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School desegregation by redrawing
district boundaries

Tyler Simko

Schools in the United States remain heavily segregated by race and income. Previous work
demonstrates districts can promote group diversity within their schools with policies like redrawing
attendance zones. Yet, the promise of such policies in many areas is limited by the fact that most
school segregation occurs between school districts, and not between schools in the same district. |
adapt Markov Chain Monte Carlo algorithms from legislative redistricting to redraw school district
boundaries that decrease segregation while maintaining desirable criteria like distance to school

and using only existing school facilities. Focusing on New Jersey, where the segregation of Black and
Hispanic students from White and Asian students is among the worst in the country, | demonstrate
that redrawing school districts could reduce more than 40% of existing segregation in the median New
Jersey county, compared to less than 5% for redrawing attendance zones alone. Finally, | show how
my proposed methodology can be applied to as few as two districts to reduce segregation in proposed
consolidations, when small districts are merged into a larger district.

Students in United States schools remain highly segregated by race and income!. These patterns of segrega-
tion map on to achievement gaps® and funding disparities between rich and poor students, which exacerbate
inequalities that can have large impacts on later life outcomes®. A great deal of social science research has
demonstrated that integration can reduce these impacts in certain cases, largely by breaking up areas of concen-
trated poverty>’~°. Although integrated schools are by no means a cure-all, as biased practices and segregated
friendship groups can still occur in diverse environments'®'%, integrated schools can nonetheless be an important
avenue for fostering positive intergroup relationships and creating more equitable learning environments®!#-16.

This widespread school segregation is largely driven by patterns of residential segregation, as the vast majority
of public school students attend the school they are geographically assigned to by the “attendance zone” set by
their local school district'”-2°. A long history of work in operations research and related fields has demonstrated
that attendance zones can be redrawn to reduce racial segregation while meeting relevant local constraints like
minimizing student travel time to schools*'~?%. However, such “Within-District” methods are limited by the
fact that approximately two-thirds of US school segregation occurs between school districts, and not between
schools in the same district?®=*!. This means that methods like redrawing attendance zones that do not alter
school district lines may be less effective or even impossible (for districts with a single school per age group) in
many of the most segregated areas of the United States, such as the Northeast and Great Lakes Midwest, which
often feature small districts*’. For example, New Jersey has approximately half as many public school students as
Florida (1.4 million vs. 2.8 million), but nearly ten times as many school districts (702 vs. 76) because states in the
Northeast tend to have schools districts at the municipality (rather than county) level (see, National Center for
Education Statistics (NCES) Common Core of Data Tables). While others have suggested that redrawing school
district boundaries may be a promising policy to combat segregation, methodological evidence that alternative,
realistic boundaries could be drawn is limited***-%.

In this paper, I evaluate the effectiveness of redrawing school district boundaries for racial/ethnic integration.
I adapt geographic simulation algorithms from the legislative redistricting and operations research literatures
to create alternative school district boundaries. I employ Markov Chain Monte Carlo (MCMC) algorithms*’
to draw realistic plans that incorporate policy constraints like student travel distance to school and using only
existing school facilities. Further, I compare this “Between-District” model to a “Within-District” model that
attempts to integrate schools without redrawing existing district lines. I focus on New Jersey, where segregation
of Black and Hispanic students from White and Asian students is among the worst in the country, and simulate
alternative boundaries that cover the entire state, encompassing 1,273 elementary schools across all 21 counties.
Throughout this study, I follow previous work by adopting the terms “Black” and "Hispanic” used by the U.S.
Census Bureau and NCES, the sources of race and ethnicity data used in this study*?.

I find evidence that redrawing school district lines could reduce more than 40% of school segregation in the
median New Jersey county. These large gains include, but are not limited to, the most intensely segregated areas in
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New Jersey—named “apartheid schools™*!—including Essex, Hudson, Union, Camden, and Monmouth counties.

Further, the strong algorithmic constraints ensure these improvements require no new school infrastructure,
make minimal changes to school enrollment, and keep students assigned to schools close to their homes. Without
redrawing district lines, I find that the “Within-District” model can reduce less than 5% of existing segregation
in the median county. Put another way, my results demonstrate that existing school district boundaries drawn
at the municipality-level are a major barrier to integration: when limited to redrawing attendance zones within
existing district lines, I show that state of the art optimization algorithms reduce existing segregation levels by
less than 5% in the median county. These results support claims made in Latino Action Network v. New Jersey, an
ongoing school segregation case, where plaintiffs allege the state’s “municipally-based system of school districts
interacts with longstanding State practices that have fostered and enabled residential segregation to institutional-
ize school segregation” and propose between-district remedies.

New Jersey’s current political and legal contexts make my results locally relevant, but my findings also have
broader relevance for policymakers and academics. First, my results suggest that redrawing district lines can
be a successful policy for increasing integration in dense areas with large numbers of school districts, like large
areas of the United States and particularly in the Northeast. Second, I contribute a methodological framework
to a growing body of recent work in algorithmic redistricting for comparing the efficacy of multiple policies
in the same geographic area. While reimagining school district lines may be less likely in other settings, my
methodological approach can be adapted to compare the integration efficacy of other policies, like “zones of
choice”®. Among policy options to weaken the connection between address and school district like inter-district
choice, redrawing district boundaries can be thought to represent a “conservative” inter-district approach that
maintains a strong geographic constraint. However, in practice the promise of school choice policies can be
severely limited by factors like existing residential segregation and the homogeneity of convenient school options
available to families.*>~¢

Beyond demonstrating the extent of possibilities for integration by redrawing school district boundaries, I
also show that my proposed methodology can successfully integrate school districts experiencing “mergers”—
consolidating two or more adjacent districts (while not necessarily closing any individual schools)—a frequent
and growing policy discussion in New Jersey and beyond. State and local policymakers discuss district consolida-
tion as a policy option for addressing various issues plaguing small districts like high administrative spending,
declining enrollments, high local tax rates, and a lack of program offerings*****7*8. My proposed methodology
can successfully integrate mergers both large (such as all districts within a county) and small, and I show that as
few as two adjacent school districts could merge to promote school integration. Mergers may be a particularly
promising opportunity for meaningful integration: although school rezoning efforts taken by districts often
face political pushback due to parental concerns over issues like property values***’, district consolidations are
generally done voluntarily. Further, these results are timely and have immediate relevance—in 2022, Governor
Phil Murphy signed S3488, a bill providing financial incentives for school districts to consolidate with others
around them, which several efforts already under discussion.

Algorithmic simulations for integration policy evaluation

The central question of this paper asks how much school integration is possible when school district lines are
redrawn to promote group racial diversity while maintaining or improving compliance with other desirable
criteria. To answer this question, I employ algorithmic integration tools that combine student enrollment and
geographic data with structural and probabilistic “constraints” to draw realistic alternative school attendance
zones. These constraints ensure that only existing school buildings are used, students remain in their current
home and attend a school close to their home, drawn districts remain “compact” to maintain reasonable dis-
tances to school, and school capacity (i.e. the number of seats in the building) remains roughly fixed. The details
of the data preparation, algorithms, constraints, and validation procedures are described at length in Methods.

Comparing policy scenarios

I run two algorithmic integration scenarios—from here called the “Within-District” and “Between-District”
scenarios—to evaluate the potential efficacy of redrawing school district lines. Both scenarios seek to optimize
racial integration, while using the same data described and meeting the same constraints described in Methods.
The two scenarios differ exclusively on whether the simulations are allowed to cross existing school district
lines. The “Within-District” models redraw attendance zones separately in each district, which serves to keep
all current district lines fixed. Alternatively, the “Between-District” models use the same data and constraints,
but are allowed to cross district lines.

While the Between-District models offer more flexibility by allowing the algorithm more space to move,
there is no guarantee that the models will do so given the constraints. For example, New Jersey’s extremely dense
population could conflict with the school capacity constraint described in Methods: although more integration
could be possible by moving further outwards, schools may quickly become over-enrolled, limiting the potential
integration under the Between-District model. Similarly, there may be a trade-off between racial integration and
compactness?! that limits the increased efficacy of the Between-District model.

For the Within-District scenario, I run the algorithm separately for every school district in my sample.
Specifically, the algorithm redraws attendance zones for every school building in each district, but must abide
by existing school district lines when doing so. As existing attendance zones are entirely nested within districts
(and districts are nested within counties), this scenario redraws attendance zones within each existing school
district boundary. If the district operates only one school building, the same map is adopted (as it is already
optimal according to all constraints discussed below). This scenario is highly policy relevant, as it represents the
best-case outcome for reducing segregation given the status quo administrative system.
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In the Between-District scenario, I optimize attendance zone boundaries separately for each county in my
sample. I run this scenario at the county level because of New Jersey’s unusually powerful county Board of Edu-
cations, which play important roles in support and oversight for schools in a given county.

This additional administrative layer may exist in part to mitigate some of the inefficiencies involved in running
such a larger number of individual small school districts. For this reason, mergers and consolidations are fre-
quently proposed between some or all districts within a county, but are rarely proposed to cross county lines.*”>!

My Between-District scenario is consistent with several possible alternative administrative designs. For exam-
ple, integrating across existing district lines within a county corresponds exactly to drawing county-wide or
regional school districts, as discussed in Supplementary Information Sects. A.3 and A.4. In this interpretation,
policymakers could redraw attendance zones such that students attend integrated schools, but districts would
effectively be consolidated at the county level. Alternatively (though perhaps less politically likely), the current
number of school districts could be kept the same, and district lines within counties could be re-drawn to mitigate
the high levels of residential segregation.

Though both scenarios are relevant, their comparison demonstrates the extent to which existing district lines
are a barrier to integration. If both models perform similarly, then redrawing existing school district lines may
neither be a necessary step towards achieving large integration gains nor worth the political capital necessary to
do so. Alternatively, if the Between-District models are much more effective than the Within-District models,
this suggests that redrawing district lines or other less geographically conservative inter-district policies may be
worth the effort. Further, knowing the magnitude of differences between policy options would allow policymak-
ers to make more informed decisions about trade-offs.

I note that there are many policy options that could change school district lines beyond redrawing them. For
example, policymakers regularly consider options like regional districts or district mergers, as discussed further
in Sects. A.4 and A.10. Further, I demonstrate that my proposed methodology can also be used to evaluate other
policies to change district lines. For example, I use my same methodology to evaluate the promise of district
consolidations. Such “mergers” are often considered in states like New Jersey, in which all school buildings remain
the same but the higher-level administrative districts are merged to create a single, larger district.

Results

Overall, I find consistent evidence that the Between-District consistently outperforms the Within-District model,
being about five times more effective in the median New Jersey county. This represents a median of 19 vs. 2
percentage point reductions in the dissimilarity index, which translates to approximately 45% vs. 4% reductions
in segregation levels. I employ the ”Dissimilarity Index” throughout® as a measure of segregation, though the
proposed methodology can be used alongside any measure of group diversity. I further describe dissimilarity
and show robustness to using the entropy index* in the Supplementary Information. Further, the constraints
ensure that these gains are met while making all maps logistically feasible by avoiding large increases in student
distance to school, maintaining school capacity, requiring no new infrastructure, and keeping a single school
in each attendance zone.

First, I discuss these results within a single county to offer context on how improvements are made given the
necessary constraints. Then, I discuss results across all counties, paying particular attention to the heterogene-
ity in comparative performance between the Within and Between-District models across counties. Finally, I
show that redrawing districts does not require state-wide changes to be effective by applying my methodology
to district consolidations.

Illustration: county-specific results

In Morris County, my sample identifies 78 elementary schools across 35 unique districts. Morris serves as a useful
initial county to discuss because its school districts are typical of New Jersey overall. First, existing segregation
of Black and Hispanic students is high, with a dissimilarity index of 43% that is approximately the median for
the state. Second, the schools across Morris are not evenly split between districts, and instead features many
small districts with a few large districts. For example, 20 Morris districts (57%) operate only a single elementary
school. This institutional fragmentation is likely to lead to segregation across district lines. It certainly does in
Morris County, where districts like Dover serve a majority Hispanic population, yet are surrounded by many
more suburban districts with low proportions of Black and Hispanic students.

The Morris situation mirrors many across the state, where we might expect the Within-District model to
struggle to successfully integrate. By having many single school districts, attendance zone integration within
district will be impossible for a majority of districts in the county, and any feasible gains will come from the
remainder of districts in the county. Alternatively, the Between-District model may be able to integrate Morris
schools by redrawing existing district lines and re-assigning students in neighboring, racially segregated, districts.

Figure 1 confirms this intuition by showing that the Between-District model finds significantly more inte-
gration while the Within-District model fails to find substantial opportunity for gains in group diversity. The
left panel demonstrates that the Within-District model finds initial progress (displayed via a lower value on the
y-axis, as measured by dissimilarity) in approximately the first 1,000 steps of the algorithm (displayed on the
x-axis). This occurs by redrawing attendance zones in the 15 Morris districts with more than one school. These
initial gains reduce segregation in Morris County by approximately .03 on the dissimilarity index, but the model
quickly stalls and makes little further progress for the rest of the draws. This pattern is consistent across all ten
independent chains of the algorithm (as indicated by the line colors), demonstrating that the model fails to find
progress and is not stuck in a local mode.

Alternatively, the Between-District leverages the additional flexibility of crossing school district bounda-
ries to make much more progress. The right panel of Fig. 1 shows continued progress throughout steps of the
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Fig. 1. Displays racial integration progress in Morris County for both the Within (redrawing attendance zones
alone) and Between-District (redrawing attendance zones and school district boundaries) models. The x-axis
represents draws (steps) of the MCMC algorithm described in Methods, the y-axis displays the dissimilarity
index for Black and Hispanic students at each step, and the different colored circles and lines represent
independent algorithmic chains. The results show that the Between-District model consistently outperforms the
Within-District model across all ten independent chains, indicating that redrawing school district lines would
be a promising policy for reducing school segregation.

algorithm. Encouragingly, this pattern replicates across all ten independent chains of the algorithm. Further,
Supplementary Information Figure 7 shows that these integration gains are possible while meeting the school
capacity and compactness constraints.

Integration is possible across all New Jersey counties

Figure 2 demonstrates that the Between-District scenario (maize) clearly outperforms the Within-District (blue)
model in all 21 counties in New Jersey. Within each county, both arrows start (indicated with a point) at the
existing Black-Hispanic dissimilarity index in a given county, and end (indicated with arrow head) at the final
(50,000th) draw of the model. The consistency of these results across counties is encouraging given the geographic
and institutional diversity of the state. My results suggest that redrawing school district boundaries would be
an effective way to reduce segregation in counties as distinct as Hudson—an extremely dense, urban area with
transit connections to downtown New York City—and Sussex—featuring low-density mixes of farms and forests
with light-density suburban homes.

While strong Between-District performance is intuitive given that it offers additional flexibility by crossing
existing school district lines, the model still operates under the strong constraints discussed in Methods. These
constraints will restrict the model from pursuing further possible integration if it moves too far from the specified
criteria described above. For example, New Jersey’s high density means that incorporating new students might
over-enroll the school, even if doing so would further increase diversity.

These results also allow us to compare the magnitude of the difference between the Within and Between-
District models. This can be useful both in identifying areas where the Between-District model strongly outper-
forms (to know when to target the redrawing of district lines) and areas where both models perform similarly (to
know where efforts to target redrawing district lines may not be as effective). For example, in Monmouth County
I find the Between-District model is approximately eight times more effective than the Within-District model
in the median county, reducing segregation by 40% (vs. 4.6%). In Ocean County, the Between-District model
outperforms by a smaller factor of approximately 1.91 (50% vs. 26% segregation reduction). These heterogeneities
are important because redrawing existing district lines takes more political coordination than Within-District
redrawing (which can be done by individual school boards), and understanding when and where redrawing
district lines is more effective can help districts to make locally informed decisions. Heterogeneity analyses in
Supplementary Information Sect. A.6 find that redrawing attendance zones is most effective in districts with
high enrollments. Sect. A.7 also finds that redrawing district boundaries is likely to be most effective in areas
with small-to-mid populations and population densities like suburbs, in line with past work.>*

In three counties—Cape May, Salem, and Warren—all districts in my sample only operate a single elemen-
tary school each. This means that Within-District models can make no possible progress at all. Nonetheless, the
Between-District model in each of these counties is extremely effective. In Salem County, the Between-District
model eliminates over 80% of segregation between schools, and in Cape May County the final dissimilarity
index is brought to nearly 0. These large proportional gains are possible in part because these counties have
relatively small numbers of Black and Hispanic students. However, these small counties with large numbers of
single-school districts are also the most likely to consider inter-district changes like consolidation. My results in
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Fig. 2. Displays integration progress for the Within (blue) and Between District (maize) models for all 21
counties in New Jersey. Arrows start (shown with point) at the existing Black-Hispanic dissimilarity index

in a given county, and end (shown with arrow head) at the final (50,000th) draw of the model. The results
show that the Between-District model consistently outperforms the Within-District model. The magnitude of
this overperformance varies dramatically between counties, with heterogeneity discussed in Supplementary
Information Sects. A.6 and A.7.

the next section suggest that redrawing district boundaries during consolidations would be extremely effective
for reducing segregation.

Combined, these results indicate that redrawing district boundaries can be an effective integration strategy
across all counties in a diverse state. However, these results do not suggest that Within-District integration can
never be a promising strategy. Consistent with previous work'”?”>*, my results demonstrate that redrawing
attendance zones within existing school district boundaries can be an effective policy for reducing segregation
in large, racially diverse districts with large numbers of students (heterogeneity is discussed further in Supple-
mentary Information Sect. A.7). Maintaining district lines will still limit possible integration for large areas of
New Jersey because of its large number of separate, small districts. While redrawing district lines would allow
for further integration, working within a single district may be politically or logistically simpler in some cases.

District consolidations

Changing school district lines could be accomplished through several policy options beyond redrawing district
boundaries. In this section, I demonstrate how my proposed methodology can be used to integrate schools during
district consolidations. Often called “mergers,” consolidations administratively combine several adjacent school
districts (though, without necessarily opening or closing any actual schools). Although policymakers generally
offer financial and logistical reasons for district consolidation, here I show that district consolidation can also
be an opportunity for integration.

Iillustrate the potential of district consolidations for integration with an example merger between Plainfield
and Scotch Plains-Fanwood, two districts in Union County. In Supplementary Information Sect. A.10, I describe
why similar sizes, budgetary considerations, and high residential segregation make these districts a reasonable
choice for demonstrating the potential benefits of consolidation. Here, I use my integration model to simulate
redrawing attendance zones within a newly consolidated school district. I run the model using all of the same
parameters, constraints, and procedures as those used for my main results.

The results in Fig. 3 indicate that redrawing attendance zones within a newly merged district could eliminate
nearly 50% of existing segregation. Panel (B) shows that dissimilarity between the 14 elementary schools in
this area falls from .59 to .28 in the best performing chain’s final plan. Panels (C) and (D) show the well-known
trade-off between diversity and travel time, as integration generally requires longer travel times when groups are
highly residentially segregated and school locations are fixed?!. These results demonstrate that student distance
to school would likely increase under this model, shown for both the average student and at the 90th percentile.
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Fig. 3. Panel A shows existing racial demographics in Scotch Plains and Plainfield, two school districts in
Union County. Black lines designate school districts, shapes are Census block groups, and yellow dots are
existing elementary schools. Census data is prepared using™. Panel B shows segregation reductions using the
same format as Fig. 1, where lines represent the dissimilarity index at each draw and colors indicate independent
chains. Panels C and D here show average and 90th percentile student distance (in meters) from school across
each draw, where colors also designate chains. Horizontal dashed lines indicate proportional reductions in
segregation.

However, these large proportional differences represent relatively modest substantive changes: the maximally
integrated districts according to this district increase average distance to school by less than a mile on average,
though the 90th percentile distance can increase by one or two miles in the most integrated scenario.

My approach also allows policymakers to evaluate the range of options when pursuing integration and decide
which combination best suits their community preferences and goals. For example, local policymakers might wish
to opt for a policy near the middle of demonstrated integration possibilities. For example, policymakers could
aim to reduce 20 or 30% of the existing segregation between the two communities (rather than the maximum
possible of nearly 50%), to achieve meaningful integration across old district lines while making even smaller
impacts on distance to school. This is indicated by the horizontal dashed lines, showing what distance increases
corresponding to 20, 40, and 60% proportional decreases in segregation levels.

These results suggest that even if a merger were completed for financial or administrative reasons, stakeholders
could use the consolidation as an opportunity to update attendance zone boundaries and reduce a large fraction
of segregation. This kind of measurable integration criteria could be appended on top of existing consolidation
laws (such as New Jersey’s S3488), or used in federal desegregation programs such as the Fostering Diverse
Schools Demonstration Grants Program (FDS) launched in May 2023.

Discussion

Millions of students in the United States still attend highly segregated schools. My results show that redrawing
school district boundaries can be a highly effective way to reduce segregation in several settings. In New Jersey, a
state where the segregation of Black and Hispanic students from White and Asian students is among the worst in
the country, I show my proposed methodology can reduce more than 40% of existing segregation in the median
county. Strong algorithmic “constraints” ensure that these improvements do not sacrifice goals commonly desired
by parents and policymakers like maintaining school enrollment and keeping students close to home. My results
speak most directly to New Jersey, but commonalities like large numbers of small school districts can be found
in states like California, Illinois, Texas, Missouri, Montana, and Wisconsin>®.

I further show that my proposed methodology can produce large gains in integration during consolidations
between as few as two districts. State and local governments routinely consider consolidation for educational,
logistical, and financial reasons. Many such discussions are ongoing in New Jersey, and are likely to continue
given recent legislation that incentivizes consolidations. State policymakers could add diversity to the list of
considerations by, for example, providing financial incentives to districts who consolidate while redrawing new
boundaries to foster integration.
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My results also demonstrate the limitations of integration policies that keep school district lines fixed. My
results indicate “Within-District” solutions like redrawing attendance zones are unlikely to effectively reduce
segregation in fractionalized areas with small districts, even if adopted at scale™”. In New Jersey, my results suggest
that solutions to school segregation must cross district lines to be effective. One primary benefit of this approach
is that redrawing district lines can maintain contiguous “neighborhood” schools that are close to home, unlike
choice systems or inter-district busing patterns. However, policymakers could also consider other inter-district
policies with less emphasis on geography or invest in new facilities, such as regional “controlled choice” plans
or inter-district enrollment in themed magnet schools, all of which have been widely adopted in other areas of
the country*®-°L.

There is significant room for future work. For example, my models do not directly account for school choice.
This is a reasonable decision for New Jersey, which has extremely low levels of school choice. However, school
choice both within and between districts is more common in other areas of the country. Future work could
directly incorporate school choice into integration models that cross district lines, similar to how existing work
has begun to incorporate policies like “zones of choice”. Further, my flexible MCMC approach can be useful
when working with state and local partners in real-world settings, as additional custom constraints could be used
to match local needs (e.g. avoiding attendance zones that cross some local geographic barrier).

Further, my results integrate school district boundaries at one particular snapshot in time, and do not
account for how families could respond and dynamically select schools after integration efforts. For example,
progress integrating schools could be partially undone by “white flight” patterns where families move after being
rezoned®>®. This limitation is primarily driven by a lack of data on how families could respond to changes, and
seems to be a particularly promising area for future work. Such work could build on discrete choice models
developed primarily for static contexts®. Of course, individual policies like redrawing boundaries, opening
magnet schools, and inter-district choice need not also be mutually exclusive as they are in my model. Future
work should provide further evidence to policymakers by evaluating how such policies can best synergize to
improve educational opportunity.

Finally, I have argued this methodological approach can be a valuable way to explore the promise of integra-
tion policy. However, I stress that the purpose of the results presented here is not to create a single, “optimal”
assignment plan that I argue should be adopted in reality. Instead, I have demonstrated a methodology that I
argue can be applied to particular local decisions to illuminate policy trade-offs. I argue my approach offers a
useful way to compare the potential efficacy of policies that also incorporates realistic constraints. However, the
design, goals, and constraints of any particular implementation of algorithmic approaches like mine should be
based on community decisions with stakeholders like families, students, staff, and policymakers.

Methods

My algorithmic models require two primary sources of data: student enrollment and geographic boundaries.
First, student data comes from the National Center for Education Statistics (NCES) Common Core of Data for
2021-2022. The NCES centralizes data on student enrollment, district spending, and school characteristics to
create a national database of all public elementary and secondary schools. I start by selecting all regular school
districts in New Jersey from NCES that are public (non-charter), active school districts as of 2020-2021. A
regular school district is not part of administrative arrangements like supervisory unions or operates schools
with specialized programs like vocational programs or correctional facilities. From these 512 resulting school
districts, I identify 1,273 regular, public (non-charter) schools that were open as of the 2020-21 school year. I
download 2021-2022 school-level enrollment data by racial / ethnicity group for each of these schools. I focus
on elementary schools primarily because (1) their boundaries are often combined to form the boundaries of the
middle and high schools their students attend and (2) younger children may accrue additional benefits from
being in diverse educational environments for longer periods of time®*!7%.

Second, I combine this school-level enrollment data with geographic data and demographics available from
the US Census. I start by downloading current school district geographic boundaries®. Once district locations
are known, I spatially match every school building described in the previous step to a corresponding Census
block using®®. Beyond the enrollment-by-grade-race-ethnicity data I download in the previous step from NCES,
there are no publicly available sources linking these enrollment counts to residential locations. Researchers
studying geographic school enrollment often use Census data to estimate the number of students of each race/
ethnicity group that live in a particular Census block!”?. This procedure is especially reasonable in New Jersey
given the extremely low levels of school choice, meaning that most students attend the school where they are
geographically assigned. For example, an amicus brief submitted to Latino Action Network by the Interdistrict
Public School Choice Program, a statewide choice program allowing students to apply to attend schools in other
municipalities, indicates the program has approximately 5,000 students enrolled—less than half of one percent
of the state’s public school enrollment. While some studies use total Census block population counts to calcu-
late demographics for particular age groups'’, this assumption may be less tenable in New Jersey due to rapid
and ongoing diversification®, such that younger age groups are increasingly becoming more diverse over time.

Instead, I adopt a data-driven approach to estimate student residences by combining (exactly known) student
enrollment counts with (aggregated) geographic demographic patterns from the American Community Survey.
Formally, my goal is to estimate the number of students who belong to a given racial/ethnic group g, live in a
given Census block b, and attend a particular school s. Thankfully, the NCES provides exact enrollment counts by
school and racial / ethnic group, so the only remaining unknown is where these students live. I distribute these
known numbers of students among blocks using racial demographics from the Census for children aged 5-9 at
the tract level. I start with demographic patterns at the tract level, rather than a smaller level like block group,
because my specific population of interest (elementary school age children by racial group) is often very small.
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These small group estimates often have high associated sampling error, and so they are very often “suppressed”
(not reported) by the ACS. I still opt to use demographics of minors, rather than the total population (which
is less likely to be suppressed), due to the increasing diversity of younger US generations over time®. Similar
decisions about suppression and small group estimates will continue to be relevant as the Census Bureau evolves
their use of new privacy techniques®~72

Finally, I multiply the share of third-grade students belonging to a particular racial / ethnic group in that
school by the fraction of children belonging to that group who lives in a particular Census block. Intuitively, this
procedure formalizes the idea that: “if 100 Black third grade students attend a particular school in this school
district and 10% of the Black population aged 5-9 in the school district live in this Census block, then 10 Black
third grade students live in this Census block. Formally, this quantity equals:

Npgs = e Sg
ZbEBs ”gb

While these counts are no doubt imperfect, this procedure is reasonable for several reasons. First, I start with
known enrollment data for each school, and am only estimating where students live within small geographic
areas. This is an unexpected benefit of New Jersey’s small school districts, as I only need to make this assumption
over relatively small geographic areas. The median school district used in my analysis covers only three Census
tracts. Second, my primary focus is not in precisely measuring racial demographics in every Census block, but
rather how two different policies compare at reducing segregation across many blocks. All algorithmic scenarios
I run rely on this same reasonable, if imperfect, baseline. See” for a longer discussion about the role of “ground
truth” data in policy evaluation. The authors argue, in part, that exact ground truth data is not always necessary
when the policy question of interest compares between a status quo and new policy, using the same data.

MCMC algorithm

To redraw feasible school boundaries, I use a Markov Chain Monte Carlo algorithm presented in”* (from here,
called “merge-split”), which builds on the Recom algorithm presented in”°. I use the specific implementation from
the R package redist’® which combines a sampling merge-split algorithm with an optimization procedure called
“shortburst”. This algorithm has primarily been used in redistricting applications””’%, and has also been used in
litigation. For example, see Kosuke Imai’s expert witness report in Merill v. Milligan (2022), a US Supreme Court
case where shortburst was used to evaluate majority-minority congressional districts in Alabama. I describe the
algorithm and this optimization procedure below.

The algorithm’ samples graph partitions through “a global merge and split algorithm to propose moves to
the standard Metropolis-Hastings algorithm” (pg. 7). The merge-split algorithm works by taking two adjacent
units (in this case, school attendance zones), spatially combining them to create a single larger unit, and then
finding a new boundary “split” between the two that seeks to satisfy provided constraints. Constraints are built
into a score function (see’, Section 3) that can accommodate both “hard” (enforced) and “soft” (probabilistic)
constraints, as described above.

However, merge-split on its own is a sampling algorithm that seeks to respect constraints, and will not
automatically seek to maximize an objective score between draws. The merge-split implementation I use from”®
combines merge-split with the “shortburst” procedure introduced in*. The shortburst procedure instructs an
MCMC algorithm to take a series of short, unbiased random walks (called “bursts”) that, in this case, iteratively
re-assign certain parts of the map to new districts. After each walk, the algorithm selects the best plan according
to the provided score and restarts a new series of bursts. Over time, this ensures the score function either stays
the same or increases.

My goal is to use this MCMC implementation to compare the promise of a set of policy options. My goal is
not to (1) build a representative set of all possible plans that meet these constraints, or (2) to prove optimality (e.g.
find the single plan that minimizes some segregation measure under these constraints). First, existing residential
segregation and the location of existing school buildings mean that the vast majority of possible plans are likely
to be highly segregated as well. My interest is in evaluating how different policy options could improve integra-
tion under a set of constraints, and not to build a representative set of results as is common in many MCMC and
redistricting applications. Second, I seek to compare performance between policies like redrawing attendance
zones, district lines, and district consolidations. While shortburst does not have optimization guarantees as a
procedure, it is a useful tool for exploring performance between policy options.

For each scenario described above, I run 50,000 bursts of 15 draws each. I run ten independent chains with
these parameters, as it is possible for MCMC algorithms to get stuck in local “maxima,” where the algorithm
fails to find better scores far away from its current plan®. Instead, if all independent chains “converge” to report
approximately the same result, we can be more confident that the algorithm has thoroughly explored the pos-
sible space of alternative plans. To initialize the algorithm, I follow existing work on attendance rezoning by
using Voronoi boundaries'”'®”® with additional block reassignment to ensure attendance zones are contiguous
(see more justification for this decision in Supplementary Information A.11). In this case, this initializes the
algorithm by assigning each Census block to the nearest school. All alternative plans in both scenarios then seek
to improve upon this baseline according to the score and constraints described below. All plans are forced to be
created from contiguous sets of Census blocks.

Algorithmic score function and constraints

As discussed in the previous section, simply drawing alternative plans is not enough for a feasible policy—my
realistic school boundaries also incorporate a number of constraints determined by constituent preferences
and local context. This algorithm combines a goal “score function” that it seeks to optimize with two kinds of
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constraints: “hard constraints” which must be met at a particular numeric value and a set of “soft constraints”
that assign probabilistic weights to nudge the algorithm to draw compliant plans. Both types of constraints can
then be evaluated in diagnostics like those shown in Figs. 7, 8, 9 and 10 in the Supplementary Information. I
describe each of these pieces below:

The score function combines two substantive goals of the algorithm: (1) racial integration and (2) a “hard
constraint” that uses only existing school facilities. I use the dissimilarity index®, a widely used measure of seg-
regation in education policy and beyond*”¢”#. Academics and policymakers have several options to measure
segregation, and here I use on the dissimilarity index because of its ongoing relevance for discussing segregation
in New Jersey. For example, the ongoing segregation case Latino Action Network v. New Jersey, brought jointly
by the LAN and NAACP, has featured a great deal of discussion around dissimilarity as a measure of how Black
and Hispanic students are concentrated in particular school districts and separated from White and Asian stu-
dents. For example, Ryan W. Coughlan, an expert for the plaintiffs in Latino Action Network, testified that New
Jersey schools are segregated across a variety of measures: “I can certainly point to what a dissimilarity score says
about New Jersey or what an isolation score says about New Jersey. They all say that the schools are segregated.”
Similarly, I exclude students of two or more races due in part to the emphasis on Black and Hispanic students
in litigation and policy discussions. Further, only 3% of students report identifying as two or more races in New
Jersey. The dissimilarity index captures this idea of “evenness”—that is, how evenly do students of different racial
groups attend schools in a particular area.

Here, I employ the dissimilarity index as a measure of segregation across schools in a given district. Formally,
let ns (n4) be the number of Black and Hispanic students in school s (district d), and let t; be the total number of
students. Then, the dissimilarity index S for district d is given by the following:

1 n ts—n
Sa=5) I =
sed " d—"d
This index ranges from 0 (indicating the proportion of Black and Hispanic students in each school matches their
proportion overall in the county) to 1 (indicating that every Black and Hispanic student would have to move to
achieve an equal proportion across schools). One advantage of using the dissimilarity index in this context is
that it does not depend on the relative sizes of the two groups (by taking the proportion), unlike other measures
like the isolation index. This means that results are more directly comparable across counties even though demo-
graphics will differ, and changes can be interpreted as percentage point reductions in segregation.

I combine this measure of segregation with an indicator function that ensures each attendance zone has only
a single school building. This ensures that only existing school facilities are used to produce integration, and
maintains a neighborhood school principle. I create a vector v with binary values (1 or 0) that identifies whether
each individual Census block b has a school building (v, = 1) or not (v, = 0).

I formalize this constraint by creating an indicator function to ensure that each attendance zone a (in district
d) has exactly one school building inside. I do this by summing v across all blocks b in each attendance zone a
(Vpeq), and ensuring the value equals exactly 1 in each attendance zone. I call this function G, which takes an
attendance zone a as argument and calculates: G(a) = 1{(3_,, ¥») = 1}. Including the indicator function in a
score that must be minimized implements a hard constraint that each attendance zone will only ever have one
school building. In legislative redistricting, such a constraint is often called “incumbent pairing,” as map-drawers
may seek to ensure that no incumbent officials are grouped into a new district and thus forced to compete in a
future election”.

I then replicate this sum for each attendance zone a in district d, a set which I call A; (formally, I evaluate
G(a) once for each attendance zone a € A;). This nested summation is important because it ensures that there
is one school building within each attendance zone, and not simply that the total number of school buildings
within the district is correct.

Together, the algorithmic routine minimizes the following score T in district d by adding (1) the measure of
segregation S, and (2) the constraint on single-school attendance zones described above:

Ta=Sa+1{)_ (G(a) = |Aql}

acAp

where:

G@ =1 _ w) =1

bea

Finally, I incorporate two additional probabilistic constraints to the algorithm that reflect commonly desired
factors of schools for parents and district policymakers: maintaining existing enrollment and compactness?”#-52,
These do not place precise cutoff values as in the hard constraints above, but they weight the algorithmic draws
so that maps compliant with these constraints are more likely to occur. In later analyses, I can then evaluate the
drawn maps on each of these criteria to assess compliance. The two constraints I include are:

1. School Capacity: parents and policymakers alike are often interested in minimizing potential increases to
class sizes**"*, which is relevant here because each school building already has a fixed enrollment capacity. While
policymakers could presumably open new schools to attract diverse enrollment®, my models are conservative
and exclusively use existing school infrastructure. For example, districts have opened “magnet” schools with
specialized curricular programs in efforts to promote diversity. See®® for an overview of such efforts in San
Antonio Independent School District. To account for these patterns, I follow previous work?”>* by adopting a
school capacity constraint. I incorporate a soft constraint on school capacity which nudges the simulations to
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draw districts which avoid changing the grade enrollment of any school by more than 25%. Since schools in
New Jersey are quite small (the average grade level enrollment for schools in my sample is only 68 students), this
corresponds to an average change of no more than approximately 17 students in any given school. As a result of
these small numbers, enrollment in New Jersey schools can be unusually volatile, as small numbers of students
moving can lead to large proportional changes. A growing state and declining birth rate combine to leave some
schools over-enrolled and some under-enrolled, leading to occasional closing387. Enrollment fluctuations, and
their effect on budgets, are another common reason for proposed mergers and consolidations. See Supplementary
Information Sect. A.4 for further discussion of these issues, and District Consolidations in the main text where
my proposed methodology is applied to district mergers.

2. Distance to School: One of the most common parental concerns about school assignment is distance to
school®. Residential segregation can lead to trade-offs between racial integration and travel times*!, so rezon-
ing efforts frequently attempt to ensure all students remain close to their zoned school”’. To enforce this, I use
a graph-based measure of compactness—specifically, the log of the number of “spanning trees” drawn in each
district as built from Census blocks - as implemented in®. Intuitively, this captures the idea that more “com-
pact” districts will have a denser set of possible connections between blocks, while a long, thin district made of
individual blocks with have a smaller number of ways to connect them. This spanning tree measure is built into
the simulation model, and later I evaluate districts on a set of compactness measures common in the redistrict-
ing literature, such as Polsby-Popper®-%. The combination of contiguity and compactness helps to maintain a
sense of “neighborhood schools,” where the algorithm seeks to keep students assigned to schools close to them.
Of course, it may not be possible to perfectly maintaining neighborhoods in situations when one’s perception of
“neighborhood” overlaps with racially concentrated areas, but these constraints help minimize those concessions
while keeping nearby areas together.

Together, these algorithmic constraints help to ensure the algorithm creates diverse school boundaries that
meet commonly desired criteria. Crucially, by translating each of these substantive goals into measurable quan-
tities, I can evaluate performance of maps across each of these goals. This measurability can help policymakers
and community members evaluate trade-offs between policy proposals.

Much more detail can be found in the online Supplementary Information, on national (A.2), local (A.3-A.4),
and methodological (A.5) context, heterogeneity within (A.6) and between (A.7) districts, algorithmic diagnostics
(A.8), robustness (A.9), consolidations (A.10), and initialization (A.11).

Data availability
The datasets used and/or analyzed in the current study are available from the corresponding author upon rea-
sonable request.
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