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Abstract—Both in digital and print media, it is common to use static maps to show the evolution of values in various regions over time.

The ability to communicate local or global trends, while reducing the cognitive load on readers, is of vital importance for an audience

that is not always well versed in map interpretation. This study aims to measure the efficiency of four static maps (choropleth, tile grid

map and their banded versions) to test their usefulness in presenting changes over time from a user experience perspective. We first

evaluate the effectiveness of these map types by quantitative performance analysis (time and success rates). In a second phase, we

gather qualitative data to detect which type of map favors decision-making. On a quantitative level, our results show that certain types

of maps work better to show global trends, while other types are more useful when analyzing regional trends or detecting the regions

that fit a specific pattern. On a qualitative level, those representations which are already familiar to the user are often better valued

despite having lower measured success rates.

Index Terms—Information visualization, cognition, static maps, user interfaces, perception
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1 INTRODUCTION

SINCE ancient times maps have been used as visual repre-
sentations linked to the expression of temporal evolu-

tion. As far back as Roman times, they were used for the
administrative management of the regions of the empire, as
well as for the planning of military campaigns [1], [2].

It is from the seventeenth century and the rise of social
cartography when maps began to be used to link geospatial
components to certain periods of time and the changes
which occurred during these periods [3], [4].

If we explore the diverse and numerous representations
in temporal evolution through the use of maps, we find sol-
utions that range from the most creative to the most practi-
cal, with applications in national, regional and even urban
areas [3], [5], [6]. The use of maps to express temporal evolu-
tion contemplates multiple representations (point maps,
bubble maps, line and flow maps, heat maps, etc.) [7], but
most of these representations (due to the rise of digital tech-
nology) lean towards the use of animation mechanisms to

favor the sensation of continuity between the different time
steps represented on the maps [8].

However, the use of static maps is still present today in
the information we consume. For example, scientific or tech-
nical reports used by public or private organizations which
seek to make information more accessible to their readers
[9], [10]. Furthermore, divulgative material and reports
used in media such as newspapers, magazines and their
digital counterparts, intended for the general public, pay
special attention to using visual and written resources
which are more familiar and comprehensible to their read-
ers [11], [12], [13], [14], [15].

The most familiar geospatial representation used to show
changes over time is the choropleth map. It is popular both
with expert and non-expert audiences in the field of visualiza-
tion [16], [17], [18]. However, due to an inherent area-size bias
problem, choropleth maps make communicating trends in
data more problematic. A clear alternative could be the use of
tile grid maps, but they in turn, present their own identifica-
tion problems [19], [20], [21], [22] and are not so familiar to a
general audience. Recent studies propose new versions
(banded maps) of traditional choropleths, employing visual
and intuitivemetaphors that seek to favor the communication
of changing social phenomena [23]. However, measuring
how effectively these maps communicate temporal changes
in informative scenarios (press, reports, online news, etc.), as
well as their limitations, is essential when using them as a
visual reinforcementmechanism.

In this paper, we evaluate four types of maps (choro-
pleth, tile grid maps and their banded versions). We first
study their effectiveness by quantitative performance analy-
sis (time and success rates) with a controlled experiment.
Second, we gather qualitative data to identify which type of
map better favors decision-making. With this double evalu-
ation, we intend to analyze whether there is any bias that
may interfere between the real effectiveness of each map
and the users’ perception of effectiveness [24], [25].
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2 PREVIOUS WORK

2.1 Choropleth and Tile Grid Map Considerations

Choropleth maps are a widely known representation and
are common in media communications because they are
popular with the target audiences. The use of these repre-
sentations to illustrate articles, helps readers to understand
the news items which they accompany, as well as to
improve the perception of reliability [26], [27], [28]. How-
ever, despite their familiarity for many audiences, choro-
pleth maps present some associated problems such as
“dark-is-more bias” (i.e ranking of color lightness percep-
tion), the “area-size bias” (i.e small areas are less dominant
than larger ones) and the “data-classification effect” (the
established classification intervals used to detect patterns)
[29], [30]. Tile grid maps, a kind of cartogram (see Fig. 1b),
are another widely used representation that communicates,
and in an effective manner, broader trends and patterns
summarizing data [31]. They represent the different areas of
the map using uniform size and shapes (often squares) and
are arranged close to their real-world positions. The key to
cartogram design is to use distortion or metaphors to
change the size, shape, boundaries and/or geographical
representation of regions, depending on statistical parame-
ters or following a conceptual convention, but in a way that
keeps the map recognizable to the reader [32], [33]. While
less common, tile grid maps and their variants [34] offer an
improvement over choropleth maps: for example, in solving
the problem of distortion resulting from “area-size bias”
[35], [36], [37]. However, we must take into account some of

their known limitations such as lookalike aspects (they
must bear a resemblance to the original map), topology and
inaccuracy (neighboring areas must be maintained), and
misdirection (relative positions between neighboring areas
must be close to reality) in order to avoid misinterpretation
[38], [39]. In addition, not all geographies can be easily rep-
resented in a conceptual manner, while at the same time
maintaining their capabilities to be identified without
resorting to the use of legends, labels or geographical visual
clues [40], [41]. In the same way, another drawback is that
they are often used as a creative solution instead of as a
cartographic projection used to analyze a particular prob-
lem [21].

To illustrate this, we can analyse the representation of the
map of London using blocks of the same size to represent
each neighborhood. This visualization takes advantage of
The River Thames, using its meanders to provide a visual
clue within the structure of the map as a metaphor that
helps the audience to identify the city [42]. Nevertheless, we
must bear in mind that these representations may not be
easily identified by people who are not familiar with the
geography of the area. Therefore, it is necessary to use text
references (see Fig. 1) to ensure the correct identification of
the regions on the map [43]. Depending on the map and its
topography, we must also take into account human percep-
tion rules such as figure-ground, depth, readability, identifi-
cation, and balance [44]. The specific characteristics of the
data (i.e., number of categories to show, magnitudes of the
values of the different regions or areas, etc.) also force and
limit us to using specific visualizations linked to a certain
use-context [45]. Apart from the map representation itself,
other factors such as visual search patterns and cognition
must be considered in order to measure the efficiency of the
alternatives discussed above. The analysis of visual search
patterns on maps is a complicated process as it involves
complex cognitive operations, which include the detection
of relationships and the identification of different visual
encodings (location, size, color, shape, etc.). The perception
of maps requires the identification of a greater number of
symbols in a greater range of variability, in which short-
term memory is insufficient to cover the global analysis of a
task [46], [47].

2.2 Communicating Changes Over Time Through
the Use of Static Maps

If we focus our attention on the problems related to the
representation of change over time, the multiple static map
strategy juxtaposes two or more maps to provide a simulta-
neous visual comparison in specific time units or snapshots.
A possible solution could be to employ dynamic strategies
to present the maps in a temporal sequence or through an
evolution of a geographical pattern using various sequences
to favor memory processes [48], [49], [50].

However, these techniques also have limitations: the
constraints of the human visual system (change blindness,
foveal and peripheral attention) suggest that humans often
do not easily perceive changes within dynamic graphics [51],
[52]. Hence the importance of taking into account these bar-
riers of limited visual and cognitive user processing capabili-
ties when designing time-related map representations.

Fig. 1. Visualisations evaluated in the study: First, small multiple maps
using Choropleth (a) and Tile Grid map (b). Second, their banded ver-
sions, unifying in the same map three different time steps: Banded Cho-
ropleth [23] (c) and Banded Tile Grid map (d).
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Studies on the cognitive effects and differences between the
use of static and animated maps, lead us to solutions such as
providing user instructions and the division of maps into
fragments to help the users focus their attention on the rele-
vant areas [53].

Du et al. (2018), proposed a novel visualization technique
which attempts to solve the time dynamic sequencing issue:
The banded choropleth map (see Fig. 1d), which divides
subregions of a map into partitions of the same area to rep-
resent different time steps [23]. This technique makes better
use of space than representations of small multiples, and
performs better than animations, where it would have been
necessary to consume both more memory and cognitive
resources. However, it inherits the aforementioned prob-
lems associated with its precursor: the choropleth map.

3 EXPERIMENT

We assessed the effectiveness of these static maps by per-
formance (in terms of completion time and success rate)
for the proposed visualization tasks. We also studied the
perceived effectiveness (level of usefulness of each map
to perform each task) and the comments shared by
participants.

3.1 Maps Under Study

We focused our study on measuring the effectiveness of
the most widely used representation in the media to com-
municate social data over time: the choropleth [54], [55].
We also included one of its simplest alternatives, the tile
grid map, that solves its area associated bias [19], [29],
[30]. For both maps, we added two other new alternatives,
based on a recent study: the banded maps, in order to com-
pare their effectiveness in showing temporal changes in
static scenarios [23]. There are other cartographic alterna-
tives to choropleth maps that we did not consider such as
graduated symbols or isoline maps [34] as when compar-
ing their performance, the choropleth map is the most
familiar, and the easiest alternative for solving several
tasks [17].

Throughout this paper we will evaluate two different
kinds of representations:

1) Representations which use a different map for each
time step and which we refer to as small multiple rep-
resentations. These include choropleth and tile grid
maps (see Fig. 1a and Fig. 1b).

2) Representations which combine the time steps
within the same map and which we refer to as banded
representations. These include banded choropleth and
banded tile grid maps (see Fig. 1c and Fig. 1d).

As aforementioned, we left out other popular representa-
tions such as isoline maps or heat maps as they frequently
present multiple simultaneous points of interest that change
in a clear spatial direction [56], [57], [58]. An example of this
is found in contour maps and uncertainty cones, which are
commonly used in the communication of weather or atmo-
spheric data.

3.2 Task Selection and Design

Our objective was to evaluate the effectiveness of choropleth
and tile grid maps, and their banded versions, to show
changes over time. We chose the tile grid map as an alterna-
tive to the choropleth as it overcomes some of its limitations
(as mentioned in the previous sections) [30]. We aimed to
conduct an experiment that covered the most common and
possible tasks related to changes over time. The final tasks set
out in the test were taken from a list of all the combinations
for the three variables included in the study (region, time
step, and value) and then the tasks which did not involve any
changes over time were discarded (see Table 1 in the Supple-
mentary material, which can be found on the Computer Soci-
ety Digital Library at http://doi.ieeecomputersociety.org/
10.1109/TVCG.2022.3188940) [59]. All the tasks included a
change of value in one or more areas (or regions) of the map
for one or more time steps. The statements of the tasks also
described everyday questions that users frequently have to
answer while analysing and exploring these time related sce-
narios, andwere based on the insights compiled from the ini-
tial user research phase.

Once these questions had been set, we reviewed them
with potential users in order to define which questions and
tasks they wanted to answer and perform while working
with the maps. We also discussed the intended use of each
selected type of task and a representative statement for each
one. As a result, the final selected tasks were the following:

1) Task 1. Detect trends within a specific region. Task
statement: Could you describe the evolution of
COVID-19 new cases for region number n (region
name) over time (t1, t2, t3)?

2) Task 2. Identify the regions that meet certain condi-
tions (evolution patterns) over time. Task statement:
Could you name five regions that have remained

TABLE 1
Summary of the Most Frequent Comments Organized by Category, Map Type and Task

Task Map Comment Freq.

1 BC-BT Banded representations favour the task because of the proximity between maps 13
1 Ch–Tg Difficulty to locate a region depending on its position, boundary regions and their color 9

2 BC-BT Banded representations favour the task due to the proximity between maps 9
2 BC-BT Small multiple maps require a random search pattern 9
2 BC-BT Small multiple maps require more cognitive load and concentration 8

3 BC-BT Banded versions are too complex to establish a pattern 17
3 Ch Choropleth is perceived as the better representation due to its familiarity 9
3 Tg Tile grid map favours the task 5
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stable in terms of number of new cases throughout
these three periods of time?

3) Task 3. Determine the global trend (all regions) over
time. Statement: Could you determine what the
global trend for all of Catalonia was over time?

We classify these tasks based on Bertin’s taxonomy based
about the level of analysis [60] and in turn on the attributes
presented in each representation [61]. Based on this, we can
differentiate between 1.Elementary tasks, referring to indi-
vidual elements (Task 1 and Task 2) or 2. Synoptic tasks,
referring to the whole reference set (Task 3). In turn, these
three tasks can be classified according to their objective and
the relationships established in each representation. Task 1,
for example, is oriented towards a specific target (or region),
as is Task 3, which aims to identify the overall trend of a
given territory. Task 2, however, is based on a number of
conditions that can be translated into constraints: Identify a
number of regions that meet a specific pattern [61].

3.3 Hypotheses Formulation

Our hypotheses are derived from prior cartogram evalua-
tions, perception studies, popular critiques of cartograms
and tile grid maps and previous research on geo-temporal
representations [50], [62], [63]. The most common observa-
tions refer to area-size bias in the case of choropleths and
shape distortions in the case of tile grid maps. Although
these conceptual representations may hinder the recogni-
tion of familiar geographic regions [21], they do solve the
area-size bias problem associated with choropleths [30]. It is
suggested that recognition can be improved through the
use of labeling elements [19]. With these limitations in
mind, we added numeric labels to the representations to
identify the regions of interest in all maps, although they
may have been redundant in some cases (such as the choro-
pleth), where the geography (shape) is more recognizable.

Prior to the development of the study, we held co-crea-
tive sessions and ethnographic studies combined with short
interviews with five participants. These participants were
researchers of the Barcelona city council in the areas of econ-
omy, environment and health, who were familiar with static
map representations. During this initial phase, we observed
their behaviour while performing daily tasks and gathered
information on the main obstacles encountered while using
static maps to analyze changes over time and to identify
trends [64]. This also helped us identify which common
user questions arise when exploring changes using maps,
and to establish the hypotheses of our study [48], [65].

Before the formulation of our hypotheses it must be
noted that when we say that one map or one representation
type “is more effective” or “works better” than another for a
particular task, it is because there are significant quantita-
tive differences present (participants commit fewer errors
and take less time to perform the tasks). With regards to the
qualitative assessment, the participants may find one repre-
sentation easier or more useful than another while solving a
task, or express more positive comments about a certain
representation.

H1 Banded choropleth and banded tile grid maps will
work better for detecting pattern changes in a spe-
cific region over time [Task 1].

H2 Banded maps will work better for detecting regions
that meet a certain pattern or condition over time
[Task 2].

H3 Tile grid maps will work better than both banded
versions to show global trends over time [Task 3].
Tile grid maps will also work significantly better
than choropleths due to area-size bias distortion
when showing global trends over time.

3.4 Participants

For this study we used a convenience sample of 32 people,
composed of 15 men and 17 women between 22-50 years of
age, with low-medium map visualization knowledge. All
the participants were familiar with choropleth maps, but
none of them had any knowledge about the other represen-
tation types. The recruited participants were students,
researchers and administrative staff from the fields of
human resources, communication and accounting. Before
the test sessions, users were asked not to have consumed
stimulant substances that could have affected their perfor-
mance and the test results. The participants were residents
of Catalonia, 25% of them of foreign origin but long term
residents (over 10 years) and familiar with the geographical
distribution of Catalonia. The participants took part in the
experiment one at a time in a private room, in order to
ensure a disturbance free environment and at the start of
business hours (from 9 to 12 h), complying with the proto-
cols required for COVID-19 prevention. The duration of
each test was about 15-20 minutes. The test sessions were
carried out over the course of three weeks. All participants
completed the experiment and no data was eliminated. The
participants did not receive any remuneration or compensa-
tion for their participation.

3.5 Context Introduction and Pilot Test

Prior to the experiment, we carried out a short context intro-
duction session [66], [67] where each of the participants
filled out a standard bioethics form confirming and accept-
ing their free participation in the experiment. They were
also briefed on the purpose of the research and the type of
representations under study: For each type of map, we
showed an example, together with a short description on
how to interpret it (time steps, representation types,
legends, etc.). The participants also completed a short ques-
tionnaire with details on their age group, level of visualiza-
tion expertise, employment background and confirming
they did not suffer from color blindness.

Moreover, a pilot testing session was carried out with
two users under the same conditions presented to the rest
of the participants. This pilot test was conducted in order to
reveal undetected problems related to the design of the test
[68], [69]. The results of these two participants were not
included in the final study results.

3.6 Test Environment

We developed a simple online tool to guide the participants
through the experiment, presenting each of the tasks, and
which was controlled by a moderator who assisted the par-
ticipants during the test. This assistance consisted of answer-
ing any queries related to the task statements but not in
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helping to solve the tasks themselves or giving any clues on
the solutions [70]. The sessions were also recorded in order
to review the results in terms of quantitative data (time and
success rates) and qualitative data (opinions and valuations).
Participants were informed that times and results, together
with their comments, would be collected. [71]. The study
was performed using a laptop (MacBook Pro 13-inch, 2017,
3.1 GHz and 16 GB RAM) and connected to a 27’’ 4K BenQ
display (3840x2160). No interaction (mouse or keyboard
input) was required as the participants could solve the task
by analyzing the visualizations presented on the screen and
responding aloud to the moderator. After having read the
statement, and confirming to the moderator that they were
ready, the time to perform the task was measured from the
moment the visualization appeared on the screen and until
the participant gave the answer (for further and specific
details of each task time measurements see Table 6 of the
Suppl. material, available online).

3.6.1 Task-Based Questions (Quantitative Evaluation)

For the task-based part of the study, the participants
answered three multiple-choice questions about different
visualizations, using the four types of representations under
analysis. More details on the task performance are pre-
sented in Section 3.7.2 (see also Fig. 2 and Table 6 of the
Suppl. material, available online for specific details of each
task).

The results of each task (‘success’, ‘error’, ‘abandonment’)
as well as the completion times needed to perform each task
were gathered.

3.6.2 Decision-Making & Perceived Difficulty

(Qualitative Evaluation)

After finishing the three tasks,we required the users to review
the four representations (one after another) involved in each
task. Users were asked about which representation favoured
decision making and facilitated the resolution of the task [72].
Theywere also encouraged to share their thoughts on the pos-
itive or negative aspects of each map, as well as any other
observations while performing the task. This helped us to
understand some answers, mistakes or why users valued
somemapsmore positively than others [73], [74].

This approach of analyzing each task individually as
they are completed, favors review quality by using short-
term memory, which allows users to provide comments
with the tasks still fresh in their minds, instead of having a
questionnaire at the end of the test [75]. At the same time,

this approach has no effect on the quantitative metrics mea-
sured (completion times and success rates).

3.7 Values Shown, Maps and other Considerations

3.7.1 Geography

The tasks for the study were carried out on a map of the dif-
ferent regions of Catalonia (Spanish autonomous region)
where a hypothetical evolution of new COVID-19 cases was
presented over a period of three time steps (one week per
time step). The choice of the Catalan autonomous region
was due to the fact that it is not a region that is usually rep-
resented with conceptual map types (for example, tile grid
maps) as would typically happen with countries such as the
United States, or cities like London [23], [76]. However, the
characteristics associated with the geography (shape) of
Catalonia and the dimensions of its regions allow us to rep-
resent it easily using a conceptual map. The shape of the
regions within Catalonia using choropleths is highly recog-
nizable by users who know its geography. However, few
people (including natives) are able to recognize the exact
position of all of its regions, which is why we offered auxil-
iary legends to help locate the region or regions involved in
the tasks.

3.7.2 Map Design and Values Presented

All the maps included in the study were represented under
the same conditions: All the maps were presented on white
backgrounds. The regions were displayed with white con-
tours and numerical labelling. This labelling was needed for
the identification of the regions. For Task 1, an auxiliary leg-
end was added which included the location of the region
together with its name, in order to facilitate the location of
the regions in all the representations or map types (see
Fig. 1). For the banded versions, an additional legend was
also included to help identify the different time steps in the
maps (see Fig. 1c and Fig. 1d). Four categories were estab-
lished in relation to the maximum number of infections,
and were classified as follows: ‘Low’, ‘Medium’, ‘High’ and
‘Very High’, based on a colorblind-safe palette from the Col-
orBrewer tool [77]. The color palette used for values, texts
and legends is presented in Fig. 1 of the Suppl. material,
available online.

It should be noted that the information represented does
not correspond to any real data. For all the tasks the values
of the regions are random and change from task to task
(and from map to map), this is done to avoid learning-bias
between representations within the same task [78].

Task 1: The region to locate and the possible patterns pre-
sented are random. The user has to identify the trend
among several alternatives. Depending on the answer, it
will be necessary to contrast the answer with the exact val-
ues at each time step (See Table 6 and Fig. 2 of the Suppl.
material, available online).

Task 2: The regions to be located were selected randomly
as well as the values presented, but not the pattern required,
which was always stable. That is to say, the regions with the
same colour for all time steps (‘Low’, ‘Medium’, ‘High’ or
‘Very high’). The user has to identify 5 regions of the 9 avail-
able in each map (See Table 6 of the Suppl. material, avail-
able online).

Fig. 2. Boxplots showing the distribution for the results related to comple-
tion time for all representations in the three tasks presented. Orange
lines show the significant statistical differences between maps.
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Task 3: The global trend is always stable (the same num-
ber of regions belonging to a certain category (‘Low’,’
Medium’,’High’,’Very high’) in the three time steps, but
randomly combining changes between the bigger regions
and the smallest regions of Catalonia (See Table 6, Table 7
and Fig. 3 of the Supplemental Material, available online).
The user has to identify the correct trend between three
options (given in the statement): increase, decrease or stable.

For each task, the maps were presented using a pool
composed of eight variants of each representation. Each
participant answered three tasks for four representations
(the maps under study). Therefore 96 possible representa-
tions (3x4x8) were prepared in this study to be shown ran-
domly in the user testing performance.

3.7.3 Number of Time Steps

This study only takes into consideration static representa-
tions (print press, online reports or websites) which do not
use any type of interactive element to favor comparison
(sliders, video player controls, carousels, etc.) [79], [80]. To
establish themost common number of time steps to be repre-
sented, we reviewed several reports published by the EU
and US governments and official institutions. We also dis-
cussed which was the most common number of time steps
with specialized users, in this case, municipality communi-
cation staff. Based on this previous analysis, the most fre-
quent options were: two time steps (to compare the situation
between t1 and t2), three time steps (normally to present
four-month periods in a year) and four time steps, to show
data evolution over the quarters of a year (three-month peri-
ods). To showmore than four time steps, alternatives such as
traditional line charts are preferable [81], [82]. We settled on
an intermediate number of time steps, in this case, three.

3.7.4 Other Particularities of the Tasks

In the tasks for which more than one solution was possible,
the amount of correct options available was always the
same. For example, to identify five regions which met a spe-
cific condition (Task 2), there were nine possible regions in
each representation that met the stated criteria. For Tasks 1
and 3 only one correct answer is allowed (For further

details, see Table 6 and Fig. 2 of the Suppl.material, avail-
able online).

The statements of the tasks focused on the COVID-19
pandemic, and referred to the number of new cases detected
by region. This was the background for the development of
the test. However, the data and values presented were
made up, purely circumstantial and could be applied to any
other social data scenario (marketing, finance, administra-
tion, ethnographics, etc.) [83]. Users were informed that the
values presented were not real and varied from map to map
and from task to task in order to avoid ‘automatic’ answers
for the different map representations [84]. Although the
data shown in each map differed, the types of maps were
presented in a Latin square random order to avoid possible
additional bias [84], [85], [86]. The users were encouraged to
abandon a task at any time if they considered it to be too
complex or tedious, or if the answer given would be purely
the result of guesswork. The abandonment rate is also a
good indicator of if the user would not be able to solve the
task or understand the trend in a real world scenario (away
from a test environment). In turn, it offered us valuable
information on the perceived effort required for the task
[87]. For Task3, moreover, given that that the probabilities
of a success were 33.3% (choosing between ‘increasing’,
‘decreasing’ or ‘stable’), voluntary abandonment reduces
this risk of getting false correct answers.

When users abandoned a task, the time assigned to the
result was the maximum permitted to solve the task [88],
[89], [90]. The maximum time allotted was two minutes
(120 seconds). This time was calculated based on the aver-
age time needed by users to perform the task during the
pilot test [88]. In order to classify the results, it is impor-
tant to determine beforehand what is to be considered as
a success, a failure (error), or an abandonment, even
when some mistakes may be due to the interpretation of
the statement, legends or colors, and not necessarily a
consequence of the map representation itself. The condi-
tions for checking the results of each task are defined in
the script of the test (see Table 6. of the Suppl. material,
available online).

4 RESULTS

4.1 Quantitative Metrics. Task-Based Study

We used ANOVA F-tests with significance level =.05 to
carry out the statistical analysis for the time results together
with a Tukey post-hoc test to reveal the most significant
pairwises. We used a Chi-square test for independence with
a=.05 to evaluate categorical variables in the success rate
results. The within-subject independent variables were the
four map representations. The dependent measurements
are the completion time and success rate.

The null hypothesis was that the representation type
does not affect completion times or success rates. When the
probability of the null hypothesis (p-value) is less than 0.05
(or, equivalently the F-value is greater than the critical F-
value, Fcr), the null hypothesis is rejected.

For further information, the values corresponding to
the confidence intervals obtained for each task are
included in Table 4 and Fig. 5 of the Suppl. material,
available online.

Fig. 3. (a) Success, failure and abandonment rates by task and type of
map. (b) Relationships of significant statistical differences between rep-
resentations. Opacity indicates a higher or lower level of significance.
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4.1.1 Detecting TrendsWithin a Specific Region (Task 1)

Regarding the time needed to perform the task, we found
statistically significant differences depending on the map
type (f(3)=10.63, p¼0.000). A Tukey post-hoc test revealed
that the most significant pairwise differences were between
the banded tile grid map and tile grid map, and choropleth
and tile grid map (for more details see Fig. 2 in the main text
and Table 2 of the Suppl. material, available online). Values
on success rates (X2(1,N=32)=3.3231, p-value=0.7673) indi-
cated that the results obtained were not statistically signifi-
cant (see Fig. 3 in the main text and Table 3 of the Suppl.
material, available online). In this case, the H1 hypothesis
was ruled out, as the banded versionswere expected to work
more efficiently (completion times and success rates) than
the small multiple maps due to the visual distance between
maps. In the case of success rates, we observed no significant
differences between the four representations. In terms of
completion time, the banded tile grid map and choropleth
performed significantly better.

4.1.2 Identifying the Regions That Meet Certain

Conditions (Task 2)

Regarding the time needed to perform the task, we found
statistically significant differences depending on the map
type (f(3)=21.6, p¼0.000). A Tukey post-hoc test revealed
significant pairwise differences between the banded ver-
sions and the small multiple versions (see Fig. 2 in the main
text and Table 2 of the Suppl. material, available online).
The same happened with the success rate (see Fig. 3 in the
main text and Table 3 of the Suppl. material, available
online). In this case, the H2 hypothesis is fulfilled since the
differences in terms of completion times and success rates
are significantly better for the banded versions.

4.1.3 Determining the Global Trend (Task 3)

Regarding the time needed to perform the task, we found
statistically significant differences depending on the map
type (f(3)=73.86, p¼0.000). A Tukey post-hoc test revealed
significant pairwise differences between the banded ver-
sions and the small multiple versions (see Fig. 2 in the main
text and Table 2 of the Suppl. material, available online).
The same happened with the success rates, which were also
significantly better for the tile grid map than for the choro-
pleth (see Fig. 3 in the main text and Table 3 of the Suppl.
material, available online). The H3 hypothesis is also con-
firmed. Applying time correction in the case of abandon-
ment results, we observed significant differences between
the small multiple maps and the banded versions. More-
over, and regarding the success rates, there were also signif-
icant differences observed between the choropleth and the
tile grid map, the latter obtaining better success rates. The
banded versions presented the highest abandonment rates
(84.4% and 71.9%).

4.2 Qualitative Evaluation. Decision-Making.
Perceived Difficulty

After carrying out each of the tasks, users cast their vote for
the representation which best favored the detection of the
trend (helping in decision-making, simplicity, level of

comfort) and the representation which least favored the
analysis. They also shared with us the problems encoun-
tered together with general feedback while performing the
tasks for the different maps.

For Task 1, the responsesweremore balanced,with the best
valued representations being the banded maps (banded tile
grid map, followed by banded choropleth) compared to the
small multiples (see Fig. 4). In Task 2, the results were much

Fig. 4. Most and least favourable maps (number of positive and negative
votes) to solve the task and which favour decision making.

Fig. 5. In this graph we have combined four of the most significant varia-
bles, using a scatter plot representation. For the three tasks, we com-
pare: success rate (x axis), time spent to accomplish the task (y axis),
number of times a graph was voted as the most effective (size), and the
type of map (color and glyph type or shape). The larger glyphs indicate
the best valued map representations. The grey area highlights the most
favourable results: highest success rates and lowest completion times.
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more polarized, and the differences between the banded (the
best valued) and the small multiple representations (once
again, the worst valued) increased substantially (see Fig. 4).
The banded representations not only received the highest
evaluation but also received hardly any negative votes. For
Task 3, the “usefulness” of small multiple maps was consid-
ered unanimous: users valued the banded representations
very negatively as they did not favor the resolution of the task
at all. Users valued the choropleth map as the most favorable
for carrying out the task (see Fig. 4), due to its familiarity
(despite having a high error rate). Table 1 shows the most sig-
nificant aspects, classified by topic, task andmap type, as well
as the number of times theywerementioned by users (see also
Table 5 of the Suppl. material, available online to review the
most frequent comments collected during the study).

4.3 Summarizing the Results

In this section, andwith the help of Fig. 5, we attempt to draw
conclusions arising from the combination of quantitative and
qualitative results. We compare the two quantitative meas-
urements: success rate in carrying out the task (x-axis) and the
average time (in seconds) needed to solve the task (y-axis) for
each of the tasks and each of the representations. Through the
use of size, we also represent those maps that received better
subjective evaluations (the larger the size, the more votes
received as the map type that favors decision-making or that
is more useful when solving the task). We used ‘color’ to dif-
ferentiate choropleths from tile grid maps and ‘shape’ to dif-
ferentiate small multiple representations from their banded
versions. We have also highlighted in grey, the most efficient
area on the grid (delimiting higher success rates and shorter
completion times). Therefore, the representations contained
in these areas are the most recommended when carrying out
the task from a quantitative point of view. Theoretically, the
representations contained within this area should have
received the highest number of votes from the audience in
terms of their effectiveness (larger icons).

In the case of Task 1 (detecting changes within a specific
region), the best valued representations turned out to be the
banded tile grid map and choropleth (highest success rates,
and least time to perform the task), the former also being
the best valued. However, the choropleth, despite obtaining
better quantitative results (time and success rates) was val-
ued worse than the banded choropleth. We will take a closer
look at these results in the discussion section (see Fig. 5). For
Task 2, the banded representations are clearly the most
effective, both from a quantitative point of view (time and
success rates), and a qualitative point of view (number of
votes and positive comments received) (see Fig. 5). For Task
3, the only effective map is the tile grid map (based on its
success rates). In this case, the banded alternatives did not
receive any votes and saw the highest abandonment rates
and consequently the lowest success rates. Paradoxically,
the choropleth obtained a higher number of positive votes
(being perceived as the most favorable map to solve the
task) and had lower completion times [91], [92] (see Fig. 5).

4.4 Limitations

When trying to cover the spectrum of possible tasks and
possible statements, we limited ourselves to a particular

subset of common tasks and simple statements for task
setup. There are also numerous limitations when choosing
the possible geographic areas, when representing data
through cartograms, such as size, distance between regions
and maps, level of detail (continent, country, region), and
the number of time steps. As mentioned previously, another
limitation is that the scenarios of the proposed tasks were
not based on real data. This was because we had to present
multiple different values in order to avoid learning bias
between the different maps for the same task.

With regards to the number of time steps selected, we
assumed that the results obtained would be negatively
impacted by increasing the time steps. That is, the difficulty
for n + 1 would be equal to, or greater than for n time steps
due to the increase in visual stimuli [93]. Additionally, in
the case of banded representations, the number of time
steps must permit sufficient width for the bands to guaran-
tee the correct color interpretation (especially for color-blind
users) [94], [95].

Similarly, the context-related aspects detailed in Sec-
tions 3.4, 3.5 and 3.6 such as the presence of a moderator,
the fact that the tasks were being timed, etc. could have a
positive or negative impact on the test results: Depending
on the characteristics/personality of the participant this
could result in more motivation to complete the tasks, but
also more stress when solving them [71].

It is relevant to mention that the original version of this
study included quantitative results obtained through an
eye-tracker device (model Gazepoint GP2) [96]. However,
the metrics obtained in terms of fixation duration and
pupillometry were not significant, so it was decided to sim-
plify the study in this aspect. Nevertheless, the use of the
eye-tracker is a recommended practice that helped us to
understand and confirm visual and search pattern behav-
iour of our users [97]. (see Fig. 4 of the Suppl. material,
available online).

5 DISCUSSION

In the analysis of temporal changes in geographical repre-
sentations, the optimization of cognitive resources is essen-
tial for favoring comparison, the detection of changes and
the identification of patterns[30]. The effectiveness of the
representation used is also closely related to the task to be
performed[50]. We used quantitative and qualitative indica-
tors to assess the differences between small multiple repre-
sentations and banded representations.

5.1 Detecting Trends Within a Specific Region

From user feedback, Task 1 was the easiest to solve. All four
maps or representations obtained very similar results in
terms of success rates. However, the banded tile grid map
and the choropleth showed significant differences in comple-
tion times when compared to the other twomaps (see Fig. 5).
Contrary to what we expected, we did not observe a marked
advantage for both banded representations although they
were the best valued by users (see Fig. 4). The comments
regarding the small multiple representations were based on
the difficulty in comparing the values in each time step for a
certain region due to the distance between maps: “With the
small multiple maps the process is the following, you locate
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the region in each of the three maps and then identify (or
compare) the changes in the three regions, whereas in the
combined (banded) maps everything is in the same place”.
“It requires a little more effort because you have to compare
the regions in all three maps. The comparison is more direct
in the banded versions”. When evaluating these comments
we had to pose the question:Why did choropleths obtain bet-
ter times than banded choropleths despite not being the best
rated or receiving the most favorable comments? This can be
explained by analyzing the users’ observations on the
banded choropleth: “Depending on the color of the bands in
surrounding regions, sometimes it is more difficult to estab-
lish the boundaries. This does not happen, however, with the
bands in the tile grid map” [98]. Similar comments were
made for the simple choropleth: “The characteristic shape
often helps to identify a region on the three maps, but other
times, when the nearby regions share the same color, it is no
longer as simple”[99], [100], [101]. Two users further pointed
out that there is not much difference in the results due to the
simplicity of the task but this could be changed by increasing
the number of regions to compare: “We are only looking at
the trend of one region. If we were asked to observe the
changes of two or three regions simultaneously, the banded
versions would behave much more efficiently than the tradi-
tional ones (referring to choropleth and tile gridmap)”.

5.2 Identifying the Regions That Meet Certain
Conditions

Task 2 presented significant differences (completion times
and success rates) between the banded versions and the
small multiple versions (the former obtaining shorter com-
pletion times and higher success rates). Furthermore, the
subjective evaluations were more favorable for the banded
versions (see Fig. 4). “It is much easier to reach a conclusion
with the banded version, all the information is in the same
place, and you don’t waste time comparing between maps”
[101], [102].

The comments shared by users helped us to understand
the way in which they solved this task and processed the
visual information: “In the case of the small multiple maps
(choropleth and tile grid map) the search is a bit random,
you choose a specific region in t1 and check if it has not
changed for t2 and t3”. “You start with the most easily locat-
able regions (clearer positions) on the map. When you find
one that meets the requirements, you pick another one at
random, and so on”. “Sometimes the comparison can be
bidirectional: you pick a region randomly at t3 and check
that it has the same color for t2 and t1”.

Some users highlighted aspects such as the shape and
location of the regions (repeating comments they made on
Task 1): “It is easier to visually locate regions with a charac-
teristic shape (with choropleths) or in an easy-to-locate posi-
tion (with tile grid maps): Positions at the boundaries are
easier to find than the interior ones, in which you have to
consult the labels for each square (region) to ensure that it is
the correct one.”

A user also commented on the high cognitive load associ-
ated with Task 2 and small multiple representations, includ-
ing factors such as attention: “You are so focused on
reviewing regions and jumping from map to map, that you

no longer remember if you are repeating any of those
regions mentioned”. “Have I already repeated this? The
task is much more comfortable and straightforward to solve
in the case of banded maps”.

To finish the analysis of Task 2, it would be interesting to
discuss the simplicity of the condition proposed for the
search, which is ‘regions that remain stable over time’. This
requires locating monochrome regions. However, this task
seems to require more cognitive load for the small multiple
representations: “It requires a lot of concentration, and
being aware of changes, jumping from map to map. With a
more complex pattern (a particular combination of t1, t2, t3)
it would be slightly more difficult in the case of the banded
versions but much more difficult in the case of the small
multiple ones”[103], [104].

5.3 Determining the Global Trend

In this task, the banded maps showed a high abandonment
rate. Users abandoned the task when they realized the
answer was going to be guesswork: “I have no idea. I would
be unable to identify the trend. The only solution would be
to count the sub-regions for the time steps, and I could
spend the whole morning doing that”. “If I had to answer, it
would be random”. “The graph has too much information,
it is impossible to determine the trend”. These comments
lead us to rule out the banded maps as a suitable option for
communicating global trends.

Users were able to finish the task using both small mul-
tiple maps, but the choropleth obtained just 6.3% success
when compared to the tile grid map which obtained 90.6%
success. In spite of this, users valued the choropleth more
positively (as the most helpful and effective map for solv-
ing the task) due to its familiarity: “Without doubt, the
representation that best favors decision-making is the cho-
ropleth. It is a very familiar representation to me”. This is
what we refer to as a ‘false success’, which is when the
user thinks that they have solved the task correctly but in
fact, they are mistaken [105], [106]. Only in some cases
were users able to identify the area-size bias problem
related to choropleth maps with comments such as: “The
choropleth is the clearest one to show the global trend.
Wait! No! If it is related to the number of regions, I think
that the trend is not increasing”.

Despite the good results in the case of tile grid maps,
users were not as confident in their answers when com-
pared to using choropleths: “I think the pattern remains sta-
ble, but I am not sure”.

It is noteworthy that for Task 3 the choropleth was the
best valued map due to its familiarity, but this was not the
case for Task 1 or Task 2. This may be explained if we sup-
pose that when the perceived effectiveness-difficulty is sim-
ilar for each map, we tend to value the one which is more
familiar to us more favorably. When the perceived effective-
ness-difficulty between the maps is very clear, we tend to
choose more objectively [25], [107], [108].

6 CONCLUSION

We describe the evaluation of two static representations
together with their corresponding banded versions for com-
municating changes over time. We measure completion
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times and success rates while the participants resolve habit-
ual tasks common to their speciality fields. In addition, we
analyze the participants’ subjective opinions for each repre-
sentation in terms of effectiveness. We also examine the
general comments gathered in terms of the strong and weak
points for each representation, as well as the problems
encountered while carrying out the tasks.

The quantitative and qualitative metrics showed signifi-
cant differences between the maps and their effectiveness
depending on the task being performed. The banded tile grid
map stood out as the best option in tasks associated with
detecting region trends as well as when identifying regions
that fit a certain pattern or condition (Task 1 and Task 2).
When communicating global changes over time (Task 3),
we saw that both banded versions would need to be dis-
carded because of the difficulty in interpreting them and
the high abandonment rates recorded. The choropleth map,
while familiar to the audience, is not a suitable option due
to the high error rates caused by the area-size bias problem
(93.8%). The only viable candidate, the tile grid map, is also
open to debate. It obtained the highest success rates (90.6%)
and optimal completion times, but the lack of confidence
shown by the participants, leads us to advise against its use.
Due to the doubts expressed while using tile grid maps, and
the preference for a less effective representation (choro-
pleth), we conclude that no static map included in this
study is sufficiently effective for the communication of
global trends over time. The use of new representations in
the media (such as banded maps or even tile grid maps)
would be a high-risk option as the information presented
might not be understood by a general audience. However,
in more specialized scenarios with well versed users, the tile
grid map is preferable to the traditional choropleth.

Given that the familiarity of certain representations affects
the evaluation of their perceived effectiveness, and that choro-
pleth maps are the most used in non-interactive solutions, we
believe that the alternatives (tile gridmap andboth banded ver-
sions) should be studied further, as well as the learning curve
required by the audience to guarantee their comprehension.
While it is unlikely that a single evaluation study can be con-
ducted to analyze all possible scenarios, we believe that this
study can be a useful starting point, while providing insights
for future map variants to be used with the broader public:
Banded versions facilitate the task of comparison in some con-
texts and tile grid maps show promise against traditional cho-
ropleths to communicate global trends. Further study is
required to measure the possible effectiveness in media com-
munication scenarios or in aidingwith decisionmaking.

7 NEXT STEPS

With regards to the results obtained,webelieve that itwould be
advisable to perform a new study employing real, large data-
sets, which would allow us to play with different snapshots (of
time and values), while simultaneously preventing learning
bias in the user testing. The use of multiple geographies in the
same test and the exploration of other possible tasks or scenar-
ios is also advisable. In the introduction, aswell as in the section
dealing with time steps and their limitations, we mention
dynamic or interactive mechanisms to make up for the limita-
tions of static maps. Although these alternatives do have

advantages and are often used for representations of multiple
time steps, they can present the same problems as static maps
from a cognitive load perspective. For this reason, their effec-
tiveness should be questioned when seeking to communicate
trends and changes over time or when aiding decision making
processes. Another aspect of interest for further analysis is how
familiarity and a similar level of difficulty can influence the per-
ception of effectivenesswhen interpretingmaps.
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