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Extending Schelling’s segregation
model from self orientation to
social orientation

Unjong Yu' & Kyuho Jin?**

Schelling’s segregation model demonstrates how simple local rules can generate large-scale social
patterns, yet it assumes agents act myopically and ignore the broader consequences of their moves.
We extend this framework by introducing social orientation as a behavioral microfoundation, reflecting
humans’ communal nature. Socially oriented agents follow boundedly rational heuristics that account
for the satisfaction of prospective neighbors within a two-step horizon of observability, in addition

to their own. We formalize this through three relocation rules—negative externality avoiding (NEA),
positive externality favoring (PEF), and positive externality optimizing (PEO)—each capturing a
different balance between minimizing disruption and promoting stability. Agent-based simulations
reveal that these rules, while maintaining satisfaction, consistently reduce segregation, accelerate the
attainment of global stability, and lower relocation moves per agent, thereby reducing social costs.
These results provide a stronger behavioral foundation for segregation modeling and show how locally
rational, socially sensitive decision-making can scale into equilibria that are not just welfare-enhancing
but also yield more integrated and resilient communities.

Keywords Schelling’s segregation model, Microfoundation, Social orientation, Externality, Observability,
Bounded rationality

Schelling’s segregation model, first introduced in the late 1960s through a checkerboard thought experiment'
(for background on a lesser-known yet significant earlier study, see Refs.>*), remains one of the most striking
illustrations of how simple micro-level rules can yield surprising macro-level patterns. With only minimal
assumptions about agents’ preferences—namely, that they are content with some diversity but dissatisfied with
being in a minority—Schelling showed that large-scale segregation can emerge even when no agent desires it>°.
This counterintuitive finding helped launch a broader research agenda on self-organization and unintended
consequences, influencing not only economics and sociology but also the study of complexity and emergent
order across the natural and social sciences”®. Yet despite its enduring influence, the model’s stark simplicity
leaves open important questions about the robustness of its insights under more realistic assumptions.

Subsequent work has examined the model’s generalizability by relaxing its assumptions, particularly those
concerning agents’ microfoundations®!3. One microfoundation that has been relatively overlooked is that
humans are inherently social beings. At their core, people are homo sociologicus'*'>—defined by a fundamental
inclination to form and belong to groups, with decisions shaped by communal considerations. Extensive
empirical research supports this view: cooperation and reciprocity are evolutionarily adaptive'®!?, identity and
agency emerge through social interaction!®!?, and social norms and roles perpetuate these orientations??!.
Together, these insights suggest that social orientation is an evolutionarily grounded and institutionally
sustained behavioral tendency. From this perspective, a neighborhood is not merely a physical residence but
also functions as a social community that builds and sustains mutually beneficial social capital through repeated
interactions??-?. Accordingly, frequent turnover of neighbors signals the erosion of such capital, diminishing
the neighborhood’s value as a social group and reducing it to little more than a residence?”?#3%-33, For socially
oriented agents, neighborhoods that risk this kind of degeneration after their move are correspondingly less
attractive relocation options. Consequently, they avoid moves that generate negative externalities—destabilizing
the community, particularly by prompting prospective neighbors to leave—even if such moves would satisfy
them. Instead, they choose moves that generate positive externalities, thereby stabilizing the community and
sustaining social capital.
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By contrast, agents in Schelling’s original model are essentially homo economicus and abstract away from
these dynamics*»*. They evaluate neighborhoods myopically, moving into any vacant site that meets their
threshold in the moment, without regard for the destabilizing externalities of relocation®°. In doing so, they
treat satisfaction as purely individualistic and assume away interdependent neighborhood social dynamics—a
stylized simplification that diverges from real-world decision-making. Recent studies have explored the use
of (Pigouvian) taxes to redirect agents’ self-interested behavior toward mitigating negative externalities®®>’.
However, these models generally assume that externalities are exogenously regulated by a social planner who
is well informed about the direction of each move’s externalities and, on that basis, able to align individual
incentives with collective welfare, while agents themselves remain homo economicus, with intrinsic preferences
largely insensitive to the social consequences of their actions.

To address this gap, we extend Schelling’s model by introducing a “social orientation” to its microfoundations,
complementing the original focus on self-orientation. In our formulation, socially oriented agents seek both
self-serving and community-preserving locations; they select sites where their move not only satisfies their
own preferences but also minimizes dissatisfaction (and thus disruption) and/or enhances the satisfaction (and
thus stability) of the prospective neighborhood. Following Schelling’s original definition, an agent is considered
satisfied when the number of neighbors of the same type is at least equal to that of neighbors of a different
type. In essence, these agents aim to reduce negative externalities and/or increase positive ones. This orientation
reflects the valuation of neighborhoods not merely as locations, but as cohesive social communities that foster
a shared identity?”?#38. We operationalize this behavior through three heuristic relocation rules based on the
prospective neighbors’ satisfaction:

« Negative externality avoiding rule (NEA): Agent relocates to a site that satisfies their threshold and does not
dissatisfy any currently satisfied neighbors, choosing randomly among such sites.

« Positive externality favoring rule (PEF): Agent relocates to a site that satisfies their threshold and generates
non-negative externalities by increasing (or at least not reducing) the number of satisfied neighbors, choosing
randomly among such sites.

« Positive externality optimizing rule (PEO): Agent relocates to a site that satisfies their threshold, generates
non-negative externalities by increasing (or at least not reducing) the number of satisfied neighbors and min-
imizes the number of unsatisfied neighbors, with ties broken at random.

All three rules begin with the agent’s own satisfaction—a self-oriented criterion—but extend it with an
additional layer of social orientation, each emphasizing a distinct focus: minimizing negative externalities or
enhancing positive ones. NEA focuses on avoiding negative externalities by preventing moves that would cause
currently satisfied neighbors to become dissatisfied, while still permitting unsatisfied neighbors either to become
satisfied or to relocate. This reflects the view that satisfied neighbors are key contributors to the cultivation
and maintenance of social capital. PEF, in contrast, aims to increase—or at least not reduce—the total number
of satisfied neighbors. The emphasis here is on aggregate numbers, so some switches between satisfied and
unsatisfied neighbors may occur, provided the overall count of satisfied neighbors is maintained or improved.
In contrast to the previous two rules, PEO maximizes positive externalities by considering both satisfied and
unsatisfied neighbors: it is similar to PEF but adds the condition of minimizing the number of unsatisfied
neighbors. In doing so, PEO can increase the number of satisfied neighbors, subject to minimizing the number
of unsatisfied ones. Notably, these rules are not exhaustive but are intended to provide a parsimonious, heuristic
framework that captures key variations in behavioral approaches to externalities and thus serves as a foundation
for future extensions.

Deeper insight into these rules can be gained by viewing them through the lens of Pareto efficiency a
widely used concept in economics. Among them, NEA is strictly Pareto-improving, as it satisfies the moving
agent without making others worse off. By contrast, PEF and PEO relax this criterion by focusing on aggregate
satisfaction, aligning more with a utilitarian logic than with strict Pareto improvement. Whereas NEA favors
stability by preserving satisfied neighbors, PEF and PEO are expected to reduce turnover more proactively by
converting unsatisfied neighbors into satisfied ones.

Implementing this microfoundation requires refining two implicit assumptions of the original model. The
first concerns agents’ observability. In Schelling’s formulation, agents consider only their immediate neighbors,
leaving the scope of perception irrelevant. By contrast, socially oriented agents must anticipate how their
relocation affects not only themselves but also the satisfaction of prospective neighbors. This requires observing
neighbors of neighbors—a form of two-step observability, or horizon of observability, which has empirical
support in studies of social influence and network perception?'. The second refinement concerns agents’
bounded rationality?~*°. In the original model, agents resemble automata, following simple threshold rules with
no capacity for foresight. In our extension, by contrast, agents more closely approximate rational decision makers
in that they can evaluate prospective neighborhoods and select sites that optimize future social spillovers. Yet
their rationality remains bounded by limited information and computational constraints: they cannot access
global knowledge or compute system-wide optima*®’. Instead, they rely on local heuristics*®***—such as the
relocation rules we propose—behaving as greedy searchers within their horizon of observability>**..

These two behavioral refinements underpin social orientation by allowing agents to anticipate the communal
consequences of their moves while remaining subject to realistic cognitive and informational limits. They also
make the model more realistic and provide the foundation for our simulation analysis of how social orientation
alters segregation dynamics. More broadly, modeling social orientation refines theoretical understanding and
highlights implications for the stability and diversity of social systems.

In the following section, we outline how these rules are implemented in our extended Schelling model. Our
aim is to examine how social orientation alters relocation behavior and, in turn, shapes dynamical outcomes
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including segregation. To this end, we adapt the classic model to incorporate agents who follow NEA, PEE,
PEO, or Schelling’s original relocation rule. We then outline the modeling framework, agent decision rules, and
simulation design used to compare these approaches.

Methods

To evaluate the role of social orientation in segregation dynamics, we extend Schelling’s original agent-based
model of residential mobility. As noted, our extension is based on two behavioral refinements—two-step
observability and bounded rationality-allowing agents to anticipate potential neighborhood instability based
on local information and avoid moves that could generate dissatisfaction among the prospective neighbors.
We systemically assess how individual-level social orientation shapes macro-level outcomes of segregation,
satisfaction, and convergence speed.

Relocation rules

We consider three socially oriented relocation rules, with Schelling’s original rule' serving as a benchmark. The
NEA, PEF, and PEO rules extend the model by incorporating agents’ socially oriented behavior to account for
externalities. The stepwise procedures for each rule are summarized below:

Negative externality avoiding (NEA) rule

Step 1. Randomly select one dissatisfied agent.

Step 2. Identify all vacant sites where (i) the agent would be satisfied if moved there—that is, under the coun-
terfactual condition of occupancy—and (ii) the move would not cause any currently satisfied neighbors to
become unsatisfied.

Step 3. If more than one such site exists, randomly choose one from this set.

Step 4. Relocate the agent to this site.

Positive externality favoring (PEF) rule

Step 1. Randomly select one dissatisfied agent.

Step 2. Identify all vacant sites where (i) the agent would be satisfied if moved there—that is, under the coun-
terfactual condition of occupancy—and (ii) the move would not reduce the number of currently satisfied
neighbors.

Step 3. If more than one such site exists, randomly choose one from this set.

Step 4. Relocate the agent to this site.

Positive externality optimizing (PEO) rule

Step 1. Randomly select one dissatisfied agent.

Step 2. Identify all vacant sites where (i) the agent would be satisfied if moved there—that is, under the coun-
terfactual condition of occupancy—and (ii) the move would not reduce the number of currently satisfied
neighbors.

Step 3. Among these sites, choose the site that leaves the fewest neighbors unsatisfied after relocation.

Step 4. If more than one such site exists, randomly choose one from this set.

Step 5. Relocate the agent to this site.

NEA is primarily concerned with avoiding the turnover of currently satisfied neighbors, while giving little
attention to unsatisfied neighbors. As a by-product, the rule may cause unsatisfied neighbors either to become
satisfied or to relocate. In this sense, NEA aims to avoid the negative externalities associated with an agent’s
relocation. PEF, by contrast, seeks to increase—or at least not decrease—the number of currently satisfied
neighbors, without regard for the switching of unsatisfied neighbors so long as the overall number of satisfied
neighbors increases in the prospective neighborhood. Accordingly, PEF is more concerned with generating
positive externalities from an agent’s move. PEO integrates both perspectives by addressing positive and negative
externalities simultaneously. Like PEFE, it permits positive externalities by allowing unsatisfied neighbors to
become satisfied, but it goes further by minimizing the number of unsatisfied neighbors rather than merely
avoiding turnovers. Table 1 summarizes these distinctions.

It is worth noting that although the two-step observability in our model is farther-sighted than in the
original, the three proposed rules still operate as local heuristics, since agents cannot anticipate consequences
beyond their perceptual horizon. This property aligns with our goal of enhancing realism by modeling agents
as boundedly rational actors who rely on such heuristics. While agents are assumed to identify all vacant sites,
this reflects environmental observability (or an externally visible search space) rather than global cognitive
access, as recognizing visible cues such as empty houses or lots requires minimal cognitive effort compared
with evaluating their suitability for relocation®>** (i.e., perceptual observability vs. cognitive boundedness). The
decision process therefore remains locally informed and computationally bounded. Taken together, these rules
allow us to explore a spectrum of socially oriented decision-making—from simple harm-avoidance to active
community optimization. By doing so, we can systematically assess how these behavioral refinements impact
macro-level outcomes.

Formally, when considering a move to site 4, an agent with two-step observability computes for each neighbor
j the fraction of same-type neighbors as
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Rule | Primary focus Treatment of neighbors Externality orientation
NEA Avoid turnover of currently satisfied Ignore unsatisfied neighbors; some may become satisfied or move out as a side | Minimize negative externalities (avoids
neighbors effect new dissatisfaction)
pER | [ncrease or at least not decrease the number | Allow unsatisfied neighbors to switch to satisfied; unconcerned with turnover if | Generate positive externalities (permits
of satisfied neighbors satisfaction increases overall satisfaction gains)
. . . Like PEE, permit unsatisfied > satisfied switches, but also minimize the number | Address both: permit positive externalities
PEO | Balance positive and negative externalities . . R .
of unsatisfied neighbors while minimizing negative ones

Table 1. Comparison of social oriented rules. NEA focuses narrowly on avoiding the turnover of satisfied
neighbors, thereby minimizing negative externalities but disregarding unsatisfied ones. PEF, in contrast,
prioritizes generating positive externalities by permitting unsatisfied neighbors to become satisfied, even if
some turnover occurs. PEO integrates both perspectives: like PEF, it allows for positive spillovers, but it further
minimizes the number of unsatisfied neighbors, making it the most balanced rule in terms of managing both
positive and negative externalities.

s () = T D ke o (o () = o (D)

where N (j) denotes the set of neighboring agents of j, and z, (i) € {—1, +1} represents the occupant
of site m after the focal agent is hypothetically relocated to site 7. The indicator function 1{xz; (i) = z (¢)}
equals 1 if neighbor j and their neighbor k are of the same type following the relocation, and 0 otherwise.
Accordingly, h; (i) captures the updated fraction of same-type neighbors for each j, incorporating the agent’s
prospective move.

Following Schelling’s original specification, neighbor j is considered satisfied if h; (i) > 7, where T
denotes the satisfaction threshold. Consistent with Schelling’s model, we set 7 = 0.5, meaning that an agent is
satisfied when the number of neighbors of the same type is at least equal to the number of those of a different
type. This specification allows the relocating agent to anticipate whether its move would maintain or disrupt
the satisfaction of nearby agents within its two-step observational range. For illustration, under NEA, agents
randomly choose a site where they would be satisfied if moved there and the move would not cause any currently
satisfied neighbor j to become unsatisfied (i.e., would not result in h; (i) < 0.5).

This assumption aligns with Friedkin’s empirical observation of the “horizon of observability;” which suggests
that an individual’s social vision is limited and typically extends only to indirect social ties*!. Consequently,
agents can consider the broader consequences of their relocation on local neighborhood stability.

Simulation design

The model is implemented on a two-dimensional square lattice with periodic boundary conditions, so that
agents at the edges are connected to those on the opposite side. Each cell can be occupied by a single agent or left
vacant, and agents belong to one of two groups of equal size. A fixed vacancy ratio (20% unless otherwise noted)
provides sufficient mobility for agents to relocate. At initialization, agents and vacancies are randomly assigned to
sites on the grid. Time advances in asynchronous sequential updates, so that only one agent moves per step. The
process continues until either (i) all agents are satisfied, or (ii) no further moves are possible because dissatisfied
agents cannot find admissible sites. The resulting configuration, or steady state of the dynamics, is regarded as an
equilibrium or a state of global stability.

Outcome measures
We track three primary outcomes. First, segregation is measured using the standard adjacency-based segregation
index'®:

1
S = ﬂ Z i,injTiTj

where N is the number of agents, A represents the adjacency matrix of the neighborhood structure, and T;
denotes the type of agent at site 4 (+ 1 or — 1 for occupied sites, 0 for vacancies). Thus, the segregation index S
measures how similar neighboring agents are. It adds up every pair of neighboring agents, multiplies their types
(T3T;)—which equals 1 if they are the same and — 1 if they are different—and then divides by twice the total
number of agents. A higher value of S indicates that agents tend to be surrounded by neighbors of the same
type (greater segregation), whereas a lower value reflects a more mixed local composition. A value of S =0
corresponds to the expected outcome under a random configuration, in which same-type and different-type
neighbor pairs occur in equal proportion and no systematic pattern of segregation or integration is present. The
maximum value of Sis A /2ina A -regular network as N — oo and the proportion of vacant site V' = 0.
Notably, S is closely related to the energy F of the spin-glass model, satisfying the relation S = —FE/N>%%,
Second, overall satisfaction is measured as the proportion of agents who meet their threshold condition at the
end of the simulation. Third, the convergence step is quantified as the number of relocation steps required to
reach equilibrium, serving as a proxy for the speed of system stabilization.
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Computational implementation

The model was implemented in Python 3.12 using standard scientific libraries (NumPy, pandas, and matplotlib).
Random number generation was controlled by fixed seeds for reproducibility. For each parameter configuration,
we conducted 10,000 independent replications to account for stochastic variability.

Results

Our simulations reveal that social orientation non-trivially alters the dynamics of Schelling’s segregation model.
Under the original rule, the model reproduces Schelling’s classic finding: even moderate individual preferences
lead to considerable segregation. By contrast, socially oriented relocation consistently reduces segregation and
accelerates convergence to equilibrium (i.e., global stability) with fewer relocation steps, all while preserving full
satisfaction. These results suggest that incorporating social orientation aligns individual-level decision-making
with macro-level outcomes that enhance social integration, stability, and collective welfare. We present the results
in three parts, focusing respectively on satisfaction outcomes, segregation outcomes, and equilibrium dynamics.

Baseline parameters

Unless otherwise specified, all simulations were conducted on a 32 x 32 grid with periodic boundary conditions,
Moore neighborhoods, a vacancy ratio of 0.2, and a satisfaction threshold of 0.5. The Moore neighborhood
corresponds to Schelling’s original configuration, comprising the agent’s own location and its eight surrounding
sites. Each reported value represents the mean of 10,000 independent replications, with standard errors shown
where applicable. These baseline settings provide a consistent reference point for evaluating how socially oriented
relocation rules shape segregation outcomes. Baseline results are summarized in Table 2.

Satisfaction outcomes

We first examine overall satisfaction levels across the three relocation rules. In all simulations, the system
converges to complete satisfaction (a final satisfaction value of 1). This indicates that the rules do not impede the
attainment of full satisfaction. Accordingly, our subsequent analysis focuses on segregation outcomes under a
ceteris paribus condition with respect to satisfaction.

Segregation outcomes

We next compare segregation outcomes across relocation rules based on the probability distributions of
segregation outcomes (Fig. 1). Each strategy was simulated 10,000 times, with kernel density estimation (KDE)
applied for line smoothing. The results show that the original Schelling rule produces the highest level of
segregation, whereas PEO vyields the lowest. NEA and PEF fall in between, with PEF resulting in slightly lower
segregation than NEA, although the difference is marginal. Overall, socially oriented rules substantially reduce
segregation relative to the original Schelling rule. The particularly low segregation under PEO underscores the
advantage of simultaneously considering both satisfied and unsatisfied neighbors in relocation decisions.

To compare these outcome distributions more formally, we assess first-order stochastic dominance (FSD) of
segregation outcomes across the behavioral rules. FSD of distribution A over B requires Fa (z) < Fp (z) for
all z, with strict inequality for at least one z, where F' (z) denotes the cumulative distribution function (CDF).
For this assessment, we employed two combined methods. First, we conducted two-sample Kolmogorov-
Smirnov (K-S) tests, nonparametric tests that determine whether two independent samples are drawn from
the same underlying continuous distribution. Second, when the K-S test indicated that two distributions
differ significantly, we compared their empirical CDFs to identify which distribution yields higher segregation
outcomes and by how much. All K-S tests rejected the null hypothesis at p < 0.001, indicating that all
probability distributions originate from distinct underlying distributions. The empirical CDFs revealed the
following pattern. First, the original Schelling rule stochastically dominates PEF, indicating markedly higher
segregation. Second, NEA tends to exceed PEF in segregation outcomes, though their CDFs intersect slightly
near the upper tail, indicating no strict dominance. Third, PEF dominates PEO, and NEA also dominates PEO.
Taken together, this pattern implies a monotonic decrease in segregation—from the original Schelling rule to
NEA, to PEF, and finally to PEO (Schelling > NEA > PEF >> PEO)—confirming the above conclusion.

While there is no absolute benchmark for judging the magnitude of change in the segregation index, all
probability distributions under the socially oriented rules in Fig. 1 exhibit clear first-order stochastic dominance
by the original Schelling rule. This means that, at any given level of segregation, the Schelling rule produces

Rule Satisfaction (%) | Segregation index (S) | Convergence steps | Moves per agent
Schelling | 100.0 (0.0) 2.384(0.001) 7.759 (0.017) 0.558 (0.001)
NEA 100.0 (0.0) 2.191 (0.001) 5.684 (0.011) 0.490 (0.001)
PEF 100.0 (0.0) 2.187 (0.001) 5.797 (0.011) 0.497 (0.001)
PEO 100.0 (0.0) 2.079 (0.001) 5.380 (0.011) 0.468 (0.000)

Table 2. Baseline simulation results under socially oriented relocation rules. Simulations were conducted
on a 32 x 32 grid with periodic boundary conditions, Moore neighborhoods, a vacancy ratio of 0.2, and a
satisfaction threshold of 0.5. Each entry represents the mean of 10,000 replications, with standard errors in
parentheses. Socially oriented relocation yields lower segregation, full satisfaction, and faster convergence,
reducing both equilibrium time and moves per agent.
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Fig. 1. Segregation outcomes across relocation rules. Probability distributions of each strategy. The original
Schelling rule produces the highest segregation, while socially oriented rules reduce segregation, with

PEO yielding the lowest levels and highlighting the benefit of accounting for both satisfied and unsatisfied
neighbors. Lines are smoothed using kernel density estimation (KDE).
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Fig. 2. Segregation as a function of the fraction of socially oriented agents. The fraction of agents following
socially oriented rules ranges from 0 to 1, with the remainder following the original Schelling rule. Each line
represents the resulting level of segregation as a function of the proportion of agents following a given rule
relative to the original Schelling rule. Equilibrium satisfaction is reached in all cases. Segregation decreases
steadily as the share of socially oriented agents increases, indicating that even partial adoption of socially
oriented relocation improves integration. Shaded regions represent 95% confidence intervals but are too
narrow to be distinguished from the lines.

statistically significantly higher segregation outcomes—and therefore poorer integration—than the socially
oriented rules.

Next, we examine how segregation outcomes vary with the fraction of socially oriented agents in the
population (Fig. 2). The share of agents following each of the three behavioral rules ranges from 0 to 1, with the
remainder adhering to the original Schelling rule. In other words, each line in Fig. 2 depicts the resulting level
of segregation as a function of the proportion of agents following a given rule relative to the original Schelling
rule. (Final segregation indices across baseline conditions are reported in Table 1). Fig. 2 shows that, consistent
with expectations, segregation decreases steadily as the fraction of socially oriented agents increases, yielding
more integrated equilibria across replications. Among the tested rules, PEO is the most effective at reducing
segregation. While NEA and PEF yield similar outcomes, PEF holds a slight but statistically significant advantage
over NEA. Overall, the results indicate that even when only a fraction of agents adopt these rules, the system
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SCHELLING

Fig. 3. Representative grids at equilibrium. Initial configuration and final grids under each relocation rule. To
identify representative outcomes, 10,000 simulations were conducted, and for each condition the run with final
segregation closest to the mean was selected. Under Schelling’s original rule, the orange cluster forms a large
continuous area near the center, indicating strong segregation. In contrast, under the socially oriented rules—
particularly PEO—the same-color regions become smaller and more intermixed with blue, reflecting lower
segregation. Consistent with Fig. 1, socially oriented rules yield visibly lower segregation than the original
Schelling rule.
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Fig. 4. Convergence to equilibrium under socially oriented relocation rules. The fraction of agents following
socially oriented rules ranges from 0 to 1, with the remainder following the original Schelling rule. The number
of simulation steps required for convergence decreases as the fraction of socially oriented agents increases.

Up to a fraction of 0.8, the three rules (NEA, PEF, and PEO) exhibit similar dynamics. Beyond this point,
convergence accelerates fastest under PEO, followed by NEA and then PEFE. Shaded regions represent 95%
confidence intervals but are too narrow to be distinguished from the lines in some areas. Overall, the results
indicate that socially oriented relocation not only promotes more integrated equilibria but also accelerates
convergence toward them, with implications for social cohesion and resilience.

becomes more integrated, demonstrating that partial incorporation of social orientation is sufficient to improve
macro-level outcomes.

Figure 3 illustrates representative simulation snapshots, showing the final grids at convergence. To identify
typical outcomes, we conducted 10,000 simulations and averaged the segregation values at equilibrium. For each
rule, we then selected the run with a final segregation value closest to this average, ensuring that the displayed
grids reflect characteristic results. Consistent with Fig. 1 the socially oriented rules yield visibly lower segregation
than the original Schelling rule.

Taken together, these findings demonstrate that social orientation systematically reduces segregation while
preserving complete satisfaction, offering a simple yet powerful behavioral refinement that aligns individual
mobility decisions with collective welfare and social stability.

Equilibrium dynamics

Finally, we examine how social orientation affects convergence to equilibrium, or global stability. The speed
of convergence is relevant for both socially oriented agents and society as a whole for two reasons. First, once
achieved, global stability fosters and reinforces mutually beneficial social capital at both the individual and
societal levels. Second, it reflects the resilience of the system to exogenous shocks. Figure 4 plots the number of
simulation steps required for convergence as a function of the fraction of socially oriented agents. Under all three
socially oriented rules, the number of steps decreases as the proportion of socially oriented agents increases.
The rules are largely indistinguishable up to a fraction of 0.8, after which convergence accelerates most under
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PEQ, followed by NEA and then PEE This ordering is slightly different from the segregation results in Fig. 1.
Opverall, the results suggest that socially oriented behavior not only promotes more integrated equilibria but also
accelerates convergence toward them. This finding suggests potential implications for social planners, as a faster
attainment of stability might help strengthen social cohesion—-and thus social capital-and lower social costs.

Figure 5 reports the number of relocation moves per agent required for the system to stabilize. (Because
the total number of moves naturally declines as the vacancy ratio increases, moves per agent provide a more
meaningful measure when the vacancy ratio varies.) The results show that the number of moves per agent
decreases with the fraction of socially oriented agents under all rules. Among them, PEO requires the fewest
relocation steps per agent, followed by NEA and then PEE. While earlier results suggest that social integration
enhances both integration and system-wide stability, these findings further imply that social-oriented behavior
also can reduce the considerable social costs of unnecessary moves—whether psychological, social, or economic-
when moving entails nontrivial costs.

Together, these results demonstrate that social orientation reduces segregation, accelerates convergence to
equilibrium, and lowers relocation moves per agent, thereby reducing social costs and promoting both welfare
and stability.

Robustness checks

To assess the robustness of our findings, we conducted additional simulations varying vacancy ratios (0.05-0.30),
grid size (3232 to 100x 100), and neighborhood type (Von Neumann). At low vacancy ratios (<0.10), some
inconsistencies emerged: complete satisfaction was not always achieved, although the proportion of unsatisfied
agents remained marginal (below 0.001) (Fig. 6a). Moreover, the number of steps to equilibrium was higher
under socially oriented rules than under the original Schelling rule—for NEA and PEF at a vacancy ratio of 0.05,
and for PEO up to 0.125 (Fig. 6b). These results indicate that socially oriented rules require an adequate number
of vacant sites to operate effectively, thereby defining a boundary condition for their applicability. Nonetheless,
across all other parameter ranges of grid size and neighborhood type, the qualitative patterns remain unchanged:
socially oriented relocation consistently reduces segregation, maintains complete satisfaction, and accelerates
convergence relative to the original Schelling rule.

We also conducted additional simulations relaxing the assumption of full environmental observability, under
which agents can identify all vacant sites. Even when the set of observable vacancies was constrained to 10, 30, or
50 randomly selected sites, the overall result pattern remained unchanged. Taken together, these findings affirm
the robustness of our results.

Summary of results

Across all baseline simulations, social orientation consistently reshaped the dynamics of Schelling’s segregation
model. Compared with the original Schelling relocation, socially oriented relocation produced lower segregation
without hampering full satisfaction and faster convergence to equilibrium (i.e., global stability). These effects
were robust across replications and parameter settings except lower vacancy ratios, underscoring that a simple
behavioral refinement—agents avoiding moves that might destabilize others—can transform macro-level
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Fig. 5. Relocation moves per agent required for equilibrium. The fraction of agents following socially oriented
rules ranges from 0 to 1, with the remainder following the original Schelling rule. The figure shows the average
number of relocation moves per agent required for the system to stabilize. Shaded regions represent 95%
confidence intervals but are too narrow to be distinguished from the lines. Results indicate that the number

of moves per agent decreases with the fraction of socially oriented agents across all rules. Among them,

PEO requires the fewest moves, followed by NEA and then PEE These findings suggest that, in addition to
promoting integration and stability, socially oriented relocation can reduce the social, psychological, and
economic costs of unnecessary moves when moving entails nontrivial costs.
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Fig. 6. Robustness checks against vacancy ratios. (a) Proportion of satisfied agents at equilibrium across
vacancy ratios. At very low vacancy ratios (<0.10), complete satisfaction is not always achieved, although
the proportion of unsatisfied agents remains below 0.001. (b) Steps to equilibrium across vacancy ratios. At
low vacancy ratios, socially oriented rules require more steps than the original Schelling rule (notably NEA
and PEF at 0.05, and PEO up to 0.125). At higher vacancy ratios, however, socially oriented rules converge
more quickly, consistent with the main results. The shaded areas around each line represent 95% confidence
intervals.

outcomes. Together, the results highlight social orientation as a powerful microfoundation linking individual
decision-making to collective outcomes. Specifically, our findings show that incorporating social orientation
into Schelling’s framework not only reduces segregation but also accelerates stabilization, offering a simple yet
powerful behavioral refinement that lowers social costs and fosters more resilient, integrated communities.
These findings motivate the broader theoretical and empirical implications we discuss in what follows.

Discussion

Our results show that introducing social orientation into Schelling’s segregation model reshapes its macro-level
dynamics. Unlike the original rule, which reproduces considerable segregation, socially oriented relocation
reduces segregation, maintains satisfaction, and accelerates the attainment of global stability. These outcomes
demonstrate how locally rational behaviors that preserve social capital by considering others’ satisfaction can
scale into welfare-enhancing equilibria that also produce more integrated and resilient communities. From a
broader perspective, our research also connects to work in coevolutionary dynamics that highlights similar
adaptive feedback mechanisms®®. Although our model does not include institutional adaptation, it follows a
comparable feedback process in which socially oriented relocation reshapes the neighborhood environment
that, in turn, influences subsequent decisions. This iterative dynamic—where micro-level adjustments generate
macro-level configurations that feed back into individual satisfaction—parallels the adaptive coupling between
behavior and environment emphasized in coevolutionary models®®.

Theoretical implications

Our findings extend Schelling’s original insight that simple local rules can produce complex social outcomes. In
contrast to the destabilizing dynamics of Schelling’s other-ignorant relocation rule, social orientation establishes
conditions under which individual rationality, collective welfare, and social integration are mutually aligned.
This provides a stronger microfoundation for segregation models by showing how boundedly rational, socially
sensitive agents can generate more integrated equilibria. More broadly, our results contribute to theories of self-
organization and emergent order by demonstrating how realism-based local decision-making heuristics can
reshape global outcomes.

Applications to empirical contexts

These insights are relevant across multiple domains. In urban settings, residents naturally avoid neighborhoods
prone to instability, and our results suggest that socially oriented preferences can counteract destabilizing forces
such as segregation or rapid gentrification by fostering more resilient communities. In organizational contexts,
similar dynamics apply to team formation and group stability: members who avoid moves likely to unsettle
colleagues can strengthen cohesion and reduce turnover. Taken together, these parallels illustrate how social
orientation provides a unifying principle across domains where individual mobility decisions aggregate into
collective outcomes.

Suggestions for policy makers and social planners

Our findings suggest several avenues for fostering stability and integration. Policy makers can encourage such
outcomes by improving transparency (e.g., publishing neighborhood stability indicators), designing incentives
that reward community-preserving moves, and providing institutional support such as vacancy buffers or
coordinated relocation programs. Social norms and community engagement can further reinforce stability by
embedding social orientation as a shared value. Taken together, these measures align individual mobility choices
with broader societal outcomes such as reduced segregation, collective welfare, and stability, without requiring
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information-intensive taxation mechanisms®®%’. This alignment, in turn, lowers social costs and fosters more
resilient and integrated communities.

Limitations and future directions

Our study abstracts from several real-world complexities that warrant future work. First, our model abstracts
from individual heterogeneity in satisfaction thresholds and social orientation propensities. Future research could
relax this simplifying assumption to examine how variations in these parameters influence collective dynamics
and segregation outcomes. Second, while the model assumes two-step observability, the actual perception of
neighborhood stability likely varies across individuals and contexts, reflecting differences in cognitive capacity,
attention, and social awareness®”*8. Third, we assume simple greedy search behavior, though more sophisticated
heuristics could further influence dynamics. Future research could also integrate network structures beyond
grids, such as small-world or scale-free networks, to examine how social orientation operates under different
topologies®”®. Fourth, empirical validation using residential mobility data or organizational turnover patterns
would be a critical step in testing the model’s applicability. Fifth, following Schelling’s original formulation,
our model allows only dissatisfied agents to relocate to sites that meet their satisfaction threshold. While this
satisficing rule preserves the model’s parsimony and behavioral clarity, it excludes better-reply or incremental-
improvement moves that could generate richer dynamics—an extension we identify as a promising direction
for future research. Finally, the implications of our model should be interpreted with caution, as real urban
segregation processes involve additional factors—such as housing prices, urban amenities, and labor market
dynamics—that fall outside the scope of this simplified framework. Future research could extend the model
to incorporate these structural and economic dimensions, providing a more comprehensive understanding of
segregation dynamics.

Conclusion

By extending Schelling’s segregation model with social orientation, we show that individual-level tendencies to
preserve social capital and community can reduce segregation and facilitate the attainment of global stability.
These results provide a stronger behavioral foundation for models of segregation and highlight how social
orientation, combined with bounded rationality under local observability, shapes collective patterns. Beyond
theoretical insight, the findings suggest that fostering socially oriented behaviors—whether in urban mobility or
organizational settings—may promote more integrated, resilient, and sustainable communities.

Data availability

All simulation codes developed and used in this study are publicly available to enable replication, validation, and
extension of the results at [https://github.com/kyuhojin/schelling-social-orientation.git] (https:/github.com/kyu
hojin/schelling-social-orientation.git) .

Received: 4 October 2025; Accepted: 8 December 2025
Published online: 11 December 2025

References
. Schelling, T. C. Models of segregation. Am. Econ. Rev. 59, 488-493 (1969).
. Schelling, T. C. Dynamic models of segregation. J. Math. Sociol. 1, 143-186 (1971).
. Sakoda, J. M. Minidoka: an Analysis of Changing Patterns of Social Interaction (University of California, 1949).
. Sakoda, J. M. The checkerboard model of social interaction. J. Math. Sociol. 1, 119-132 (1971).
. Zhang, ]. Residential segregation in an all-integrationist world. J. Econ. Behav. Organ. 54, 533-550 (2004).
. Pancs, R. & Vriend, N. J. Schelling’s Spatial proximity model of segregation revisited. J. Public. Econ. 91, 1-24 (2007).
. Wilensky, U. & Rand, W. An Introduction To agent-based Modeling: Modeling natural, social, and Engineered Complex Systems with
NetLogo (MIT Press, 2015).
8. Smaldino, P. E. Modeling Social Behavior: Mathematical and agent-based Models of Social Dynamics and Cultural Evolution
(Princeton University Press, 2023).
9. Bruch, E. E. & Mare, R. D. Neighborhood choice and neighborhood Changel. American J. Sociology 112, 667-709, https://doi.org
/10.1086/507856 (2006-11).
10. Xie, Y., Zhou, X,, Xie, Y. & Zhou, X. Modeling individual-level heterogeneity in Racial residential segregation. Proc. Natl. Acad. Sci.
109 https://doi.org/10.1073/pnas.1202218109 (2012).
11. Liu, Z., Li, X. & Khojandi, A. & Lazarova-Molnar, S. In 2019 Winter Simulation Conference (WSC). 285-296.
12. Sert, E. et al. Segregation dynamics with reinforcement learning and agent based modeling. Sci. Rep. 10, 11771, https://doi.org/10
.1038/541598-020-68447-8 (2020).
13. Abella, D. et al. Aging effects in Schelling segregation model. Sci. Rep. 12 (1), 12-19376. https://doi.org/10.1038/s41598-022-2322
4-7 (2022).
14. Dahrendorf, R. Out of utopia: toward a reorientation of sociological analysis. Am. J. Sociol. 64 https://doi.org/10.1086/222419
(1958).
15. Boudon, R. The Logic of Social Action: an Introduction To Sociological Analysis (Routledge & Kegan Paul, 1981).
16. Tomasello, M. A Natural History of Human Thinking (Harvard University Press, 2014).
17. A Nowak, M. Five rules for the evolution of Cooperation. Science 314, 1560-1563 (2006).
18. Mead, G. H. & Morris, C. W. Mind, Self & Society from the Standpoint of a Social Behaviorist (The University of Chicago Press,
1934).
19. Baumeister, R. F. & Leary, M. R. The need to belong: desire for interpersonal attachments as a fundamental human motivation.
Psychol. Bull. 117, 497-529. https://doi.org/10.1037/0033-2909.117.3.497 (1995).
20. Durkheim, E. & Fields, K. E. The Elementary Forms of Religious Life (Free, 1995).
21. Berger, P. L. & Luckmann, T. The Social Construction of Reality: A Treatise in the Sociology of Knowledge (Doubleday, 1966).
22. Coleman, J. S. Social capital in the creation of human capital. Am. J. Sociol. 94, S95-S120 (1988).
23. Adler, P. S. & Kwon, S. W. Social capital: prospects for a new concept. Acad. Manage. Rev. 27, 17-40 (2002).
24. Putnam, R. D. Bowling Alone: the Collapse and Revival of American Community (Simon & Schuster, 2000).

N U R W

Scientific Reports |

(2026) 16:2280 | https://doi.org/10.1038/s41598-025-32159-8 nature portfolio


https://github.com/kyuhojin/schelling-social-orientation.git
https://doi.org/10.1086/507856
https://doi.org/10.1086/507856
https://doi.org/10.1073/pnas.1202218109
https://doi.org/10.1038/s41598-020-68447-8
https://doi.org/10.1038/s41598-020-68447-8
https://doi.org/10.1038/s41598-022-23224-7
https://doi.org/10.1038/s41598-022-23224-7
https://doi.org/10.1086/222419
https://doi.org/10.1037/0033-2909.117.3.497
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

32.

33.

34.

57.
58.

59.
60.

. Portes, A. Social capital: its origins and applications in modern sociology. Ann. Rev. Sociol. 24, 1-24 (1998).
. Lewicka, M. Place attachment: how Far have we come in the last 40 years? J. Environ. Psychol. 31, 207-230. https://doi.org/10.101

6/j.jenvp.2010.10.001 (2011).

. Forrest, R. & Kearns, A. Social cohesion, social capital and the neighbourhood. Urban Stud. 38, 2125-2143 (2001).

. Kearns, A. & Parkinson, M. The significance of neighbourhood. Urban Stud. 38, 2103-2110 (2001).

. Sampson, R. J. Great American City: Chicago and the Enduring Neighborhood Effect (The University of Chicago Press, 2011).

. Braakmann, N. Residential turnover and crime—Evidence from administrative data for England and Wales. Br. J. Criminol. 63,

1460-1481 (2023).

. Sampson, R. J., Raudenbush, S. W. & Earls, F Neighborhoods and violent crime: A multilevel study of collective efficacy. Science

277,918-924 (1997).

Sharp, G. & Warner, C. Neighborhood structure, community social organization, and residential mobility. Socius 4,
2378023118797861 (2018).

Agha, A, Hwang, S. W, Palepu, A. & Aubry, T. The role of housing stability in predicting social capital: exploring social support and
psychological integration as mediators for individuals with histories of homelessness and vulnerable housing. Am. J. Community
Psychol. 74, 173-183 (2024).

Henrich, J. et al. In search of homo economicus: behavioral experiments in 15 small-scale societies. Am. Econ. Rev. 91, 73-78
(2001).

. Persky, J. & Retrospectives The ethology of homo economicus. J. Economic Perspect. 9, 221-231 (1995).
. Grauwin, S., Bertin, E., Lemoy, R. & Jensen, P. Competition between collective and individual dynamics. Proc. Natl. Acad. Sci. 106,

20622-20626 (2009).

. Grauwin, S., Goffette-Nagot, E. & Jensen, P. Dynamic models of residential segregation: an analytical solution. J. Public. Econ. 96,

124-141 (2012).

. Mahmoudi Farahani, L. The value of the sense of community and neighbouring. Hous. Theory Soc. 33, 357-376 (2016).

. Pareto, V. Manuale di economia politica con una introduzione alla scienza sociale. 13 (Societa editrice libraria, (1919).

. Arrow, K. . Social Choice and Individual Values 2ndn (Wiley, 1963).

. Friedkin, N. E. Horizons of observability and limits of informal control in organizations. Soc. Forces. 62, 54-77 (1983).

. Simon, H. A. A behavioral model of rational choice. The Q. J. Econ., 99-118 (1955).

. Simon, H. A. Models of man, Social and Rational: Mathematical Essays on Rational Human Behavior in a Social Setting (Wiley,

1957).

. Simon, H. A. Models of Bounded Rationality (MIT Press, 1982).
. Conlisk, J. Why bounded rationality? J. Econ. Lit. 34, 669-700 (1996).
. Kempe, D., Kleinberg, J. & Tardos, E. In Proceedings of the ninth ACM SIGKDD international conference on Knowledge discovery

and data mining. 137-146 (2003).

. Bharathi, S., Kempe, D. & Salek, M. 306-311 (Springer).
. Tversky, A., Kahneman, D. & Availability A heuristic for judging frequency and probability. Sognitive Psychol. 5, 207-232 (1973).
. Miller, J. H. & Page, S. E. Complex Adaptive Systems: an Introduction To Computational Models of Social Life (Princeton University

Press, 2009).

. Berg, N., Abramczuk, K. & Hoftrage, U. In Simple Heuristics in a Social World (Oxford University Press, 2012).

. Steinbacher, M. et al. Advances in the agent-based modeling of economic and social behavior. SN Bus. Econ. 1, 99 (2021).

. Simon, H. A. Rational choice and the structure of the environment. Psychol. Rev. 63, 129-138 (1956).

. Gigerenzer, G., Todd, P. M. & ABC Research Group. Simple Heuristics that Make Us Smart (Oxford University Press, 1999).

. Jin, K. & Yu, U. Entropy profiles of schelling’s segregation model from the Wang-Landau algorithm. Chaos: Interdisciplinary J.

Nonlinear Sci. 32, 113103 (2022).

. Domic, N. G., Goles, E. & Rica, S. Dynamics and complexity of the Schelling segregation model. Phys. Rev. E. 83, 056111 (2011).
. Hua, S. & Liu, L. Coevolutionary dynamics of population and institutional rewards in public goods games. Expert Syst. Appl. 237,

121579 (2024).

Christakis, N. A. & Fowler, J. H. The spread of obesity in a large social network over 32 years. N. Engl. ]. Med. 357, 370-379 (2007).
Christakis, N. A. & Fowler, J. H. Social contagion theory: examining dynamic social networks and human behavior. Stat. Med. 32,
556-577 (2013).

Fagiolo, G., Valente, M. & Vriend, N. J. Segregation in networks. J. Econ. Behav. Organ. 64, 316-336 (2007).

Henry, A. D,, Pratat, P. & Zhang, C. Q. Emergence of segregation in evolving social networks. Proc. Natl. Acad. Sci. 108, 8605-8610
(2011).

Acknowledgements
The authors acknowledge the support of the Gwangju Institute of Science and Technology (GIST) for providing
research facilities.

Author contributions

U.Y. and K.J. jointly conceived and conceptualized the research, conducted the simulations, performed the data
analysis, and developed the code. K.J. designed the figures and generated the plots, wrote the original draft, and
directed and supervised the research. Both authors reviewed and edited the manuscript, contributed to the sci-
entific discussion, and approved the final version of the paper.

Funding
This work was supported by GIST Research Project grant funded by the GIST in 2025 and the Ministry of Ed-
ucation of the Republic of Korea and the National Research Foundation of Korea (NRF-2022S1A5A8052803).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.J.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports|  (2026) 16:2280

| https://doi.org/10.1038/s41598-025-32159-8 nature portfolio


https://doi.org/10.1016/j.jenvp.2010.10.001
https://doi.org/10.1016/j.jenvp.2010.10.001
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2026) 16:2280 | https://doi.org/10.1038/s41598-025-32159-8 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Extending Schelling’s segregation model from self orientation to social orientation
	﻿Methods
	﻿Relocation rules
	﻿Negative externality avoiding (NEA) rule
	﻿Positive externality favoring (PEF) rule
	﻿Positive externality optimizing (PEO) rule
	﻿Simulation design
	﻿Outcome measures
	﻿Computational implementation

	﻿Results
	﻿Baseline parameters
	﻿Satisfaction outcomes
	﻿Segregation outcomes
	﻿Equilibrium dynamics
	﻿Robustness checks
	﻿Summary of results

	﻿Discussion
	﻿Theoretical implications
	﻿Applications to empirical contexts
	﻿Suggestions for policy makers and social planners
	﻿Limitations and future directions

	﻿Conclusion
	﻿References


