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Abstract: Electoral systems are modified by individuals who have incentives to bias the rules for
their political advantage (i.e., gerrymandering). To prevent gerrymandering, legislative institutions
can rely on mathematical tools to guarantee democratic fairness and territorial contiguity. These tools
have been successfully used in the past; however, there is a need to accommodate additional
meanings of the term fairness within the electoral systems of modern democracies. In this paper,
we present an optimization framework that considers multiple criteria for drawing districts and
assigning the number of representatives. Besides some typical districting criteria (malapportionment
and contiguity), we introduce novel criteria for ensuring territorial equilibrium and incentives for
candidates to deploy their representation efforts fairly during their campaign and period in office.
We test the method, which we denote as Multi-criteria Pen, in a recent and a forthcoming reform of the
Chilean electoral system. The results show the potential of our tool to improve the current territorial
design and offers insights on the motivations, objectives, and deficiencies of both reform plans.

Keywords: multi-criteria optimization; OR applications; malapportionment; districting; electoral system

1. Introduction and Motivation

The reform of an electoral system typically includes the design of districts (by grouping elementary
territorial units to define a political territory) and the assignment of representatives to them. Because
an unequal representation of the population is seen as nondemocratic, electoral reforms must ensure
an adequate equilibrium in the distribution of political power among districts [1-3]. Otherwise,
some voters are better represented than others, a phenomenon known as malapportionment, and it is
considered as a “pathology of electoral systems” (see [4]). Formally, malapportionment is defined as
the difference between the number of representatives of a territory and the fraction of representatives
that would correspond to its population if representatives were evenly distributed [5]; the smaller
the difference, the closer the system is to the equity principle of representative democracies, namely
“one person, one vote” [6].

Despite its importance, reforms do not always satisfy this principle. One of the major reasons
is that countries have geo-administrative divisions that burden the possibility of defining politically
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fair districts [7]. These limitations introduce unavoidable malapportionment, and some districts will
be over-represented (i.e., the number of assigned seats (or representatives) will be larger than what it
should be according to its population) while others will be sub-represented. The actual issue arises
when distortions result from deliberate actions taken by political institutions that want to change
the current districting plan. Malapportionment becomes a problem when decision-makers design
districts to benefit their own interests (see [8,9] for recent case analysis on the issue), specially because
of its self-perpetuating nature (the distortion facilitates advantageous conditions for those in power
when peforming future modifications). This phenomenon is known as gerrymandering (see [10]
for an early reference on this topic). In a gerrymandering situation, redistricting becomes a matter of
reorganizing districts to benefit incumbent representatives, a specific party, or a special interest group
(see [11]). Evidently, such misuse of institutional power affects how citizens view democracy and alter
the distribution of resources from the central administration to the districts (see [12,13] for an in-depth
analysis on the U.S. case).

Even when gerrymandering is not a part of the decision-making process, the suspicion of
gerrymandering is still a threat to the acceptance of the plan. This work tries to address this problem or,
more precisely, it tries to answer the questions on how to draw districts without political bias and how
to reach a generalized consensus among stake-holders when designing and implementing a political
reform. Because answers to these questions are difficult, reforms to electoral systems are not common
(we refer the reader to [1,14-16] and the references therein, for fundamental textbooks discussing this
issue). The resistance of political systems to undergo electoral reforms is strong in well-established
democracies (see [17,18]). However, when the political parties of incumbents overcome this resistance
and support an electoral reform, there are two main issues discussed: (i) the electoral formula that will
transform votes into seats and (ii) the design of the districts and how they approximate to the ideal of
“one person, one vote”.

Furthermore, the legitimacy of democracy and effectiveness of representation are increasingly
being questioned; we refer the reader to [19-22] for theoretical and empirical discussions on these
phenomena. As a result, electoral systems must account for broader expressions of democratic and
demographic fairness. As shown in [23,24], the structure of the districts plays a relevant role in the
democratic representation that exceeds the quest for a minimum level of malapportionment. Moreover,
the authors in [3,5] stress the need for electoral systems that increase electoral competition and political
engagement among candidates and parties during their campaign and mandates. In other words,
the democratic value of an electoral system shall be measured not only by malapportionment, but also
by other expressions of democratic and demographic fairness.

In this paper, we present a multi-criteria mathematical optimization framework that we refer to as
Multi-Criteria Pen. It is utilized for drawing districts and assigning seats to procure districting policies
that embody a broader sense of political fairness rather than minimizing a single malapportionment
function. On the one hand, it tackles malapportionment not only locally, but systemically. On the
other hand, it seeks solutions that incorporate other features of territorial fairness within and among
districts. Specifically, it tries to encourage candidates, parties, and coalitions to diversify their efforts
to expand the number of voters that see their needs being represented by the candidates. The five
considered criteria are (i) global equity, expressed by minimizing of the sum of the malapportionment
of all districts; (ii) balancedness, encoded by minimizing of the maximum malapportionment among
all districts to avoid the democratic inequity being concentrated in a single district; (iii) compactness,
addressed by the minimization of territorial dispersion among districts; (iv) global demographic
fairness, expressed by maximizing the assignment balance of the most populated cities among the
different districts; and, (v) local demographic fairness, approached by seeking districts in which the
distance between the two most populated cities is maximized. While the first three criteria encompass
measures of democratic equity and compactness, the fourth and fifth criteria, introduced here for the
first time, try to avoid territorial concentration, ensure territorial equilibrium among districts and
provide incentives for candidates to deploy representation efforts (during the election, and later during
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office) across the whole district. While our experiments only consider these five criteria, the method is
general enough to consider other fairness criteria, such as the representation of minorities or ethnic
groups among others.

Consider the following example to illustrate the demographic fairness criteria: Let us suppose
that we want to define two territories; assume that there are three major territorial units (i.e., cities)
A, B and C, that concentrate, respectively, the 30%, 30%, and 20% of the total population, while the
remaining 20% of the population is uniformly distributed among 10 other territorial units. Likewise,
assume that the pairwise distance among the cities is (A,B) = 40 km, (A,C) = 50 km, and (B,C) = 90 km.
Given this demographic structure, the global demographic fairness criterion would prefer a districting
setting in which cities A and B belong to different districts, say X and Y. As city C must be part of
either district, the local demographic fairness criterion would prefer city C to be part of Y (as B is
further from C than A). Evidently, a districting plan where A and B belong to the same district induces
an unbalanced distribution of power as no less than 60% of the population of the region would be
part of a single district. Likewise, by including city C in the same district of B we will ensure that the
candidate (and later the elected representative) will deploy more efforts to represent the territorial
diversity of the district. We would create more incentives for the candidates of district X to invest
efforts into seeking the electoral support of voters from small towns and including their needs in their
political program.

The method proposed to tackle this problem is a hybrid algorithm comprising two phases.
In the first phase, we solve a mixed integer linear programming (MILP) model. In the second phase,
we use a multiobjective local-search procedure to explore the Pareto frontier and return a pool of
non-dominated solutions (i.e., districting plans) with different trade-offs among the considered criteria.
Decision-makers would then choose among non-dominated solutions according to hard-to-formalize
criteria that are common in political systems. Finally, the method is tested on recent redistricting plans
in Chile as well as on a recent presidential effort to further modify the districting plan.

Our contribution and paper outline: Our framework extends the previous work on districting
from the political science, applied mathematics, and operational research communities (see [25-28]),
in several directions. First, and to the best of our knowledge, our approach is the first one to include
demographic fairness criteria in the systematic design of districts. Second, it optimizes the five criteria
simultaneously by constructing the so-called Pareto frontier; therefore, it provides a pool of efficient
solutions to the decision-makers. This feature is crucial, since it helps decision-makers to make more
informed decisions. Third, we implemented the proposed framework and tested the performance of
a recent electoral law reform in Chile and the recent suggestion of the president of Chile to further
change the electoral system. In both cases, the comparison between the results of the framework and
the implemented and suggested changes shed some light on the interests and gerrymandering issues
from each proposal, enabled us to audit the performance and criteria behind the decisions-makers that
propel such changes. The results also show that our tool can design electoral systems that considerably
improve the current system, both in classical measures of fairness as well in the newly introduced
ones. The results that were associated with the suggestion of the Chilean president were published on
the main online news portal in Chile on 16th June 2019 [29]. Furthermore, following this publication,
a more complete report was delivered to governmental authorities as input for redrawing the current
electoral system as part of the constitutional reform project.

The paper is organized, as follows. In Section 2, we present a literature review. Our methodological
framework is described in detail in Section 3. Computational results are presented and discussed in
Section 4. Finally, in Section 5, we present conclusions and topics for future work.
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2. Literature Review

2.1. Malapportionment

Malapportionment is a pathology of electoral systems that corresponds to a distortion in political
representation because of a disproportional assignment of seats to electoral districts [5] or (see [30]
for a thorough review on this phenomenon); in other words, “malapportionment is the disjuncture
between the share of population in an electoral district and its share of seats” (see [31] for a recent
reference). Although there are some researchers that consider that malapportionment may be a
desirable attribute in countries with strong cultural and historical division [7], there is a wide consensus
that over- and sub-represented districts should be avoided [1,15]. Deliberate malapportionment can
be seen as an elaborate mechanism to rig an election, even when it may not be seen as such (see [5]).
Notwithstanding, the distortion that is induced by over- or sub-representing a territory has a significant
impact on the political distribution of power [32].

Frequently, electoral systems that are characterized by high degrees of malapportionment respond
to partisan-biased designs [33-35]. The incumbents in charge of reforming electoral systems tailor
districts (and the assignment of seats) to favor their political interests, hence maximizing their chances
of electoral success. This practice is known as gerrymandering [36]. A similar situation occurs when
authoritarian regimes transition to democracies, and the authorities design districts to maximize
the potential electoral success of political parties that share their ideology. In [5], the authors
argued that “malapportionment appears to be a key component of electoral systems in many
newly-democratic countries”. In Latin America, for example, studies suggest that malapportionment
favors politically-conservative rural districts at the expense of politically-progressive urban districts.
Furthermore, according to [37], “beyond efforts to screen and split their competitors, authoritarian
incumbents often institute self-serving electoral rules that give them a decisive edge at the moment of
translating votes into seats. They design biased rules of representation to prevent an eventual loss of
votes from translating into a loss of power”. In [31], the authors established that there is a curvilinear
relationship between democracy and malapportionment, i.e., “[malapportionment] exists at relatively
low levels in consolidated democracies and highly authoritarian countries and at relatively high levels
in countries in the middle of the democratic-authoritarian spectrum”.

There is a large body of literature devoted to studing malapportionment in different countries,
see examples regarding Chile [38,39], Romania [8], India [40], Turkey [41], France [36], Brazil [42,43],
Argentina [44], the United States [45-48], and African countries [49]. In Africa, a so-called “rural bias” is
suggested in [49], a phenomenon that also occurs in other democracies that are emerging from authoritarian
regimes. Chile is/was one of most representative cases of this phenomenon. The authoritarian regime
that ruled the country from 1973 to 1990 knew that they had firm support in rural areas. Therefore,
when designing the electoral system, they arbitrarily over-represented rural areas at the expense of
sub-representing urban areas where opposition had tronger support [38,39]. This rural bias has other political
consequences; according to [5], “in new democracies, overrepresentation of rural districts can contribute to
the maintenance, and even the proliferation, of nondemocratic enclaves at the subnational level”.

2.2. Political Districting: An Optimization Perspective

The design of political districts has been approached as an optimization problem for decades,
and the so-called Political Districting Problem (PDP) is a fundamental combinatorial optimization
problem (see [50] for one of the earliest references on mathematical optimization developments for
the PDP). The PDP corresponds to the problem of aggregating territorial units (like municipalities
or counties) to maximize a measure of (electoral) fairness or to minimize a measure of unfairness
(malapportionment) while ensuring a set of topological and functional requirements. From a modeling
point of view, the PDP typically enforces three conditions (or constraints).
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The first of these conditions is integrity, i.e., each territorial unit must belong to exactly one district
(see [26,51]). The second condition is compactness and it imposes conditions on the shape of the
territories. Compactness is a guarantee against political interference, gerrymandering.

A common strategy for modeling compactness is to use the moment of inertia. This concept
is defined as the product sum amongst the total population of each territorial unit and the squared
distance between the unit and the center of its district (see [27,52,53]). Another common strategy for
ensuring compactness is to impose a limit on the diameter of the district [54]. We refer the reader
to [26] for a detailed review of compactness measures in political districting optimization. A third
condition is contiguity or connectivity, i.e., each district should comprise a geographically connected
set of territorial units. In the earliest references of electoral districts design (see [50]), every feasible
territory should be connected.

The above conditions are common in most of the related literature (see [55]); however, there are
specific PDP variants that seek additional conditions, such as geographical considerations [55-57],
socio-economic homogeneity [58], compliance with existing administrative subdivisions [59,60],
or representation of ethnic minorities [54,61]. In [58,62-65], the authors seek PDP solutions that perform
well with respect to socio-economic homogeneity and similarity to the current electoral districts, among other
criteria, by combining these measures into a single weighted objective function, and solving the
resulting optimization problem with a general purpose algorithm.

From an algorithmic point of view, the literature reports different strategies to solve PDPs from
classical exact approaches to modern heuristics (we refer the reader to [66] for a relatively recent review
on algorithmic aspects of the PDP). It is worth mentioning that, from an algorithmic point of view,
imposing connectivity typically leads to difficult to solve optimization problems. Connectivity is,
by far, the main computational bottleneck of many approaches for solving PDPs. Therefore, several
strategies for ensuring connectivity have been used over the decades, according the algorithmic strategy
in use. Ad-hoc algorithms (see [67,68]), metaheuristics (see [63,69,70]), or MILP-based approaches
(see [71]) use different modelling decision to impose contiguity. For a complementary discussion on
the PDP, we refer the reader to [66,72,73] and recommend the literature reviews on the PDP available
in [66,74-76].

3. The Multi-Criteria Pen for FAIR Districting

In this section, we present the methodological framework devised for the design or reform of an
electoral system. Given the particularities of different electoral systems, we first give a basic description
of the system for which we designed the method, i.e., the Chilean electoral system, and then give an
overall description of the solution strategy. In addition, and before giving details of the resolution
method, we discuss how to apply the framework to other electoral systems.

The Chilean electoral system divides the country into regions and considers the municipalities
as the elementary territorial units. Each region is divided into one or more electoral districts,
each selecting a variable number of representatives. The number of electoral districts, the total
number of representatives, and the minimum and the maximum number of representatives allotted to
each district are fixed by electoral law. This system naturally leads to a two-phase approach in which
we first assign the number of electoral districts and representatives to each region, and then we assign
municipalities in each region to the different districts.

Schematically, our strategy is comprised by the following phases:

Phase I: formulate and solve a MILP model that minimizes the total malapportionment of the
system by optimally grouping territorial units (i.e., municipalities) and assigning the number of
representatives to these groups. Following Chilean regulations, we ensure that electoral districts
comply with the regional boundaries (i.e., a district only contains municipalities of a given
territory). In this phase, we do not enforce contiguity or compactness and aim to find a fair
distribution of districts to regions, and representatives to districts.

Phase II: the second phase is only required when a region contains two or more districts.
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Step 1: the solution from Phase I is repaired to obtain a solution that satisfies connectivity
constraints. The resulting design corresponds to a feasible design for the electoral system.
Step 2: a pool of efficient solutions, i.e., alternative districting plans, is sought by exploring
the set of feasible solutions using a multi-objective optimization approach.

Some electoral systems may not require each of these phases and steps. For instance, if the
electoral system does not consider regions, or the country does not have an internal division as such,
Step I is omitted. Similarly, electoral systems where each district assigns a single representative should
define the minimum and maximum number of representatives for each district to one or remove the
condition for Phase I.

Notation and preliminaries: Let V = {1,...,i,...,n} be the set of elementary territorial units
(the municipalities in our case study), so that p; € N corresponds to the population or a measure of
the population of the territorial uniti € V, e.g., p; could correspond to the electoral roll of that unit
(we will use this definition), and let P = } ;o p;. Likewise, let (a;, B;) be the Cartesian coordinates of
the geographical centroid of territorial uniti € V;and letd: V x V — R be the distance function, so
thatd,j, i,j € V |;4j, correspond to the distance between unit i and j. The proposed method considers
the number of districts and the number of seats as input for the PDP, as these values are usually
obtained through political discussions. Let A be the desired number of districts, and let o be the total
number of seats. Complementary, let ¢~ and ¢ be the minimum number and maximum number of
seats to be assigned to any district, respectively.

Lety € {0, I}W‘ be a vector of binary variables, such that y; = 1 if unit j is selected as district root
(these variables are used within the model and criterion objective functions to ease calculation and can
be see as auxiliary variables). Let x € {0,1}/V*"| be a vector of binary variables, such that xjj = 1if
unit i is assigned to a district rooted at unit j if units 7, j belong to different regions variable x;; = 0 and
may be removed from the model. Finally, let e € NIV| be a vector of variables so that ej corresponds to
the number of seats assigned to a district rooted at unit j.

3.1. The Criteria of Democratic and Demographic Fairness

A districting plan is encoded by a particular realization of the variables, say (¥, X, €), which satisfy
the conditions of integrity ensured by the domain of the variables and the contiguity condition
discussed below.

Democratic fairness criteria: For any given solution, the malapportionment of each district, say
the district rooted at unit j, is given by

Yiev Pi%ij ¢

MAL](}_’, )_(,é) = T ;/

i.e., the malapportionment is the difference between the fraction of the electoral roll (or population)

represented by the district (M) with respect to the fraction of seats assigned to the district

(g). If MAL; < 0, district j is over-represented, while if MAL; > 0, district j is sub-represented;
in an ideal case, MAL; = 0. When considering this definition of malapportionment per district,
the malapportionment of a complete districting plan (¥, X, &) corresponds to

1

MAL(y,x,8) = = ) |
2/

Licv Pi%ij ¢

P ol 1)

this is one of the most common ways of measuring malapportionment in the political science
literature, and it is based on the well-known Loosemore-Hanby index [77]. We refer the reader
to [2,5] for thorough studies on the use of this measure. As pointed out by [5] and others, Equation (1)
establishes that the malapportionment of the electoral system is measured by half of the sum of
the absolute values of the malapportionment of its districts (note that over-representing part of a
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population implies under-representing the same amount of population; hence, there is no need to
account both times for the same distortion). Given this notation, our first criterion, global equity,
corresponds to finding a districting policy so that the value of MAL(-, -, -) is minimum.

As explained above, the Equation (1) gives the total malapportionment of the electoral system.
As the malapportionment of the districts is accumulated, a low value of MAL(¥, X, €) may be achieved
at the expense of concentrating all of the malapportionment in one or a few districts. The worst
malapportionment among the districts of any given districting plan corresponds to

MALj:(¥,%, &) = max 7216‘;]91 el f;]

jev

7 (2)

where j* is the district with the largest malapportionment. Our second criterion, balancedness,
corresponds to finding a districting policy so that the value of MAL;«(-, -, -) is minimum.

Demographic fairness criteria: One assumes that districts are territorially compact, i.e., to be
geographically smooth. There are several alternatives to enforce such a behavior within districting
plans. One approach is to seek territorial aggregations that are centered with respect to their
geographical centroid (see [26,53,78-80] and the references therein).

This work follows this scheme. Let us consider a districting design encoded by (¥, %, €), and,
for such a solution, let j be a district. Hence, the coordinates & and ,B i of the centroid of the district
rooted at unit j are

Ec-—l max _a;+ min & andB-—1 max B;+ min B |;
P2 \fievix=1} ' {ieV]x=1} P2 \ievig=1y""  fievix=1} ')’

so the territorial dispersion of a district rooted at j is given by

Digxe) = ¥ (w-%)+ (B~ B)

iGV‘xijzl

that corresponds to the sum of the Euclidean distance between the territorial units and the centroids
of their districts. Therefore, the total dispersion of the districting design if given by the sum of D;,
V] eV |y‘].=], i.e.,

D(y,%&) = ) _ Dj(y,%8). ®)

Given this definition of total dispersion, our third criterion, compactness, corresponds to the search
for a districting design that minimizes D(-, -, -).

Our fourth criterion, global demographic fairness, corresponds to the maximization of the assignment
balance of the most populated cities among the different districts (in an ideal case, each of the n most
populated territorial units shall be assigned to a different district). To illustrate the evaluation of the
criteria, consider two districts, rooted at units j and k. The demographic difference between the most
populated units of these districts is given by

8jk(¥,%, &) = ‘mﬂxieV\xij=1Pi — MaXjcy|z, =1Pi' |,

i.e., the absolute difference between the population of their most populated territorial units.
This function is minimized if the most populated units are assigned to different districts. With this
definition, the total demographic difference of the districting design encoded by ¥, X, € is expressed as

Gyxe)= ) ) gimxe), )

jeViy=1keV\jly=1
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and by minimizing G(+, -, -), we attempt to satisfy the global demographic fairness criterion.

The global demographic fairness criterion addresses the following situation. If a district has two
very large territorial units and several (proportionally) small surrounding units, political parties and
candidates are likely to focus their campaigns only in the larger territorial units, ignoring other voters.
Evidently, this would lead to a biased representation, since the political programs of the candidates are
likely to focus only on the demands of voters from more populated units (larger cities). The criterion
encoded by (4) discourages the problem by distributing the largest cities among districts.

Finally, we consider the local demographic fairness criterion. Let us consider a given district rooted
at j € V; for this district, territorial units

i} (y,% @) = argmax{p;} and ii(y,% &) = ~argmax {p;},
ieV]x;=1 IEV\{l;‘}\xijzl

are the most populated and the second most populated territorial units in the district, respectively.
Denote the distance between them as t;(y, X, &) = d;:;. The total sum of these values is given by
it

T(y,%8) = ) (¥, %8); ®)

thus, the local demographic fairness criterion aims at minimizing T(-, -, -).

For a better understanding of the local demographic fairness criterion, consider the following
situation. Suppose that any feasible electoral design is such that at least one district is inevitably
comprised by two large territorial units (in terms of population). If that is the case, then we would prefer
that this district be one where the two most populated units are as far as possible. Seeking electoral
systems that fulfill this criterion is justified by similar arguments for the global demographic fairness
criterion, i.e., ensure that the territorial composition will create incentives for a better representation of
the territories in the design of the political program and during the electoral campaign. If the distances
between the major sources of voters are far from one another in a given district, it is more likely that the
electoral campaigns would cover smaller territorial units in between. Therefore, the political programs
of successful candidates would cover the demands and needs of a more diverse number of voters from
the district.

3.2. First Phase: An MILP Model for Minimum Malapportionment

We now present the MILP model to assign districts and seats to regions while minimizing the total
malapportionment, i.e., a model that addresses global equity without imposing connectivity among
districts. The second step will address the remaining criteria as well as the connectivity requirements,
as discussed in Section 3.3. The solution of the MILP model provides the input for the second phase
method, which repairs the solution to ensure connectivity, and then explores the Pareto frontier of the
five criteria presented above.

Letr € {0,1}IVI*IVI be a matrix, such that rij = 1 indicates that territorial unit i can be part of
the same district as territorial unit j; otherwise, r; ; = 0. This matrix allows us to impose that a district
contains units of a single region or province by setting r;; = 0 for every pair of units that do not
belong to the same region or province. Additionally, this matrix may impose historical or geographical
conditions that decision-makers may favor.

Besides the sets of variables y € {0,1}], x € {0,1}/V*"|, and e € NIVI defined above, we will
use two sets of auxiliary variables. Let & € RV be the variable encoding the difference between the
portion of population of a district rooted at j and the fraction of seats assigned to a district rooted at j,
and let M € RLVOl be an auxiliary variable that allows modeling the absolute values of J,i.e., M; = |J;],
Vj € V. The MILP model for finding the minimum total malapportionment is stated as (6)-(16)
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MAL*(y*,x*,e*) = min MAL(y,x,¢) = = ¥ M, ©
2jeV

st Y xij=1 VeV %)

icV
Ly=* ®

jev
L= ©)

jev

YievPixij € .
> SV IR T

(5] = P 0_/ V] eV (10)
M; >¢;, VieV a1
xij < rij, Vi,j €V 13)
ej >0y Vi,jeV (14)
6]‘ < ‘T+3/j/ VI,] eV (15)

ye {01}V, xe {01}V, ee NV, s e RV and M e RY).  (16)

Objective function (6) encodes the minimization of malapportionment, and it is equivalent to (1).
Constraint (7) ensures that every territorial unit is assigned to exactly one district. The fact that A
districts should be defined is modeled by constraint (8); similarly, constraint (9) ensures that o seats are
assigned. Constraint (10) evaluates the difference between the portion of population of a district rooted
at j and the fraction of seats assigned to the said district (i.e., the value of §;), while constraints (11)
and (12), together, ensure that variables M; take the absolute value of 5, Vj € V (and can, therefore,
be used in the objective function). Constraint (13) ensures that a territorial unit i can be assigned
to a district rooted at j if, and only if, the corresponding value of r;; is one. The minimum and
maximum number of seats that can be assigned to a given district is imposed by constraints (14)
and (15), respectively. Finally, the nature of the variables is imposed by constraint (16).

The solution of (6)—(16) does not correspond to a districting plan that does not ensure
contiguity, i.e., the districts do not necessarily comprise connected clusters. Hence, the attained
value of malapportionment, MAL*(y*,x*, e*), is an ideal value and only serves as a reference.
Moreover, solution (y*, x*, e*) will serve as input for the process that searches for finding a feasible
districting plan.

3.3. Second Phase: An Algorithm to Explore Pareto-Efficient Districting Plans

Given the multi-objective nature of the problem in hand, the second phase aims to compute
a set of efficient solutions using an algorithm that is based on the Pareto local search scheme [81].
To describe this procedure, let us first consider the following concepts.

First, recall that a feasible solution, i.e., a feasible districting plan, corresponds to a particular
realization of variable sets y, x, and e that satisfies the characteristics encoded by constraints (7)-(16),
as well as the contiguity feature (i.e., the resulting districts are territorially connected). Contiguity
can be verified by computing strongly connected components in an auxiliary adjacency graph among
territorial units, such as the algorithm proposed in [82].

The second concept corresponds to dominance and Pareto optimality, which, in our setting, is
defined as:

Definition 1. (see [83]) A feasible solution (y*,x*,e*) is Pareto optimal if, and only if, there is no
other feasible solution (y',x',e'), such that MAL(W',x',z') < MAL(w*,x*,z*), MAL]'*(W/, x',z') <
MALj (w*,x*,z*), D(W,x,2') < D(w*,x*z*), D(w,x',z') < D(w* x*z"), Gw,x,z/) <
G(w*, x*,z*), and T(W',x',2") > T(w*,x*,z*) holds and at least one of the inequalities is strict. A feasible
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solution (y*,x*, e*) is weakly Pareto optimal, if and only if there is no solution (y’,x’, e’), where any inequality
is strict.

A feasible solution (y*,x*, e*) is said to dominate a feasible solution (y’,x’,e") if the above inequalities
hold with at least one strict inequality (if no inequality is strict, then the first solution weakly dominates the
second solution).

In other words, a districting design encoded by a solution (y*, x*, e*) is Pareto optimal if, and only
if, attaining a better value for any of the five criteria necessary implies a sacrifice to the performance
of any other criteria (i.e., no other solution dominates the districting design). Note that given the
heuristic nature of the proposed method, we do not ensure finding the set of Pareto optimal solutions.
Consequently, the Pareto optimality of any given solution is limited to comparison with the set of
feasible solutions found during the search and not to the complete set of feasible solutions.

The third concept that we need to introduce is the concept of a local operator, which corresponds to
any procedure that receives a feasible solution as input and modifies it by rearranging territorial units
among districts to produce a new feasible solution, along with the corresponding assignment of seats.
Such an exchange procedure ensures that the resulting solutions complies with constraints (7)—(15)
and connectivity requirements. In our approach, we consider two types of local operators: transfer
(a territorial unit is transferred from one district to another) and exchange (two territorial units are
transferred to the original territory of the other unit). For a given feasible solution, say (¥, X, &), the set
of all feasible solutions obtained by the local operators is referred to as the neighborhood.

Finally, we introduce the concept of an archive. An archive is a set of non-dominated solutions
with two additional operations, add and join. The add operation adds a solution to the archive if it is
non-dominated by any solution in the archive and removes any solution from the archive dominated
by the said solution. The join operation joins archive B with archive A. The join operation involves
the following steps: (1) remove all solutions from archive B that belong to archive A; (2) remove all
solutions from archive A dominated by a solution from archive B; (3) remove all solutions from archive
B dominated by a solution from archive A; and, (4) perform a traditional set union operation between
sets and store its result in archive A.

As in a traditional local search, the Pareto local search method starts from an initial solution,
known as the incumbent, and explores its neighborhood. If the method finds a solution with better
objective value for any of the criteria, it becomes the incumbent at a later stage, and we repeat the
exploration procedure from the new incumbent until no further improvements are possible (i.e., a local
optimum is found). The major difference between the Pareto local search and a traditional local search
is that multiple solutions are maintained and explored concurrently.

The initial solution corresponds to the modified solution to (6)—(16), where the connectivity has
been obtained as follows. First, define an auxiliary connectivity graph in which the set of vertices
corresponds to the set of territorial units and the set of edges contains an edge (i,1") between vertices i
and 7' if the territorial units are adjacent in the map and belong to the same district (i.e., x;; = xy; = 1
for some j € V) in the solution to (6)—(16). Subsequently, find the set of connected components in the
auxiliary connectivity graph and identify the connected components that do not include a root (i.e.,
for each unit 7, y; = 0 holds). If the previous step reports no components without a root, we have
an initial feasible solution. Otherwise, randomly select a component with a root and an adjacent
component with no root (two components are adjacent if two of its territorial units share a common
border) and add an edge in the auxiliary graph between arbitrary vertices from each of the two
components. This edge removes a component with no root from the solution, and to obtain a feasible
solution, we apply the above procedure until all connected components have a root.

Once an initial solution is available, the local search starts there and explores its neighborhood
and adds any solution into an archive of neighbor solutions. This archive becomes both the best
known archive and the initial archive for a second iteration of the Pareto local search. Each subsequent
iteration operates as follows: (1) builds an archive from the neighbors of each solution in the initial
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archive; (2) performs a join operation among archives until a single archive is obtained. This archive is
denoted as the iteration archive. (3), the iteration performs a join operation from the iteration archive
into the best known archive. Save the state of the iteration archive after the third step of the join
operation, as it will become the initial archive of the following iteration. The previous process is
repeated until the initial archive for an iteration is an empty set.

The resulting best known archive corresponds to a locally optimal solution archive and becomes
the pool of solutions reported by the algorithm. Given that the initial solution as well as all generated
solutions are feasible districting plans, the solution archive contains a set of viable districting plans
for the decision-maker to choose from, each providing a different trade-off between the five criteria
without completely dominated solutions.

Finally, the procedure may report different archives if different initial solutions are considered.
The previous steps are run with ten different random seeds (each providing a different set of decisions
during the construction of the initial solution) and the best known archives from each run are combined
into a single solution archive through join operations in order to improve the overall performance of
the algorithm.

Besides the method described above, there are additional algorithmic alternatives for solving
multicriteria or multiobjective (combinatorial) optimization problems. The reader is referred to [84—-86],
and the references therein, for literature revisions on metaheuristic approaches specially devised for
addressing multiobjective combinatorial optimization problems.

4. Results and Discussion: The Chilean Case

In this section, we present the results from applying our methodology to the Chilean Chamber of
Deputies. We first describe the, recently modified, rules of the system and then present and discuss
the solutions, emphasizing the differences, capabilities, and benefits from our Multi Criteria Pen for
drawing electoral districts. We also detail a recently proposed, still under debate, modification to
the system.

4.1. Brief Description of the Recent Electoral Reform in the Chilean Parliament

After the defeat of the dictatorship of General Augusto Pinochet (1973-1990) in the 1988 plebiscite
to return to democracy, the political leaders of the totalitarian regime designed and established an
electoral system that suffered from severe cases of malapportionment and gerrymandering. The system
also featured a special case of the D'Hondt (or Jefferson) method to assign seats to political parties,
known as the binominal system. In a binominal system, each district elects two representatives, and a
seat if given to each of the two most-voted lists unless the most-voted list receives twice as many votes
as the second most-voted list. In the later case, both representatives are assigned to the most voted list.

This system ruled the elections from 1989 to 2013, for both cameras, the Senate and the Chamber
of Deputies. The system led to two anomalies; first, it perpetuated a political system comprised only by
two large coalitions, and second, large majorities, as the ones that were needed to change the rules of
the electoral system, were nearly impossible to reach. The led to problems in representativity, diversity,
and self-regulatory control.

In 2015, and after several attempts to reform the electoral system, a consensus was reached
to create a new and more proportional system. The district layout associated to both chambers
changed by merging old districts into larger ones. Moreover, the new system assigned a number of
representatives that could vary between districts between a minimum of three and a maximum of
eight for the Chamber of Deputies, and from two to five for the Senate. Gerrymandering may still be
an issue in the districting plan as the final decision was made in a deliberation of parliament where the
current representatives could have argued in favor of a distribution perceived as favorable for them in
future elections.

Table 1 summarizes the differences between the old and new system. The new system includes
more representatives and the number of seats varies in each district depending on the corresponding
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population. These changes should improve demographic representation (i.e., a larger number of
representatives should lead to smaller malapportionment differences).

Table 1. Comparison of the main characteristics of the electoral system valid from 1990 until 2015 and
the reformed electoral system established in 2015 (see [39]). M stands for the number of representatives
under election for the district.

1989-2015 System  Current System

# of districts 19 15

Senate # of seats 38 50
# of seats/district 2 from2to 5
Allocation method D’Hondt D’Hondt
# of districts 60 28

. # of seats 120 155

Chamber of Deputies # of seats/district 2 from 3 to 8
Allocation method D’Hondt D’Hondt
Electoral Alliances  Allowed Allowed

Both - Temporary until 2029

oth cameras Gender quotas No - At least 40% of candidates must be of the each sex
- Additional expenses reimbursement for elected women

Candidates by list M M+1

The system simplified the territorial design used to elect the Senate but not for the Chamber of
Deputies. Each region of the Chilean administrative divisions corresponds to one district to elect
senators, but to elect deputies, the regions are divided into one or more electoral districts, creating an
opportunity for gerrymandering. Table 2 provides the details of the new districting plan. The content
of each column is as follows: Region, is the name the administrative unit; New district (j), corresponds
to the unique identifier of each of the 28 districts; Previous District, provides the id of the previous
districts merged to define the new district; # seats, provides the number of seats assigned to the
district; % electoral roll, is the fraction of the total electoral roll corresponding to the district; % district
seats, corresponds to the fraction of the chamber seats assigned to the district; MAL;, provides the
malapportionment value of the district; and, (1), provides the total malapportionment of each region.
The values of (1) are computed according to the expression (1); for instance, for the Metropolitana
region, the malapportionment is given by

1
MAL = 3 (| —1.86]+|—1.30|+ | — 148/ + | —0.92| + | — 1.48| + | — 093] + | — 1.12|) = 4.55,

The following are additional reported values (2), the worst-case malapportionment among the
different districts of the corresponding region; (3), the value of the territorial dispersion among districts,
(4), the value of total demographic difference (sum of the absolute differences between the population
of the most populated territorial units among districts)r; and, (5), the sum, among all districts, of the
weighted distance between the two most populated territorial units within the district. The latter four
columns are computed only for those regions comprising more than one district.

The last row reports the total number of seats (155) and the malapportionment of the complete
electoral system (or country-wise malapportionment), which is 9.96 (i.e., the sum of the MAL values of
each region); therefore, any change to the system must be assessed, at least from the point of view of
democratic equity, by measuring how the induced systematic malapportionment compares to 9.96.



Mathematics 2020, 8, 1404 13 of 27

Table 2. Summary of the Chamber of Deputies electoral system defined in the 2015 reform.

New Previous % Electoral % District

Region  pigtrict ) Districts " 02 Roll Seats ~MAL M @ ® @ G
Arica 1 1 3 1.29 1.94 064 032
Tarapacd 2 2 3 1.70 1.94 024 012
Antofagasta 3 3,4 5 3.14 3.23 0.09 0.05
Atacama 4 5,6 5 1.63 3.23 1.60 0.80
Coquimbo 5 7,8,9 7 4.03 452 049 025
. 6 10,11,12 8 5.29 5.16 —0.13 1 5 5
Valparaiso 7 13,14, 15 8 5.47 516 031 022 031 136 x 10 1.66 x 10°  1.57 x 10
8 16,20 8 7.02 5.16 —1.86
9 17,18, 19 7 5.82 4.52 —1.30
10 21,22,25 8 6.64 5.16 —1.48
Metropolitana 11 23,24 6 4.79 3.87 —0.92 455 1.86 154 x100 258 x10° 9.69 x 10*
12 26,29 7 6.0 4.52 —1.48
13 27,28 5 4.16 3.23 —0.93
14 30, 31 6 4.99 3.87 -1.12
P 15 32,33 5 2.96 3.23 0.27 10 4 4
O’Higgins 16 34,35 4 220 258 038 033 038 321x10 4.63 x 10  4.82 x 10
17 36, 37,38 7 3.88 4.52 0.64 10 " "
Maule 18 39, 40 4 206 258 052 0.58 0.64 5.78 x 10 947 x 10* 947 x 10
19 41,42 5 3.19 3.23 0.04
Bio-Bio 20 43,44, 45 8 5.40 5.16 —0.24 021 024 148 x 10" 1.00x 10° 1.23 x 10°
21 46,47 5 3.36 3.23 —0.13
. 22 48,49 4 1.95 2.58 0.63 1 5 4
Araucania 23 50,51, 52 7 308 45 054 059 0.63 1.06 x 10 1.82 x 10°  9.10 x 10
Los Rios 24 53,54 5 2.36 3.23 087 044
25 55, 56 4 2.15 2.58 0.44 1 . .
Los Lagos 2 57,58 5 279 303 044 044 044 126x10 1.63 x 10° 217 x 10
Aysén 27 59 3 0.66 1.94 127  0.64
Magallanes 28 60 3 1.11 1.94 0.83 0.42
155 100 100 9.96

The values reported in column MAL; show that the most populated regions (Valparaiso,
Metropolitana, and Bio-Bio) are sub-represented, while the less populated regions (Arica, Aysén,
and Magallanes) are over-represented. Evidently, the most notable case corresponds to the
Metropolitana region; although almost 40% of the electoral roll inhabit this region, only 30%
of the representantives correspond to the region. This result is common in countries with a
hyper-concentration of the population in the capital area (see [1]). On the one hand, assigning
more seats to the capital area is unpopular and, on the other, it might perpetuate structural inequalities
that are produced by such demographic unbalance. The current districting design of the Metropolitana
region is displayed in Figure 1a; but, even in this situation, Table 2 shows that there are different
degrees of unbalancedness within the region.

4.2. Computing MAL* (y*,x*, e*) (First-Phase): Results and Discussion

As explained in Section 3, the first step of our methodological framework corresponds to the
resolution of the MILP model (6)-(16). We solve the model for the Chamber of Deputies using
ILOG CPLEX 12.8, an off-the-shelf, state-of-the-art software for MILP and other related optimization
problems. Following the notation that is presented in Section 3, the set V corresponds to the territorial
units (in Chile, the municipalities). Their electoral roll corresponds to the values of p;, for every
territorial unit i € V, and the administrative divisions (i.e., regions in this case) are encoded by matrix
r. Besides this demographic data, the information provided in Table 1 indicates that A = 28 (number
of districts), ¢ = 155 (number of seats), ¢~ = 3 (minimum number of seats per district), and o+ = 8
(maximum number of seats per district).

Table 3 reports the results that were obtained by solving the resulting instance of the MILP
model (6)-(16). The attained value of country-wise malapportionment is 3.29, a third of the value of the
current design (9.96, as shown in Table 2). Consequently, it is not possible to group cities, assign seats,
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and produce a country-wise malapportionment lower than 3.29, but this value may be unattainable
due to the contiguity requirements being ignored.

One interesting finding is that the O’Higgins and Los Lagos regions are better represented by a
single district, with eight and seven seats, respectively, than by two districts. In the current system,
the malapportionment of these regions is 0.33 and 0.44, respectively (see Table 2), and each of them
is assigned 9 seats; while the districting design produced by model (6)—(16) has malapportionments
equal to 0.00 and 0.21. The assignment of these districts to the Metropolitana region also allows for a
better allocation in this region. This result hints that incumbents divided these regions according to
criteria other than representativity (these regions were formerly divided into four districts as shown in
Table 1) and to increase their chances of re-election.

Table 3. Summary of the Chamber of Deputies electoral system obtained by solving (6)—-(16).

MILP % Electoral % District

Region District ) * 04 Roll Seats ~ MAL @)
Arica y Parinacota 1 3 1.29 1.94 0.64 0.32
Tarapaca 2 3 1.70 1.94 023 012
Antofagasta 3 4 3.14 2.58 —-0.56 0.28
Atacama 4 3 1.63 1.94 030 015
Coquimbo 5 6 4.03 3.87 —0.16  0.08
. 6 8 5.42 5.16 —0.26
Valparaiso 7 3 533 516 _017 022 0.26
8 3 2.01 1.94 —0.07
9 8 5.17 5.16 —0.01
10 7 4.68 4.52 —0.17
11 7 4.68 4.52 —0.17
Metropolitana 12 7 4.64 4.52 -012 036 0.17
13 8 5.17 5.16 —0.01
14 6 3.92 3.87 —0.05
15 6 3.93 3.87 —0.06
16 8 5.23 5.16 —0.07
O’Higgins 17 8 5.16 5.16 0.00  0.00
18 3 1.97 1.94 —0.03
Maule 19 6 3.97 3.87 —010 006 010
20 7 4.52 4.52 —0.01
Bio-Bio 21 7 4.60 4.52 —0.08 016 024
22 4 2.82 2.58 —0.24
p 23 6 3.91 3.87 —0.04
Araucania o4 3 201 1.94 —0.08 0.06 0.08
Los Rios 25 3 2.36 1.94 —042 021
Los Lagos 26 7 493 4.52 —-042 021
Aysén 27 3 0.66 1.94 127  0.64
Magallanes 28 3 111 1.94 083 042
155 100 100 3.29

Despite the attained results, as model (6)—(16) does not guarantee connectivity, the solution of the
regions with two or more districts (Valparaiso, Metropolitana, Maule, Bio-Bio, and Araucania) may not
be feasible. This can be seen in Figure 1b, where we show the districting design for the Metropolitana
region. Territorial units are grouped into nine scattered districts, assigning 60 seats, and inducing
a malapportionment equal to 0.36. The values of malapportionment for single-district regions are
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optimal as no better spatial distribution can be achieved. The methodology proceeds to Phase II for
regions with two or more districts.

4.3. Exploring the Efficient Solutions (Second-Phase): Results and Discussion

For the case under study, we apply the second phase of the algorithmic framework to Valparaiso,
Metropolitana, Maule, Bio-Bio and Araucania regions. The goals of this phase are: (1) to draw
connected districts for these regions without a significant worsening of the attained district and
country-wise malapportionment and (2) to explore the different trade-offs between alternative metrics
of fairness.

In Figure 1c, we show some districting plans provided by this phase. Among the different
districting plans, we replicate the arrangement with minimum malapportionment that maximizes the
number of territorial units that remain in the same district as in the disconnected design. As shown in
the caption, these solutions have the same malapportionment than the solution from the first phase,
i.e., no degradation of the solution is required to obtain connectivity. In Figure 1d, we show another
solution from the second phase with minimum malapportionment that maximizes the common surface
between districts in each solution. As in the previous case, this districting plan is not only feasible,
but also achieves the minimum possible malapportionment. These two figures reveal that there are
feasible districting designs for the Metropolitana region with a malapportionment almost 13 times
lower than the current one. The same situation holds for Valparaiso, Maule, Bio-Bio, and Araucania
regions, i.e., it is possible to repair the MILP-based solutions and to obtain feasible districting plans
with the same malapportionment values as the corresponding scattered one. Therefore, one could
reform the whole electoral system of the Chamber of Deputies with a new territorial organization that
has the same number of districts, assigns the same number of seats, and induces a global demographic
equity level equal to 3.29 (a third of the level of the current system).

[ > 1: 100488 [ ERB5
e 18 e 13

| ERESEN I 7 2720003
228 228

[ P 3050563 [ P s: 670003
38 037

P4 685974 P_4: 669909
o47 e 47

I - 55738 [ ERTS5
e58 e57

P_6: 594811 P_6: 739101
e 67 e 68

| ERE T I 7560415
078 876

P_8:562142
£ 86

I > o 78506
e 08

(a) Current design ((1) = 4.55) (b) (6)—(16) solution ((1) = 0.36)

I » 1557 I P 174200
e 16 e1:8

I - o cen26 [ ERRSE5
27 e27

I P 3759792 [ P s se3ss
T 236

P4 47647 P_4:750013
eag o8

I - s 76790 I > s: 270886
T e 53

? 6741078 P_6:302060
e 58 e 6

I > 772073 | R
78 o7

8380353 P_§: 666515
o84 o 87

I - o 301765 I 7 o 746008
€93 698

(c) (6)~(16) solution repaired ((1) = 0.36) (d) (6)~(16) solution repaired ((1) = 0.36)

Figure 1. Comparison of districting designs for Region Metropolitana.



Mathematics 2020, 8, 1404 16 of 27

If we analyze the pool of efficient solutions provided by the method for each region, we find
the set of efficient solution contains 14 feasible solutions for the Valapariso region. In the case of the
Metropolitana, Maule, Bio-Bio and Araucania regions, the set of efficient solution contain 915, 12, 23,
and 13 feasible solutions, respectively. Notice that the differences between the Metropolitana region
and the other regions is a direct result of the larger number of possible territorial designs provided by
the larger number of districts and territorial units of the Metropolitana region.

We consider the best solution found for each of the criteria and compare it to the solution provided
by the districting plan in use in order to expose the ability of the approach to obtain better solutions
than the current approach. The comparison is made in terms of the relative differences between our
proposal and the current design. For instance, in the case of Metropolitana region, the best possible
value of the global equity criteria is MAL* = 0.36, and the global equity of the current system is
MAL' = 4.55; therefore, the relative difference of the global equity criteria is given by

AMAL = 455 — 0.36 % 100% = 92.08% = 92%,
4.55
i.e., the best performance that we can obtain for the global equity criteria is 92% better than the
performance of the current system. If we replicate this for the other four criteria, we obtained the
following results

AMAL;. = % X 100% = 94.08% ~ 94%
AD = 192X 11.(;2);36?3 <10 100%  75.06% ~ 75%
AG = 228X 21(;;;3135 10 100% = —54.26% ~ —54%
AT =172 X91259:<91§49 X0 100% = 79.57% ~ 80%.

These values reveal that our approach is capable of producing solutions that largely improve
the current system in all criteria, with the exception of the global demographic fairness criterion,
measured by (4), where we get a performance that is 54% inferior than the one of the current system.
This result is attributed to the differences between the current design (with seven districts) and our
design (with nine districts) as function (4) will increase its value if more districts are considered.

We replicated this analysis for the other four regions and the results are shown in Table 4. In the
column #dist, we report the number of districts; in the column #seats, we report the number of
assigned seats; and in the rest of the columns, we report the relative differences in the performance of
the different criteria when comparing the best possible values with the values associated to the current
design. The values reported in this table show that our approach is capable of producing districting
decisions that largely outperform the current design in basically all criteria for all regions comprising
two or more districts.

Table 4. Current system v/s Our method: Relative differences (in %) in the performance of the five criteria.

Region #Dist #Seats AMAL AMAL;» AD AG AT

Valparaiso 2 16 0% 29%  68% 94%  354%
Metropolitana 9 60 92% 94% 75% —54%  80%
Maule 2 9 89% 90%  17% 34%  70%
Bio-Bio 3 18 19% 53%  17% 0%  76%
Araucania 2 9 90% 90%  19% 5%  95%




Mathematics 2020, 8, 1404 17 of 27

We now display how the trade-offs among the different criteria influence the territorial
deployment of the districting design. In Figure 2a, we show the districting design that corresponds
to the solution obtained by the following procedure. First, we limit our analysis to all of the
solutions that minimize the balancedness criterion (MAL}‘* = 0.11) and, second, among these
solutions, we found the solutions with the minimum value of the global demographic fairness
criterion (min MAL |yg AL =011 0.36). In this case, we observe that achieving the best possible

performance for the balancedness criterion does not imply worsening the global equity criterion.
However, attaining the best performance for the compactness criterion (D* = 3.84 x 10°) implies
trade-offs in terms of the global demographic fairness criterion (1), as seen in Figure 2b. For the
performance of the compactness criterion, the min MAL |D*:3.8 1109 is 14.79, which is considerably
worse than 0.36. Figure 2¢,d are equivalent to the other two figures, but address the global and
local demographic fairness criteria, respectively. The information provided in the caption of these
figures show that the best possible performance of global demographic fairness (G* = 3.98 x 10°) does
not yield an important worsening of the global demographic fairness (min MAL [+_, 4¢. 106= 0-42);
while for local demographic fairness, achieving its best performance (T* = 1.74 x 10°) does imply a

considerable deterioration of global democratic fairness (min MAL |T* 1 7ax105= 4:25).
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Figure 2. Districting designs for the Metropolitana region: Pursuing the best performance for each criterion.

As described in Section 2, along with democratic fairness (measured by (1)), compactness is
one the most important criteria when reforming an electoral system. In Figure 3, we show two
districting plans from the Metropolitana region with opposite performance with respect to compactness.
In Figure 3a, we show the districting design with the best performance of the compactness criterion
(minD [\fAL*—g36= 1-00 X 101%) among the solutions that achieverd, the minimum malapportionment
(MAL* = 0.36); while, Figure 3b shows the districting plan with the worst performance of the

compactness criterion (max D [yfap* =1.40 x 10'%) among the solutions that achieve the minimum

=0.36
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malapportionment (MAL* = 0.36). In terms of compactness, the solution shown in Figure 3b is 40%
worse than the solution shown in Figure 3a. A visual inspection reveals that districts 1, 4, 5, and 8
in Figure 3b have odd shapes; while only districts 2 and 3 present odd shapes in the design shown
in Figure 3a.
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Figure 3. Districting designs for the Metropolitana region: Opposite performances of compactness for
MAL* = 0.36.

To complement the results that are presented in Figure 2, we provide in Table 5 a more complete
analysis regarding the trade-offs of global democratic fairness to compactness, global demographic
fairness and local demographic fairness. The first column, AminMAL |p:, reports the relative
difference between the best performance of the global democratic fairness criterion (MAL* = 0.36 in
the case of the Metropolitana region) and the best performance of the same criterion when achieving
the best performance for the compactness criterion (min MAL |y+= 14.79 in the case of the same

region), i.e.,

36 —14.79
Amin MAL ‘D*: O%T x 100% = —4008.33% ~ —4008%.

Complementary, in AminD [ygay+, We report the relative difference between the best
performance of the compactness criterion (D* = 3.84 x 10° for the Metropolitana region) and the best
performance of the same criterion when achieving the best performance for the global democratic
fairness criterion (min D |M AL= 1.00 x 10'? in the case of the same region), i.e.,

84 x 10° — 1.00 x 10'°
AminD [yqp = 20X 308 — 1%2 X107 100% = —160.42% ~ —160%.

The rest of the entries in the table are computed in an equivalent manner for the other criteria.
The reported values lead us to the following observations: (i) when pursuing the best performance for
compactness and global demographic fairness criteria (columns 2 and 3), we sacrifice the performance
of the global democratic fairness criterion, especially for the compactness criterion; (ii) seeking the
best performance of the local demographic fairness criterion (column 4), implies a deterioration of
the global democratic fairness criterion only for the Metropolitana region, most likely due to the
considerably larger number of districts with respect to two or three district regions; (iii) seeking
an optimal performance of the global democratic fairness criterion implies a deterioration of the
performance of the compactness criterion (column 5); and, (iv) pursuing an optimal performance of
the global democratic fairness criterion does not necessarily lead to a deterioration of the global and
local demographic fairness criteria (columns 6 and 7), with the exception of the Valparaiso region
where the local demographic fairness criterion worsens its performance when compared to the best
known performance.
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Table 5. Trade-offs of global democratic fairness (in %): Differences when pursuing compactness,
global demographic fairness, and local demographic fairness.

Region AminMAL [p+ AminMAL |+ AminMAL |[p+  AminD [pay* AminG |[ppapr  AmaxT [pgar-
Valparaiso —1452% —935% 0% —105% —1481% 0%
Metropolitana —4008% —16% —1085% —160% 0% —17%
Maule —61% 0% 0% —2% 0% 0%
Bio-Bio —1058% —208% 0% —4% 0% 0%
Araucania —699% 0% 0% 0% 0% 0%

The attained results show the potential of the proposed tool to produce a wide range of solutions
with different performance trade-offs. Furthermore, even if malapportionment (measured by (1)) is the
pivoting criterion, there are several alternatives featuring an optimal value of malapportionment and
different values for the remaining criteria. This represents a unique opportunity for decision-makers,
who are now capable of including further considerations in the design process (e.g., socioeconomic
characteristics, ethnicity composition, etc.), to tip the balance in favor of designs that embody a broader
notion of democratic fairness.

Finally, Figure 4 provides a graphical representation of the efficiency sets provided by the method.
As we have five different criteria, we consider pairwise comparisons and do not include MAL;, as there
is a high correlation between MAL and M AL, leading to near-identical efficient sets. Each figure
shows all of the Pareto-efficient solutions and the lines join Pareto-efficient solutions according to the
two criteria objectives under consideration. While the figures show a degree of correlation among
some of these metrics, it highlights the ability of the method to explore the relations between criteria
when there is a trade-off between them.
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Figure 4. Pareto fronts for the “Metropolitana” region.
4.4. A New Redistricting Plan

In the 2019 annual report to the nation by the President of Chile, the President suggested a new
reform of the system. The reform tries to palliate the general malcontent from the population with
the current democratic system and reduce the costs that are associated to the system itself. While the
details were unclear, the idea that circulated through the press was that the new system would increase
“the quality of the political system” while reducing the number of representatives from 155 to 120
changing the minimum and maximum representatives per district in unspecified ways.

If we run the framework under similar conditions, we find results that do not greatly differ from
the ones that are discussed above, at least in terms of malapportionment; see detailed results are
reported in the Appendix A section. First, it is still possible to improve upon the current districting
plan by redistributing districts and, especially, representatives, even if fewer representatives are
considered. As reported in Table A1, we are able to produce a districting design for a 120 seats chamber
with malapportionment equal to 2.39, which is better than the malapportionment of the current
155 seats design (9.96) and considerably better than the malapportionment of the previous 120 seats
design (16.1). Second, the new system needs to reduce the lower and upper limits on the number
of seats per district in order to obtain representative solutions. Otherwise, the minimum number of
representatives per district introduce a large level of malapportionment. Third, the reduction in the
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number of representatives should affect mostly the less populated regions. Unsurprisingly, the number
of seats in metropolitana region is held almost constant from the current plan with 155 representatives
to the new plan with only 120 representatives. Fourth, and most importantly, the resulting system
tends towards the binominal system with the exception of the Metropolitana region and other heavily
populated regions.

To conclude, while the proposed approach may, in fact, improve upon the current plan,
other features of the resulting plan make it less than desirable (e.g., it could be seen as a return
to the binominal system) and difficult to pass as a bill in the parliament.

The results that were associated with this proposal by the Chilean president were published on
the main online news portal in Chile on 16th June 2019 [29]. Furthermore, following this publication,
a more complete report was delivered to governmental authorities as input for the constitutional
reform project in which it is necessary to redraw the current electoral system.

5. Conclusions and Future Work

Electoral reforms are especially challenging when they encompass the design of new districts.
Such a problem involves a combinatorial problem that tries to find a solution complying with the
“one person, one vote” democratic equity principle. In other words, the goal of electoral policymakers
should be to ensure the fairness and representativity of the electoral system, while preserving additional
conditions like territorial connectivity and complying with other administrative divisions. Nonetheless,
if decisions-makers are only guided by specific fairness definitions, the resulting electoral system may
still suffer from representation anomalies associated with different expressions of malapportionment
or the demographic composition of the designed districts. The resulting designs would fail to
ensure democratic and demographic fairness and immunity to future interventions that could benefit
incumbents over challengers (i.e., to be immune to gerrymandering).

In this paper, we provide a multi-criteria optimization framework, i.e., a Multi-Criteria Pen,
for drawing districts and for assigning seats, that seeks fairer electoral systems according to five
criteria: global equity, balancedness, compactness, global demographic fairness, and local demographic fairness.
While the first and third criteria are common in most electoral reform processes (as shown in the
reviewed literature), the other three criteria address more complex expressions of democratic and
demographic representation. As we have pointed out, these additional criteria focus on the composition
of districts, and they target two important characteristics: better representation of territories in the
political programs, and more competitive electoral campaigns within and among political parties and
alliances. Therefore, including all of them within the same decision support system should produce
a considerably better performance of the designed system from a territorial and democratic fairness
point of view.

Methodologically, our framework is divided into two optimization phases. The first phase solves
an MILP formulation of a districting model, while the second phase solves a multi-objective method
through local search and provides a set of Pareto-efficient solutions among them (i.e., solutions that
ensure trade-offs among different criteria). Therefore, as the devised tool provides not one but a pool
of solutions, decision-makers can choose the electoral design that best fits the social and political
challenges and expectations imposed not only by voters, but by the electoral system itself.

The proposed methodology was then tested in the last districting process that was conducted
in Chile and in a recently proposed change in the previous redistricting plans. When we analyze the
results, the framework is shown to be capable of improving considerably the current system in terms
of the classical measure of malapportionment: it is almost three times better (3.29 compared to a 9.96)
in terms of malapportionment. Likewise, the performance of the other criteria is also considerably
improved. More importantly, we provide several alternatives for the electoral redesign, each with
its different trade-offs. These alternatives, although may sacrifice performance in some criteria,
are capable of addressing the other considered criteria. Therefore, those in charge of the political
reform have the opportunity to choose among multiple options, each with different advantages,
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leaving the decision-maker to choose the districting design that accomplishes the best balance among
the different criteria. The results obtained for a recently proposed plan also provide an illustration on
the possible results and consequences of the proposed reform (and specifically issues like the return to
the binominal system and malapportionment concerns derived from the ratio of population between
the most populated and the less populated areas of Chile). This is especially relevant, as the proposed
optimization approach may be seen as a simulation method among decision-makers or as a validation
approach to audit the performance of the decision-makers.

The method can use other factors to evaluate the performance of the proposed solutions
(like socioeconomic characteristics, ethnicity composition, etc.). These could be relevant for
decision-makers to include in a later stage to tip the balance in favor of specially desirable properties.

In summary, our approach incorporates deeper political and electoral dimensions to the
decision-making process to improve the legitimacy and representation of electoral systems under a
reform. Our finding suggest that although malapportionment is, and will be, a fundamental issue of
electoral systems, the resulting designs might still present considerable demographic and territorial
issues at a global and local scale. This means they may also ultimately lead to imperfect representation,
biased political programs, and perverse incentives for political parties and alliances. Tackling these
unbalances is an obligation for decision-makers if their aim is to enhance democratic fairness and
representation while legitimizing the representativity of a system.

When considering the results, we believe that possible venues for future work should focus on
two three issues. First, on extending our tool to different, and eventually more complex, electoral
systems and types of elections in order enhance its capabilities and flexibility. For instance, countries
using the so-called “Block vote” and “Party Block vote” systems (e.g., Chad, Coté d’Ivoire, Djibouti,
and Lebanon, among others), instead of Proportional Representation, as the case considered in this
paper, it is necessary to consider non-standard constitutional arrangements; evidently, measures,
such as malapportionment, might not suit directly to these contexts. Second, on including further
criteria in our framework so as to address the need of fair representation of the interests of minorities;
in this case, a population-based measure, such as malapportionment, might not be effective for this
purpose. This could be addressed by exploiting the natural connection between political districting
and territorial clustering (see, e.g., [64,87-90]). Therefore, clustering methods, such as those presented
in [91,92], might be also used for district design. Additionally, third, on embedding a simulation
approach for measuring the electoral results that different districting designs might produce to predict
the political configuration of the chamber(s).
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Appendix A

Summary of the results obtained when optimizing the (1) criterion for a Chamber of Deputies
comprising 120 seats. Further analysis is presented in Section 4.4.
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Table Al. Summary of the malapportionment levels obtained for the districting design of a Chamber

of Deputies considering 120 seats.

Region Dlls\jc[::::f ) #Seats Ell{eocltloral % SDei:::iCt MAL; O (@
Arica y Parinacota 1 2 1.29 1.67 0.37 0.19
Tarapaca 2 2 1.70 1.67 —0.03 0.02
Antofagasta 3 3 3.14 2.50 —0.64 032
Atacama 4 2 1.63 1.67 0.04 0.02
Coquimbo 5 5 4.03 417 014 0.07
6 2 1.63 1.67 0.04
Valparaiso 7 8 6.63 6.67 0.04 0.05 0.04
8 3 2.49 2.50 0.01
9 8 6.68 6.67 —0.01
10 8 6.74 6.67 —0.07
Metropolitana E E; ggg gg; :88; 0.10 0.07
13 8 6.70 6.67 —0.03
14 8 6.66 6.67 0.01
owwm B 1 7 1 0w
Maule 4 e 3w _omp 0% 010
19 3 2.88 2.50 —0.38
wowe B2 11T o
22 2 1.65 1.67 0.02
Araucania gi i ;ii égg _88; 0.05 0.08
Los Rios 25 3 2.36 1.67 —-0.69 0.35
Los Lagos 26 6 493 5.00 0.07  0.04
Aysén 27 2 0.66 1.67 1.01 051
Magallanes 28 2 1.11 1.67 056  0.28
120 100 100 2.39
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