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Abstract: Thoughtful consideration of the enumeration unit size in choropleth map design is im-
portant to ensure the correct communication of spatial information. However, the enumeration
unit size and its influence on pattern conveying in choropleth maps have not yet been the subject
of in-depth empirical studies. This research aims to address this gap. We focused on the issue
concerning whether the ability to recognize spatial patterns on an Equal Area Unit Map is related
to the hexagonal enumeration unit size, defined by the number of pixels. The aim is to indicate the
range of the enumeration unit sizes, namely, at what point the upper and lower borders of the range
where the spatial patterns start, and where the end is visible and recognizable by users. To address
this problem, we conducted an empirical study with 488 users. The results show that the enumeration
unit size has an impact on the users’ spatial pattern recognition abilities. Choropleth maps with
enumeration unit sizes of 26, 52, and 104 pixels were, in the majority, indicated by participants as
those most suitable for indicating spatial patterns. This was in contrast to choropleth maps with
enumeration unit sizes of 1664 and 3328 pixels, which users indicated as not being useful. However,
there were some exceptions to this general finding. Thus, determining the optimal enumeration unit
size is a challenging task, and requires further insightful investigations.

Keywords: enumeration unit size; map generalization; choropleth map; equal area unit map; pattern
recognition; user study

1. Introduction

The preservation, which also allows for recognition, of the characteristic elements of
the mapped phenomena are important in map design, especially in map generalization.
The importance of preserving and even highlighting spatial patterns constitutes one of the
significant challenges in cartographic generalization [1,2]. Cartographic generalization,
which assumes tailoring the map to its purpose, detail level, and intended audience
requirements, is a difficult but necessary task for the map designer. Without careful and
meaningful generalization, maps will not convey the essential spatial patterns of the
mapped phenomena [3–6]. It should also be noted that the application’s context, namely a
visualization purpose and characteristics of the presented phenomena, plays an essential
role. This is a very important factor, and it influences the decision about what level of
resolution or degree of generalization is sufficient and how detailed the patterns are that
should be identified.

Knowledge about how humans recognize spatial patterns is also essential for the
automation of map generalization. Since the 1960s, when research on automated general-
ization began, the issues connected with pattern recognition and preservation have also
been tackled from many aspects. Early research connected with automated generalization
resulted in a proposal for generalization models, by which the researchers wanted to
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simplify and control the generalization process [7–10]. In all proposed models, structure
recognition and preservation have been treated as important issues.

In thematic mapping, including choropleth maps, cartographic generalization and
pattern recognition play an essential role. In this case, generalization takes place when
either the number of classes decreases or the enumeration unit size (EUS) increases. Choro-
pleth maps can be designed with too small detail level, so increasing their size provides no
additional information. Thus, especially in the case of choropleth maps, a change of scale
is not necessarily connected to a change in generalization level [11]. While aspects related
to optimal data classification methods and the number of classes have been extensively
examined [11–14], the EUS, as well as its influence on pattern conveying and recognition,
has not been the subject of in-depth empirical studies so far. Consequently, in the case of
the EUS in choropleth maps, the challenge is to find the optimal generalization level at
which the spatial patterns present in the data are adequately apparent to the user. This
research aims to contribute to the existing body of knowledge concerning the specification
of the optimal hexagonal EUS range, that is, to indicate the upper and lower borders of
the range of spatial pattern visibility. In this research, we consider hexagonal shaped
EUSs, however, we are aware of the fact that in choropleth maps administrative units (e.g.,
countries, NUTS at different levels, states, and counties, etc.) are most commonly used.
Therefore, this choropleth map design should also be explored and studied with regard
to administrative EUSs. However, due to the fact that one of the most often indicated
limitations of this kind of choropleth map is their uneven unit sizes (and even the huge
differences in their areas), it may considerably distort the perception of the presented
patterns [15]. We decided to start the investigations using an Equal Area Unit Map (EAUM)
solution, which is free from this limitation. Among geometrical EUSs, there are various
shapes, namely squares, triangles or hexagonal and more. We have selected hexagonal
EUSs as in geometry, the hexagonal tiling or hexagonal tessellation is a regular tiling
of the Euclidean plane, in which three hexagons meet at each vertex. Hexagonal tiling
is the densest way to arrange circles in two dimensions. This is assumed the best way
to divide a surface into regions of equal area with the least total perimeter [16]. More-
over, EAUMs have recently gained popularity in online atlases, books and news media
(News media: https://archive.nytimes.com/www.nytimes.com/interactive/2013/06/26
/us/scotus-gay-marriage.html (The New York Times, accessed: 16 August 2021). https:
//www.bloomberg.com/graphics/2015-pace-of-social-change/ (Bloomberg, accessed: 16
August 2021). https://www.theguardian.com/us-news/ng-interactive/2014/oct/22/-sp-
voting-rights-identification-how-friendly-is-your-state (The Guardian, accessed: 16 Au-
gust 2021). https://www.visualcapitalist.com/us-states-top-tech-salaries-2021/?fbclid=
IwAR1bJHOsD96mAHwuJ7QkDQunOYZGeM1VJ0xfNIqgEMrEIvqLEa3JBqhWN8k (vi-
sual capitalist, accessed: 16 August 2021). Online atlases and books: http://atlas2022.uw.
edu.pl/mapa-miesiaca-pogranicze-prawoslawno-katolickie/ (Atlas of Poland’s Political
Geography, awarded by ICA in 2019, accessed: 16 August 2021. https://gistbok.ucgis.
org/bok-topics/common-thematic-map-types (GIS&T Body of Knowledge, accessed: 16
August 2021)). We treat this as the first step in the investigation, which should be further
developed and modified to test the conditions with regard to administrative units. This
research attempts to tackle three research questions.

RQ1. Is the estimated similarity to the raw data presentation proportional to the EUS
applied in a choropleth map?

RQ2. Does the user’s preference for specific EUSs coincide with the ability to recognize
spatial patterns?

RQ3. Is the ability to recognize spatial patterns related to the EUS?

2. Related Works

The effectiveness with which thematic maps communicate spatial information is
connected to map design [17]. It is also often linked to map complexity [18], which is
influenced by many factors, including the number of classes, the degree of autocorrelation
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present in the data, the choice of class intervals, and the shape and size of the enumeration
areas [19]. Map complexity is regarded as being the “visual intricacy of the spatial patterns
formed by the map symbols” [19] (p. 15). It is important to preserve these specific patterns
during the thematic map generalization process.

Every choropleth map is the result of generalization, as it requires data classification
and decisions about the number of classes. In order to further generalize the data for
effective pattern presentation, one can select different enumeration unit sizes and thus
change the generalization level of a choropleth map.

2.1. The Enumeration Unit’s Role in Choropleth Map Generalization

Optimal enumeration unit size plays an essential role in choropleth map generaliza-
tion. When considering the advantages of generalizing choropleth maps, the following
might be indicated: faster reading by map users due to there being less data to be un-
derstood and fewer details to be noticed compared to a more detailed choropleth map.
However, we believe that the most important purpose of searching for an appropriately
generalized choropleth map is to enable map users to notice the important patterns within
the geographical distribution of the mapped phenomenon. In thematic maps, an EUS
that is too small (i.e., too small a generalization level) results in a dispersed image and
a difficulty with perceiving characteristic elements in the data: the image is fragmented
and diffused. A user loses the picture of the whole and the characteristic elements of the
structure (spatial patterns); she/he is no longer able to see the relevant regularities [20].
On the other hand, a generalization level that is too large, expressed in a choropleth map
by an EUS that is too large, also causes those characteristic elements in the data to be lost.
The resulting image is too general. An oversimplification of the map pattern might result
in the loss of valuable information for the map reader [21]. In [22] it is also stated that
the enumeration unit areas of a region, form a pattern that acts as a spatial generalization
filter. Once an EUS gets too large, the spatial variation existing in the data tends to be
reduced or averaged out. Thus, the authors are in favor of rather smaller enumeration
units [11,21,22]. Moreover, they suggest using units of equal size and similar shape [23].
This recommendation is met in a choropleth map consisting of geometric units, for example,
squares, triangles, and hexagons.

The role of pattern preservation in thematic maps is highlighted and illustrated in [7]
using a group of lakes as an example. However, it can also refer to other types of objects,
including enumeration units in choropleth maps. The elements of the process are (1)
recognizing the shape of a group of lakes, (2) identifying the individual shapes of the
individual lakes included in the group (they may have a specific direction and a specific
orientation), (3) identifying the characteristic structure and patterns within the group of
lakes, and (4) the phenomenon of the visual grouping of larger lakes [7]. In our research,
stages 3 and 4 are crucial. In [7] the phenomenon of the formation of so-called “similarity
groups” is emphasized. These groups are the result of perceiving the similarity of the
shapes and sizes of the objects included in their composition [23–25]. An example of a
generalization that takes into account the similarity of groups of objects can be found in
Figure 1.
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Figure 1. An example of a generalization solution where the similarity of the objects is taken into
account.

Similarly, the EUS in thematic maps should be designed in a way that preserves the
characteristic patterns. Thus, the challenge is to find the optimal generalization level at
which the spatial patterns present in the data are successfully conveyed to the user.

The role of choosing an appropriate geographic unit to design a choropleth map is
highlighted in [26]. The authors claim that the main characteristics of choropleth mapping
units are a high degree of resolution, the homogeneity of the mapped phenomenon, a uni-
formity of land area, the observation of minimum phenomenon attribute values, temporal
stability and currency, compactness of shape, audience familiarity, data availability, and
the functional relevance of the unit to the phenomena being mapped. They also present
guidelines for choosing geographic unit sizes that take into account the above criteria
by considering 12 geographic units ranging from census blocks to states. Even allowing
for differences in scale and purpose, some units confer clear advantages over others. On
the one hand, in [26] authors are in favor of smaller geographic units, arguing that the
higher the spatial resolution the greater the information content. They assume that if the
map contains a larger number of smaller units it offers more insights into local pattern
identification. However, they also note that global spatial patterns are sometimes more
evident at a coarser scale than at a finer scale [26–28].

The decision about which areal unit of aggregation to use is also very much related to
a classic and well-studied issue called the Modifiable Areal Unit Problem–MAUP [29–33].
The MAUP is an effect of the geographical units’ artificial demarcation. As a result, the
boundaries of the geographical units may be modified. Moreover, acquiring data according
to different boundary definitions results in gathering different data sets. Thus, analyzing
these data sets leads to different and inconsistent results. In the MAUP, two spatial aspects
are of importance, namely, zoning and scale effects. The zoning effect takes place when
the number of units stays constant within a given region, but new boundaries can be used
to create a new zoning system. The data assigned according to these different zoning
systems will then produce inconsistent analytical results. The scale effect is the result of the
aggregation or disaggregation of spatial units resulting in the modification of the spatial
resolution of the data. Smaller spatial units can be aggregated into larger ones that will,
however, be fewer in number. This results in a lower spatial resolution of the data. On
the other hand, they can be disaggregated into smaller spatial units. This also leads to
inconsistent analytical results [31]. In this research the scale effect can be especially relevant,
because when the EUS generalization level is changed, the EUS increases and, thus, the
spatial resolution of the data decreases. Thus, even while considering the EUSs of the same
size, MAUP should be thoughtfully noted and one should be aware of its consequences.

2.2. Empirical Evaluation of Pattern Preservation on Thematic Maps

An effective thematic map design, understood, among other factors, as the successful
conveying of underlying patterns to the map user, has already been the subject of empirical
studies. Psychologists distinguish two types of memory response, namely, recognition
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and recall [34]. In relation to map patterns, recognition is understood to be the ability to
recognize a pattern among a broader set of patterns, while recall involves the reconstruction
of the pattern from the memory.

In a study [34] the research questions concerned, among others, the factors that
influence the map reader’s ability to recognize patterns. In the recognition experiment, the
respondents were given eight similar, graduated circle maps (with different black circle
arrangements) and were asked to rank these maps from most similar to least similar in
relation to a map they had seen earlier. The respondents remembered larger circles and
groups of circles better than smaller and isolated circles. However, different respondents
identified different pattern shapes. The users noticed patterns of various shapes, including
the shape of a “C,” an obtuse triangle, and a hook. The visual perception of spatial
patterns on choropleth maps has also been considered in [15]. Three biases were examined.
First the “dark-is-more bias,” which is the intuitive ranking of color lightness; second the
“area-size bias,” which is the neglect of small areas, since these are less dominant in the
perception than larger ones; and the “data-classification bias,” which is the attention to data
classification when interpreting spatial patterns. The users were asked to detect extreme
values, central tendencies, or homogeneities of values as well as comment on their task
solving certainty. From the point of view of the reported study, the second bias is most
relevant. It concerned the following question: to what degree is the effect of neglecting
small areas caused by the fact that these areas are visually less dominant compared to larger
areas and thus are commonly overseen? In the study in [15], administrative enumeration
units were used, and the research hypotheses were concentrated on the question of the
legend’s role in area-size-bias limitation. The results showed that the detection of small
areas with globally extreme values was worse than those of large areas. In cases where
a legend was provided, the results were improved, however, an unacceptable error rate
of about 20% remained. The author points to, among others, Equal Area Unit Maps
(EAUMs) as a possible solution to these problems and partially confirms this in the follow
up research [35]. In the next study concerning the effectiveness of the use of EAUMs
versus geographical EUSs [35], it is empirically confirmed that EAUMs are more effective
in tasks concerning local patterns, namely local extrema identification, especially in cases
of small EUSs, while global patterns and hot spots are more effectively noticed in the case
of geographical EUSs. However, in [15,35], only a comparison between geographical units
and EAUMs has been conducted. The influence of EUSs’ size on spatial pattern recognition
abilities has not been taken into account.

In another study, [18] the authors examined the relative effectiveness of choropleth
and isopleth maps, and how effectiveness was influenced by visual complexity. A gen-
eral distribution of population was presented using choropleth and isopleth maps. The
visual complexity was regarded as the degree to which the combination of map elements
(understood as a number, size, and distribution of delineated areas on the map) resulted
in a specific pattern. Two hypotheses were tested. The first was that isopleth maps are
more effective at communicating spatial distribution than choropleth maps. The second
hypothesis concerned the assumption that the effectiveness of map communication remains
constant with increasing complexity up to some critical level. However, beyond this level
effectiveness decreases while complexity increases. The author tested map pairs: one in
which the number of classes was held constant while the distribution was varied, and the
other in which the number of classes for a single distribution was varied. As a result, it
appeared that an increase in both the complexity of distribution and the number of classes
results in a decrease in map effectiveness in terms of pattern identification. What is more,
the changes in the complexity of distribution seemed to have more impact on the effec-
tiveness of pattern identification than the number of classes. It also seemed that general
map patterns were remembered better with isopleth than with choropleth maps, and so
the first hypothesis was accepted. The second hypothesis was only partially confirmed. It
was proved that with increasing map complexity the effectiveness decreases. However, the
hypothesized “critical” level of complexity, up to which the effectiveness would be constant
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and beyond which the effectiveness would decrease, was not found. The reason for this
could be that none of the maps used in the experiment had a level of visual complexity low
enough for the “critical level” to be manifested.

Spatial pattern recognition also plays an essential role in communicating geographic
statistics concerning health in a more effective manner. For the design of the Atlas of United
States Mortality at the National Center for Health Statistics (NCHS), a series of user studies
was conducted to determine how effectively readers extract statistical information from
choropleth maps [36–38]. The questions asked for statistical maps considered issues of
mortality rate in certain places, general pattern recognition concerning geographic trends
in the data or clusters of high- or low-rate areas, and the existence of mortality patterns
among males and females, or blacks and whites. The users were also asked about which
enumeration units were the most helpful in solving the tasks. As a result of the research, it
appeared that maps using familiar geographical units (US states) supported the recall of
information better than less familiar and smaller geographical units.

The similarity between choropleth maps has been empirically verified with regard to
map complexity [39,40]. In [39] the relative importance of three map attributes (correlation,
blackness, and complexity) for judging the similarity of choropleth maps was determined.
As a result of several analyses on variance procedures, it was concluded that blackness was
the most critical attribute for judging similarity, followed by correlation and complexity,
which were cited as being least important for judging choropleth map similarity. Based
on the presented empirical studies, it can be concluded that, to date, the influence of the
EUS has not gained enough attention and that there is a lack of comprehensive empirical
research considering various EUSs. Thus, after comprehensive research concerning the
optimal number of classes for choropleth maps [19], research concerning the influence of
the EUS on users’ ability to recognize spatial patterns, and aimed at defining an optimal
EUS range, seems to complement the previous works.

3. Materials and Methods

We conducted an empirical study to verify if choropleth maps with particular EUSs,
result in a more effective perception of characteristic patterns in data. We therefore ad-
dressed the research questions listed in Section 1 to approximating where the limit of the
EUS lies, after exceeding which, users lose the possibility of effectively perceiving the
spatial patterns presented on thematic maps.

3.1. Materials

Choropleth maps with eight EUSs were compared to a symbol map. The symbol map
assumes that every symbol (every dot) represents one geographical object. Some authors
name this kind of map a dot map arguing that a dot map is the result of a nominal map of
points [41]. A dot map may also be confused with a dot density map. Thus, we call this
kind of map a symbol map. For the purpose of this study, nine maps were designed. The
maps presented a fictional area and a fictional phenomenon. All maps presented the same
phenomenon but with different levels of generalization, which was expressed by the EUS.
The symbol map presented the distribution of the phenomenon in a discreet way and was
considered to be a presentation of the raw data. Based on the symbol map, eight choropleth
maps using hexagonal shaped units and a range of EUSs were prepared. Eight EUSs were
assessed, namely hexagonal units with an area of 2, 4, 8, 16, 32, 64, 128, and 256 km2. The
maps were carefully selected in a way that represented different sizes of EUS, from smaller
to larger. Every EUS is twice as big as the previous one; thus, they follow a geometrical
order. The smallest EUS (2 km2) is intentionally very close to the raw data (symbol map),
while the largest (256 km2) is quite distant from the raw data. The EUSs’ sizes were selected
in such a way as to represent various levels of generalization for choropleth maps. The
maps were generated in ArcMap 10.6.1 using the “generate tessellation” tool. The maps
were designed at 1:1,400,000 scale. Thus, 1 pixel equaled about 0.2 mm × 0.2 mm, and
1 mm2 equaled 25 pixels. The hexagonal unit sizes were recalculated into pixels. They
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correspond to 26, 52, 104, 208, 416, 832, 1664, and 3328 pixels (Figure 2). The maps were
assigned the letters from A to F in an unordered way, neither increasing nor decreasing in
the EUS order.
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3.2. Study Design and Tasks

One independent and three dependent variables were defined. The EUS was consid-
ered an independent variable. The dependent variables were: (1) answer time, (2) users’
preference for particular EUS for solving the given task, and (3) the expected response. The
expected response was applied due to the exploratory character of the tasks in this study.
The majority of the tasks applied in this research were tasks where there was no specific
correct answer (except T7: correct or incorrect spatial pattern). Instead, the most common
answer was explored. Thus, in the case of the majority of tasks, the expected response
metric was applied during data analysis. We provide further details and comments about
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time recording in Section 3.2 “Study design and tasks.” We decided to include answer time
as one of usability performance metrics. This metric is often applied in cartographic user
studies. The time recording was conducted using a tailored web application. The web
application was used to design the test, to display each task, and to record and save the
received answers and answer times. In order to omit answer time distortions that may
result from not focusing on the test during the whole time of test’s execution, we decided
that there would always be one participant from the project team present in the room
where the participants worked during the test.

Each participant solved seven tasks. Four tasks were open and three tasks were closed
(Table 1). Within the open questions, the users were asked to rank all choropleth map
variants according to their similarity or dissimilarity (exclusion) to the reference symbol
map (task 1 [T1] and task 2 [T2]). In T1 and T2, the symbol map and choropleth maps
along with all tested EUSs, were presented to the participants. In task 5 (T5) they were
asked to compare the symbol map with a choropleth map having a particular EUS in
order to find and draw, on both maps, the corresponding areas in which the presented
phenomenon was of similar shape and density. Further, they were asked to draw three
lines that corresponded with the phenomenon’s concentration on each map variant (task 6
[T6]). In T6, one choropleth map was presented to the users.

Table 1. Tasks that were tested in the study. The maps used in this table are presented in Supplementary Materials (Figure S1).

ID. Task Type Task Question Purpose of the Task Maps Presented

T1.
Order/rank

The maps from A to H show, in a simplified way,
the distribution of the phenomenon that is

shown on map X.
Arrange the maps that are labelled A to H in

order from best to worst to show how well they
represent the main features of the distribution of

the phenomenon

Obtain feedback from
the users concerning
the order of the maps,

in order to find the
optimal EUS range.

Eight choropleth maps
and the symbol map.

T2. Distinguish/exclude The maps from A to H show, in a simplified way,
the distribution of the phenomenon that is

shown on map X.
Write down the letter labels ONLY OF THOSE

maps that do NOT show the main features of the
distribution of the phenomenon.

Examine which EUSs
do not show the main
characteristics of the

phenomenon.

Eight choropleth maps
and the symbol map.

T3.
Compare/
Interpret

You have been asked to indicate the main
characteristics of the phenomenon presented on
map X. Evaluate the suitability of map Y for this

task.

Obtain feedback on
users’ preferences for a

particular EUS.

Map pairs: choropleth
map and the symbol

map.

T4.
Compare/
Interpret

Both presented maps show the phenomenon
with a different level of simplification. Select the
extent to which map Y reflects this phenomenon

in comparison to X.

Obtain feedback on the
level of similarity of

the particular
choropleth map to the

symbol map.

Map pairs: choropleth
map and the symbol

map.

T5.
Identify/draw

Both presented maps show the phenomenon
with a different level of simplification.

By using the left mouse button, draw on both
maps at least three corresponding areas where
the phenomenon’s shape and density is similar.
To finish the area, hover your mouse over the

first point drawn, wait for the “paws” to appear,
and then click the left mouse button.

To examine if the users
can find the areas with

the same shape and
density on

corresponding
choropleth map and

symbol map.

Map pairs: choropleth
map and the symbol

map.
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Table 1. Cont.

ID. Task Type Task Question Purpose of the Task Maps Presented

T6.
Identify/draw

The map shows the spatial distribution of the
selected phenomenon.

By using the left mouse button, draw at least
three lines on the map along which the

phenomenon is concentrated.
To end the line, double-click the left mouse

button quickly.

Examine if the users
can find the main axis

along which the
phenomenon is
concentrated.

One choropleth map.

T7.
Select Which of the dense areas marked on map X are

visible as a similar shape on map Y.
You can choose more than one answer.

Obtain information
from the users as to

which out of the four
areas marked on the

symbol map are visible
on the choropleth map

variant.

Map pairs: choropleth
map and the symbol

map.

Within the closed tasks, the users were to use a 5 steps Likert scale to show which
choropleth map (among all eight tested) they would prefer to use to describe the main
characteristics of the phenomenon presented on the symbol map (task 3 [T3]). In task 4,
again using a 5 step Likert scale, they answered the question asking how well the choropleth
maps with their different unit sizes reflect the main characteristics (spatial patterns) of the
phenomenon presented on the symbol map. For T3 and T4 again, map pairs consisting of
the symbol map and a choropleth map were presented to participants. Finally, in task 7
they were presented with a symbol map with four patterns marked (two of them were
correct and two incorrect) and a choropleth map. The participants had to choose which of
the four patterns presented on the symbol map could be found on the presented choropleth
map.

3.3. Procedure

The study was conducted in 22 high schools in 12 cities across Poland. The tasks were
presented through an application available in a web browser. In each task, one or more
maps were located at the left side of the screen, and the task description was located on the
right side (Figure 3).

Figure 3. The layout of one particular task in the study.

Before the study, the participants were informed that they were anonymously taking
part in a study concerning thematic maps and they were asked to work independently.
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They were briefly told how to mark their answers. However, the participants were not
disturbed during task solution once the test started.

After the main study, the participants were asked to fill in a personal questionnaire
with questions about the participants’ gender, age, and frequency of map use.

3.4. Participants

The participants constituted 488 high school students. The group consisted of
268 women and 220 men, 55% and 45%, respectively. The average age was 17, and ages
ranged between 15 and 20. Asked about using maps, 11% participants declared that they
used them every day, 32% once a week, 21% once a month, 19% once every few months, 6%
once a year, and 11% used maps less than once a year. Out of the total, 28% of the partici-
pants reported that they came from a city with a population above 200,000 inhabitants, 62%
came from a city with a population under 200,000 inhabitants, and 10% came from villages.
The participants were students from the two last years of high school education. Empirical
data was collected at the end of the school year; therefore, most participants had already
completed the majority of their courses, including those connected with map reading and
interpretation. We believe that they had received training to build their knowledge and
abilities similarly to most citizens who have completed this obligatory stage of education.

3.5. Data Analysis

Chi-square and Cramér’s V tests were used for the statistical inference to determine
which EUS was most often selected for the tasks and perceived as presenting similar
patterns to the raw, symbol map. Response times were analyzed using the Kolmogorov–
Smirnov test and the Kruskal–Wallis test with Bonferroni’s correction. Additionally, a
pairwise analysis was performed, which concerned the statistical differences between the
EUSs. These were conducted between consecutively tested EUSs, since we wanted to
indicate the range sizes resulting from better scores, therefore the upper and lower border
of the range aimed to check when the effect began to be visible and when it ended. The
analyses were carried out using SPSS software.

4. Results

In this section we report the results by considering two metrics: the expected answers
and the answer time. Within the collected answers, we report the results of particular tasks,
organizing the tasks into three groups that are related to the research questions specified
in the Introduction. The first task group concerns Map ranking and map exclusion (T1
and T2), and is related to RQ1. The second considers User preferences: usefulness and
degree of similarity (T3 and T4), and is thus related to RQ2. The third task group deals
with Spatial pattern recognition (T5, T6, T7), and addresses RQ3.

4.1. Expected Answers
4.1.1. Map Ordering and Map Exclusion

Task 1 (T1) concerned ordering the maps: beginning with the map that best shows
the main feature of the distribution of phenomenon. The data collected within this task
was filtered and analyzed. The sequences indicated by only one user were excluded from
further analysis; there were 136 sequences of this kind out of 488, which constitutes 28% of
all sequences. The repeating sequences of EUSs were summarized. Among these, there
were 23 different sequences. The most frequent sequences are presented in Figure 4.
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Figure 4. The most frequent EUS sequences made by participants.

The most frequent EUS sequence was the sequence in which the EUS was in perfectly
increasing order (33% answers). The second most frequent sequence was a reverse of the
previous one: EUSs were in a decreasing order (18%). It is possible that in the cases where
sequences are in reverse order, the users might not have understood the question properly.
Therefore, the most frequent sequence, together with its reversed version, constitutes 51%.

Moreover, as we can see in Figure 4, in two out of six cases (or in 3 out of 6 if we take
the reversed order sequence into account), the smallest EUS (marked with the letter “A”
with the darkest background) is not ranked by the users as most similar to the symbol
map. We can note this in the case of the fourth (CAEHBGFD) and fifth (ECAHBGFD) most
frequent EUS sequences. They constitute, in sum, only 5% of the users’ answers. This
means that every 20th user does not directly apply the EUS that is too small or too close to
the symbol map. Based on this, we cannot clearly define the lower limit for the preferred
EUS. On the other hand, the upper limit of the EUS range is more clearly visible based on
the answers for task 1. In four out of six sequences in this task the users indicated the five
largest EUSs (labelled with H, B, G, F, D on Figure 2) as being least similar to the symbol
map. This means that the larger the EUS gets, the less similar it becomes to the symbol
map.

In task 2 we wanted to examine which EUS did not show (according to users) the
main characteristics of the phenomenon presented on the symbol map.

Based on the results of task 2, we can see the upper limit of the EUS range as the
three largest EUSs, and are most often indicated as being those that do not show the main
characteristics (Figure 5). This results in 17% of indications being for 832 pixels, 23% of
indications being for 1664 pixels, and 24% of users’ indications being for 3328 pixels. This
constitutes 64% of all users’ choices. At the same time, similar to the task 1 results, it is not
clear from the task 2 results where the lower enumeration size limit lies. This limit is not as
clearly indicated by the users as the upper limit.

4.1.2. Perceived Usefulness and Degree of Similarity between EUS and Raw Data

In task 3, we wanted to obtain feedback on users’ preferences, namely the perceived
usefulness and suitability of a particular EUS for indicating the main characteristics of the
phenomenon presented on the symbol map (raw data). Participants were asked to rate
the usefulness on a 5-point Likert scale, from very unuseful to very useful. The results are
presented in Figure 6 and Table 2.
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The statistically significant differences were between four pairs of EUSs: 52 and
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Figure 6. Participants’ ratings concerning the usefulness of particular EUSs for indicating the main
characteristics of the phenomenon presented on the symbol map, * p < 0.05, *** p ≤ 0.001.
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Table 2. The pairwise comparison of the collected answers for task 3. * p < 0.05, *** p ≤ 0.001.

Cramér’s V p Pairwise
Comparison Cramér’s V p

0.319 <0.001 ***

26–52 0.128 0.096
52–104 0.160 0.014 *
104–208 0.105 0.243
208–416 0.258 <0.001 ***
416–832 0.304 <0.001 ***

832–1664 0.117 0.155
1664–3328 0.223 <0.001 ***

In task 4, participants were asked to rate the degree of similarity between a map with
a particular EUS and the symbol map. Participants were asked to rate the similarity on a
5-point Likert scale, from not similar to very similar. The results of this task are presented
in Figure 7 and Table 3.

Figure 7. Participants’ ratings concerning the degree of similarity between a particular EUS and the
symbol map, *** p ≤ 0.001.

Table 3. The pairwise comparison of collected answers for task 4. *** p ≤ 0.001.

Cramér’s V p Pairwise
Comparison Cramér’s V p

0.376 <0.001 ***

26–52 0.297 <0.001 ***
52–104 0.132 0.077
104–208 0.088 0.442
208–416 0.455 <0.001 ***
416–832 0.339 <0.001 ***

832–1664 0.107 0.228
1664–3328 0.286 <0.001 ***

Similarly to task 3, the users point to the choropleth map with smaller EUSs as being
more similar to the symbol map. However, there is one exception to this rule: the choropleth
map with a EUS of 1664 pixels was selected by some users as the one that reflects spatial
patterns better than the choropleth map, which had a smaller EUS of 832 pixels.

Based on the pairwise comparison in Table 3, we can see that the difference between
26 and 52 pixels was statistically significant (V = 0.297, p < 0.001). The differences be-
tween the following pairs were also statistically significant: 208 and 416 pixels (V = 0.455,
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p < 0.001), 416 and 832 pixels (V = 0.339, p < 0.001), and 1664 and 3328 pixels (V = 0.286,
p < 0.001).

4.1.3. Spatial Pattern Recognition

In task 5, the users were presented with pairs of maps—the symbol map together
with a particular EUS—and were asked to identify and draw areas of similar shape and
density on both maps. In T6, the users were presented with one map, namely a choropleth
map with a particular EUS. They were asked to identify and draw at least three lines along
which the phenomenon was concentrated. For the purpose of map vectorization analysis,
the following methodology was adopted.

The collected answers, in the form of drawings, were analyzed using ArcMap 10.6.1
in the local coordinate system. To calculate an average for the most commonly vectorized
polygon, a net of rectangular squares was overlaid on the drawn polygons. The cell size
of the net was the same for all tested enumeration units and equaled two square units
in the local ArcMap coordinate system. Then, the net was intersected with the polygons
that had been vectorized by the users, for each enumeration unit. The resulting table of
the intersection was joined to the net layer and based on the sum of the area in each cell
(Figure 8). The resulting maps were unified in terms of the data classification. Manual
classification was adopted with the same break values for each enumeration unit to enable
a comparison of the results between all tested EUSs. For T6 the adopted methodology
was designed in the same way, with the exception that in the resulting map the sum of
the length of the lines drawn by the users were used for the design of the thematic map
(Figure 9).

Figure 8. Results of T5 vectorization task analysis.
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Figure 9. Results of T6 vectorization task analysis.

The users were consistent in finding spatial patterns in task 5. In all resulting images,
we can see they drew across three main areas of the phenomenon’s concentration. For
both the two smallest EUSs (26 and 52 pixels), as well as for the larger EUSs (416, 832
and 3328 pixels), the picture is more blurred, and the polygons are larger and less specific.
However, for 1664 pixels the images of the spatial patterns are well preserved, although
this EUS is larger. The most consistent view of the spatial pattern seems to be presented on
the choropleth map with an EUS of 104 pixels.

The users’ answers for task 6 differ between the various EUSs. In the case of the two
largest EUSs, namely 1664 and 3328 pixels, the lines along which the phenomenon was
concentrated are less visible and more blurred, especially in the case of the 3328 pixels
enumeration unit.

In task 7 the users were given two maps: the symbol map and a map with a particular
EUS. Based on the spatial distribution of the presented phenomenon on the symbol map,
four spatial patterns were marked. Two of these were correct and two were incorrect.
The users were asked which of the areas of similar density presented on the symbol map
they could also identify on the choropleth map variant. Users could choose more than
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one answer. The results, presented in Figure 10, show the correct answers of participants
using different EUSs. Table 4 presents the pairwise comparison of the collected answers for
task 7.

Figure 10. Participants’ answers concerning being able to distinguish correct and incorrect spatial
patterns according to particular enumeration unit sizes, *** p ≤ 0.001.

Table 4. The pairwise comparison of collected answers for task 7, *** p ≤ 0.001, ** p < 0.01.

Cramér’s V p Pairwise
Comparison Cramér’s V p

0.109 0.002 **

26–52 0.004 0.921
52–104 0.026 0.567
104–208 0.018 0.696
208–416 0.022 0.663
416–832 0.030 0.500

832–1664 0.035 0.442
1664–3328 0.204 <0.001 ***

Statistically significant differences were noted only between 1664- and 3328-pixel EUSs (V = 0.204, p < 0.001). The
highest mean of correct answers was noted for 1664 pixels (36.9%), and the percentage of the highest mean of
incorrect answers corresponded to 3328 pixels (81.3%).

4.2. Answer Times

Based on the answer time analysis, we can note that out of the analyzed tasks, T1 was
the most time consuming (M = 93.04 s, SD = 38.83). Task T2 was also quite challenging
for the users (M = 41.06 s, SD = 18.29). While the tasks concerning user preferences (T3
and T4) were less time consuming than T1 and T2. The average answer time for T3 was
M = 16.74 s, SD = 12.52 and for T4 was M = 11.06 s, SD = 7.83. The average answer time
for T7 was M = 14.97 s and SD = 12.13. Therefore, the least time consuming and the less
complicated task for the users was T4.

For further pairwise analysis, the tasks concerning usefulness, degree of similarity,
and spatial pattern recognition (T3, T4, and T7) were taken into account. The tasks that
concerned map ranking and exclusion (T1 and T2) were excluded from the detailed pairwise
analysis as they do not concern the independent variable: the EUS. Tasks T5 and T6
were excluded from the answer time analysis as they concerned pattern vectorization
and therefore participants’ drawing skills may have affected their answer times, not the
perceived patterns.
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4.2.1. Usefulness and Degree of Similarity—Answer Time Comparison

For T3 and T4, pairwise time comparison analysis was conducted to compare the
answer times between pairs of EUSs (Figures 11 and 12).
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Based on Table 5, we can see that statistically significant differences were noted
between all pairs of EUSs.
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Table 5. The pairwise comparison of the answer times for task 3, *** p ≤ 0.001.

Kruskal-Wallis
H p Pairwise

Comparison EUS M (s) SD Bonferroni
Post Hoc p

894.730 0.000 ***

26–52
26 30.76 12.80

851.701 0.000 ***52 11.98 8.16

52–104
52 11.98 8.16 −757.134 0.000 ***104 28.41 14.18

104–208
104 28.41 14.18

656.095 0.000 ***208 13.79 10.84

208–416
208 13.79 10.84 −212.385 0.001 ***416 16.67 8.55

416–832
416 16.67 8.55

518.533 0.000 ***832 8.86 5.42

832–1664
832 8.86 5.42 −435.960 0.000 ***1664 15.15 8.28

1664–3328
1664 15.15 8.28

486.988 0.000 ***3328 8.36 6.08

The results of the pairwise comparison for T4 are presented in Figure 12 and the
details of the pairwise comparison for T4 are presented in Table 6.

Table 6. Task 4 and the pairwise comparison of the answer times, * p < 0.05, *** p ≤ 0.001.

Kruskal-Wallis
H p Pairwise

Comparison EUS M (s) SD Bonferroni
Post Hoc p

459.721 0.000 ***

26–52
26 9.06 5.33 −57.762 1.00052 9.95 6.58

52–104
52 9.95 6.58

170.827 0.025 *104 8.19 5.76

104–208
104 8.19 5.76 −213.120 0.001 ***208 10.28 6.32

208–416
208 10.28 6.32 −524.353 0.000 ***416 18.07 9.08

416–832
416 18.07 9.08

696.988 0.000 ***832 8.63 5.94

832–1664
832 8.63 5.94 −595.254 0.000 ***1664 16.46 9.52

1664–3328
1664 16.46 9.52

471.456 0.000 ***3328 7.84 5.45

Based on Table 6, we can see that statistically significant differences were noted
between all pairs of successive EUSs, with the exception of 26 and 56 pixels.

4.2.2. Spatial Pattern Recognition—Answer Time Analysis

For T7, pairwise time comparison analysis was conducted to compare the answer time
between pairs of EUSs (Figure 13).
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Based on the pairwise comparison presented in Table 7, we can see that statistically
significant differences were noted between all EUS pairs.

Table 7. Task 7 and the pairwise comparison of the answer times, *** p ≤ 0.001.

Kruskal-Wallis
H p Pairwise

Comparison EUS M (s) SD Bonferroni
Post Hoc p

727.114 0.000 ***

26–52
26 27.41 16.16

812.713 0.000 ***52 10.25 6.75

52–104
52 10.25 6.75 −813.374 0.000 ***104 26.37 13.63

104–208
104 26.37 13.63

836.863 0.000 ***208 9.60 5.13

208–416
208 9.60 5.13 −290.803 0.000 ***416 14.21 11.42

416–832
416 14.21 11.42

323.480 0.000 ***832 9.56 6.24

832–1664
832 9.56 6.24 −240.432 0.000 ***1664 12.25 6.86

1664–3328
1664 12.25 6.86

211.973 0.001 ***3328 10.04 6.61

5. Discussion

To find the optimal generalization level for choropleth maps, as expressed by the EUS,
where the spatial patterns present in the data are adequately transformed and recognized
by the user, we conducted an empirical study among 488 high school students. We used
a symbol map as a raw data presentation and choropleth maps with eight EUSs, ranging
from 2, 4, 8, 16, 32, 64, 128, and 256 km2, and corresponding respectively to 26, 52, 104, 208,
416, 832, 1664, and 3328 pixels. We formulated three research questions: RQ1 concerning
choropleth map ordering and map exclusion, RQ2 concerning user preferences, and RQ3
concerning users’ ability to recognize spatial patterns. The presented research aimed to
approximate the answer as to where the limit lies, expressed by the EUS, which, after
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exceeding the limit, the user loses the possibility of correct and effective perception of the
spatial patterns presented on choropleth maps, as suggested in [11,21,22]. The discussion
section is organized according to the stated research questions.

RQ1. Is the estimated similarity to the raw data presentation proportional to the EUS
applied in a choropleth map?

For map ordering and map exclusion tasks (T1 and T2) the observations are quite
consistent. In T1, concerning ranking the choropleth map variants from the most to the
least similar against the symbol map, the users chose most often the sequence in which
the EUSs were organized in an increasing unit size order. When we take into account
the six most indicated sequences (Figure 4), we realize that in all cases, the smaller EUSs
were pointed to as being most similar, while the larger EUSs, also quite consistently, were
indicated as being least similar. These results clearly show that the users considered maps
with larger EUS to be those that did not show the main characteristics of the distribution of
the phenomenon presented on the symbol map. This confirms earlier suggestions found
in the literature, that in case of too large an enumeration unit, spatial patterns are less
clearly visible [11,21,22]. The results of T2 are mostly in line with T1: the users’ task was
to indicate which of the choropleth maps, with their particular EUSs, do not show the
main characteristics of the phenomenon presented on the symbol map. As a result, the
users pointed most often to the maps with larger EUSs (1664 and 3328 pixels). On the other
hand, the smallest tested enumeration units (26 and 52 pixels) were also often excluded
(in sum, by 17% of users). Therefore, we can conclude that as well as the too large EUSs,
the too small units were also not convenient for showing the distribution properly. Yet,
the smallest sizes did not give such clear and uniform answers as did the largest. In both
tasks, the preference for smaller EUSs is visible. At the same time, it is difficult, based
on these two tasks, to indicate a sharp limit or range for EUSs, the application of which
makes it possible to effectively convey spatial patterns. Nevertheless, we can answer RQ1
positively, as the results confirm that the estimated similarity to the raw data presentation
is indeed proportional to an EUS applied in choropleth maps.

RQ2. Does the user’s preference for specific EUSs coincide with the ability to recognize
spatial patterns?

The users’ preferences according to the usefulness (T3) and similarity (T4) of particular
choropleth map variants follow the same tendency. In both T3 and T4, smaller EUSs were,
in the majority, evaluated as being those that were most suitable for indicating the main
characteristics of the phenomenon presented on the symbol map, in contrast to choropleth
maps with larger EUSs, which were indicated as being less useful for this task. This is
also confirmed in earlier research, where the authors conclude that the larger units are
less useful [36–38]. However, there are some interesting findings and exceptions. In T3,
the choropleth map variant with the smallest EUS (26 pixels) was indicated as being more
useful than the neighboring tested unit size of 52 pixels. There were, however, statistically
significant differences between 208 and 416 pixels, and 416 and 832 pixels, as well as
between 1664 and 3328 pixels. Within these EUS pairs, the smaller EUSs were perceived
by users as being better in each case. The difference between 416 and 832 pixels is quite
evident in the case of T3. In T4, a statistically significant difference between 208 and
416 pixels as well as 416 and 832 pixels can also be noted, similar to T3. This shows that, in
general, for T3 and T4, the users evaluated smaller EUSs (52, 104, and 208 pixels) as being
better and more helpful for pattern recognition tasks. On the other hand, we can make
quite an interesting observation in the case of T4, where the choropleth map variant with a
larger EUS (1664 pixels) was indicated as being both similar and useful compared to the
symbol map. This may indicate that it is not always the larger EUSs that are evaluated as
not useful. This is also confirmed in earlier research [26–28,35]. The authors note that a
map at fine scale offers more insights into local pattern identification. However, they also
note that global spatial patterns are sometimes more evident at a coarser scale than at a
finer one.
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The results of the pairwise answer time comparison analysis conducted for T3 and
T4 are also interesting. For T3, the most time-consuming tasks were for 26 and 104 pixels,
while the least time consuming were for 3328 and 1664 pixels. In the case of T4, the most
time consuming were 416 and 1664 pixels, while the least time consuming were the 3328-
and 832-pixel EUSs. On the other hand, in the case of T4, in general the users needed
more time to solve the task for larger than for smaller EUSs. Based on the answer time
analysis we can see that answer time is not proportional to EUS increase, it varies for
different EUSs. Thus, we can see that the short answer times could result for various
reasons, either the spatial patterns were evident and the users were fast in answering, or
the spatial patterns were so blurred that the users neglected them while solving the tasks.
Based on these findings we can answer RQ2 only partially in the positive, as the findings
confirm that, as a general rule, the users prefer and indicate smaller EUSs as being more
helpful in recognizing spatial patterns, however, this has not been reflected in the answer
time analysis. Thus, this question needs further investigations.

RQ3. Is the ability to recognize spatial patterns related to the EUS?
Out of all the tasks, T5 and T6 were the most challenging and took more time to

solve. In the case of T5, the users were asked to draw polygons for phenomenon that
had similar shape and density. The users noticed and drew patterns of various shapes,
including triangle, square, and circle shapes, similarly to the research conducted in [34].
For T5, the most visible and distinct patterns were identified for enumeration units not
at the extreme (max and min) sizes: 104 and 1664 pixels. The most blurred patterns were
identified for the smallest (26, 208) and the largest (3328 pixels). These results show that
both the smallest and the largest tested EUSs seemed not to be an optimal solution for
spatial pattern recognition. This proves that there exists an optimal EUS range, however, it
is difficult to indicate the upper and lower border of this range. This observation is in-line
with earlier research [18]. Surprisingly, for one of the largest unit sizes (1664 pixels) the
patterns were clearly marked. This result is consistent with T4. In the case of T6 the most
blurred patterns are also identified in the case of largest enumeration units. The most
visible and distinct patterns are indicated for smaller and middle EUSs. However, the users
were also able to identify the main characteristics of the presented phenomenon. A spatial
pattern recognition task was also expected from the users in T7. In T7, the indications
closest to the correct answer were achieved for middle EUSs. Out of the larger enumeration
units, in the case of 1664 pixels EUS, the biggest percentage of correct answers was achieved.
The least performing enumeration unit was 3328 pixels. The pairwise comparison between
1664 and 3328 pixels shows a statistically significant difference. This shows that the EUS
with 1664 is better evaluated than the 3328 pixels EUS. The results of T5, T6, and T7 confirm
the general trends visible in other tasks’ results.

In terms of answer time analysis for T7, the most time consuming were the 26- and
104-pixel EUSs, while the least time consuming were the 832-, 208-, and 26-pixel EUSs. This
result is consistent with the answer time analysis for T3, the users needed more time to
solve the tasks for smaller enumeration units than for larger EUSs, but a decrease in answer
time is not directly connected with a decrease in the EUS. Thus, in the case of RQ3 we can
answer that the ability to recognize spatial patterns is definitely related to the EUS. The
users performed better in middle EUSs, namely from 104 to 1664 pixels, than in the smaller
(26 and 52 pixels) or the largest (3328 pixels).

6. Conclusions

In this paper, we aimed to contribute to finding the optimal generalization level
in choropleth maps. The generalization level was expressed as the EUS. Eight EUSs of
hexagonal shape were considered. We evaluated selected EUSs by conducting a user study
with 488 high school students. We wanted to specify the enumeration unit range at which
the spatial patterns of the presented phenomenon are retained and at which it is possible for
the patterns to be noticed by users. The findings of this research show that specifying the
optimal EUS is a challenging and not straightforward task. The conducted study confirms
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previous opinions [11,21,22] that, in general, the smaller EUSs are perceived by users as
being more optimal than the larger. However, it was also noted that spatial patterns are
sometimes more evident at a coarser scale than at a finer one, thus we can conclude that
not all large EUSs are unuseful. This also confirms earlier conclusions [26–28,35]. Based
on the conducted study we conclude that the largest EUS (3328 pixels) is the least useful
for pattern recognition—in all tasks it performed the worst. The smallest EUSs (26 and
52 pixels) seem also not to be optimal, as they performed well in less than half of the tasks
(2 out of 7 tasks). Thus, based on the results of all the analyses, we can conclude that the
optimal EUS range is between 104 and 1664 pixels, however, similar to earlier research [18],
at this stage we are not able to specify the sharp borders of the optimal EUS range.

As shown in the Related works section there are not many studies investigating
this issue, and there are many problems to be analyzed within this topic, for example,
comparing between the different types of distribution of the studied phenomenon, and
of different levels of clustering. As in the case of every study, the collected results should
be transferred carefully, with all the limitations considered. To omit, at least partially, this
challenge we decided to define the tested EUSs in pixels in order to be able to refer to other
enumeration units of different areas and presented in different map scales to those applied
in this study. We are aware that because equal sized enumeration units have been applied,
it is difficult to directly transfer the result to every other type of choropleth map, including
the most commonly used choropleth maps with administrative units. However, we believe
that the collected results can be considered a starting point for further investigations, also
in regard to more common map types. As a first step, we believe it is worthwhile relating
the results to shapes other than the hexagon shape applied to the Equal Area Unit Map
(EAUM), for example, triangles. As a further consideration, the typical choropleth map
with administrative units could be considered. In conducting research on EUSs, especially
concerning geographical units and EAUM aggregation, one has to be aware and carefully
consider the MAUP problem, especially its scale effect aspect [29–33].

Moreover, this research is important not only from the point of view of thematic
mapping, especially choropleth maps, but also because it has the potential to be used in
topographic mapping for the purpose of spatial pattern recognition and the evaluation
of cartographic generalization results. Therefore, the collected findings require further
analysis and investigation in order to determine the optimal EUS and formulate a general
rule of thumb.
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Korycka-Skorupa, Tomasz Nowacki; visualization, Izabela Karsznia.; supervision, project administra-
tion, funding acquisition, Izabela Małgorzata Gołębiowska, Jolanta Korycka-Skorupa and Izabela
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