IMPROVING COMPACTNESS MEASURES
FOR POLITICAL DISTRICTS

by
Sarah Hugenberger

A thesis submitted to the Faculty of Salem State University in partial fulfillment
of the requirements for the degree of Master of Science in Geo-Information Science

Spring 2019

Copyright 2019 Sarah Hugenberger
All Rights Reserved

Signature and Approval form

The fallawing thesis has been read and apRroved by:

Praf~ssor Marcos!u , P

,, Department of Geograph}~, Thesis Director

Keith A. Ratner, Ph.D., P~afeSsorJChairman department cif Geography, Second ficad~r

~~

t?ate

[date

v~l i~ ~i CI

David Strcahschein, PF~,D., Visiting Instructor, Department of Geography, Third Reader

Stt~der~t Name;

S~ra~f~ Hugcr~~erger

Stud'e~nt II]#;

503U9~63

Date

Table of Contents
List of Figures ............................................................................................................................................... iv
List of Tables ................................................................................................................................................. v
Abstract ........................................................................................................................................................ vi
Introduction .................................................................................................................................................. 1
Background: Convex Hull Scores................................................................................................................... 2
Comparing Scores ..................................................................................................................................... 4
Methodology: Modified Convex Hull Calculation ......................................................................................... 6
Results and Discussion .................................................................................................................................. 8
Conclusion ................................................................................................................................................... 19
Limitations and Further Study .................................................................................................................... 19
References .................................................................................................................................................. 23
Appendix – Scripts....................................................................................................................................... 25

iii

List of Figures
Figure 1 - Generic shape (yellow) with its convex hull (red)......................................................................... 3
Figure 2 - Massachusetts 9th Congressional District, outlined in red .......................................................... 3
Figure 3 - Massachusetts 9th Congressional District with convex hull, in red.............................................. 4
Figure 4 - North Carolina 4th Congressional District, outlined in red........................................................... 4
Figure 5 - North Carolina 4th Congressional District with its convex hull, in red ......................................... 5
Figure 6 - Histogram of Convex Hull Scores .................................................................................................. 5
Figure 7 - Massachusetts 9th District and its convex hull ............................................................................. 6
Figure 8 - Hawaii 2nd District ......................................................................................................................... 9
Figure 9 - California 47th District ................................................................................................................... 9
Figure 10 - North Carolina 12th District ......................................................................................................... 9
Figure 11 - Ohio 9th District ........................................................................................................................... 9
Figure 12 - Florida 26th District.................................................................................................................... 10
Figure 13 - Florida 5th District...................................................................................................................... 10
Figure 14 - Maryland 3rd District ................................................................................................................. 10
Figure 15 - Virginia 2nd District .................................................................................................................... 10
Figure 16 - California 26th District ............................................................................................................... 10
Figure 17 - California 14th District ............................................................................................................... 10
Figure 18 - North Carolina 12th District ....................................................................................................... 12
Figure 19 - Florida 5th District...................................................................................................................... 12
Figure 20 - Maryland 3rd District ................................................................................................................. 12
Figure 21 - Texas 35th District...................................................................................................................... 12
Figure 22 - North Carolina 4th District ......................................................................................................... 13
Figure 23 - Louisiana 2nd District ................................................................................................................. 13
Figure 24 - Michigan 14th District ................................................................................................................ 13
Figure 25 - Illinois 4th District ...................................................................................................................... 13
Figure 26 - Texas 2nd District ....................................................................................................................... 13
Figure 27 - Texas 33rd District...................................................................................................................... 13
Figure 28 - Michigan 1st District .................................................................................................................. 15
Figure 29 - Massachusetts 9th District ......................................................................................................... 15
Figure 30 - Maryland 6th District ................................................................................................................. 16
Figure 31 - Washington 2nd District ............................................................................................................. 16
Figure 32 - Histogram of Differences between Modified and Unmodified Scores ..................................... 17
Figure 33 - Score Distributions for Modified and Unmodified Convex Hull ............................................... 18
Figure 34 - Histogram of Modified Convex Hull Scores .............................................................................. 19
Figure 35 – Louisiana’s 2nd Congressional District ...................................................................................... 20
Figure 36 - Louisiana 2nd district (Richmond, 2018) .................................................................................. 20
Figure 37 - Illinois 2nd district ..................................................................................................................... 21
Figure 38 - Population self-identifying as Hispanic or Latino in 1990 census ............................................. 22

iv

List of Tables
Table 1 - Lowest 10 Convex Hull Scores ........................................................................................................ 8
Table 2 - Lowest 10 Modified Convex Hull Scores ...................................................................................... 11
Table 3 - Lowest 10 Unmodified Convex Hull Scores with their Modified Scores ...................................... 14
Table 4 - Largest 10 Changes Between Modified and Unmodified Convex Hull Scores ............................. 15

v

Abstract
Political redistricting plans often need to consider the compactness of the district’s shape. For states
requiring districts to be compact, there is a need to quantify compactness. Existing measures of
compactness unfairly penalize districts with coastlines and islands or whose geography itself is not
compact. By incorporating information about the underlying geography into the calculation of a
modified compactness score, it would be possible to use a compactness test more effectively and fairly
across all districts. Several methods of incorporating such data were explored with test districts. A
Python script was created to apply the calculations behind the selected method to any polygon
shapefile. The script was run on the 436 districts of the 114th Congress of the United States to consider
and analyze the modified compactness calculation and its usefulness. Scores for districts covering areas
with a significant amount of water were improved when the modified compactness calculation was
applied.

vi

Introduction
States and municipalities are required to redraw their voting district lines after every decennial census if
it is necessary to rebalance population numbers. The drawing of these new lines is referred to as
“redistricting.” While many areas may only need to perform this task every 10 years (U.S. Constitution,
art.1, sec. 2), some jurisdictions are required to redraw their districts more often if the existing ones are
found to have been intentionally drawn to secure a specific outcome (Gill v. Whitford, 2018 and Rucho v.
Common Cause, 2018).
The Constitution itself provides very little information that can be used to guide the redistricting
process. The document only states that members of the House of Representatives be apportioned
according to population (U.S. Constitution, art.1, sec. 2). Subsequent Supreme Court cases and
legislation added the requirements that districts are drawn with equal populations (Wesberry v. Sanders,
1964) and that they are not drawn in such a way that racial or language minorities are denied an equal
opportunity to participate in the electoral process (Voting Rights Act, 1965, sec. 2).
In the absence of strict federal guidelines, the states themselves have enacted laws and customs that
are used in performing the task of redistricting. These rules vary by state, but include such stipulations
as contiguity, respect for underlying political boundaries, and keeping “communities of interest”
together. Additionally, one of the most common rules across states is that districts must be “compact.”
Out of 50 states, 37 require compactness for their legislative districts and 18 of the 43 states with more
than one congressional district require it for their congressional districts (Levitt, 2018).
Drawing compact districts has been an issue for more than a hundred years. Scholars link the term
“gerrymandering” to former Massachusetts governor, Elbridge Gerry. In 1812 Gerry approved a
convoluted state senate district that would favor his party, the Democratic-Republicans. A political
cartoonist published a mock-up of the shape of the district by adding a head and claws and calling it a
“Gerry-mander” due to its resemblance to a salamander. Since then gerrymandering is the common
term used to describe the act of drawing districts to favor one political party over another. It is common
for a lack of compactness to cause people to suspect that a district is gerrymandered.
There are a variety of different ways to measure compactness, and usually the state laws do not specify
which should be used (Levitt, 2018). Some measures of compactness describe the extent to which a
district’s points are spread out from the center. Others measure how irregular or smooth a district’s
boundaries are. Scholars have examined and evaluated both types of compactness measures but have
not concluded that one single measure is best (Maceachren, 1985; Young, 1988).
A common method for determining the extent to which the district is spread out involves drawing the
smallest shape around the district that would encompass the entire district. The area of the district is
then compared to the area of the circumscribing shape. When the minimum enclosing shape is a circle,
this measurement is called the Reock Score (Reock, 1961). Comparing the area of the district to that of
the district’s convex hull is another popular method. The convex hull is the minimum enclosing polygon.
Imagined practically, the convex hull is the shape a rubber band would make if it were stretched around
a district.
Various scholars have examined compactness as a criterion in creating political districts. Because there
are various ways to measure compactness, many have tried to determine the best method with the goal
1

of creating a quantifiable compactness standard. In order for compactness to be used as an indicator of
an unconstitutional or problematic district, the test for compactness must be easily applied and work for
all district shapes.
Young (1988) identified eight measures of compactness and discussed shortcomings with each of them.
He concluded by suggesting that the degree of compactness be decided by courts on a case by case
basis. Similarly, Maceachren (1985) looked at compactness scores specific both to geography and also
those developed for other fields. Niemi et al (1990) concluded that multiple measures of compactness
should be considered together in evaluating a district.
Other researches have taken the step to look at various compactness measures as they are applied to
actual districts (Bélanger and Eagles, 2001, Flaherty and Crumplin, 1992, and Altman, 1998). In doing so
most of them identified underlying geography as one of the main issues with various compactness
measures. Only Ansolabehere and Palmer (2015) actually made efforts to remedy the issue brought up
with coastlines and islands.
A whitepaper published by the software company Azavea demonstrates an attempt to adjust
compactness measures of urban districts by comparing their scores to the scores for the city in which
they are located (Azavea, 2006). Arguing that the districts can only be as compact as the city itself, they
divided the compactness score of the district by that of the city. The measure that was used in this case
was one in which the area of the district is compared to its perimeter. After dividing the scores, a result
of less than one indicates that the district is less compact than the city and a score greater than one
means that it is more compact.
The approach of Ansolabehere and Palmer was to compare the compactness of every district ever
drawn against the compactness of the “original gerrymander.” To make this comparison they used
several different compactness measures and normalized them to the same scores for the original
gerrymander. However instead of using the standard convex hull measure, they made a modification
that is similar to the one used in this thesis. While it was briefly described in their text (Ansolabehere
and Palmer, 2015, 746), they did not perform any proof or provide examples of why the modification
might work better or be considered a fairer way to measure compactness.
A universal quantifiable compactness measure would provide a better way for states to adopt a more
informative and specific definition of compactness. However, the shortcomings of each traditional
measure of compactness lead to a lack of confidence in the scores. The modified convex hull calculation
analyzed and discussed in this thesis can remove many of the shortcomings present in the traditional
calculation. The data and results in this thesis show that if states were to adopt this modified calculation
of compactness, they could have an unbiased and quantified way of comparing different districts and
districting plans against each other.

Background: Convex Hull Scores
None of the popular compactness scores is a perfect measure. Even if it were, there could still be factors
leading to the shape of a district that have nothing to do with how the lines are drawn. A helpful
modification to the convex hull score would identify those districts that have low scores because of how
they are drawn.
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The convex hull score for a district can lie anywhere in the range from 1 to 100, with a higher score
indicating that a district is more compact. The score is calculated by dividing the area of the district by
the area of the entire convex hull and then multiplying that number by 100.
𝐶𝐻 =

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐷𝑖𝑠𝑡𝑟𝑖𝑐𝑡 (𝐴𝑑 )
∗ 100
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑥 ℎ𝑢𝑙𝑙 (𝐴ℎ )

(1)

In the generic example of figure 1, consider the yellow polygon to be a district and the red outline is the
convex hull of that district. In this example, 𝐴𝑑 would be the area of the yellow polygon, and 𝐴ℎ would
be the area inside the red polygon.

Figure 1 - Generic shape (yellow) with its convex hull (red)

The convex parts of the shape that are made up of straight lines are coincident with that portion of the
convex hull. Areas where the shape is curved and/or has concave portions do not coincide with the hull.
The example in figure 1 shows where the convex hull lies compared to both the straight and curved
portions of the shape. If this shape were a real district, it is impossible to know whether the deviations
are due to the natural geography or because of decisions made by those drawing the district.
The Massachusetts 9th Congressional District (MA-09), seen in figure 2, is a perfect example of where the
natural geography creates many concavities.

Figure 2 - Massachusetts 9th Congressional District, outlined in red
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In the case of MA-09, it is easy to see why the district is shaped the way it is. The geography of the
district contains islands and a significant coastline. The perimeter of this district is incredibly long
compared to the area it contains. In addition, the district is quite dispersed geographically due to the
area of ocean.
Figure 3 shows the district’s convex hull. It is easy to see that a significant portion of the hull’s area
contains space that is not only not part of the 9th district, but is also not part of the land area of
Massachusetts.

Figure 3 - Massachusetts 9th Congressional District with convex hull, in red

Comparing Scores
Compare the geography of MA-09 with that of North Carolina’s 4th Congressional District (NC-04), seen
in figure 4.

Figure 4 - North Carolina 4th Congressional District, outlined in red

By simply examining the geography, it is clear that the shape of NC-04 is not due to the challenges of
drawing districts where islands and water are involved. If the general public were asked, they might say
4

that NC-04 is not as compact as MA-09. This is because, unlike MA-09, the geography of NC-04 does not
offer a clear justification for its shape. While this might be obvious to the human eye, calculating both
districts’ convex hull scores should show an objective measure of compactness. Figure 5 shows NC-04
drawn with its convex hull.

Figure 5 - North Carolina 4th Congressional District with its convex hull, in red

Performing the convex hull calculations for MA-09 and NC-04 results in very similar scores: 39 and 37
respectively. Neither Massachusetts nor North Carolina requires compactness in drawing congressional
districts, but they serve as good examples of districts that have similar compactness scores for very
different reasons. While it is obvious that MA-09 has a low compactness score due to the underlying
geography, the score for NC-04 cannot be explained the same way. There are no significant water
features that can justify the shape of this district. MA-09 is essentially being penalized for its geography.
Figure 6 shows the scores for these two districts as they compare to the rest of the scores for the 436
districts of the 114th Congress. Two things are clear from this histogram. The first is that there is a broad
range of convex hull scores across the districts. The second is that the scores for MA-09 and NC-04 are
clearly some of the lowest, and therefore worst, scores.

Figure 6 - Histogram of Convex Hull Scores
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While these two districts have very different reasons for their low compactness scores, that fact is only
clear once the districts are examined geographically. A human can look at the shapes of these districts in
the context of a full map and realize that one is due to geography and the other is due to decisions made
by those drawing the districts. Low compactness scores due to underlying geography can be hard to
avoid. However, low compactness scores due to active decisions made by stakeholders can, and should,
be avoided. Using a modified compactness calculation to determine scores can help make distinctions
between these two distinct reasons for low scores.

Methodology: Modified Convex Hull Calculation
The modified convex hull score involves removing any area inside the convex hull that does not “qualify”
for inclusion in the district. In drawing districts within a state, only land within that state qualifies for
possible inclusion in any district. Since no other states or bodies of water can be included in the district,
they are also not considered part of the area of the convex hull for the modified calculation.
For the purpose of this thesis, the analysis only considers redistricting at the state level, although this
method can be applied to any redistricting process at any level. “Non-qualifying” areas include any part
of another state (or jurisdiction) or any large bodies of water. This new score, referred to here as the
“modified convex hull” score, provides a more useful way to directly compare compactness scores
across districts without the need to examine the individual geography of every district.
Recall the calculation for the convex hull from eq. (1): 𝐶𝐻 =

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐷𝑖𝑠𝑡𝑟𝑖𝑐𝑡 (𝐴𝑑 )
∗
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑥 ℎ𝑢𝑙𝑙 (𝐴ℎ )

100. For a given

district, the larger the area of the convex hull, the lower (or worse) the score will be. Those districts that
are bordered by either large bodies of water or other states are most unfairly penalized in the typical
convex hull measurement. The modified convex hull measurement eliminates this unfair penalty by
removing the water and other states from the calculation.
Looking again at the example of MA-09, the area of the convex hull would include the entire area within
the red outline of figure 7.

Figure 7 - Massachusetts 9th District and its convex hull
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However, only the cross-hatched portion of that total area qualifies for possibly being included in the
district. The remaining gray area could never be included and will therefore not be considered in the
calculation of the modified convex hull score. The modified convex hull calculation can be expressed as
follows:
𝑀𝐶𝐻 =

(𝐴𝑑 )
(𝐴𝑑 + 𝐴𝑎𝑞 )

∗ 100

(2)

where 𝐴𝑑 is the area of the district and 𝐴𝑎𝑞 is the “additional qualifying area” not already included in
the district. The term additional qualifying area is used because it describes the only additional area
inside the convex hull that qualifies for possible inclusion in the district itself. 𝐴𝑎𝑞 is found by subtracting
the district under study, 𝐴𝑑 , from the intersection of the convex hull, 𝐴ℎ , with the state, 𝐴𝑠 :
𝐴𝑎𝑞 = (𝐴ℎ ⋂ 𝐴𝑠 )– 𝐴𝑑

(3)

The modified convex hull calculation cannot possibly result in a lower score, although it can leave the
score unchanged. This can be easily proved by comparing eq. (1) with eq. (2). The only difference
between these two equations is in the denominator, so the larger denominator will produce the lower
score. The denominator of eq. (1) is 𝐴ℎ , and the denominator of eq. (2) is 𝐴𝑑 + 𝐴𝑎𝑞 . Substituting
𝐴𝑎𝑞 with eq. (3) makes the denominator of eq. (2) equal to 𝐴𝑑 + (𝐴ℎ ⋂ 𝐴𝑠 )– 𝐴𝑑 , which is equal to (𝐴ℎ ⋂
𝐴𝑠 ) after simplifying.
(𝐴ℎ ⋂ 𝐴𝑠 ) has a maximum value equal to 𝐴ℎ and therefore (𝐴ℎ ⋂ 𝐴𝑠 ) ≤ 𝐴ℎ . The larger denominator
belongs to eq. (1), the unmodified convex hull calculation. With a denominator less than or equal to the
one in eq. (1), the modified convex hull calculation, eq. (2), can only result in a score that is equal to or
larger than the unmodified score.
For MA-09, the additional qualifying area is crosshatched in figure 7. Using this modified calculation, the
score for MA-09 improves from 39 to 86 because effectively the water area has been removed from the
denominator.
In order to perform this modified convex hull calculation on all 436 districts of the 114th Congress, a
Python script was created. By inputting shapefiles for all 50 states and The District of Columbia, the
script calculates both the convex hull scores and the modified convex hull scores for each district. A
separate script combines these 51 separate shapefiles into a single one for the entire United States. The
script performs the following steps:
•
•
•
•
•
•

Adds fields for the Convex Hull and Modified Convex Hull scores
Calculates the area of each district and adds it to a new column
Creates the convex hull for each district
Calculates the area of each convex hull and adds it to a new column
Determines 𝐴𝑑 + 𝐴𝑎𝑞 of each district by finding the intersection of each convex hull with the
state. This intersection provides the total qualifying area which is equal to 𝐴𝑑 + 𝐴𝑎𝑞
Uses the new area columns to calculate both the Convex Hull and Modified Convex Hull scores
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Results and Discussion
The 10 lowest scoring districts for both the original and modified convex hull scores were examined
geographically to determine if the modified convex hull calculation successfully separates
gerrymandered districts from those that owe their low scores to geography. The names and scores of
the districts with the 10 lowest convex hull scores are listed in table 1.

Lowest 10 Convex Hull Scores
District
Hawaii 2nd (HI-02)
California 47th (CA-47)
North Carolina 12th (NC-12)
Ohio 9th (OH-09)
Florida 26th (FL-26)
Florida 5th (FL-05)
Maryland 3rd (MD-03)
Virginia 2nd (VA-02)
California 26th (CA-26)
California 14th (CA-14)

Convex Hull Score (CH)
4
14
25
28
28
29
29
31
32
35

Table 1 - Lowest 10 Convex Hull Scores

By simply reading the names of these districts in a list, it is impossible to tell the reason behind their low
scores. It is unclear whether their score is a result of geography, human decisions, or a combination. In
order to find an answer it is necessary to look at the shapes and locales of these districts. The shapes of
the districts with the 10 lowest convex hull scores are presented in figures 8-17.

8

HI-02, CH = 4

CA-47, CH = 14

Figure 8 - Hawaii 2nd District

Figure 9 - California 47th District

Note: HI-02 also contains numerous small islands distributed
between Kauai and Midway, nearly 1500 miles away. Those
islands are not shown in this representation of the district.

NC-12, CH = 25

OH-09, CH = 28

Figure 10 - North Carolina 12th District

Figure 11 - Ohio 9th District
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FL-26, CH = 28

FL-05, CH = 29

Figure 12 - Florida 26th District

Figure 13 - Florida 5th District

MD-03, CH = 29

VA-02, CH = 31

Figure 15 - Virginia 2nd District

Figure 14 - Maryland 3rd District

CA-26, CH = 32

CA-14, CH = 35

Figure 16 - California 26th District

Figure 17 - California 14th District
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Looking at the shapes of these districts makes it clear that water plays a significant role in many of their
low scores. With the exception of FL-05 and NC-12, these low scoring districts all border water. Out of
eight districts, seven have pieces of their district that are separated by a significant expanse of water.
This separation means that water contributes a consequential amount to the area of their convex hulls,
thereby lowering their scores. For the purpose of this thesis, these districts will be called “disadvantaged
districts” because, like MA-09, they owe their low scores to their underlying geography.
An improved modified convex hull score should increase the scores of those seven districts and move
them out of the bottom ten. The remaining three districts, FL-05, MD-03, and NC-12, should have
modified convex hull scores that are equal or quite similar to their unmodified scores. The names and
scores of the districts with the ten lowest modified convex hull scores are listed in table 2.

Lowest 10 Modified Convex Hull Scores
District
North Carolina 12th (NC-12)
Florida 5th (FL-05)
Maryland 3rd (MD-03)
Texas 35th (TX-35)
North Carolina 4th (NC-04)
Louisiana 2nd (LA-02)
Michigan 14th (MI-14)
Illinois 4th (IL-04)
Texas 2nd (TX-02)
Texas 33rd (TX-33)

Modified Convex Hull Score (MCH)
25
29
31
36
37
39
40
42
42
43

Table 2 - Lowest 10 Modified Convex Hull Scores
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The shapes of the districts with the 10 lowest modified convex hull scores are presented in figures 1827.

NC-12, MCH = 25

FL-05, MCH = 29

Figure 19 - Florida 5th District

Figure 18 - North Carolina 12th District

MD-03, MCH = 31

TX-35, MCH = 36

Figure 20 - Maryland 3rd District

Figure 21 - Texas 35th District
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NC-04, MCH = 37

LA-02, MCH = 39

Figure 22 - North Carolina 4th District

Figure 23 - Louisiana 2nd District

MI-14, MCH = 40

IL-04, MCH = 42

Figure 25 - Illinois 4th District

Figure 24 - Michigan 14th District

TX-02, MCH = 42

TX-33, MCH = 43

Figure 27 - Texas 33rd District

Figure 26 - Texas 2nd District
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As expected, the modified convex hull scores for FL-05, MD-03, and NC-12 keep those districts in the
bottom ten. All the districts that contained a significant amount of water between different parts of the
district have moved out of the bottom ten. In their places are inland districts that owe their shape not to
geography, but to decisions made by the creators of those districts.
The modified convex hull calculation succeeds in improving the scores of the districts that owe their low
scores to their geography. The seven disadvantaged districts, i.e. those districts that scored in the
bottom ten for convex hull and where water separated portions of the district from each other, all fare
much better when the modified convex hull calculation is used.
Table 3 shows those ten districts with the lowest unmodified scores along with the amount those scores
changed once the calculation was modified. The disadvantaged districts are shown in gray.

Lowest 10 Unmodified Convex Hull Scores with their Modified Scores
District
Hawaii 2nd (HI-02)
California 47th (CA-47)
North Carolina 12th (NC-12)
Ohio 9th (OH-09)
Florida 26th (FL-26)
Florida 5th (FL-05)
Maryland 3rd (MD-03)
Virginia 2nd (VA-02)
California 26th (CA-26)
California 14th (CA-14)

CH Score
4
14
25
28
28
29
29
31
32
35

MCH Score
97
72
25
55
93
29
31
78
75
83

Difference (rounded)
92
58
0
28
65
0
1
46
43
48

Table 3 - Lowest 10 Unmodified Convex Hull Scores with their Modified Scores

Clearly the disadvantaged districts show the most improvement from their previously low scores. NC-12,
FL-05, and MD-03 show little to no improvement in their scores. It is also worth looking at the ten
districts experiencing the largest changes in scores. In addition to six of the seven disadvantaged
districts appearing in that list, there are four more that can be examined. The ten districts with the
biggest change in scores, with the disadvantaged districts shown in gray, are listed in table 4.
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Largest 10 Changes Between Modified and Unmodified Convex Hull Scores
District
Hawaii 2nd (HI-02)
Florida 26th (FL-26)
Alaska*
California 47th (CA-47)
Michigan 1st (MI-01)
California 14th (CA-14)
Massachusetts 9th (MA-09)
Virginia 2nd (VA-02)
Maryland 6th (MD-06)
California 26th (CA-26)
Washington 2nd (WA-02)

CH Score
4
28
36
14
44
35
39
31
39
32
48

MCH Score
97
93
100
72
92
83
86
78
85
75
84

Difference (rounded)
92
65
64
58
49
48
47
46
46
43
36

Table 4 - Largest 10 Changes Between Modified and Unmodified Convex Hull Scores

*Alaska consists of a single district and while its score was greatly improved by the modified convex hull
calculation, the single district states are discussed separately.

The shapes of the disadvantaged districts have already been shown. The shapes of those 4 additional
districts with the largest changes in scores are presented in figures 28-31.

MI-01, Change = 49

Figure 28 - Michigan 1st District

MA-09, Change = 47

Figure 29 - Massachusetts 9th District

15

MD-06, Change = 46

Figure 30 - Maryland 6th District

WA-02, Change = 36

Figure 31 - Washington 2nd District

Seeing these districts represented geographically makes it easy to see that they also fall into the
category of disadvantaged districts, and three of them fit the pattern seen before where water
separates different parts of the districts from each other. MD-02 shows a different, but similar, pattern.
Instead of being surrounded by water, this district is surrounded by neighboring states. It is essentially
an island for the purpose of districting, because none of the land surrounding the district can be
included in an alternative drawing of it.
The histogram in figure 32 shows that very few of the 436 districts experienced a change in score
greater than thirty. The ten districts (plus Alaska) with the largest change in their scores have been
labeled on the graph. It is clear that this modification to the calculation does not improve the score
significantly except in the cases where districts were disadvantaged in the original calculation.

16

Figure 32 - Histogram of Differences between Modified and Unmodified Scores

Even though the scores for many districts did not change much between the convex hull and modified
convex hull calculations, the distribution of scores changed. A score that was previously above average
may no longer be so. Overall, the scores for the modified convex hull have been shifted to the right. The
mean score changed from 68 to 74, and the median from 70 to 75. Additionally, the modified convex
hull distribution is more symmetrical and is no longer skewed to the left. All of these observations can
be seen in figure 33.
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Figure 33 - Score Distributions for Modified and Unmodified Convex Hull

The other change in score distribution worth noting is that with the modified convex hull it is possible
for districts to achieve a “perfect” score of 100. The districts with this perfect score are the District of
Columbia and the seven states with a single congressional district: Alaska, Delaware, Montana, North
Dakota, South Dakota, Wyoming, and Vermont. A score of 100 means that it is not possible for a more
compact district to be created, which is true for these eight districts.
Returning to the districts discussed in the Introduction, MA-09 and NC-04, it is clear that using the
modified convex hull calculation succeeds in making a distinction between their scores. While MA-09
saw its score improve by 47 points to 86, the score for NC-09 remained at 37. Figure 34 shows that those
districts now have quite different scores.

18

Figure 34 - Histogram of Modified Convex Hull Scores

Conclusion
The purpose of developing the modified convex hull score was to distinguish between low compactness
scores resulting from geography and those resulting from deliberate districting choices. The original
convex hull calculation awards low scores to districts whose geography makes it physically impossible to
draw compact districts. Instead of needing to look at a map to determine the cause of a low score, an
ideal modified convex hull measurement would mathematically differentiate between geography and
line drawing as possible causes.
The modification to the convex hull measurement developed for this thesis achieves the stated goal. It is
evident that modifying the calculation this way boosts scores for districts in which geography is an
underlying and unavoidable factor, while keeping scores for other districts roughly the same. It is no
longer necessary to look at a map to determine the cause of the low score. With the modified convex
hull measurement, a low score indicates the district was drawn in such a way as to not be compact.

Limitations and Further Study
While the modified convex hull score deals with the issue of large bodies of water and state borders, it
does not account for other possible geographic factors in the decisions behind district drawing. These
factors could include mountain ranges, large lakes that are not differentiated as such in the shapefile,
rivers, or other possible natural boundaries. It is possible to have a district in the interior of a state with
a low modified compactness score due to one of these geographic issues and not due to line drawing.
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One district where these issues might have impacted shape is LA-02. Although it has one of the ten
lowest modified convex hull scores, it is possible that the shape of LA-02 is due to reasons not accounted
for in the calculation. Compare figure 35, which shows the shape of LA-02, with figure 36 showing the
surrounding geography.

Figure 35 – Louisiana’s 2nd Congressional District

Figure 36 - Louisiana 2nd district (Richmond, 2018)

The shapefile used in the calculation does not differentiate between land and Lake Pontchartrain, which
is a large lake north of New Orleans. Because of this, the lake area was not removed from the
denominator of the calculation and therefore resulted in a lower score than the district deserved.
Another observation is that the district roughly follows the Mississippi River from New Orleans to Baton
Rouge. To some extent the shape of the district is related to the shape of the river and its floodplain. It is
not unusual to draw districts that keep “communities of interest” together and grouping those living
along the river into the same district achieves that goal.
The idea of grouping communities of interest together is one reason that districts may need to be drawn
in non-compact shapes. While the modified convex hull score successfully separates out those districts
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whose geography is non-compact, it is unable to determine if there is a legitimate non-geographic
reason for the district to be drawn in such a way.
A perfect example of a district that has been intentionally drawn to unite communities of interest is the
Illiniois 4th district, shown again in figure 37:

Figure 37 - Illinois 2nd district

This district has been called the earmuffs district because of its two nodes connected by a thin “strap.”
Based on its shape alone, this district is commonly assumed to be gerrymandered. The modified
compactness score of 42, the eighth lowest, does not add to its credibility. However the shape of this
district was one result of a number of lawsuits filed after the 1990 census. Following the release of the
census results in 1991, Illinois lost two seats in Congress and was forced to redistrict.
A number of plaintiffs filed lawsuits in reaction to the redistricting plan and they were all eventually
grouped under Hastert v. State Board of Elections (Hastert v. State Bd. of Elections, 1991). One plaintiff
claimed that under Section 2 of the Voting Rights act of 1965, Illinois was obligated to create what is
known as a “majority-minority” district. Such districts are formed in situations where a language or
racial minority, despite having a significant population, is unable to elect a candidate of their choice.
The population self-identifying as Hispanic or Latino in the 1990 Census warranted the creation of such a
district, without which their votes were being diluted.
The district that was eventually approved as IL-04 combined a predominately Puerto Rican
neighborhood with one that has a high population of Mexican descendants or immigrants. When IL-04
voted in the 1992 elections, they elected Luis Gutiérrez, who is of Puerto Rican descent, to Congress and
he served the district for twenty-six years. He recently retired and Chuy Garcia, a Mexican-born
American, was elected to take his place. Figure 38 is a choropleth of the population self-identifying as
“Hispanic or Latino” in the 1990 Census. Note the similarities in shape between the darker regions in
figure 38 and the district shown in figure 37.
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Figure 38 - Population self-identifying as Hispanic or Latino in 1990 census

In the examples of LA-02 and IL-04, the reasons for their shape are not obvious simply by examining the
modified complex hull scores. A secondary measure could be created in order to attempt to ascertain if
communities of interest caused a district to be drawn with a certain shape. If communities of interest
could be spatially quantified into a polygon shapefile, a script could be written that would test districts
for their degree of overlap with various different communities of interest in any given state. Experts
would need to determine how much overlap is necessary in order for the district to be considered a
community of interest.
Although it would be possible to quantify this measure, there will always be subjective reasons for
districts to take on certain shapes. While the modified convex hull score offers an improvement in
evaluating districts’ compactness, it should not be used as a standalone test. While it is useful in quickly
identifying districts that have been drawn to be non-compact, further work should be done investigating
the decisions that resulted in those shapes.
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Appendix – Scripts
The ModCH.py script was run on all 436 districts in the 114th Congress by providing it with shapefiles for
all 50 states and the District of Columbia. The 51 new shapefiles include a field for both the Convex Hull
and the Modified Convex Hull scores. The StateJoin.py script was then run to combine the 51 shapefiles
into one to look at the information on a national scale. The scripts follow a brief description and
pseudocode for the steps.
ModCH.py
Description: Script requiring parameters to run for more than one shapefiles. Parameters are assigned to
sys.argv in python shell before executing script. 1st parameter is script name, 2nd parameter is the
name of the field holding the unique id of each distinct polygon/district, 3rd-nth parameters are
shapefiles (any number). For my thesis work the script was run for all 50 states and the District of
Columbia. Example:
sys.argv = ["ModCH.py", "CD114FP", "AL.shp", "AK.shp", "AZ.shp",....]
execfile("ModCH.py")

After this script is run, the StateJoin.py file should be run in order to combine all states into one shapefile.
1. Import packages arcpy, os, csv, math, and env (from arcpy)
2. Assign parameters to variables
3. For each state shapefile:
a. Add fields for CH and MCH scores (arcpy.AddField_management)
b. Create shapefile of convex hulls for each district base on dist_field
(arcpy.MinimumBoundingGeometry_management)
c. Add area fields to state and convex hulls shapefile
(arcpy.AddGeometryAttributes_management)
d. Find the intersecting polygons between the states and their convex hulls
(arcpy.Intersect_analysis)
e. Add area fields to the shapefile containing those intersecting polygons
(arcpy.AddGeometryAttributes_management)
f. Summarize intersecting polygons on dist_field (arcpy.Statistics_analysis)
g. Join the convex hulls and their areas to the state shapefile
(arcpy.AddJoin_management)
h. Join the intersecting polygons and their areas to the state shapefile
(arcpy.AddJoin_management)
i. Calculate convex hull and modified convex hull scores using the appropriate new area
fields in state shapefile
# Name: ModCH.py
# Author: Sarah Hugenberger
# Date: 10/26/18
# Thesis script
# This script is identical to CHmodP.py except instead of hardcoding the dist_field
(line 44 of CHmodP.py)
# another parameter is added so the user can supply this information. Updated
parameter description follows.
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# Script requiring parameters to run for more than one shapefiles. Parameters are
assigned to sys.argv in
# python shell before executing script. 1st parameter is script name, 2nd parameter
is the name of the
# field holding the unique id of each distinct polygon/district, 3rd-nth parameters
are shapefiles (any
# number). For my thesis work the script was run for all 50 states and the District
of Columbia. Example:
#
sys.argv = ["ModCH.py", "CD114FP", "AL.shp", "AK.shp", "AZ.shp",....]
#
execfile("ModCH.py")
# After this script is run, the StateJoin.py file should be run in order to combine
all states into one
# shapefile.
#Import necessary packages
import arcpy, os
from arcpy import env
import csv
import math
#allow for overwriting files
env.overwriteOutput = True
#use current directory for all work and output
out_path = os.getcwd()
env.workspace = out_path
#Assign dist_field to user supplied parameter
dist_field = sys.argv[1]
#Put system arguments into list
nameList = []
for x in range(2,len(sys.argv)):
nameList.append(sys.argv[x])

#Run the code for each item in nameList[]
for i in range(0,len(nameList)-1):
# current file
in_file = nameList[i]
# create full path
state_shp = os.path.join(out_path, in_file)

print "Working..."
geometry_type = "POLYGON"
sep = "." #set the separator
nameIN = in_file.split(sep)[0] #strip off the ".shp" from the input shapefile
statefile = str("state" + in_file)
arcpy.MakeFeatureLayer_management (state_shp, statefile)
desc = arcpy.Describe(state_shp) #get feature class description
#Add field for scores to state shapefile (if giving choice, change fieldnames
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to scoreName)
arcpy.AddField_management(statefile, "ConHull", "FLOAT", "6", "2")
arcpy.AddField_management(statefile, "ModConHull", "FLOAT", "6", "2")
#Create shapefile with convex hulls for each district
in_layer_CH = statefile #The state shapefile will be used to create convex
hulls of each district
out_feat_CH = str(nameIN + "_CHulls.shp") #The name of the shapefile that will
contain the convex hulls
#Create shapefile of Convex Hulls of each district (dist_field)
arcpy.MinimumBoundingGeometry_management(in_layer_CH, out_feat_CH,
"CONVEX_HULL", "LIST", dist_field, "TRUE")
#Add area fields to state shapefile and convex hull shapefile
arcpy.AddGeometryAttributes_management(state_shp, "AREA")
arcpy.AddGeometryAttributes_management(out_feat_CH, "AREA")

inFeatInter = [out_feat_CH, statefile] #This order is important so the
dist_field associated with the
#Convex Hulls is
used, not the one in the state file
out_feat_Inter = str(nameIN + "_CHullsInter.shp") #Name of shapefile that will
contain intersecting polygons
arcpy.Intersect_analysis(inFeatInter, out_feat_Inter) #finds intersection
between shapes in inFeatInter[]
arcpy.AddGeometryAttributes_management(out_feat_Inter, "AREA") #add area to
intersecting polygon file
#Need to summarize intersecting polygons on dist_field
inFeatSum = out_feat_Inter
outFS = "sum_area"
sumStatistics = [["POLY_AREA", "SUM"]] #This will be the most recent area
field added and is the one to use
sumField = [dist_field]
arcpy.Statistics_analysis(inFeatSum, outFS, sumStatistics, sumField) #
#Join the convex hulls (plus their areas) back to the state file
inFeatures = statefile
joinTabCH = out_feat_CH #use the output of the convex hull step
joinField = dist_field #join on district number
join_stateCH =
arcpy.AddJoin_management(inFeatures,joinField,joinTabCH,joinField)
#Join the intersecting polygons (plus their areas) back to the state file
joinTabInt = outFS #use the output of the convex hull step
join_state_fin =
arcpy.AddJoin_management(inFeatures,joinField,joinTabInt,joinField)

nameHull = out_feat_CH.split(sep)[0] #split off the ".shp" from the CH file
# Inelegant way to build the scoreCalc string for convex hull. Other ways
attempted, but not successful
scoreCalcCH = "100*(" + str("!" + nameIN + "." + "POLY_AREA" + "!") + "/" +
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str("!" + nameHull + "." + "POLY_AREA" + "!") + ")"
arcpy.CalculateField_management(join_stateCH, "ConHull", scoreCalcCH,
"PYTHON")
#build string to use in the scoreCalc for modified convex hull
#remove .shp ending from input file and CHulls.shp
scoreCalcMCH = "100*(" + str("!" + nameIN + "." + "POLY_AREA" + "!") + "/" +
str("!" + outFS + ":" + "SUM_POLY_AREA" + "!") + ")"
arcpy.CalculateField_management(join_stateCH, "ModConHull", scoreCalcMCH,
"PYTHON")
# Results include updates to the original shapefile with convex hull and modified
convex hull scores. There are
# also two additional shapefiles for every state: one containing the convex hulls and
one containing the intersection
# of the convex hulls with the state. Only the original state shapefiles are needed
for the StateJoin.py script if it
# is desired to put all states back into one large shapefile

StateJoin.py
Description: Append is used to build the Shapefile with all Congressional Districts after the convex hull
and modified convex hull scores have been calculated. This script should be run after the ModCH.py
script has been run on a number of shapefiles to combine them back into a single shapefile. This version
ensures that the final layer file is saved (line 69) and that the Combo.shp shapefile is created with a
spatial reference (line 35). Any state shapefiles that need to be combined should be loaded into system
arguments, example:
sys.argv = ["StateJoin.py", "AL.shp", "AK.shp", "AZ.shp",....]
execfile("StateJoin.py")

1. Import packages arcpy, os, csv, math, and env (from arcpy)
2. Assign parameters to variables
3. Create a feature class based on the schema of the first shapefile
(arcpy.CreateFeatureclass_management)
4. For each file in the list (state):
a. Append file to original shapefile (arcpy.Append_management)
5. Make a layer file (arcpy.MakeFeatureLayer_management)
6. Save the layer file (arcpy.SaveToLayerFile_management)
# Name: StateJoin.py
# Author: Sarah Hugenberger
# Date: 10/26/18
# Thesis script
# Version 4 (version 1 is StateJoin_draft.py and version 2 is StateJoin2.py, v3 is
StateJoinOld) where I use Append to build
# the Shapefile with all Congressional Districts after the convex hull and modified
convex hull scores have been calculated.
# This script should be run after the ModCH.py script has been run on a number of
shapefiles to combine them back into a
# single shapefile
# This version ensures that the final layer file is saved (line 69) and that the
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Combo.shp shapefile is created with
# a spatial reference (line 35)
# Any state shapefiles that need to be combined should be loaded into system
arguments, example:
# sys.argv = ["StateJoin.py", "AL.shp", "AK.shp", "AZ.shp",....]
#
execfile("StateJoin.py")
#Import necessary packages
import arcpy, os
from arcpy import env
import csv
import math
#allow for overwriting files
env.overwriteOutput = True
#use current directory for all work and output
out_path = os.getcwd()
env.workspace = out_path
#Put rest of system argument into new list
nameList = []
for x in range(1,len(sys.argv)):
nameList.append(sys.argv[x])
#Make new Feature class based on schema of first shapefile nameList[0]
arcpy.CreateFeatureclass_management(out_path, "Combo.shp", "POLYGON", nameList[0],
"SAME_AS_TEMPLATE", "SAME_AS_TEMPLATE", nameList[0])
#Run the code for each item in the nameList
for i in range(0,len(nameList)-1):
#assign item in parameter list to append_file variable
append_file = nameList[i]
# create full path to file in case needed
state_file = os.path.join(out_path, append_file)

print "Working on " + append_file

#Append append_file to existing shapefile, Combo.shp
master_list = "Combo.shp"
arcpy.Append_management(append_file, master_list)
# name of lyr file (temporary, unless saved) that will contain all of Combo.shp data
all_states = "new.lyr"
# Make the layer file (temporary)
arcpy.MakeFeatureLayer_management(master_list, all_states)
# Save the layer file
arcpy.SaveToLayerFile_management(all_states, "AllStates.lyr", "RELATIVE")
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