel A displays an integrated map
where parents are located at random. Panel B displays a “simple segregation” pattern where parents of each
ethnicity, no matter their tolerance level, gather in very large ethnically homogenous clusters. Panel C displays a
“complex segregation” pattern where intolerant parents of each ethnicity group self-select into large ethnically
homogenous clusters, while tolerant parents of both ethnicities mix in areas in between these clusters.

Parents’ decisions concern the choice of their child’s school. Each household derives a utility value from sending
their child to a particular school that depends on its ethnic composition, and the Euclidian distance between the
household’s and the school’s locations.
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Formally, the utility U of school s for agent i of ethnic group e, is given by the following Cobb-Douglas function:
Uis(xesy Dzs) = V(xeS)aDilsia (1)

with o the weight parents assign to the ethnic satisfaction V' relative to the distance preference D. « can vary
between 0 (only distance matters) and 1 (only ethnic satisfaction matters), and is the same for all households (an
assumption that we further discuss below).

Ethnic satisfaction V' depends on x., which represents the proportion of children of the same ethnicity e as
agent i in school s, where x1, = 1 — z95. Following|Zhang|(2004), we adopt a functional form that allows to
express a preference for more diverse schools (and neighborhoods) over more ethnically homogeneous ones.
Technically, V' is modelled as a single peaked step-wise linear function in z.s. The ethnic satisfaction V' of school
s for an agent of ethnicity e is given by Equation[2}

26“57 ifmes < Zo
M 4 U=l i, > 2

V(Zes) = (2)

with z. as defined above. When the proportion of in-group members . is equal to its optimal value x, i.e.
the x5 that corresponds to the maximum satisfaction the agent can get, the function peaks, i.e. satisfaction
reaches its maximum. For x., < x¢, satisfaction increases linearly with x.,. Above x the satisfaction decreases
linearly, until z.; = 1 (100% of the school-population are in-group members) where the utility equals M.
The parameters o and M characterize the ethnic preference structure of agents and are manipulated in our
simulation experiments to model different levels of tolerance. x( expresses the proportion of in-group members
an agent finds optimal in a school, and M captures how much satisfaction she derives from a school with 100%
in-group members. When xg < 1and M < 1, agents prefer compositions with less than 100% in-group members
above fully homogenous ones. The closer x approaches 0.5, the closer agents come to prefer perfectly mixed
compositions above any other composition.

V
1.0t ~
0.8} _a"‘ \‘ % Intolerant
0.6l !-’. S R - - - - Tolerant
0.4] ,."’ T O Perfectly Tolerant
0.2} _,-"
xes
0.2 04 0.6 0.8 1.0

Figure 2: Single-peaked preference functions V for intolerant (xy = 0.8, M = 0.6) vs. tolerant (zo = 0.5,
M = 0.3) vs. perfectly tolerant (xzq = 0.5, M = 0) parents (see Equation .

Throughout our simulation experiments, we distinguish two levels of tolerance. We model intolerant agents
with 2o = 0.8 and M = 0.6, and tolerant agents with o = 0.5 and M = 0.3, with single-peaked preference
functions as depicted in Figure[2] Reflecting empirical studies of residential ethnic preferences (e.g. [Clark &
Fossett|2008), this parametrization expresses the assumption that even intolerant agents prefer the presence of
a small outgroup minority instead of perfect segregation. Similarly, while tolerant agents reach their maximum
utility with perfect integration, they still have a relative preference for in-group members. For instance, they
prefer 75% in-group members over 25%. Notice that both tolerant and intolerant parents still prefer schools
with 100% co-ethnics to schools without any co-ethnics (M > 0). While this is empirically plausible, we also want
to assess how this assumption affects model dynamics, using the limiting case of perfectly tolerant parents
(xo = 0.5, M = 0) (see Figure[2).

The other term of the utility function U, i.e. the benefit agent i derives from proximity of a school s D;s, is given
by Equation[3] drawing on the formalization used by|Stoica & Flache|(2014).

_ distiae — dists

distmaq
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with dist,, .. the maximum distance between two cells on the torus map that we use to normalize distances,
and dist;, the distance between the household and the school.

Dynamics of school choice are structured as follows. In every round (or time-step) of the simulation, 250 agents
(approximately 4% of the population) are randomly selected and decide in random sequence whether they stay
in their school or choose a new one'. Each agent computes the utility U (Equation associated with all schools
having at least one empty spot, plus her current school. We use probabilistic multinomial choice to model
school choice (Bruch & Mare|2006;van de Rijt et al.[2009;/Zhang/2004). Equationformalizes the probability of
a specific school s to be chosen by agent i within the set of available schools S in the next time step ¢ + 1.

eBU(:EesyDis)

4
Zsszl eBU (zes,Dis) (4

Dist+1 =

with p;s:1 1 denoting the probability for agent i of ethnic group e, to move to school sin ¢ 4 1 (the next round of
the simulation); 3 manipulates the weight of U relative to random chance (van de Rijt et al.[2009); U (x5, D;s) is
given by Equation(i] The multinomial choice model establishes an explicit connection between the utilities U of
schools, and the decisions agents take. The tightness of this link is modeled through /3. As 3 approaches infinity,
agents tend to behave as perfect utility maximizers. They rank the utilities associated with all available schools
and (almost) always select the one ranked in the first place. Contrarily, as 3 gets closer to zero, the probability
of choosing a school depends less and less on its rank. In other words, 3 allows to manipulate the strength of
randomness in agents’ choices. We assume 3 = 12 for all agents throughout the simulation experiments. This
leaves room for a small degree of randomness in agents’ choices and prevents the model from getting stuck in
instable equilibria. We checked whether our results critically depend on this specific value by replicating our
experiments with 8 = 100 (see[Appendix E| Figure[13), and found no qualitative change.

Furthermore, we let the school choice model run 140 rounds in each simulation run, giving on average every
agent 6.08 opportunities to change school choice. As we will show below, in some conditions this is not long
enough for the dynamics to approach a stable state. However, it seems highly implausible that pupil would
change a school more than six times in their school career. We were therefore interested in the dynamics that
unfold within this time frame but also explored dynamics for a much longer time frame in specific cases.

Map generator methods

To generate initial residential maps, we use a variant of a Schelling-Sakoda type algorithm very similar to our
school-choice model. Details are given in[Appendix Al The residential segregation dynamic starts from a perfectly
integrated map obtained by randomly allocating households to locations. We let the residential model run for
different periods of time in order to create a continuum of maps. More precisely, we increment the number of
rounds in steps of 1, going from 0 to 70, with one round corresponding to 250 agents taking a residential decision.
The more chances agents get to relocate, the closer levels of residential segregation match the equilibrium
segregation pattern corresponding to their preferences.

Tolerant parents could affect school segregation in two ways: they could reduce school segregation via more
integrative school choices given their residential locations (“direct effect”), but they could also reduce residential
segregation via more integrative residential choices, which in turn could lower residential segregation and hence
school segregation through the preference for nearby schools (“indirect effect”). Here, we describe two methods
to generate different types of residential maps aiming to disentangle these “direct” and “indirect effects” of
tolerant parents on school segregation.

Map generator method 1: “Simple segregation” continuum

The first method assures that heterogeneity in ethnic preferences only affects school segregation through its
“direct” effect via school choices. For this, we artificially make tolerant parents behaving as if they were intolerant
when taking residential decisions. We generate a continuum of maps that goes from non-segregated maps -
that we call “integrated” maps (see Figure[l] panel A) to highly “segregated” maps, in which there are sharp
boundaries between the two ethnic groups (see Figure[l] panel B). We label the residential pattern this method
produces “simple segregation” because there is no segregation by tolerance even if there is ethnic segregation.
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Map generator method 2: “Complex segregation” continuum

In the second map generating method, tolerant parents behave in accordance with their ethnic preferences. This
generates maps with both highly ethnically homogenous clusters and ethnically diverse areas together with
segregation by tolerance (see Figure[l} panel C). Because these two forms of segregation co-exist in the same

map, we label this phenomenon “complex segregation” 2.

Notice that we started from “integrated” maps generated by assigning households uniformly randomly to
locations on the map in both methods. However, the two methods generate qualitatively different residential
patterns when segregation increases (see Figure[l). As we let parents take more residential decisions, we got
closer to the ideal-typical “simple segregation” pattern with the first method, while with the second method, we
approximated the ideal-typical “complex segregation” pattern.

Segregation indices

The key question we were interested in was how a large proportion of tolerant parents in the population impacts
the degree of school segregation, under different conditions of residential segregation and distance preferences.
We therefore needed to quantitatively measure residential and school segregation both by ethnicity and by
tolerance. For this purpose, we adopted the dissimilarity index (Massey & Denton[1988). Equation|[5|shows the
general form of the index we use.

. .. . 1 al €1s €25

Dissimilarity = 5 Jz_:l 5 (5)
with e;5 and eog the number of agents of ethnicity 1and 2 (or tolerance level 1 and 2) respectively in local unit s.
The unit s can represent one of the S schools (school dissimilarity index), or one of 256 tiles of 5 x 5 cells in our
rectangular cellular grid (residential dissimilarity index), constructed such that each cell belongs to exactly one
of the local units. F; and E5 are the number of agents of ethnicity 1and 2 (or tolerance level 1 and 2) respectively
in the total population. Using the same index to measure both residential and school segregation allows to
compare them. Intuitively, the dissimilarity index measures the proportion of agents that would need to be
relocated to obtain a perfectly integrated distribution i.e., where every local unit is a perfect representation of
the distribution in the overall population.

Results

Our main interest was to understand how a large proportion of tolerant parents affected school segregation in
interaction with the variation in residential segregation and with the strength of parents’ preference for nearest
schools. Our strategy was thus to define a baseline scenario in which we fix all other parameters of the model
(see Table[l). We either used these values in all the results, or explicitly signalled changes in parameters’ values.

In the baseline scenario, tolerant and intolerant parents clearly differ in the degree to which they prefer ethnically
mixed schools or neighbourhoods, yet not extremely. All other parameters were chosen to represent a setting
that can be deemed as prototypical for a small ethnically heterogeneous community with relatively small schools
all of which are in reach for all households, but at varying travel distances. However, we also modified some of

these assumptions in robustness tests (see/Appendix E).
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Table 1: Values and range of variation of parameters. The symbol + indicates our parameters of interest in the
main analyses. The symbol * indicates that we explored the sensitivity of our results to changes in the parameter’s
value, when varying conditions across the same parameters space as we inspected for our main results, while
keeping all other model parameters equal to the main experiment. These results are presented in[Appendix E|
The symbol - indicates that we performed some sensitivity analyses, but in a less systematic manner than *

Parameters common to both residential and school models:

Number of parents-children (50% blue ethnicity, 50% yellow)* 5760
Percentage of tolerant parents+ [0, 50]
xo intolerant parents* 0.8
M intolerant parents*® 0.6
xo tolerant parents 0.5
M tolerant parents* 0.3
B* 12
Percentage of empty cells 10
Number of parents taking a decision per round* 250

Parameters specific to the school model:
Number of schools* (S) 30
140 (i.e. 35 000 decisions in total,

Number of rounds- 6.08 decisions per parents on average).
School maximum capacity- 403 (i.e. 7% of the population)
at [0 : 1] increment by 0.1

Parameters specific to the residential model (see |Kppendix T\|for details):

Number cells evaluated including current 9
Radius of the neighborhood 6
Number of rounds method 1+ [0: 70] increment by 1

[0: 59] increment by 1

Number of rounds method 2+ [60 : 90] increment by 3

Here, we first present simulation experiments that use the first method for generating the residential map. In
these experiments, diversity in tolerance affects school segregation only through parents’ school choices. In a
second set of experiments, we relaxed this assumption and use method 2 to generate maps that display “complex
segregation”.

Experiments with method 1 residential segregation

Baseline experiment: All parents are equally intolerant

As a baseline for comparison, we start without any tolerant parent. Figure[3|shows how residential segregation
is associated with school segregation for varying weight of parents’ ethnic preference «.
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Figure 3: Emerging levels of school segregation on “simple” residential maps in the absence of tolerant parents.
The figure illustrates the relation between residential dissimilarity index RD1, weight of ethnic preference o and
school dissimilarity index SDI, for 0% tolerant agents, for the “segregated” maps continuum generated with
map generator method 1. The surface is drawn based on 2343 data points: 11 values of , 71 values of rounds for the
residential model corresponding to 71 different levels of residential segregation, and 3 independent realizations
for each combination of parameters. We computed the value of RDI and SDI at the end of each simulation run.
We split RD1 into intervals of width 0.05 and average all values of SD1 that correspond to each combination of

«a and RDI’s intervalls. See for more details

As Figureshows, in the scenario where agents evaluate schools only in terms of distance (o = 0) 3 school
segregation increases linearly with residential segregation. The reason is that schools’ ethnic compositions
mirror their catchment areas’ compositions. Agents rarely change schools because the least distant school they
initially attend maximizes their utility. Moves are only due to randomness.

This close link between residential segregation and school segregation starts to change as soon as agents
consider the ethnic mix in schools (o« > 0). From « = 0.1 on, higher RDI is associated with higher SDI.
When a = 0.2, there is a take-off where the model generates noticeably higher levels of school segregation,
so that even for low RDI, schools end up being highly segregated. The surface gets almost perfectly flat for
a > 0.3, which indicates that the moderating effect of low residential segregation on school segregation almost
completely disappears when preferences for nearby schools weaken. Here, school segregation exhibits the
self-reinforcing dynamic well known from the Schelling-Sakoda model: high levels of school segregation emerge
although parents’ preferences could be satisfied with more diverse schools.

To sum up, when all agents are intolerant, self-reinforcing school segregation is curbed by distance preferences.
This reflects insights from earlier research (Stoica & Flache|2014). However, using an otherwise comparable
model with deterministic preference functions,/Stoica & Flache|(2014) found that initially integrated compositions
remained stable at considerably higher levels of . The reason is that our multinomial choice model generates
more school changes which more easily trigger the preference dynamics leading to self-reinforcing segregation.

Introducing heterogeneity in ethnic preferences: 50% of tolerant agents

In this sub-section, we assume that in both ethnic groups 50% of the population was tolerant and compared
results with what we obtained with 0% tolerant parents. We analyzed the difference that tolerant agents make
on school segregation. Figure[d]replicates the results of FigureBjwith 50% tolerant parents, and Figure[5|charts
the difference in S DI between 0% and 50% of tolerant parents across experimental conditions (5a: 3-D plot, 5b:
contour lines plot).
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Figure 4: Emerging levels of school segregation on “simple” residential maps with 50% tolerant parents. The
figure illustrates the relation between residential dissimilarity index RD1, weight of ethnic preference a(y-axis)
and school dissimilarity index SDI (z-axis), for 50% tolerant agents, for the “segregated” maps continuum
generated with map generator method 1. See[Appendix G|for details on the procedure used to construct the
surface.
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Figure 5: Desegregating effects of 50% tolerant parents on “simple” residential maps. The figure plots the
difference in school dissimilarity index S DI (z-axis), between simulations with 0% and 50% of tolarent agents,
depending on residential dissimilarity index RD1I (x-axis), weight of ethnic preference « (y-axis), for the “seg-
regated” maps continuum generated with map generator method 1. The surface is drawn based on 4686
observations each corresponding to one complete simulation run outcome. We compute the difference between
the values used to draw[3and[4 Upper panel: 3-D plot. Lower panel: contour lines plot. Example: for RDI = 0.2
and o = 0.2, the 50% tolerant agents reduce S DI by an average of 0.53 compared to 0% tolerant agents.

Comparison with the baseline condition without tolerant agents shows two major results. First, we also observe
the desegregating effect of distance preference on school segregation: the stronger the preference for nearby
schools (lower «), the lower the school segregation for all levels of residential segregation, ceteris paribus.
Second, for all values of @ > 0, tolerant parents decrease school segregation.
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We discerned two patterns. First, we found that the presence of tolerant parents reduces school segregation
most only when the weight of distance preferences is neither too strong nor too weak. With strong preferences
for nearby schools (o < 0.2) parents heavily prefer nearby schools, almost regardless of their ethnic tolerance.
At the other extreme, with weak distance preferences (« > 0.6), tolerant parents only moderately dampen the
self-reinforcing dynamics of school segregation similarly to the scenario with no tolerant parents. The second
pattern is that the degree to which tolerant parents reduce school segregation also depends on the level of
residential segregation. Across all conditions, but most visibly for 0.2 < « < 0.6, the lower the RDI, the
more tolerant parents reduce SDI. Overall, the “sweet spot” in the parameter space where tolerant parents
reduce school segregation most is characterised by moderate preferences for nearby schools and high residential
integration.

Two modelling assumptions were particularly important to understand these results, both representing aspects
of school choice dynamics in the real world. The first is that even tolerant parents are only ‘moderately tolerant’.
The second important assumption is that schools have a maximum capacity to receive new pupils.

As Figure[2]shows, the preference curves of tolerant and intolerant agents are not perfectly symmetrical. Tolerant
parents favor perfectly integrated schools in our model, but when faced with the choice between being in a clear
minority position or a clear majority position, they prefer the latter *. To see how this asymmetry contributes to
generate the inverted U-shaped effect that tolerant parents have on school segregation (see Figures), consider
first an illustrative scenario in which the residential map is strongly integrated and parents are indifferent
regarding home-school distance (RDI < 0.25 and o = 1). At the outset, all schools are highly integrated in
this situation, with approximately a 50/50 mix of ethnicities. With 50% tolerant parents, only the intolerant half
of the population is clearly dissatisfied. They initially find no alternative schools clearly more attractive than
their current one. Yet, due to small random variation in the initial composition of schools, intolerant parents can
slightly improve their utility by migrating to schools with a somewhat higher proportion of in-group members.
This increases the chances that further intolerant parents of the same ethnicity follow, gradually ‘tipping’ their
target schools towards hosting a majority of the initially overrepresented group.

As this process happens simultaneously in all schools, the intolerant half of the population begins to segregate
into ethnically increasingly homogenous schools due to self-reinforcing preference dynamics like those known
from the Schelling-Sakoda model. At the same time, in this phase of the dynamics, tolerant parents stay behind
in the mixed schools they were satisfied with from the beginning, or they move out of emergent ethnically
tipping schools into free locations in integrated schools abandoned by intolerant parents. This causes increasing
segregation by tolerance as well as by ethnicity. Figure[6|plots the evolution of ethnic and tolerance segregations
in schools over an illustrative run in this condition. In the first 50 rounds both indices quickly increase, which
indicates that tolerant parents cluster into integrated schools, while intolerant parents tend to separate both
from the ethnic out-group and from tolerant parents in their ethnic in-group (upper panel). In comparison, the
lower panel shows how ceteris-paribus, without tolerant parents, ethnic segregation rapidly reaches maximum
segregation.
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Figure 6: Evolution of ethnic and tolerance segregations over one illlustrative short run. The figure illustrates the
change of ethnic school segregation (S D1I-ethnic) and tolerance school segregation (S DI-tolerance) within the
first 140 rounds of illustrative runs on “simple” maps. Upper panel: 50% tolerant parents (all intolerant). Lower
panel: 0% tolerant parents. RDI < 0.25,« = 1.

Yet, the mixed schools populated by tolerant parents are not stable. After about 60 rounds, tolerance segregation
plummets while ethnic segregation continues to rise. The key reason for this unravelling of integrated schools is
the asymmetric ethnic preference of tolerant parents. While tolerant parents favour schools with a 50/50 mix,
random movements as well as the uncoordinated outflow of intolerant parents entail random variation of the
ethnic school composition around this optimal point. Consequently, tolerant parents of the ethnic group that
happens to become a minority in their school, face the choice between their current school and alternative
schools in which their group is overrepresented, and tend to prefer the latter.

We suspected this progressive tipping of integrated schools had no reason to stop at 140 rounds, since it mainly
depends on randomness, that is, on a few parents of one group who consecutively move out of an integrated
school, gradually shifting the ratio away from the 50-50 mix, which locally triggers a segregating cascade. To
further test this possibility, we ran additional 50 replications of 1400 rounds each. Confirming our intuition,
simulations revealed that a second phase of a self-reinforcing preference dynamic was eventually triggered, this
time among tolerant parents. In this phase, ethnic segregation of schools increases to a level that eventually
approximates that of a world without tolerant agents, while segregation by tolerance erratically declines each
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time a mixed school tips. On average SDI reached 0.86 which indicates that without preference for nearby
schools, in the longer run, the desegregating effect of tolerant parents is considerably lower than suggested by
Figure[5| Interestingly, this reflects results of recent empirical research showing the existence of tipping behavior
of schools (Caetano & Maheshri2007;|Spaiser et al.[2018).|Appendix B|displays the results of one illustrative run
over 1400 rounds, showing the progressive unravelling of initially integrated schools.

The asymmetric ethnic preferences of tolerant parents made integrated schools unstable in our illustrative
scenario without a preference for nearby schools. With stronger preference for nearby schools, dynamics change
fundamentally. We ran 50 replications of 1400 rounds, with low RDI and o = 0.3 with and without tolerant
parents. We found S DI-ethnic=0.58 (sd = 0.04) with tolerant parents, and S DI-ethnic=0.98 (sd = 0.004)
without tolerant parents. Figure[7]plots two illustrative runs for each condition.

tolerant agents
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Figure 7: Evolution of ethnic and tolerance segregations over one illlustrative long run. Change of ethnic school
segregation (S DI-ethnic) and tolerance school segregation (S DI-tolerance) within the first 1400 rounds of
illustrative runs. RDI < 0.25, a = 0.3. Upper panel: 50% tolerant parents. Lower panel: 0% tolerant parents
(allintolerant).

Together with Figure[5] these results suggest that in residentially integrated settings, the combination of moderate
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distance preferences and the presence of tolerant parents can reduce school segregation. Relocating from an
initial school is costlier if there is a preference for nearby schools, thus parents are only likely to do so if they find
an alternative school that is considerably more attractive to them in terms of ethnic composition. In integrated
maps, such schools are rare in the initial situation. Moreover, even when some mixed schools tip, it requires much
stronger random fluctuations for the remaining ones to also tip. The reason is that the tolerant parents, who had
previously placed their children in the schools that eventually tipped, increase the demand for the remaining
ones, such that it becomes increasingly less likely that any slight deviation from the 50-50 mix will trigger a
cascade that destabilizes the mixed schools. As Figure[7]shows, this effect of the costs of choosing distant schools
is just enough to dampen ethnic preference dynamics but some movement still occurred primarily by dissatisfied
intolerant parents, so that ethnic and tolerance segregations increased above their initial level before stabilizing.

Figure[5|shows that the desegregating effect of tolerant parents is only moderate when residential segregation is
high, for all levels of preferences for nearby schools. The reason is that in highly segregated residential maps,
the potential dynamic of segregation by tolerance is limited by the asymmetric ethnic preferences of tolerant
parents, in combination with two further factors: first, the number of schools that are ‘candidate’ to being mixed
and second, their limited capacities to host pupils.

In a residentially segregated map, only those schools located close to boundaries between residential ethnic
clusters are initially mixed. While intolerant parents of both ethnicities will tend to keep away from these schools,
tolerant parents on both sides of the borders will rather be attracted by them. Yet, once these schools are filled,
tolerant parents who cannot find a place in such schools must choose between less satisfactory options. Due to
their asymmetric ethnic preferences, they prefer to stay in ethnically homogenous schools of their own group
over schools where they would be in a clear minority. This process is further amplified by the fact that many
tolerant parents reside inside of ethnic clusters. For them, mixed schools on the boundaries between clusters
are prohibitively distant. We ran simulations with schools having no limited capacity and/or where tolerant
parents were perfectly tolerant (M = 0), all of which confirmed our analyses about the role of these factors (see
and[E} Figure[15). As a further test, we also analyzed how residential segregation and preference
for nearby schools affected school segregation by tolerance. We found that a weaker preference for nearby
schools simultaneously increases segregation by ethnicity and reduces segregation by tolerance in schools (see
[Appendix D). This confirms our interpretation of the internal dynamics of the model.

To sum up, in residentially segregated maps, tolerant parents have less possibilities to choose integrated schools.
This explains why in Figure[5]the effect of tolerant parents is stronger in residentially integrated settings for all
values of . Moreover, asymmetric ethnic preferences and limited school capacity are additional factors that
moderate the effects of tolerant parents on school segregation, particularly in residentially segregated settings.

From “simple” to “complex” segregation

In this sub-section, we examine how tolerant parents affect school segregation when parents’ residential location
is linked to the preferences that underlie their school choices. We use map generator method 2, creating a
continuum of increasingly segregated maps going from “integrated” to “complex segregation” (see Figure[l]
panel C). In “complex segregation”, tolerant parents tend to reside in ethnically diverse areas, while less tolerant
parents choose homogeneous neighborhoods. Figure[8]is a replication of Figure[5|using this second continuum
of residential maps. It shows the extent to which the presence of 50% of tolerant parents reduces S DI across
experimental conditions, compared to 0% tolerant parents.
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Figure 8: Desegregating effects of 50% tolerant parents on “complex” residential maps. The figure plots the
difference in school dissimilarity index S DI (z-axis), between simulations with 0% and 50% of tolerant agents,
depending on residential dissimilarity index RD1 (x-axis), weight of ethnic preference « (y-axis), for the “complex
segregation” continuum generated with map generator method 2. See[Appendix G|for details on the procedure
used to construct the surfaces. Upper panel: 3-D plot. Lower panel: contour lines plot.

Figure[8]shows that the main results we obtained with map generator method 1are largely replicated with method
2. The inverted U-shaped effect of the distance preference on how tolerant parents affect school segregation is
conserved. In the region o > 0.3, RDI > 0.4, we observe even lower ethnic school segregation in “complex”
maps than in “simple” maps. This suggests that, if anything, the inverted U-shaped effect is more pronounced
with complex maps.

However, there are also some noticeable differences between the results we obtained for the two map generator
methods. In the previous section, we observed that tolerant parents had a lower desegregating effect when
residential segregation is high. To illustrate, under method 1, at &« = 0.3, the reduction of SDI due to the
introduction of 50% tolerant parents (AS DI) was almost halved when we moved from the lowest to the highest
RDI. Instead, for similar conditions under method 2 AS DI declines only by about 25%. Notice that for high
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RDI the two methods cannot be directly compared because method 2 hardly generates RDI > 0.7. Yet, we
can conclude that tolerant parents reduce school segregation more robustly in complex maps if residential
segregation increases. Intuitively, the reason is that with complex maps, also mixed schools initially are primarily
populated by tolerant parents leaving nearby, who are less likely than intolerant parents to leave these schools.

[Appendix Flexplains the underlying mechanism in more details.

Finally, we checked whether complex segregation patterns make the effect of tolerant parents more stable in the
long run. In the previous section, we found that in some conditions, mixed schools which initially formed due to
school choices made by tolerant parents turned out to be unstable in the long run. This could be different with
“complex” maps, because schools located in ethnically diverse areas populated by tolerant parents are more
stable from the outset. Therefore, distance preference should even reinforce the attractiveness of mixed schools
in the eyes of tolerant parents. This was confirmed by additional analyses we conducted: complex segregation

leads to more stable mixed schools in the long run (see[Appendix | Figure[20).

Discussion

In this paper, we addressed the question whether and how a large fraction of tolerant parents could reduce
school segregation. We developed a new model of school choice that allowed to assess the potential for self-
reinforcing preference dynamics in school segregation similar to those identified by the Schelling-Sakoda model
of residential segregation. For this, we modelled school choice based on a preference for ethnic composition of
schools as well as a preference for nearby schools, following|Stoica & Flache|(2014).

Our main result indicated that even in the presence of a large proportion of highly tolerant parents, school
segregation is likely to arise. Only when all parents have a rather strong preference for nearby schools, do tolerant
parents significantly reduce school segregation, through the emergence of mixed schools, a result which is
consistent with empirical research (Bohlmark et al.[2015). Yet, we identified that even under these conditions,
the mixed schools were fragile and could tip in the longer run. These phenomena depend on the residential
pattern and the location of schools. In particular, lower levels of residential segregation are more favourable to
the emergence of mixed schools. Moreover, we found that “complex” residential segregation could make mixed
schools more robust to random fluctuations. This occurs because in complex maps, mixed schools are already
located in ethnically diverse areas populated by tolerant parents who find these schools attractive.

We conducted robustness checks to assess whether these conclusions crucially depended on some of our
modelling assumptions. We reduced the role of randomness in parental choices Figure[13), increased
the number of schools Figure[14), and increased the in-group preference of intolerant parents
Figure[l6). None of these changes led to qualitatively different results. However, one of our
modelling assumptions revealed to be of particular importance: the slight in-group preference of tolerant
parents. When making tolerant parents “perfectly tolerant”, we found that their desegregating school choices
perfectly compensated the actions of intolerant parents even in highly segregated maps Figure
[15). Finally, we found that a more realistic minority-majority setting (25-75%) did not fundamentally change our

results (Appendix E| Figure[18|and the subsequent comments).

A number of questions remain open for future research. We do not know how robust our findings would be
when more realistic population settings are considered, especially with a larger number of ethnic groups.
Ethnic preferences of minorities in particular, would be harder to satisfy in integrated schools if they resemble
the preference for a near-majority in-group representation found by empirical studies of residential ethnic
preferences (Clark & Fossett|2008). A more realistic model would also consider “generations” of pupils who
successively enter schools instead of the same households repeatedly taking decisions. Next generations of
households with children, would find schools with the ethnic mixes left by the previous generations.

We believe that our model encapsulates the main feature of this dynamic, parents’ decisions are affected by
the school compositions generated by earlier choices of other parents, but future research should carefully
explore the consequences of our simplification relative to assuming a more realistic cohort structure. Relaxing
this simplification would also help clarifying the meaning of a time step in our model relative to its real-world
counterpart. In its current form, the most straightforward interpretation of a time step is an academic year,
because it is the moment where a significant portion of parents simultaneously choose a school for their children.
If thisis the case one should recall that 140 rounds as in our main simulations, already represents a very long-term

horizon. Yet as illustrated by Figure[10| (Appendix B), the school tipping phenomenon can occur relatively rapidly
(about 6 or 7 years).
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Another simplification we adopted in this paper was that variation in ethnic preferences was the same in all ethnic
groups, with 50% tolerant parents in both groups. But the distribution of ethnic tolerance may also vary between
ethnic groups. Indeed, empirical research found that natives have different preferences and/or information than
immigrants (Kristen2003), even though a preference for the in-group seems to be common across all groups. This
might become even more complex if one relaxes the assumption that preferences for nearby schools are similar
forall ethnic groups. Indeed, it seems that depending on their socio-economic background parents are unequally
able and/or willing to send their children to more distant schools (Butler et al.[2007;/Andersson et al.|2012). In
other words, ethnicity could correlate with tolerance levels and with a preference for nearby schools. If mainly
parents of one ethnic group prefer mixed schools, the degree to which such schools can remain ethnically mixed
might be strongly constrained, specifically, if the other group is more willing to pick more distant schools. Our
model also assumes that preferences are time-constant. However, inter-ethnic contacts can increase prejudice
towards outgroups, if the right conditions are not met and may decrease those prejudices if they are. Therefore,
we would expect time-varying preferences influenced by inter-ethnic contacts to make school diversity even
more difficult to reach, if not complemented by other policies that promote positive inter-ethnic contacts within
schools.

While we leave these possible extensions of our model to future research, we believe they all point to changes
which may further limit the extent to which the presence of tolerant parents can curb self-reinforcing school
segregation. At first glance, this suggests that our main finding might turn out to be robust: even if a considerable
proportion of the population of parents hold very tolerant ethnic preferences, there still is a strong potential for
unintended preference dynamics to generate substantial levels of school segregation.

However, the existence of the sweet spot leaves room for optimism and for policy makers. Indeed, residentially
segregated urban areas, in which parents prefer nearby schools is not so uncommon °. Because the presence
of a large proportion of tolerant parents alone is not enough to robustly desegregate schools, our analyses
suggest that policy makers wishing to reduce school segregation should consider lowering the barriers for
desegregating school choices by tolerant parents. One suggestion implied by our model is that extension of the
capacity of schools in ethnically diverse neighbourhoods relative to the size of schools in ethnically homogenous
neighbourhoods might help. This would allow more tolerant parents living in mixed neighbourhoods to find
a school fitting their preferences. However, one should be careful not to make too many intolerant parents
unsatisfied, whose actions could then destabilize mixed schools. Along these lines, another possibility is to
create schools in these specific regions, something we did not explore because our model assumes a fixed
number of schools.

A second policy lever could be to play on any school characteristic that parents consider when they choose
a school, but that is not perfectly correlated with school’s ethnic mix ©. Indeed, our model only considered
home-to-school distance, but any other school characteristic might produce the same curbing effect. The most
obvious example of such other characteristics is school quality. In the real world, perceived school quality is an
important factor for parental choice. For example, ethnic majority parents often tend to see a large proportion
of ethnic minority pupils as a signal of bad school quality. Even some minority parents might have prejudice
towards their own group, because they perceive a large representation of an ethnic minority in a school as a sign
of poor school quality. If this were the case, the cascading dynamic towards more segregated schools would
likely be reinforced. In such a situation, increasing (or, better publicizing) mixed-schools’ educational quality
could help curb school segregation, thereby de-correlating school quality (perceived or real) from the presence
of ethnic minorities. If mixed schools were perceived as “good schools”, this would reinforce their desirability
and help stabilizing them.

Athird policy lever relates to another aspect not considered in our model: the selection of students by schools. If
schools select their students based on their educational performance and student’s educational performance is
correlated with ethnicity, then this would impede the proliferation of mixed schools. In such a context, and with
the objective of diminishing school segregation, this would suggest limiting the capacities of schools to select
their students based on educational performance.

It is worth noting that our model mainly applies to situations where school choice is not geographically con-
strained, such as in the Netherlands. Yet, even in countries like France where children’s school is assigned on
the basis of the residential location, parents can always turn to private schools. Our model suggests that the
less constrained are the parental choices, the higher the school segregation, which is consistent with empirical
evidence (Bohlmark et al.|2015).

Another policy lever could therefore be to constrain as much as possible parents to send children to the closest
school from home. However, one should be cautious with this interpretation on the sole basis of our model.
Our model only captures “post-residential” school choices (Hastings et al.[2006), assuming that the choice of
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residential locations is not affected by parents’ expectations about the schools available in the proximity of a
location. Yet, empirical studies found that especially ethnic majority parents consider schools when choosing
their neighborhood (Bayoh et al.|2006; Frankenberg|2009), and tend to leave when they are too dissatisfied -
the so-called “white flight” phenomenon (Fairlie & Resch|2002;Rangvid|2007; Renzulli & Evans|2005). Therefore,
a school choice system that imposes too much constraints could unintendedly foster residential segregation
and at the same time fail to reduce school segregation, resonating debates about the unintended consequences
of school desegregation policies in the U.S. in the 1960s and 1970s (Logan et al.|2008). Subtler and more locally
targeted policies might help to anticipate when schools tend to tip, and when targeted interventions are needed.

5.13 Ourfindings would suggest that even in a world with increasing proportions of ethnically tolerant parents it
remains a formidable challenge to design school choice policies that preclude levels of school segregation most
parents neither intend nor desire to bring about. We believe that computational models of the complexities
of school choice dynamics have an important part to play in generating the insights needed to address this
challenge. We conclude by reminding that, as we mentioned at the outset, mixed schools are only a condition for
positive inter-ethnic contacts to even be possible. Any effort to desegregate schools should be complemented by
policies to favor positive inter-ethnic contacts within mixed schools. Otherwise, the positive effects of diminishing
between school segregation could be offset by an increase in within school segregation. Recent advances in
the availability of longitudinal data and corresponding statistical methods have allowed to model empirically
interdependent changes of network relations and attitudes, including attitudes towards ethnic outgroups, in
multi-ethnic schools (Leszczensky & S.[2019;|Stark et al.|2015;[Tibor et al.[2020). We believe that combining
insights from this work with those of our present study can help to pave the way towards integration of the
dynamics of intra-school networks with those of between-school segregation in future social simulation studies
giving a more complete model of ethnic segregation among adolescents.

Model Documentation

The model was originally coded in Netlogo 6.0.4. A version of the model (Netlogo 6.1) is accessible online at:
https://www.comses.net/codebase-release/217c636c-5b35-443f-9c51-89c8e19697bd/. The data were
analysed using R, and the plots were made with packages “ggplot2” and “plotly”.
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® Appendix A: Residential Model

To generate the residential maps over which the school choice model is launched, we use a slightly modified
version of the school choice algorithm, in which agents relocate according to their ethnic preferences only. In
other words, distance plays no role, or more formally in Equation[i} v = 1. We thus have:

BV (zeje)

_ 6
Zfil eBV (zejt) (6)

Pijt+1 =

where p;;:+1 is the probability for agent ¢ of ethnicity e, to move to cell j at time ¢ 4 1 (the next round of the
simulation); 3 is the same parameter as in the school choice model that manipulates the weight of the ethnic
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satisfaction V' relative to random chance; V' (z.;) is given by Equation with z.;; representing the proportion
of in-group parents (ethnicity e) in the neighbourhood around the empty cell. Instead of evaluating the 30
schools, agents evaluate 8 available locations picked at random in all existing empty spots (the map contains
10% of empty cells), to which they add their current location (K = 9 cells in total). With this procedure, the more
attractive potential housing locations are the more likely to be chosen.

For each cell evaluated, agents compute z.;: for the neighbourhood composed by all cells in a diamond-shaped
area. These are the 112 cells that can be reached by at most 6 steps vertically or horizontally across cell boundaries
(radius 6).

One advantage of the discrete choice approach we adopted here is that it is better able to model diversity in
(ethnic) preferences than the threshold models used by Schelling and much of the follow-up literature. Even
though it is possible to model diversity in tolerance with threshold functions by varying threshold levels in the
population (Hatna & Benenson|2015; |Paolillo & Lorenz[2018), this results in more tolerant agents moving less
than others. Without random noise, that is, agents moving at random with a certain probability at each tick, the
cascading dynamic of movements typical of Schelling residential segregation’s models would never be triggered,
because “tolerant” agents would not move, and the model could get stuck in its initial conditions or “frozen
states” could emerge which are unstable against small random deviations. Indeed, with thresholds, whatever the
functional form of the utility function, everything that is above the threshold is equally satisfying and everything
below it is equally dissatisfying.

Thus, the agents’ decisions do not smoothly reflect their preferences: the agents do not look for better situations
than what they already have if they are “satisfied” already. Since we wish to model tolerant preferences, not only
as a smaller need for similar people, but also as a light aversion for too much similarity, we use the combination
of single-peaked utility functions (Zhang|2004), and a random-utility model.
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Figure 9: Diamond shaped neighbourhood of radius 6. When the empty cell (in black in the centre) is selected by
an agent as one of the 8 potential destinations (plus his current one), he computes the ratio of agents of the
same ethnicity as him on the total number of agents in the blue cells.

The two map generator methods only differ with respect to the functional form given to the ethnic satisfaction
function V. In map generator method 2, we use the same parametrization as in the school choice model, while
in map generator method 1 all parents have the ethnic satisfaction function V' of intolerant parents zp = 0.8 and
M = 0.6. In this case, half of the parents “become” tolerant in the school choice model only, that is once the
residential locations has been chosen and is fixed.
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® Appendix B: The Tipping of Schools in the Long Run
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Figure 10: Evolution of school ethnic and tolerance segregations over one illustrative long run. The residential
map is integrated map (RDI < 0.25) and « = 1. The run lasts 1400 rounds.

Figure[10]illustrates the instability of integrated schools without distance preference in the longer run (same
parametrization as in Figure 6, but 1400 rounds). It can be clearly seen that after about 500 rounds, an integrated
school tips, which instantaneously reduces segregation by tolerance and increases ethnic segregation even
though the run had been stable for more than 300 rounds.

@® Appendix C: Long Run Dynamics for Different Conditions

We simulated scenarios in which we assumed an unlimited number of students per school, and set M = 0 for
tolerant parents, making their preference function symmetric (see also[Appendix E| Figure[i5). Figure[Tlshows
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a comparison of illustrative runs with and without these modifications for the setting of a highly segregated
residential map and a moderate distance preference of o = 0.4, with a 50% share of tolerant agents.

Mo modification M=0; Schools with limited capacity

| ["/—\, |
0.50 1 | M
»
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Type of segregation: —* SDl-sthnic —*= SDl-tolerance

Figure 11: Evolution of school ethnic and tolerance segregations in the long run for varying conditions. The
residential map is highly segregated maps (RDI > 0.8, “simple segregation” map generator method 1); « = 0.4;
zp = 0.5 (the peak of the ethnic satisfaction function) for the 50% tolerant parents (unchanged). Each run
lasts 1400 rounds. The upper left panel corresponds to the standard parametrization of the model with schools
maximum capacity equal to 403 pupils, and M = 0.3 for tolerant parents; the upper right panel corresponds
to the standard parametrization except that M = 0 for tolerant parents; the lower left panel corresponds to
standard parametrization except that schools have no limits to their welcoming capacity; the lower right panel
correspond to the standard parametrization except M = 0 for tolerant parents and schools have no limits to
their welcoming capacity.

)

Figure[TT further confirms our explanation. We see significantly higher levels of segregation by tolerance in
schools for all modified parametrizations. The modifications reduce at the same time ethnic school segregation
because segregation by tolerance prevents mixed schools from unravelling due to preference cascades among
tolerant agents.
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Appendix D: Results for Segregation by Tolerance in Schools

Figure[12)charts the combined effects of distance preference and residential segregation on school segregation by
tolerance. To preview, a weaker preference for nearby schools simultaneously increases segregation by ethnicity,
and reduces segregation by tolerance in schools.

The second result shown in[12]is considerable variance between runs with similar parametrization as parents’
preference for nearby schools (o) becomes weaker. With a weak distance preference, the movements of intolerant
parents lead initially to strong segregation of schools by tolerance, but beyond some tipping point several of the
remaining mixed schools also tend to unravel and become ethnically more homogenous . When exactly the
tipping point occurs depends on when each mixed school will tip, which in turn depends on a number of random
factors such as the sequence in which agents are activated, or the distance between schools. This explains
the variation in tolerance segregation depicted in the lower panel of Figure[9] Tolerance segregation is high in
realizations that have not yet reached the point where many schools have tipped when the simulation ends.
Instead, it is considerably lower when dynamics have passed this point. In some cases, integrated schools even
unravel entirely into segregated schools. Overall, the weaker the distance preference the higher the standard
deviation of tolerance segregation between replications, reflecting more instability of the tolerance segregation
that develops early on in the process. How stable is this result in the longer run? In long-term simulations
(rounds=1400) we find that for « = 1, SDI-tolerance diminishes to 0.27 for RDI = 0.25 and the standard
deviation equals 0.15. For RDI = 0.67 we find that SDI — tolerance = 0.24 and std = 0.12 after 1400 rounds.
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Figure 12: Emerging levels of school segregation by tolerance on “simple” residential maps with 50% tolerant
parents. The figures plot the relation between residential dissimilarity index RDI (x-axis), weight of ethnic
preference « (y-axis) and school dissimilarity index by tolerance (z-axis), for 50% tolerant agents, for the “simple
segregation” continuum generated with map generator method 1, and the between runs variation. The surfaces
are drawn based on 2343 observations each corresponding to one complete simulation run outcome. Upper
panel: mean values of S DI-tolerance. Lower panel: standard deviation of S DI-tolerance.
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® Appendix E: Robustness Checks with “Simple” Segregation

In the results presented in this appendix we varied some of parameters held constant in the main analyses. Since
for o = 0 (parents only consider the distance between home and school) there is no change across experimental
conditions, we did not run new simulations for these points of the parameter space in the robustness checks
presented in this appendix. Instead, we used the same values as in the main analyses of the article (except for
Figure[18] which corresponds to a 75-25 majority-minority scenario). All figures in this appendix are made using
map generator method 1 because in the main analyses we focused on this scenario where the effect of tolerance
heterogeneity can only pass through the school choices. Results of this appendix should be compared to Figure
BJin the main analyses.

Overall, the qualitative patterns are the same compared to Figure[3} When significant differences were found, we
commented on these bellow.

@S
o
0%
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Figure 13: Emerging levels of school segregation with lower decisional noise. The figure plots the relation
between residential dissimilarity index RD1I (x-axis), « (y-axis) and school dissimilarity index S DI (z-axis), for
50% tolerant agents, for the “simple” maps continuum generated with map generator method 1, with 5 = 100.
The surface is drawn based on 2100 original observations each corresponding to one complete simulation run
outcome.

The higher 3, which leaves less room for randomness in parent’s choices, does not qualitatively change the
relationships between our variables of interest.
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Figure 14: Emerging levels of school segregation with 40 schools. The figure plots the relation between residential
dissimilarity index RDI (x-axis), o (y-axis) and school dissimilarity index S DI (z-axis), for 50% tolerant agents,
for the “simple” maps continuum generated with map generator method 1. The surface is drawn based on 2100
original observations each corresponding to one complete simulation run outcome.

Adding 10 more schools does not seem to affect our results in the short run.

05 Og

Figure 15: Emerging levels of school segregation with 50% perfectly tolerant parents. The figure plots the relation
between residential dissimilarity index RD1I (x-axis), « (y-axis) and school dissimilarity index S DI (z-axis), for
50% tolerant agents with M = 0, for the “simple” maps continuum generated with map generator method 1.
The surface is drawn based on 2100 original observations each corresponding to one complete simulation run
outcome.
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When parents are perfectly tolerant, we see that they perfectly compensate the segregating force of intolerant
parents. We see no conditions under which ethnic segregation exceeds SDI = 0.5.
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Figure 16: Emerging levels of school segregation with 50% perfectly intolerant parents. The figure plots the rela-
tion between residential dissimilarity index RD1 (x-axis),  (y-axis) and school dissimilarity index SDI (z-axis),
for 50% tolerant agents and 50% intolerant parents with xy = 1, for the “simple” maps continuum generated
with map generator method 1. The surface is drawn based on 2100 original observations each corresponding to
one complete simulation run outcome.

When intolerant parents are maximally intolerant 2y = 1, our results are not affected in the short run.
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Figure 17: Emerging levels of school segregation with a large cohort of decision makers. The figure plots the
relation between residential dissimilarity index RDI (x-axis), « (y-axis) and school dissimilarity index SDI
(z-axis), for 50% tolerant agents, for the “simple” maps continuum generated with map generator method 1, with
960 agents selected per round (1/6 of the population). The surface is drawn based on 2100 original observations
each corresponding to one complete simulation run outcome.

In Figure[17} the number of agents selected per round was set to 960 agents (1/6 of the population). This
corresponds to a scenario where a round resembles one generation of parents renewing their decisions. To
make these results comparable with the main results, we stopped our simulations after 36 rounds in the school
segregation model (36 x 960 ~ 35000 decisions). To generate a fined-grained variation of residential maps with
different levels of RDI, we therefore kept the number of agents selected per round in the residential model
constant (250).
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Figure 18: Emerging levels of school segregation in a majority-minority scenario. The figure plots the relation
between residential dissimilarity index RD1I (x-axis), « (y-axis) and school dissimilarity index S DI (z-axis), for
50% tolerant agents, for the “simple” maps continuum generated with map generator method 1, with one ethnic
group representing 75% of the population, and the other 25%. The surface is drawn based on 2100 original
observations each corresponding to one complete simulation run outcome.

Figure[18|displays the outcome of our model when there is a clear majority-minority 75-25% in the population.
We see that the qualitative patterns are the same. The main quantitative changes happen for low levels of
residential segregation where school segregation is significantly lower than in the 50-50 scenario in particular for
high values of a.. What changes here are the conditions for intolerant minority parents to cluster into segregated
schools: when residential segregation is low, it is very difficult for the small minority intolerant parents to find
schools in which they can cluster. When a school starts to segregate with a concentration of minority parents,
this tendency is counteracted by the choices of tolerant majority parents, who are much more numerous, and
prevent this school from tipping. In additional simulations, we find this result not to hold in the long run: even
for low residential segregation and high values of o, SDI > 0.6. However, this remains significantly lower than
for residentially segregated worlds. In these scenarios, a few schools have initially a high proportion of minority
pupil. These schools are attractive for minority intolerant parents from the outset and remain so, because - as
explained in the core of the paper, it is very unlikely for a segregated school to desegregate. We thus find that
residential segregation exacerbates school segregation dynamics also in the minority-majority scenario.

Appendix F

In this Appendix, we analyse whether the desegregating effect of tolerant parents on school segregation is
different with “complex” rather than “simple” segregation.

Firstly, in Figure[T9)we compare the SDI our model generates between “complex” and “simple” maps in the
short run.
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Figure 19: Effects of “complex” vs “simple” residential segregation on school segeregation in the short run. The
figure plots the difference in school dissimilarity index S DI (z-axis), between “simple” and “complex” forms of
segregation, depending on residential dissimilarity index RD1I (x-axis), c (y-axis), with 50% tolerant agents. The
surface is drawn based on 4686 observations each corresponding to one complete simulation run outcome.

No neat pattern emerges out of Figure[T9) meaning that the difference between the effect of tolerant agents
on school segregation between “complex” and “simple” maps is not strong. If anything, the figure indicates
that the difference is a bit higher if residential segregation is relatively strong. However, one should notice that
heterogeneity in ethnic preferences does not only reduce school segregation for similar levels of residential
segregation, but it also significantly reduces residential segregation in the first place (see below). Thus, the main
difference between the two methods for generating maps in the short run, is through the indirect effect tolerant
parents have on school segregation.

Yet we were also curious whether complex segregation made the desegregating effect of tolerant parents more
stable in the long run. We simulated 100 runs of 1400 rounds with each of the two map generator methods for a
scenario where a clear difference between segregation dynamics in the two types of maps can be expected to be
arise.

To find out, we chose moderate strength of preferences for nearby schools, o = 0.3, because this is the point
where the desegregating effect of tolerant parents is the strongest. Further we selected a relatively high degree
of ethnic residential segregation, RDI = 0.67, because here differences between maps with tolerant parents
selected into mixed neighbourhoods and maps with ethnic clustering unrelated to tolerance preferences can
be expected to show up clearly. In fact, RDI = 0.67, is almost the maximum residential segregation we can
obtain for “complex” maps with 50% tolerant agents. Figure[20]plots the results of this experiment. “Complex’
segregation slightly reduces ethnic segregation in schools (after 1400 rounds: ASDI = —0.056, i.e. 8.2%
decrease) compared to “simple” segregation with the same level of RDI. We also observe a substantial rise in
segregation by tolerance in schools. The reason is that in “complex” segregation, tolerant parents are already
clustered in the same areas. The distance preference reinforces the attractiveness of ethnically diverse schools
located in these areas. This is less the case in “simple” segregation, where there is no sorting of tolerant parents
into the same spatial regions.

)

Additionally, one can see that the dispersion between runs remains important, even in the long run. This is
likely due to different factors. In particular, we believe two aspects play a role here: the relative position of the
schools and the order in which agents are activated during the run in particular at the beginning. Discovering
how exactly each of these factors would relate to the variation around the mean between different runs under
the same conditions would require further investigations beyond the scope of this paper.
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Finally, the average dynamics appear to be different across the two types of maps. While on the “simple” maps
ethnic segregation keeps increasing gradually throughout the 1400 rounds of our simulation, it seems to have
stabilized after about 500 rounds on the complex maps. Conversely, tolerance segregation is still increasing
slightly on the complex maps after 1400 rounds but seems to have stablized on the simple maps. This is furtherin
line with the intuition that the self-sorting of tolerant agents into mixed residential areas sustains mixed schools
in those areas in the long-run, while mixed schools tend to slowly unravel on simple maps.
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Figure 20: Evolution of school segregations for “simple” vs “complex” maps in the long run. The figure plots
the evolution of school segregation indices over 200 simulation runs of 1400 rounds each. Initial conditions:
RDI = 0.67, « = 0.3 for 100 runs started on “simple” residential maps generated with method 1 and 100
runs started on “complex” residential maps generated with method 2. Lines correpond to the average of the
SDI-ethnic and of the S DI-tolerance over the 100 runs. The interval around the average encompases 75% of the
observations (quartile 1and 3).

Appendix G: Explanatory Note on the Construction of the 3D Plots

For each of the 3D figures in the paper, we have 71 (number of rounds the residential segregation process was
run) x 11 (number of values for ) x 3 (number of replications) =2343 data points. The number of rounds in the
residential model were used to create variation of RD1, which means that two residential maps generated with
similar numbers of rounds have values of RDI which are likely to be very similar. We then collapsed all data
points falling within the bounds of intervals of length 0.05. Because 0.2 < RDI < 0.85, the 3d plots represent
atmaximum 14 x 11 = 154 points, and therefore on average 2343/154 ~ 15.21 independent simulation runs
per point represented in the 3d plot.

Notes

The choice of this number is the result of a balance between computational speed, and the need to have a
fine-grained variation of residential segregation across conditions. We checked the sensitivity of our results to

this choice in|Appendix E} Figure by taking 960 agents per round (% of the population), and we did not find
noticeable differences in the outcomes.
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2Because including tolerant parents’ preferences in the residential decision tends to reduce residential
segregation levels, we slightly change the way we generate the continuum of maps for the purposes of method 2.
In order to reach high levels of residential segregation with method 2, instead of incrementing number of rounds
by steps of 1from 0 to 70 (as in method 1), we increment number of rounds by steps of 1 from 0 to 59, and by
steps of 3, from 60 to 90.

3 Itis interesting to note that even for very high levels of residential segregation (RDI = 0, 85), when (o = 0)
school segregation remains moderate (SDI = 0, 42). Two phenomena explain this outcome. Firstly, schools
are positioned at random on the map, which leads some of them to be located close to frontiers between
residentially segregated areas. Their catchment areas contain children from both sides of the residential ethnic
border, therefore their ethnic composition is relatively integrated, especially for the bigger ones. This brings
down the overall initial level of school segregation. Secondly, detailed analyses of simulation runs revealed
that for highly residentially segregated maps, the level of school segregation further decreases over timein a
simulation run. Recall that for o = 0, tolerant and intolerant parents are equivalent because they only minimize
distance from home to school. However, this minimization is not perfect as 5 = 12 allows for some randomness
in decisions, weakening the association between residential map characteristics and school segregation. If
agents’ choices would perfectly reflect their preferences - in this case staying in the closest school from their
home - the level of school segregation would be higher. For example, for 3 = 100and RDI = 0, 85, we obtain
SDI = 0,55 (instead of 0,42 for 8 = 12), all other things being equal.

4Technically, the slope of satisfaction with the ethnic composition is steeper in deviations from the 50%
optimal mix on the left part of the optimal point (z < z(), than on the right side (x > x)

>We thank one anonymous reviewer for this suggestion.
5We thank one anonymous reviewer for this suggestion.

"We used the word tipping both at a global level, i.e. the simulation run tips, and at a local level, i.e. a specific
school tips. However, the former was just the aggregated consequence of an accumulation of the latter.
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