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Conceptual Metaphor and Graphical Convention
Influence the Interpretation of Line Graphs
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Abstract—Many metaphors in language reflect conceptual metaphors that structure thought. In line with metaphorical expressions
such as ‘high number’, experiments show that people associate larger numbers with upward space. Consistent with this metaphor, high
numbers are conventionally depicted in high positions on the y-axis of line graphs. People also associate good and bad (emotional
valence) with upward and downward locations, in line with metaphorical expressions such as ‘uplifting’ and ‘down in the dumps’.
Graphs depicting good quantities (e.g., vacation days) are consistent with graphical convention and the valence metaphor, because
‘more’ of the good quantity is represented by higher y-axis positions. In contrast, graphs depicting bad quantities (e.g., murders) are
consistent with graphical convention, but not the valence metaphor, because more of the bad quantity is represented by higher (rather
than lower) y-axis positions. We conducted two experiments (N = 300 per experiment) where participants answered questions about
line graphs depicting good and bad quantities. For some graphs, we inverted the conventional axis ordering of numbers. Line graphs
that aligned (versus misaligned) with valence metaphors (up = good) were easier to interpret, but this beneficial effect did not outweigh
the adverse effect of inverting the axis numbering. Line graphs depicting good (versus bad) quantities were easier to interpret, as were
graphs that depicted quantity using the x-axis (versus y-axis). Our results suggest that conceptual metaphors matter for the
interpretation of line graphs. However, designers of line graphs are warned against subverting graphical convention to align with

conceptual metaphors.

Index Terms—Conceptual metaphor theory, more is up, mental number line, cognition, linguistics, emotional valence, line graph, axis rever-

sal, handedness, empirical evaluation

1 INTRODUCTION

ANY data visualizations tap into existing cognitive
Massociations. For example, it is conventional for num-
bers plotted on the y-axis of graphs to increase in magnitude
from the bottom to the top of this axis [1], [2]. Consistent
with this graphical convention, a large body of scientific
research demonstrates that people tend to associate upward
vertical locations with larger numerical quantities [3], [4],
[5]. For instance, when participants are asked to spontane-
ously generate random sequences of numbers, they produce
larger numbers when moved upward in a body-lifting
device than when moved downward [6]. This empirical
finding suggests that the upward ordering of numbers
along the y-axis of graphs may not be arbitrary. Rather, this
vertical orientation may have become established as con-
ventional because it aligns with our vertical conceptualiza-
tion of numerical quantities, making the resultant graphs
easier to interpret [7], [8].

Cognitive associations where one concept (e.g., numerical
quantity) is conceptualized in terms of another (e.g., vertical
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space) have been termed conceptual metaphors [9], [10], [11].
Conceptual metaphor theory is a framework based in cognitive
science, linguistics, and psychology. The central tenet of con-
ceptual metaphor theory is that metaphors in language are sur-
face-level representations of deeper conceptual metaphors that
structure the way we think about various concepts, including
numerical quantity [3], [4], [12] and time [13], [14], [15]. For
example, it is conventional for English speakers to describe
numbers metaphorically as ‘low’, ‘high’, ‘plummeting’, or
‘soaring’ [11]. This linguistic pattern reflects the conceptual
metaphor where larger quantities are associated with higher
vertical positions. As well as language, the conventional design
of data visualizations (e.g., the y-axis ordering of numbers)
may reflect certain conceptual metaphors.

In the present study, we explored a subset of conceptual
metaphors that may underlie graphical conventions in line
graphs, focusing on metaphoric representations of numerical
quantity and time. We investigated how the interpretation of
line graphs is affected by the subversion of graphical conven-
tions. We also explored whether line graph interpretation is
influenced by conceptual metaphors of emotional valence [19],
[20], [21], a term referring to whether concepts are perceived
to be good or bad [22], [23], [24]. Emotional valence is relevant
to the interpretation of data visualizations because, in many
cases, the quantity depicted in a graph can be understood as
good (e.g., vacation days) or bad (e.g., murders).

Our interest in emotional valence was inspired by a par-
ticular data visualization, widely discussed in the media
[25], [26], blogs [27], [28], and scientific literature [1], [29],
[30]. A graph designed in 2014 showed that gun deaths had
increased since the introduction of Florida’s Stand Your
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Fig. 1. Real-world data visualization examples that depict ‘bad’ (i.e., negatively valenced) quantities. A: Stand Your Ground visualization, designed by
Christine Chan, published by Reuters [16]. B: Irag’s Bloody Toll visualization, designed by Simon Scarr, published by South China Morning Post [17].
C: Clinton and Trump Are Historically Disliked visualization, designed by Harry Enten, published by FiveThirtyEight [18].

Ground law in 2005, which permitted state residents to use
deadly force in self-defence (see Fig. 1, A). The y-axis of this
graph was inverted so that numbers increased from top to bot-
tom rather than from bottom to top. While this inversion of
death counts subverted graphical convention (the y-axis order-
ing of numbers), it aligned with experimental evidence show-
ing that negatively valenced (bad) concepts (e.g., more deaths)
are associated with lower vertical locations [19], [20], [21]. A
previous study conducted by Pandey et al. [1] found that
inverting the y-axis of graphs had an adverse effect on graph
interpretability. However, this study did not consider the emo-
tional valence of the quantities depicted in these graphs.

Motivated by the Stand Your Ground visualization (and
other visualizations; see Fig. 1), we conducted a pair of experi-
ments investigating the factors that may affect the interpreta-
tion of line graphs depicting time series. We determined
whether conceptual metaphors of emotional valence affect the
interpretation of line graphs, and, if so, whether the extent of
this influence is sufficient to justify departing from graphical
convention (i.e., by inverting the axes of graphs). In doing so,
we offer recommendations for designers with regard to how to
spatially organise line graphs. The key contributions of this
work are to:

e Provide a summary of existing research into a subset
of conceptual metaphors that are relevant to the data
visualization community (numerical quantity, time,
and emotional valence)

e Explore the effect that subverting graphical convention
has on the interpretation of line graphs (preregistered,
conceptual replication-extension of Pandey et al. [1])

e Investigate the influence of conceptual metaphors of
emotional valence on the interpretation of line graphs

e Determine whether designing line graphs to align
with conceptual metaphors of emotional valence is
justified, given that subverting graphical convention
may adversely affect graph interpretability [1]

In the following sections, we begin by providing an over-
view of research into certain conceptual metaphors and

their potential relevance to the design of data visualizations.
We then describe two experiments. The first experiment
focused on conceptual metaphors of emotional valence rele-
vant to the ordering of numbers along the y-axis. The sec-
ond experiment broadened this scope to include emotional
valence metaphors relevant to the ordering of numbers
along the z-axis. Our findings provide evidence that, all else
being equal, designing line graphs to align with conceptual
metaphors of emotional valence does have a beneficial effect
on graph interpretability. However, the beneficial effect of
this valence alignment on graph interpretability does not
outweigh the adverse effect of subverting graphical conven-
tion. Based on this result, we recommend that line graphs
should be designed to align with conceptual metaphors of
emotional valence only if doing so does not contradict other
well-established graphical conventions.

2 BACKGROUND

As argued by Parsons [7], data visualizations can be made eas-
ier to understand by designing them with human psychology
in mind, particularly by using knowledge of conceptual meta-
phors to inform design choices. Research in cognitive science,
linguistics, and psychology has produced a plethora of evi-
dence for the effect of conceptual metaphors on perception
and behaviour (e.g., [6], [20], [31]). Scholars have previously
discussed conceptual metaphors in the context of visualiza-
tion research [2], [32], [33]. However, Parsons [7] notes that
these scholars typically have not used metaphor research to
offer actionable suggestions for visualization design (but see
[8] for an exception). In the present study, we addressed this
lack with an empirical investigation of a subset of conceptual
metaphors that may influence the interpretation of line
graphs. We also explored the relationship between conceptual
metaphor and graphical convention, and the implications of
this relationship for the design of line graphs. The relevance
of conceptual metaphors to the data visualization community
in general can be understood through the lens of cognitive fit
theory, which provides a framework for understanding how
people interpret visualizations.
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2.1 Cognitive Fit Theory

Cognitive fit theory describes the mental effort required to
understand data visualizations [34]. This theory proposes that
people interpret visualizations with a mental model of what
they expect to see, which informs the strategy used to inter-
pret these visualizations [30]. For instance, the mental model
used to interpret line graphs may include the expectation that
numbers on the y-axis will increase from bottom to top. The
Stand Your Ground visualization depicted in Fig. 1 (A) viola-
tes this expectation, reversing the direction of the y-axis so the
trend line resembles blood dripping down a wall. This viola-
tion of expectation may force graph users to perform a mental
transformation of the visualization, re-ordering the numbers
on the y-axis to match their mental model. Such mental trans-
formations are likely to increase cognitive processing costs,
making the graph more difficult to interpret. For some graphs,
the user may even arrive at an incorrect conclusion about the
trend that the visualization depicts [29], [35], [36]. When view-
ing the Stand Your Ground visualization, for example, the
graph user may mistakenly believe that gun deaths decreased
rather than increased following the introduction of the Stand
Your Ground law. Mental models may be informed by both
graphical conventions and conceptual metaphors [7]. The first
category of conceptual metaphor we discuss in this paper is
relevant to the representation of numerical quantity and emo-
tional valence along the y-axis of graphs — vertical metaphors.

2.2 \Vertical Metaphors: Quantity and Valence
Research shows that people tend to associate upward vertical
locations with larger numerical quantities and downward
vertical locations with smaller numerical quantities [3], [6],
[37]. Participants respond more quickly to larger numbers
with a response button positioned higher in space and to
smaller numbers with a response button positioned lower in
space [3]. When participants are asked to spontaneously gen-
erate random sequences of numbers, they produce larger
numbers when looking upward rather than downward [4],
and when being moved upward rather than downward in a
body-lifting device [6]. Gaze position also tends to shift
upward when people count aloud in an ascending sequence
[37]. This vertical conceptualization of numerical quantities is
evident in the linguistic metaphors that English speakers use
to talk about them. For example, speakers often describe num-
bers as ‘low’ or ‘high’, and may refer to ‘plummeting shares’
and ‘soaring costs’ [11].

Prior work suggests that the metaphoric association of
larger numerical quantities with upward locations may
form the basis for the conventional ordering of numbers
upward along the y-axis of graphs [7], [8]. The benefit of
graphical conventions aligning with conceptual metaphors
may be that the resultant graphs fit a pre-existing mental
model for thinking about numerical quantity and other con-
cepts, decreasing cognitive processing costs and making
these graphs intuitive and easy to understand [7].

There are, however, instances in which different concep-
tual metaphors make competing recommendations for how
graphs should be designed. For example, the Stand Your
Ground visualization (see Fig. 1, A) subverts the metaphoric
association between larger numerical quantities and upward
locations that is enshrined in graphical convention. However,

1211

this subversive design choice aligns with the vertical meta-
phor of emotional valence where positively valenced (good)
concepts (e.g., fewer deaths) are associated with upward loca-
tions, whereas negatively valenced (bad) concepts (e.g., more
deaths) are associated with downward locations. Evidence for
this vertical metaphor of emotional valence shows that posi-
tively valenced words (e.g., ‘pride’) are evaluated more
quickly when they appear in a higher position on a computer
screen. Conversely, negatively valenced words (e.g., ‘liar’)
elicit faster responses when they appear in a lower screen
position [20]. Furthermore, participants recollect more posi-
tively valenced autobiographical memories when moving
marbles upward from a lower box to a higher box than when
performing the reverse vertical action [21], [38]. This concep-
tual metaphor is evident in linguistic expressions such as ‘in
high spirits’, ‘down in the dumps’, “uplifting’, and ‘downbeat’
[11]. Conceptual metaphors of emotional valence are poten-
tially important for graph comprehension because many
quantities depicted in graphs have strong emotional connota-
tions, such as income (increase = good) and infection rates
(increase = bad) [39]. The fact that quantities depicted in
graphs are often emotionally connotative raises the question
of whether designers should factor vertical valence metaphors
into the design of their visualizations.

The principal aim of the experiments reported in this paper
was to establish whether conceptual metaphors of emotional
valence influence the interpretation of line graphs. If they do,
we investigated whether the influence of emotional valence is
strong enough to justify inverting the y-axis of graphs, a design
choice that subverts the conventional vertical ordering of num-
bers. A study conducted by Pandey et al. [1] has already shown
that reversing the quantity axis of graphs — such that larger
numerical quantities are represented by downward locations
— has an adverse effect on the accuracy of responses to these
graphs. Our experiments partly functioned as a preregistered,
conceptual replication of this previous investigation, while
also considering the effect of emotional valence. We showed
participants line graphs with or without an inverted axis and
asked these participants what the trend (i.e., the change in the
quantity depicted in the graph over time) showed. We took
the accuracy of responses to this question as a proxy for the
interpretability of the graphs. Errors were taken to indicate
that the graph in question contradicted the mental model that
participants used to interpret the graph, in line with cognitive
fit theory. We also extended this line of questioning to other
conceptual metaphors, specifically ones that are relevant to the
horizontal axis — horizontal metaphors.

2.3 Horizontal Metaphors: Quantity and Valence

Numerical quantities are not only conceptualized using the
vertical axis, but also using the horizontal axis. The Spatial-
Numerical Association of Response Codes (SNARC) effect
shows that smaller numbers elicit faster left-hand responses,
whereas larger numbers elicit faster right-hand responses
[40], [41], [42]. Similarly, in random number generation tasks,
leftward eye movements can be used to reliably predict that
participants will generate a smaller number than the previous
number in the sequence [5]. In addition, participants asked to
place numbers anywhere on a piece of paper tend to orient
the numbers horizontally from left to right [43]. These results
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have been interpreted as evidence for the existence of a mental
number line in which people imagine numbers as increasing in
magnitude from left to right. This horizontal conceptualiza-
tion of numerical quantity may be the reason why certain
graphs, such as horizontal bar charts, conventionally label
numbers from left to right across the z-axis [44].

Unlike vertical metaphors, horizontal associations are
typically not evident in language (e.g., we do not describe
numbers as being ‘lefter’ or ‘righter’ than one another) [4],
[45] and so are not always described as conceptual meta-
phors. However, we treat them as such because they deal
with the same kind of cognitive process as prototypical con-
ceptual metaphors that do have linguistic representations
[45], [46]. To investigate horizontal metaphors of numerical
quantity, in the present study we used line graphs that plot-
ted quantity along the z-axis. We examined whether revers-
ing the conventional direction of this axis — so that the
numbers increased in magnitude from right to left — affected
graph interpretability.

Like numerical quantity, emotional valence may also be
conceptualized horizontally. When participants are asked
to sort different items into boxes positioned on the left and
right of a piece of paper, right-handers tend to sort posi-
tively valenced (good) concepts into the right-side box and
negatively valenced (bad) items into the left-side box. Con-
versely, left-handers tend to do the opposite [47], [48], [49].
This finding is indicative of a conceptual metaphor where
the dominant side of the body (and therefore that side of
space) is associated with positive valence and the non-dom-
inant side with negative valence. Complicating matters,
because most people are right-handed, an association of
right-side space with positive valence is evident in cultural
practices (e.g., raising one’s right hand when taking an
oath) and language (e.g., the ‘correct’ answer is the ‘right’
one). The representation of right-handed conceptual meta-
phors in cultural practices and language may result in even
some left-handers learning the association between right-
ward space and positive valence [50], [51].

In the present study, we investigated whether horizontal
metaphors of emotional valence matter for the interpreta-
tion of line graphs that plot quantity along the z-axis. If so,
we explored whether this effect was relative to handedness,
or whether it was absolute (i.e., where both left- and right-
handers associate right-side space with positive valence). If
we found an effect of horizontal valence metaphors on
graph interpretability, we also wanted to know whether
this effect was significant enough to justify reversing the
conventional ordering of numbers along this axis (.e.,
ordering numbers from right to left rather than left to right).
Previous findings presented by Pandey et al. [1] led us to
expect that subverting the conventional z-axis ordering of
numbers would have an adverse effect on graph interpret-
ability. However, Pandey et al. exclusively inverted the
y-axis of graphs, so our additional focus on z-axis inversion
constituted an extension of this previous study.

2.4 Time Metaphors

The graphs used in the present study were line graphs that
depicted changes in quantity over time, based on those
used by Pandey et al. [1]. In a time series graph, which is
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one of the most frequently used types of data visualization
[52], time is usually depicted as passing from left to right
across the x-axis — earlier times are to the left, whereas later
times are to the right [53], [54], [55]. The spatial representa-
tion of time in line graphs is consistent with horizontal time
metaphors. For example, the Spatial-Temporal Association
of Response Codes (STEARC) effect indicates that Western
participants tend to associate leftward space with earlier
times and rightward space with later times. When partici-
pants are tasked with indicating whether the timing of a
sound is earlier or later than expected based on the tempo-
ral regularity of preceding sounds, participants respond to
earlier sounds more quickly with a left-side button and to
later sounds more quickly with a right-side button [31], [56]
(see also [57]).

There are also vertical metaphors associated with time,
with limited evidence suggesting that time is conceptual-
ized as passing upward through space. For instance, one
study showed that participants responded more quickly to
future-related words when they appeared higher on a com-
puter screen, and vice versa for past-related words [58] (see
also [59]). In the present study, our use of line graphs
depicting time series allowed us to test whether inverting
the time axis of these graphs adversely affected graph
interpretability. Our decision to invert the time axes of
graphs extended the methodology used by Pandey et al. [1],
who exclusively inverted the quantity axis of graphs.

2.5 Quantity Mapping

Our experimental stimuli included graphs in which quantity
was ‘mapped’ onto either the vertical or horizontal axis,
which we refer to as the graph’s quantity mapping. We were
therefore interested to see which quantity mapping would
elicit more accurate responses. Previous research suggests
that numbers are more readily conceptualized using the hori-
zontal axis [43], [60]. However, results reported by Fischer
et al. [44] suggest that vertically oriented bar charts are easier
to interpret than horizontally oriented ones. Because line
graphs conventionally depict quantity using the vertical axis,
we predicted that graphs observing this convention would be
easier to interpret. We predicted that graphs that subverted
this convention by depicting quantity using the horizontal
axis would be more difficult to interpret. Our choice to map
quantity onto either the y-axis or z-axis also allowed us to test
both horizontal and vertical representations of time.

2.6 Negativity Bias

A final possibility explored in our experiments was that the
emotional valence of the quantity depicted in a graph mat-
ters by itself, irrespective of whether the graph aligns with
valence metaphors. This possibility is suggested by the fact
that people are quicker to recognise pleasant and safe stim-
uli than unpleasant or threatening stimuli [61], [62], [63].
Researchers have argued that negatively valenced stimuli
contain more information than positively valenced stimuli,
requiring greater attention and cognitive processing. This
phenomenon has been termed the negativity bias [64], [65].
Based on the fact that positively valenced stimuli are proc-
essed more quickly and easily than negatively valenced stim-
uli, graphs depicting positively valenced quantities (e.g.,

Authorized licensed use limited to: UNIVERSITY OF BIRMINGHAM. Downloaded on April 13,2023 at 07:06:20 UTC from IEEE Xplore. Restrictions apply.



WOODIN ETAL.: CONCEPTUAL METAPHOR AND GRAPHICAL CONVENTION INFLUENCE THE INTERPRETATION OF LINE GRAPHS

TABLE 1
Hypothesis 4: Vertical Valence Alignment

Stimuli Valence Aligning (y-axis)
non-inverted y-axis, positive valence yes
non-inverted y-axis, negative valence no
inverted y-axis, positive valence no
inverted y-axis, negative valence yes

vacation days) may have a cognitive processing advantage
over graphs depicting negatively valenced quantities (e.g.,
murders).

3 EMPIRICAL EVALUATION

We now report two experiments in which participants were
asked questions about line graphs depicting a change in quan-
tity over time. Experiment 1 focused on vertical valence meta-
phors. Experiment 2 served as a replication of Experiment 1,
but also collected data from an equal number of left- and right-
handers, allowing us to test horizontal valence metaphors.

3.1 Experiment 1
In this experiment, we tested the following hypotheses:

H1. Graphs without inverted axes will be easier to inter-
pret than graphs with an inverted axis (preregistered, con-
ceptual replication-extension of Pandey et al. [1]).

H2. Graphs that map quantity information onto the y-axis
will be easier to interpret than graphs that map quantity
information onto the z-axis (preregistered, conceptual repli-
cation of Fischer et al. [44] with line graphs rather than bar
charts).

H3. Graphs depicting a positively valenced quantity (vaca-
tion days) will be easier to interpret than graphs depicting a
negatively valenced quantity (murders)."

H4. Graphs aligning with vertical valence metaphors will
be easier to interpret than graphs that do not align with
these metaphors (see Table 1).

It should be stated from the outset that the experiments
we present in this paper cannot disentangle the relative
effects of graphical convention and conceptual metaphor
where both make identical recommendations for how
graphs should be designed. For example, both graphical
convention and conceptual metaphor dictate that numbers
should increase upward along the y-axis of graphs, and that
time should pass from left to right along the z-axis. If we
were to find that inverting these axes had an adverse effect
on graph interpretability, we would not be able to say
whether this adverse effect were due to graphical conven-
tion, conceptual metaphor, or both. Therefore, although pre-
vious research has led us (and others [2], [32], [33]) to
predict that conceptual metaphors shaped the formation of
graphical conventions relating to numerical quantity and
time, the present investigation is not intended to test this
prediction. The only conceptual metaphors we investigate
directly in this paper relate to emotional valence.

1. Hypothesis 3 was not preregistered prior to Experiment 1 but we
include it here for consistency with Experiment 2 and as an additional
test of this hypothesis.
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3.1.1  Procedure

The study was implemented using survey software Qual-
trics [65] and distributed via Amazon Mechanical Turk [67],
a crowd-sourcing marketplace where workers receive pay-
ment for completing tasks virtually. Our experimental pro-
cedure was inspired by Pandey et al. [1], particularly the
aspect of their study that concerned the inversion of graphi-
cal axes. Participants answered multiple-choice questions
about line graphs depicting made-up trends over time in fic-
tional cities. The names of these cities were randomly gener-
ated using an online town name generator (https://www.
namegenerator2.com/town-name-generator.php), with the
criterion that each name should be six characters long. For
example, one graph depicted the number of murders in Tor-
ley between 2015 and 2018 (see Fig. 2, left). Each graph
showed a trend for a different city. Participants were asked:
‘What can you say about the situation in this city?” Partici-
pants then indicated whether they believed the situation to
be improving, declining, or neither improving nor declining
(three multiple-choice options). In the Torley graph (Fig. 2,
left), the number of murders in this city increased over time,
indicating that the situation was declining. In contrast, if the
graph showed a rising trend for the average number of
vacation days (see trial types in Fig. 2, middle), the correct
answer would be that the situation in the city was improv-
ing. The correct answer was never that the situation was
neither improving nor declining.

Of primary relevance to our hypotheses was whether
participants responded correctly or incorrectly. A higher
proportion of correct responses to a graph was taken to indi-
cate that this graph was easier to interpret than a graph that
elicited a lower proportion of correct responses. The laten-
cies of participants’ responses were also recorded and
investigated exploratorily.

The experiment proceeded as follows. In accordance with
approved IRB protocol, after giving consent, participants
were shown the instructions to the study (available at
https://osf.io/5acjs/). These instructions included an exem-
plar graph that depicted the number of cars over time in a fic-
tional city called Murell. Participants then answered an
attention check question, being asked to accurately recall a
particular word in the instructions they had just been shown.
Participants who responded incorrectly to the attention check
question were disqualified from completing the remainder of
the study. Participants then completed four main experimen-
tal trials (see Fig. 2, middle), after which they supplied their
demographic information.

3.1.2 Stimuli

We used a mixed between- and within-participants design.
As shown in Fig. 2 (right), the type of graph shown to each
participant was varied in a 3 x 2 design according to the fol-
lowing two factors:

e  Auxis Orientation: whether the graph (i) does not have
inverted axes (right, top row in Fig. 2), (ii) has an
inverted y-axis (middle row), or (iii) has an inverted
z-axis (bottom row);

e  Quantity Mapping: whether the graph maps quantity
information onto its (i) y-axis (left column) or (ii)
x-axis (right column).
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EXAMPLE TRIAL TRIAL TYPES GROUPS
Number of murders in Torley over time Average number of Number of murders Quantity on y-axis Quantity on x-axis
1880 vacation days (per year) (per year) Time on x-axis Time on y-axis
- 15 1500 15 2018
- 0
Lo & 0 Non- /
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Years S \ ke \ 15 2018
trend |2 5 .
T E X-axis
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Yoars) foars 2018 <++pre- 2015 15 oeeeeeeeees 7
declining situation improving situation against graphic convention

Fig. 2. Left: Example of a trial completed by participants. All graphs (four per group) can be viewed at https://osf.io/5acjs. Middle: Trend (rising versus
falling) and valence (positive versus negative) were varied within participants to create the four trial types shown to participants. Right: Each partici-
pant took part in one of six groups, each of which contained graphs that had been manipulated in a particular way. Axis Orientation (non-inverted ver-
sus y-axis inverted versus z-axis inverted) and Quantity Mapping (y-axis versus z-axis) were varied between participants to create these groups.

These manipulations were conducted between participants
to prevent participants from being cued to focus on the
graph’s axes more than they would naturally. This 3 x 2
design resulted in there being six groups, which were run as
separate experiments on Amazon Mechanical Turk. Partici-
pants self-selected which group to participate in, rather than
there being a strict randomization procedure. Participants
were unaware of the group they were in as each person was
only able to view one experiment. Responses from each group
were collected until responses in each group reached the crite-
rion for our preregistered stopping rule (N = 50).

Within each group, each participant completed four trial
types, as shown in Fig. 2 (middle). This meant that each partic-
ipant contributed four data points to the final data set. To gen-
erate the four trials within each group, we manipulated the
following two factors within participantsina 2 x 2 design:

e Trend: whether the quantity depicted in the graph
was (i) rising (middle, top row in Fig. 2) or (ii) falling
(bottom row) over time;

e  Valence: whether the quantity depicted in the graph
was (i) positively valenced (left column) or (ii) nega-
tively valenced (right column).

We chose ‘vacation days’ as a positively valenced quantity
and ‘murders’ as a negatively valenced quantity. These two
concepts were selected from Warriner et al.’s [68] list of 13,195
English words normed for emotional valence. ‘Vacation” was
the most positively valenced word in the data set, according to
the ratings. ‘Murders’ was the seventh most negatively
valenced word. The six words assigned more negatively
valenced ratings were avoided on the basis that they were emo-
tionally sensitive or offensive (‘pedophile’, ‘rapist’, ‘AIDS’,
‘torture’, ‘leukemia’, ‘molester’). The simple trend lines shown
in each graph all resembled the trend lines depicted in Fig. 2
and were based on the stimuli used by Pandey et al. [1]. The full
range of graph stimuli shown to participants can be viewed at
https:/ /ost.io/5acjs/ .

In sum, each participant saw the four trial types show in
Fig. 2 (middle), presented in a randomized order. Each par-
ticipant saw two graphs in which the situation in the dis-
played city was improving, and two graphs in which the
situation was declining. Each of these graphs was labelled
with a different fictional city name.

3.1.3 Participants

Access to Amazon Mechanical Turk requires users to be 18
years or older, restricting our sample to adult participants.
Participation was restricted to US users of the platform, and
payment was $1 per participant based on the US state of
Illinois’s minimum wage laws. Three hundred MTurk users
volunteered to participate. Of this total, seven participants
were excluded for answering an attention check question
incorrectly prior to the study. Furthermore, three partici-
pants were excluded because their response time to one of
the four trials was more than two standard deviations above
the mean response time to all trials across all participants
(>55.9 seconds). In total, data from 290 participants were
included in the final analyses. For these participants, the
age range was 24-72 years old (M =39, SD = 11). In terms of
gender, 130 participants were female (44.8 percent), 159 par-
ticipants were male (54.8 percent), and one participant (0.3
percent) was non-binary/third gender.

3.1.4 Statistical Analysis

All statistical analyses were conducted using statistical pro-
gramming language R, version 4.0.3 [69], inside the inte-
grated development environment RStudio 1.1.456 [70]. The
packages ‘plyr’ 1.8.6 [70] and ‘tidyverse’ 1.3.0 [72] were
used for data processing and visualization. The packages
‘ggmemc’ 1.5.0 [73], and ‘tidybayes’ 2.3.1 [74] were used for
data visualization. The package ‘brms’ 2.14.4 [75], [76] was
used for Bayesian modelling.

The data and analysis scripts for this study are available at
the publicly accessible Open Science Framework repository:
https://osf.io/5acjs/. The hypotheses and planned analyses
for this study were preregistered and can be found at the afore-
mentioned URL. We used Bayesian multi-level logistic regres-
sion to assess our hypotheses. The dependent variable in all
statistical models was Accuracy (incorrect versus correct).
Accuracy corresponded to whether the participant correctly
judged the situation in each city to be either improving or
declining by selecting the appropriate multiple choice option.
Valence was the only variable relevant to our hypotheses that
varied within participants (each participant answered ques-
tions about graphs depicting both positively and negatively
valenced quantities). To account for by-participant variation in
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TABLE 2
Accuracy: Experiment 1

Graph Stimuli Accuracy (Experiment 1)
non-inverted 77.8% 308 vs 87
inverted 56.1% 431 vs 337
quantity on y-axis 55.0% 317 vs 259

71.7% 419 vs 165

72.9% 423 vs 157
54.0% 313 vs 267

66.7% 192 vs 96
43.4% 125 vs 163

quantity on z-axis

positive valence
negative valence

valence aligning: y-axis
valence misaligning: y-axis

Accuracy for Valence, random slopes and intercepts for
Valence were included in all models. We set weakly
informative priors centred at 0 with a standard deviation
of 2.

The data from Experiment 1 were analysed using two statis-
tical models. Model 1 assessed hypotheses 1-3 and included
the variables Axis Orientation (inverted versus non-inverted),
Quantity Mapping (z-axis versus y-axis), and Valence (nega-
tive versus positive). These variables were treatment-coded (0,
1). Model 2 assessed hypothesis 4 and included the variables
Axis Orientation (inverted versus non-inverted) and Valence
(negative versus positive), as well as the interaction between
these variables. The variables in model 2 were deviation-coded
(=05, +0.5) to facilitate interpretation of the main effects.
Hypothesis 4 was assessed in a separate model because this
hypothesis was relevant to only those graphs that plotted
quantity along the y-axis.

For each of these models, we observed whether the
95 percent credible intervals for each variable included
zero. Credible intervals that did not contain zero were inter-
preted as showing strong evidence for the effect of the vari-
able on accuracy.

3.1.5 Results

Table 2 shows the accuracy of responses to different graph
stimuli in Experiment 1. Fig. 3 shows the coefficients for
model 1 (top) and 2 (bottom). The blue posterior distributions
show the range of log odds that represent credible values of
the coefficient for each variable in the model. Values with a
higher probability density, represented by denser areas of the
distribution, are more credible than values with a lower prob-
ability density. The black lines beneath the distributions repre-
sent the 95 percent credible intervals for each variable.

Hypothesis 1 predicted that graphs without inverted
axes would be easier to interpret than graphs with either
the z- or y-axis inverted [1]. Consistent with this hypothesis,
participants were more likely to respond correctly to graphs
without inverted axes than to graphs with an inverted axis
(see Table 2, rows 1-2). As shown in Fig. 3 (model 1), the
credible interval for Axis Orientation did not include zero,
indicating that there was strong evidence for the effect of
this variable on the accuracy of responses.

Hypothesis 2 predicted that graphs plotting quantity infor-
mation along the y-axis would be easier to interpret than
graphs plotting quantity information along the z-axis [44].
Contradicting this hypothesis, participants were more likely
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Fig. 3. Estimates, standard errors, and posterior distributions (blue) with
95 percent credible intervals (black lines) for coefficients in Bayesian
logistic regression model 1 (all graphs) and 2 (graphs with quantity on
y-axis) in Experiment 1.

torespond correctly to graphs that represented quantity infor-
mation along the z-axis rather than the y-axis (see Table 2,
rows 3-4). As shown in Fig. 3 (model 1), the 95 percent credible
interval for Quantity Mapping did not include zero, indicat-
ing that this effect was strongly supported by the data.

Hypothesis 3 predicted that graphs depicting a positively
valenced quantity (vacation days) would be easier to interpret
than graphs depicting a negatively valenced quantity (mur-
ders). Consistent with this hypothesis, participants were more
likely to respond correctly to graphs depicting a positively
valenced quantity than a negatively valenced quantity (see
Table 2, rows 5-6). As shown in Fig. 3 (model 1), the 95 percent
credible interval for Valence did not include zero, indicating
that this effect was strongly supported by the data.

Hypothesis 4 predicted that graphs that aligned with ver-
tical valence metaphors would be easier to interpret than
graphs that did not align with these metaphors. Consistent
with this hypothesis, participants were more likely to
respond correctly to graphs that aligned with vertical
valence metaphors compared to graphs that did not (see
Table 2, rows 7-8). As shown in Fig. 3 (model 2), the 95 per-
cent credible interval for Axis Orientation x Valence did
not include zero, indicating that this effect was strongly
supported by the data.

The main effects for model 2 predicted responses to be
most accurate for non-inverted graphs depicting a positively
valenced quantity (95 percent CI = [3.77, 7.08]). Non-inverted
graphs depicting a negatively valenced quantity were pre-
dicted to elicit the second most accurate responses, although
accuracy was substantially lower (95 percent CI = [—0.29,
2.08]). Predicted accuracy for inverted graphs depicting a pos-
itively valenced quantity (95 percent CI = [-1.39, 0.06]) and
inverted graphs depicting a negatively valenced quantity (95
percent CI = [-1.16, 0.48]) were similar. These main effects
suggest that Axis Orientation (inverted versus non-inverted)
was the primary determinant of accuracy for graphs that
mapped quantity information onto the y-axis, rather than
Valence (negative versus positive) or Valence Alignment
(misaligning versus aligning).

3.1.6 Discussion

Our results showed that participants were more likely to
respond accurately to graphs without inverted axes compared
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to graphs with an inverted axis. This finding conceptually rep-
licates the results reported by Pandey et al. [1] and extends
these results to graphs with an inverted z-axis (rather than an
inverted y-axis) and an inverted time axis (rather than an
inverted quantity axis). Participants were also more likely to
respond accurately to graphs that aligned with veical valence
metaphors compared to graphs that did not align with these
metaphors. This result indicates that valence alignment mat-
ters for the interpretation of graphs that map quantity infor-
mation onto the y-axis. Because our results show that
inverting the axes of graphs generally has an adverse effect on
response accuracy, a follow-up question is whether valence
alignment matters enough to justify inverting the y-axis of
graphs when these graphs depict negatively valenced quanti-
ties. Our results suggest not: responses to inverted graphs
depicting negatively valenced quantities were less likely to be
accurate than responses to non-inverted graphs depicting
negatively valenced quantities. Ultimately, axis orientation
with respect to the ordering of quantity along axes was a more
important determinant of accuracy than valence alignment.

Our results also showed that participants were more likely
to respond accurately to graphs depicting a positively valenc-
ed quantity than graphs depicting a negatively valenced quan-
tity. This result is consistent with the cognitive processing
advantage reported for positively valenced stimuli compared
to negatively valenced stimuli [61], [62], [63]. In fact, for graphs
that mapped quantity onto the y-axis, the experimental condi-
tion most likely to elicit accurate responses — by a substantial
margin — was a non-inverted graph that depicted a positively
valenced quantity (as shown by the main effects). The success
of this experimental condition may be attributable to the addi-
tive effect of being non-inverted and depicting a positively
valenced quantity, as well as the multiplicative effect of this
experimental condition aligning with valence metaphors.

Participants were more likely to respond accurately to
graphs mapping quantity information onto the z-axis com-
pared to graphs mapping quantity information onto the y-axis.
This result is surprising because line graphs conventionally rep-
resent quantity information using the y-axis, so the subversion
of this convention may be expected to result in lower accuracy.
However, the plotting of quantity onto the z-axis is a salient
design choice that participants are likely to have spotted pre-
cisely due to its subversion of convention. The novelty of this
design choice may have prompted participants to deliberate for
longer when responding to this type of graph to verify that their
answer was correct [77], [78]. In contrast, when the graph pre-
sented to participants mapped quantity onto its y-axis, consis-
tent with graphical convention, participants may have been less
likely to initiate a lengthy verification procedure, leaving room
for errors to creep in. The latencies of participants’ responses
lend credence to this interpretation: participants spent less time
responding to graphs that plotted quantity information using
the y-axis (mean = 3.7 seconds) compared to graphs that plotted
quantity information using the z-axis (mean = 5.5 seconds).
However, it should be noted that there was little evidence for a
general speed-accuracy trade-off in either experiment (see addi-
tional analyses at https:/ /osf.io/5acjs/).

3.2 Experiment 2

Experiment 2 served as a replication-extension of Experi-
ment 1. As a replication, we reproduced the experimental
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TABLE 3
Hypothesis 5 & 6: Horizontal Valence Alignment

Stimuli Valence Aligning (z-axis)
Left-handed Right-handed
non-inverted axis, positive valence no yes
non-inverted axis, negative valence yes no
inverted axis, positive valence yes no
inverted axis, negative valence no yes

procedure from Experiment 1 and observed whether the
new data exhibited the same patterns. As an extension, we
introduced a test of horizontal valence metaphors. We
investigated handedness-relative valence metaphors [47],
which suggest that people associate the dominant side of
their body (and therefore that side of space) with more posi-
tive valence, and vice versa. We also investigated the com-
peting hypothesis that the representation of right-handed
metaphors in cultural practices may lead even left-handers
to associate positive valence with right-side space, a non-
relative, ‘absolute” metaphor [50], [51].

Experiment 2 tested the following two hypotheses in
addition to Hypotheses 1-4 tested in Experiment 1:

Hb5. Graphs that align with handedness-relative horizon-
tal valence metaphors will be easier to interpret than graphs
that do not align with these metaphors (see Table 3).

Hé6. Graphs that align with absolute horizontal valence
metaphors where ‘good’ is associated with rightward loca-
tions, irrespective of handedness, will be easier to interpret
than graphs that do not align with these metaphors.

3.2.1 Methodology

The procedure for Experiment 2 followed a similar method to
that detailed for Experiment 1. To assess our hypothesis
regarding handedness-relative metaphors of emotional
valence, eligibility criteria for participation specified that 50
percent of participants in each experimental condition (N =
25) should self-identify as left- and 50 percent as right-handed
based on demographic data that participants provided to
MTurk.

Three hundred MTurk users volunteered to participate. Of
this total, six participants were excluded for answering an
attention check question incorrectly prior to the study. Fur-
thermore, seven participants were excluded because their
response time to one of the trials was more than two standard
deviations above the mean response time to all trials across all
participants (25.9 seconds). Thus, data from 287 participants
were included in the final analyses. The reported age range of
participants was 23-72 years old (M =39, SD = 10). In terms of
gender, 175 participants were male (61 percent), 108 partici-
pants were female (37.6 percent), 2 participants were non-
binary/third gender (0.7 percent), and 2 participants pre-
ferred not to say (0.7 percent). In terms of handedness, 145
participants were right-handed (50.5 percent) and 142 partici-
pants were left-handed (49.5 percent).

Three statistical models were used to analyse the data.
Model 1 and 2 used in Experiment 1 were used again in
Experiment 2. Model 3 assessed hypotheses 5-6 and con-
tained the variables Axis Orientation (inverted versus non-
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TABLE 4
Accuracy: Experiment 2
Graph Stimuli Accuracy (Experiment 2)
non-inverted 82.6% 317 vs 67
inverted 61.5% 470 vs 294
quantity on y-axis 59.7% 346 vs 234

77.6% 441 vs 127

71.6% 411 vs 163
65.5% 376 vs 198

64.5% 187 vs 103
54.8% 159 vs 131

quantity on z-axis

positive valence
negative valence

valence aligning: y-axis
valence misaligning: y-axis

valence aligning: z-axis (relative) 75.4% 214 vs 70
valence misaligning: x-axis (relative) 79.9% 227 vs 57
valence aligning: z-axis (absolute) 84.9% 214 vs 43
valence misaligning: z-axis (absolute) 70.4% 200 vs 84

inverted), Valence (negative versus positive), and Handed-
ness (left versus right). This model also assessed the interac-
tion between Axis Orientation and Valence (hypothesis 6), as
well as the three-way interaction between Axis Orientation,
Valence, and Handedness (hypothesis 5). The variables in
model 3 were deviation-coded (—0.5, +0.5) to facilitate inter-
pretation of the main effects. Hypotheses 5-6 were assessed in
a separate model because these hypotheses applied only to
graphs that mapped quantity information onto the z-axis.

3.2.2 Results

Table 4 shows the accuracy of responses to different graph
stimuli in Experiment 1. Fig. 4 shows the coefficients for
model 1 (top), 2 (middle), and 3 (bottom). The blue posterior
distributions represent the credible values of the coefficients
for each variable and the probability density of these values.
The black line beneath these distributions represents the 95
percent credible intervals.

Hypothesis 1 predicted that graphs without inverted
axes would be easier to interpret than graphs with either
the 2- or y-axis inverted [1]. Consistent with this hypothesis,
participants were more likely to respond correctly to graphs
without inverted axes than to graphs with an inverted axis
(see Table 4, rows 1-2). As shown in Fig. 4 (model 1), the 95
percent credible interval for Axis Orientation did not
include zero, indicating that this effect was strongly sup-
ported by the data.

Hypothesis 2 predicted that graphs mapping quantity
onto the y-axis would be easier to interpret than graphs
mapping quantity onto the z-axis [44]. Contradicting this
hypothesis, and in line with the results from Experiment 1,
participants were more likely to respond correctly to graphs
that represented quantity information along the z-axis than
the y-axis (see Table 4, rows 3-4). As shown in Fig. 4 (model
1), the 95 percent credible interval for Quantity Mapping
did not include zero, indicating that this effect was strongly
supported by the data.

Hypothesis 3 predicted that graphs depicting a positively
valenced quantity (vacation days) would be easier to inter-
pret than graphs depicting a negatively valenced quantity
(murders). There was a descriptive difference between
graphs that depicted a positively valenced quantity and
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Fig. 4. Estimates, standard errors, and posterior distributions (blue) with
95 percent credible intervals (black lines) for coefficients in Bayesian
logistic regression model 1 (all graphs), 2 (graphs with quantity on
y-axis), and 3 (graphs with quantity on z-axis) in Experiment 2.

graphs that depicted a negatively valenced quantity (see
Table 4, rows 5-6). However, as shown in Fig. 4 (model 1),
the 95 percent credible interval for Valence marginally
included zero, albeit with the bulk of the credible interval
being above zero (lower bound = —0.10).

Hypothesis 4 predicted that graphs aligning with vertical
valence metaphors would be easier to interpret than graphs
misaligning with these metaphors. Consistent with this
hypothesis, participants were more likely to respond cor-
rectly to graphs that aligned with vertical valence meta-
phors than to graphs that did not (see Table 4, rows 7-8). As
shown in Fig. 4 (model 2), the 95 percent credible interval
for Axis Orientation x Valence did not include zero, indicat-
ing that this effect was strongly supported by the data.

The main effects for model 2 predicted accuracy to be
highest for non-inverted graphs depicting a positively
valenced quantity (95 percent CI = [4.53, 8.44]), followed
by non-inverted graphs depicting a negatively valenced
quantity (95 percent CI = [1.47, 4.71]). Accuracy for
inverted graphs depicting a negatively valenced quantity
(95 percent CI = [—-0.83, 1.27]) and inverted graphs depict-
ing a positively valenced quantity (95 percent CI = [-1.73,
0.22]) were predicted to be substantially lower. These
main effects indicate that Axis Orientation (inverted ver-
sus normal) was the primary determinant of accuracy for
graphs that plotted quantity using the y-axis, rather than
Valence (negative versus positive) or Valence Alignment
(misaligning versus aligning).

Hypothesis 5 predicted that graphs that align with hand-
edness-relative horizontal valence metaphors would be eas-
ier to interpret than graphs that do not align with these
metaphors. There was a descriptive difference in accuracy
between graphs that did or did not align with handedness-
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relative horizontal valence metaphors (see Table 4, rows 9-
10). However, as shown in Fig. 4 (model 3), the 95 percent
credible interval for Axis Orientation x Valence x Hand
included zero, indicating that this effect was not strongly
supported by the data.

Hypothesis 6 predicted that graphs that align with abso-
lute horizontal valence metaphors, irrespective of partic-
ipants’ handedness, would be easier to interpret than
graphs that do not align with these metaphors. Consistent
with this hypothesis, graphs that aligned with the absolute
vertical valence metaphor were more likely to elicit correct
responses than graphs that did not align with this metaphor
(see Table 4, rows 11-12). As shown in Fig. 4 (model 3), the
95 percent credible interval for Axis Orientation x Valence
did not include zero, indicating that this effect was strongly
supported by the data.

The main effects for model 3 predicted accuracy to be
highest for non-inverted graphs depicting a positively
valenced quantity (95 percent CI = [2.64, 5.68]). The second
highest predicted accuracy was elicited by inverted graphs
depicting a positively valenced quantity (95 percent CI =
[1.85, 4.23]). Accuracy for inverted graphs depicting a nega-
tively valenced quantity (95 percent CI = [1.11, 2.61]) and
non-inverted graphs depicting a negatively valenced quan-
tity (95 percent CI = [0.39, 2.15]) were similar. These main
effects indicate that Valence (negative versus positive) was
the primary determinant of accuracy for graphs that plotted
quantity using the x-axis, rather than Axis Orientation
(inverted versus non-inverted) or Valence Alignment (mis-
aligning versus aligning).

3.2.3 Discussion

Consistent with Experiment 1 and with the results of Pandey
et al. [1], our results show that participants were more likely to
respond accurately to graphs without inverted axes than to
graphs with inverted axes. Participants were also more likely
to respond accurately to graphs that aligned with vertical
valence metaphors than to graphs that did not align with
these metaphors. For graphs that depicted quantity informa-
tion using the y-axis, axis orientation mattered more for graph
interpretability than alignment with vertical valence meta-
phors. For instance, accuracy was higher for non-inverted
graphs depicting a negatively valenced quantity than for
inverted graphs depicting a negatively valenced quantity,
despite the fact that the latter graph aligned with vertical
valence metaphors. Altogether, these results indicate that
alignment with valence metaphors matters for the interpreta-
tion of line graphs, but not enough to justify inverting the axis
of these graphs, which is likely to confuse graph users [1], [35].

Unlike Experiment 1, the credible interval for emotional
valence (negative versus positive) in Experiment 2 included
zero. However, the majority of this credible interval was
above zero, with the lower bound of the interval being —0.10.
Furthermore, while it was not the primary test of our hypothe-
sis, the model assessing only horizontal valence metaphors
indicated that there was strong evidence for an effect of emo-
tional valence for graphs that depicted quantity using the
z-axis (95 percent CI = [0.81, 3.25]). Therefore, data across
both experiments could be interpreted together as showing an
effect of emotional valence on response accuracy, consistent
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with research showing that positively valenced stimuli are
recognised more quickly than negatively valenced stimuli
[61],[62], [63].

As in Experiment 1, participants in Experiment 2 were
more likely to respond accurately to graphs that mapped
quantity information onto the z-axis rather than the y-axis (in
contrast to [44]). Participants also spent more time responding
to these graphs (mean = 5.11 seconds) than to graphs that
depicted quantity information using the y-axis (mean = 3.79
seconds). This result lends further support to the notion that
participants made fewer mistakes when responding to z-axis
graphs because they spent longer verifying that their answers
to these graphs were correct [77], [78].

For graphs mapping quantity onto the z-axis, partici-
pants were more likely to respond accurately to graphs that
aligned with absolute valence metaphors (where ‘good’ is
associated with rightward space) rather than handedness-
relative valence metaphors (where ‘good’” is associated with
the side of space corresponding to the dominant side of
one’s body). This finding supports the idea that the repre-
sentation of the right-handed valence metaphor in cultural
practices and language causes an absolute association
between right-side space and positive valence that extends
even to left-handers [50], [51].

Our results also showed that emotional valence (negative
versus positive) mattered more than axis orientation for the
interpretability of graphs mapping quantity onto the z-axis.
In fact, accuracy was similar for z-axis graphs with non-
inverted axes (78.2 percent, 147 versus 41) compared to
x-axis graphs with an inverted axis (77.4 percent, 294 versus
86). A possible reason for the lack of an axis orientation
effect for xz-axis graphs may be that the novel presentation
of quantity on the z-axis caused participants to pay more
attention to the direction of this axis. The lack of an axis ori-
entation effect may then have left more room for emotional
valence to influence responses.

4 GENERAL DISCUSSION

Our main results can be summarised as follows:

e Non-inverted line graphs are easier to interpret than
line graphs with an inverted axis, confirming and
extending results reported by Pandey et al. [1] to
graphs with an inverted z-axis, and graphs with an
inverted time axis (either the y-axis or x-axis).

e Line graphs that adhere to conceptual metaphors of
emotional valence [19], [20], [21] are easier to inter-
pret than line graphs that do not adhere to these con-
ceptual metaphors. However, the beneficial effect of
valence alignment on graph interpretability does not
outweigh the adverse effect of reversing graphical
axes.

e Line graphs depicting a positively valenced quantity
are easier to interpret than line graphs depicting a
negatively valenced quantity, both when quantity
was mapped onto the y-axis and the z-axis, consis-
tent with the negativity bias [61], [63], [65].

e Line graphs that plot quantity onto the z-axis are
easier to interpret than line graphs that plot quantity
onto the y-axis.
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Our results support the idea that conceptual metaphor the-
ory can be relevant to the design of data visualizations [7], [8] -
in this case, line graphs. However, our results lead us to recom-
mend that line graphs should be designed to align with con-
ceptual metaphors of emotional valence only if doing so does
not subvert other well-established design graphical conven-
tions. Our results also suggest that the inverted y-axis of the
Stand Your Ground visualization, which depicted gun deaths
in Florida [26], did indeed have the potential to mislead view-
ers of the visualization. Contrary to comments made by
graphic designer Christine Chan, while axis direction can “be
shown either way” [26], we recommend that designers hoping
to elicit the correct interpretation of the data being visualized
should not invert the y-axis.

There are, however, some visualizations in which y-axis
inversion seems to have been employed successfully [36].
For example, the infographic entitled Iraq’s Bloody Toll (see
Fig. 1, B), designed by Simon Scarr, was awarded the silver
prize at annual infographics conference Malofiej [17], [78].
This infographic depicts the number of deaths per month in
Iraq between 2003 and 2011, inverting its y-axis and filling
its bars in red to resemble blood running down the page. In
contrast to the Stand Your Ground visualization, the Iraq
infographic’s title and its use of thin red bars with rounded
end caps emphasise the metaphor of blood. In addition, the
use of bars in the Iraq infographic allows the viewer to see
that the bars originate at the top of the page, whereas the
Stand Your Ground graph is a line chart and so does not
provide an easy cue for determining axis orientation [36].
More research is needed, but y-axis inversion may be
acceptable if the axis inversion is made highly salient by
other design features of the visualization. However, doing
so necessarily involves risk as some viewers might not
notice the axis inversion.

In some cases, graph designers may prefer to avoid plotting
quantity on the y-axis entirely if using the y-axis for quantity
conflicts with metaphors of emotional valence, and instead
may prefer to use the z-axis. In support of this recommenda-
tion, Tversky [2] has argued that the horizontal axis is more
neutral than the vertical one. Our results corroborate the rela-
tive neutrality of the horizontal axis with respect to line graphs:
while we found an effect of valence alignment for the z-axis in
Experiment 2, this effect was not as strong as the effect of
valence alignment for the vertical axis in both Experiment 1
and 2 (as indicated by the distance of the 95 percent credible
intervals from zero, see Figs. 3 and 4).

Our results have potential applications to other graphs
where designers select the ordering of categorical variables,
such as stacked bar charts. When there is no strict conven-
tion for the ordering of y-axis categories, these categories
could be listed from smallest to largest from the bottom to
the top of the y-axis, or from the top to the bottom, presum-
ably without causing confusion. The interpretability of these
graphs might be enhanced when the category with the
‘most’ is positioned at the top of the graph, and the cate-
gory with the ‘least’ is positioned at the bottom, in line
with vertical quantity metaphors [3], [4], [6]. Alterna-
tively, the optimal ordering might depend on whether
the quantity is positively or negatively valenced [20],
[21], [38]. This is an intriguing avenue of research for
future studies to explore.
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In general, more research needs to be conducted looking
at graphs showing different trends and quantities to deter-
mine the extent to which our results can be generalised. For
example, the graphs we showed to participants were based
on those used by Pandey et al. [1] and thus were highly
schematic, showing a simple, relatively linear line without
any other fluctuations. Real-life data are often more noisy
and complex than in the current work. Future research is
needed to determine whether our results generalise to dif-
ferent types of data, specifically data with more variability.
It also remains to be seen how non-linearities in the trend
line might affect conceptualisations of emotional valence.

In addition to the vertical axis, our data revealed an effect
of absolute horizontal metaphors of emotional valence that
was not relative to handedness. Interpretation of the line
graphs in this study thus did not appear to be influenced by
body-specificity [47], [48], [49]. This finding supports the
notion that even left-handers may come to acquire an absolute
association between right-side space and positive valence due
to the representation of the right-handed valence metaphor in
cultural practices and language [50], [51].

Based on the support our results provided for the nega-
tivity bias, an additional recommendation we can make for
the design of line graphs is that, if it is possible to frame a
quantity in positively or negatively valenced terms (e.g., ‘10
percent less sad” versus ‘10 percent happier’, or ‘30 percent
uncertain’ versus ‘70 percent certain’), the visualization
designer should use the positively valenced framing. For
example, it may be easier to interpret the graph shown in
Fig. 1 (O) if this graph displayed ratings of favourability
rather than unfavourability.

A possible criticism of our assessment of emotional valence
is that participants may not have universally agreed that
‘vacation days’ is a positively valenced concept — the judg-
ment of a stimulus as positively or negatively valenced is sub-
jective. For example, employers might view ‘vacation days’ as
negatively valenced due to its association with diminished
workplace productivity. Nonetheless, the fact that ‘vacation’
was rated as the most positively valenced word in the 13,915
words normed by Warriner et al. [67] leads us to assume that
the overwhelming majority of our participants assessed this
concept favourably. Because Warriner ef al. used a sample of
US participants recruited via Amazon Mechanical Turk, the
majority of whom had English as their native language, simi-
lar to our sample, there is good reason to believe that our par-
ticipants shared similar views about the valence of ‘vacation
days’. Furthermore, the standard deviation of the ratings for
‘vacation’ (0.77) was substantially below the average standard
deviation for words in the Warriner et al. dataset as a whole
(1.68) (more extreme ratings tend to be less variable, see [79]),
indicating that attitudes toward ‘vacation” were highly consis-
tent. The large samples in both our experiments ensured that
anomalous data from participants who felt differently did not
inordinately skew our results. Finally, because participants
answered questions about both vacation days and murders, it
seems likely that vacation days would have been perceived as
more positively valenced than murders in relative terms. This
contrast in itself might be expected to affect results in the
direction we observed.

Our finding that participants were more likely to respond
accurately to graphs that plotted quantity using the z-axis
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was contrary to our predictions. We speculated that the sub-
version of convention in these graphs was likely to have been
salient to participants, who then spent longer interpreting
these graphs to make sure their response was correct. This
finding differs from the y-axis advantage for bar charts
reported by Fischer et al. [44]. The discrepancy between these
two sets of results may be attributable to the fact that horizon-
tal bar charts are relatively ‘normal’, conventional visualiza-
tions, unlike line graphs that map quantity onto the z-axis,
which are unusual. Our results may also speak to the notion
of desirable difficulties, which posits that making learning more
challenging can be beneficial [77], [78].

This paper demonstrates the role that the field of concep-
tual metaphor research may have to play in the design of data
visualizations. Our results suggest that conceptual metaphor
theory matters for the interpretation of line graphs. However,
visualization designers are warned against subverting graphi-
cal convention in order to align with conceptual metaphors
that are not conventionally instantiated graphically. Other-
wise, the resultant visualization may be more liable to mislead
than to inform.

ACKNOWLEDGMENTS

The work of Greg Woodin was supported by the Economic
and Social Research Council under Grant ES/P000711/1.
The work of Bodo Winter was supported by the UKRI
Future Leaders Fellowship under Grant MR/T040505/1.

REFERENCES

[1] A.V.Pandey, K. Rall, M. L. Satterthwaite, O. Nov, and E. Bertini,
“How deceptive are deceptive visualizations?: An empirical anal-
ysis of common distortion techniques,” in Proc. 33rd Annu. ACM
Conf. Hum. Factors Comput. Syst., 2015, pp. 1469-1478.

[2] B. Tversky, “Visualizing thought,” Top. Cogn. Sci., vol. 3, no. 3,
pp- 499-535, 2011.

[3] M. Hartmann, V. Gashaj, A. Stahnke, and F. W. Mast, “There is
more than “more is up”: Hand and foot responses reverse the ver-
tical association of number magnitudes,” J. Exp. Psychol. Hum. Per-
ception Perform., vol. 40, no. 4, pp. 1401-1414, 2014.

[4] B. Winter and T. Matlock, “More is up. .. and right: Random num-
ber generation along two axes,” in Proc. Annu. Meeting Cogn. Sci.
Soc., 2013, pp. 3789-3974.

[5] T. Loetscher, C. J. Bockisch, M. E. R. Nicholls, and P. Brugger,
“Eye position predicts what number you have in mind,” Curr.
Biol., vol. 20, no. 6, pp. 264-265, 2010.

[6] M. Hartmann, L. Grabherr, and F. W. Mast, “Moving along the
mental number line: Interactions between whole-body motion
and numerical cognition,” J. Exp. Psychol. Hum. Perception Perform.,
vol. 38, no. 6, pp. 1416-1427, 2012.

[7] P. Parsons, “Conceptual metaphor theory as a foundation for
communicative visualization design,” in Proc. IEEE VIS Workshop
Vis. Commun., 2018, pp. 1-6. [Online]. Available: https://par.nsf.
gov/biblio/10087033

[8] J.S.Risch, “On the role of metaphor in information visualization,”
2008, arXiv:0809.0884

[9] R. W. Gibbs, Jr., The Poetics of Mind: Figurative Thought, Language,
and Understanding. Cambridge, UK: Cambridge Univ. Press, 1994.

[10] Z. Kovecses, Metaphor: A Practical Introduction. Oxford, UK.
Oxford Univ. Press, 2002.

[11] G. Lakoff and M. Johnson, Metaphors We Live By. Chicago, IL,
USA: Chicago Univ. Press, 1980.

[12] T. Loetscher, C. J. Bockisch, and P. Brugger, “Looking for the
answer: The mind’s eye in number space,” Neuroscience, vol. 151,
no. 3, pp. 725-729, 2008.

[13] L. Boroditsky, “Metaphoric structuring: Understanding time
through spatial metaphors,” Cognition, vol. 75, no. 1, pp. 1-28,
2000.

IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. 28, NO. 2, FEBRUARY 2022

[14] L. Boroditsky and M. Ramscar, “The roles of body and mind in
abstract thought,” Psychol. Sci., vol. 13, no. 2, pp. 185-189, 2002.

[15] M. S. McGlone and J. L. Harding, “Back (or forward?) to the future:
The role of perspective in temporal language comprehension,” J.
Exp. Psychol. Learn., Memory, Cogn., vol. 24, no. 5, pp. 1211-1223, 1998.

[16] Reuters, 2014. [Online]. Available: https://www.reuters.com/
news/world

[17] S. Scarr, “Iraq’s bloody toll,” 2011. [Online]. Available: https://
www.scmp.com/infographics/article/ 1284683 /iraqs-bloody-toll

[18] H. Enten, “Americans’ distaste for both Trump and Clinton is
record-breaking,” 2016. [Online]. Available: https:/ /fivethirtyeight.
com/ features /americans-distaste-for-both-trump-and-clinton-is-
record-breaking /

[19] B. P. Meier and M. D. Robinson, “Does “feeling down” mean see-
ing down? Depressive symptoms and vertical selective attention,”
J. Res. Pers., vol. 40, no. 4, pp. 451-461, 2006.

[20] B.P.Meier and M. D. Robinson, “Why the sunny side is up: Asso-
ciation between affect and vertical position,” Psychol. Sci., vol. 15,
no. 4, pp. 243-247, 2004.

[21] D. Casasanto and K. Dijkstra, “Motor action and emotional memo-
ry,” Cognition, vol. 115, no. 1, pp. 179-185, 2010.

[22] L. F. Barrett and J. A. Russell, “The structure of current affect:
Controversies and emerging consensus,” Curr. Directions Psychol.
Sci., vol. 8, no. 1, pp. 10-14, 2016.

[23] P.]. Lang, M. M. Bradley, and B. N. Cuthbert, “Motivated atten-
tion: Affect, activation and action,” in Proc. Attention Orienting
Sensory Motivational Processes, 1997, pp. 97-135.

[24] ]. A. Russell, “Core affect and the psychological construction of
emotion,” Psychol. Rev., vol. 110, no. 1, pp. 145-172, 2003.

[25] P. Engel, “Gun deaths in Florida increased with ‘Stand Your
Ground’,” 2014. [Online]. Available: https://www.businessinsider.
com/ gun-deaths-in-florida-increased-with-stand-your-ground-
2014-2?2r=US&IR=T

[26] M. Lallanilla, “Misleading gun-death chart draws fire”
2014. [Online]. Available: https://www.livescience.com/45083-
misleading-gun-death-chart.html

[27] ]. deVilla, “Lies, damned lies, and Reuters’ Graph of Florida fire-
arm deaths before and after “stand your ground”,” 2014. [Online].
Available: http:/ /www joeydevilla.com/2014/04/14/lies-
damned-lies-and-reuters-graph-of-florida-firearm-deaths-before-
and-after-stand-your-ground

[28] L. Wade, “How to lie with statistics: Stand your ground and gun
deaths,” 2014. [Online]. Available: https:/ /thesocietypages.org/
socimages /2014/12/28 /how-to-lie-with-statistics-stand-your-
ground-and-gun-deaths/

[29] L. M. Padilla, “A case for cognitive models in visualization
research,” in Proc. IEEE Eval. Beyond Methodol. Approaches Vis.,
2018, pp. 69-77.

[30] L. M. Padilla, S. H. Creem-Regehr, M. Hegarty, and J. K. Stefa-
nucci, “Decision making with visualizations: A cognitive frame-
work across disciplines,” Cogn. Res. Princ. Implic., vol. 3, no. 29,
pp- 1-25, 2018.

[31] M. Ishihara, P. E. Keller, Y. Rossetti, and W. Prinz, “Horizontal
spatial representations of time: Evidence for the STEARC effect,”
Cortex, vol. 44, no. 4, pp. 454-61, 2008.

[32] D.]. Cox, “The art and science of visualization: Metaphorical maps
and cultural models,” Technoetic Arts, vol. 2, no. 2, pp. 71-80, 2004.

[33] P. A. Fishwick, “Metaphoric mappings: The art of visualization,”
in Proc. Aesthetic Comput., 2006, pp. 89-114.

[34] L Vessey, “Cognitive fit: A theory-based analysis of the graphs ver-
sus tables literature,” Decis. Sci., vol. 22, no. 2, pp. 219-240, 1991.

[35] M. Correll and J. Heer, “Black hat visualization,” in Proc. IEEE
DECISIVe Workshop Dealing Cogn. Biases Vis., 2017, pp. 1-4.
[Online]. Available: https://decisive-workshop.dbvis.de/index.
html1%3Fp=555.html#115

[36] R. Kosara, “When bars point down,” 2014. [Online]. Available:
https:/ /eagereyes.org/journalism/when-bars-point-down

[37] M. Hartmann, F. W. Mast, and M. H. Fischer, “Counting is a spa-
tial process: Evidence from eye movements,” Psychol. Res., vol. 80,
no. 3, pp. 399409, 2016.

[38] T. Seno, T. Kawabe, H. Ito, and S. Sunaga, “Vection modulates
emotional valence of autobiographical episodic memories,” Cogni-
tion, vol. 126, no. 1, pp. 115-120, 2013.

[39]1 B. Winter and T. Matlock, “Primary metaphors are both cultural
and embodied,” in Proc. Metaphor Embodied Cogn. Discourse, 2017,
pp- 99-116.

Authorized licensed use limited to: UNIVERSITY OF BIRMINGHAM. Downloaded on April 13,2023 at 07:06:20 UTC from IEEE Xplore. Restrictions apply.


https://par.nsf.gov/biblio/10087033
https://par.nsf.gov/biblio/10087033
https://www.reuters.com/news/world
https://www.reuters.com/news/world
https://www.scmp.com/infographics/article/1284683/iraqs-bloody-toll
https://www.scmp.com/infographics/article/1284683/iraqs-bloody-toll
https://fivethirtyeight.com/features/americans-distaste-for-both-trump-and-clinton-is-record-breaking/
https://fivethirtyeight.com/features/americans-distaste-for-both-trump-and-clinton-is-record-breaking/
https://fivethirtyeight.com/features/americans-distaste-for-both-trump-and-clinton-is-record-breaking/
https://www.businessinsider.com/gun-deaths-in-florida-increased-with-stand-your-ground-2014--2?r=US&IR=T
https://www.businessinsider.com/gun-deaths-in-florida-increased-with-stand-your-ground-2014--2?r=US&IR=T
https://www.businessinsider.com/gun-deaths-in-florida-increased-with-stand-your-ground-2014--2?r=US&IR=T
https://www.livescience.com/45083-misleading-gun-death-chart.html
https://www.livescience.com/45083-misleading-gun-death-chart.html
http://www.joeydevilla.com/2014/04/14/lies-damned-lies-and-reuters-graph-of-florida-firearm-deaths-before-and-after-stand-your-ground
http://www.joeydevilla.com/2014/04/14/lies-damned-lies-and-reuters-graph-of-florida-firearm-deaths-before-and-after-stand-your-ground
http://www.joeydevilla.com/2014/04/14/lies-damned-lies-and-reuters-graph-of-florida-firearm-deaths-before-and-after-stand-your-ground
https://thesocietypages.org/socimages/2014/12/28/how-to-lie-with-statistics-stand-your-ground-and-gun-deaths/
https://thesocietypages.org/socimages/2014/12/28/how-to-lie-with-statistics-stand-your-ground-and-gun-deaths/
https://thesocietypages.org/socimages/2014/12/28/how-to-lie-with-statistics-stand-your-ground-and-gun-deaths/
https://decisive-workshop.dbvis.de/index.html%3Fp=555.html#115
https://decisive-workshop.dbvis.de/index.html%3Fp=555.html#115
https://eagereyes.org/journalism/when-bars-point-down

WOODIN ETAL.: CONCEPTUAL METAPHOR AND GRAPHICAL CONVENTION INFLUENCE THE INTERPRETATION OF LINE GRAPHS

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

A. Chinello, M. D. de Hevia, C. Geraci, and L. Girelli, “Finding the
spatial-numerical association of response codes (SNARC) in
signed numbers: Notational effects in accessing number repre-
sentation,” Funct. Neurol., vol. 27, no. 3, pp. 177-185, 2013.

S. Dehaene, S. Bossini, and P. Giraux, “The mental representation
of parity and number magnitude,” J. Exp. Psychol. Gen., vol. 122,
no. 3, pp. 371-396, 1993.

G. Wood, K. Willmes, H.-C. Nuerk, and M. H. Fischer, “On the
cognitive link between space and number: A meta-analysis of the
SNARC effect,” Psychol. Sci., vol. 50, no. 4, pp. 489-525, 2008.

G. Woodin and B. Winter, “ Placing abstract concepts in space:
Quantity, time and emotional valence,” Front. Psychol., vol. 9,
pp- 1-14, 2018.

M. H. Fischer, N. Dewulf, and R. L. Hill, “Designing bar graphs: Ori-
entation matters,” Appl. Cogn. Psychol., vol. 19, no. 7, pp. 953-962,
2005.

B. Winter, T. Matlock, S. Shaki, and M. H. Fischer, “Mental num-
ber space in three dimensions,” Neurosci. Biobehav. Rev., vol. 57,
pp- 209-219, 2015.

B. Winter, T. Marghetis, and T. Matlock, “Of magnitudes and
metaphors: Explaining cognitive interactions between space, time,
and number,” Cortex, vol. 64, pp. 209-224, 2015.

D. Casasanto, “Embodiment of abstract concepts: Good and bad
in right- and left-handers,” J. Exp. Psychol. Gen., vol. 138, no. 3,
pp- 351-367, 2009.

D. Casasanto and T. Henetz, “Handedness shapes children’s
abstract concepts,” Cogn. Sci., vol. 36, no. 2, pp. 359-372, 2012.

J. W. Van Strien and S. Van Beek, “Ratings of emotion in laterally
presented faces: Sex and handedness effects,” Brain Cogn., vol. 44,
no. 3, pp. 645-652, 2000.

D. Casasanto, “The hierarchical structure of mental metaphors,”
in Proc. Metaphor Embodied Cogn. Discourse, 2017, pp. 46-61.

D. Casasanto and R. Bottini, “Spatial language and abstract concepts,”
Wiley Interdiscipl. Rev. Cogn. Sci., vol. 5, no. 2, pp. 139-149, 2014.
S.Y.Kim, J. W. Lee, and L. S. Sohn, “Comparison of various statis-
tical methods for identifying differential gene expression in repli-
cated microarray data,” Stat. Methods Med. Res., vol. 15, no. 1,
pp- 3-20, 2016.

A. Abdul-Rahman et al., “Re-spatialization of time series plots,”
Inf. Vis., vol. 16, no. 4, pp. 275-290, 2017.

S.Havre, E. Hetzler, P. Whitney, and L. Nowell, “ThemeRiver: Visu-
alizing thematic changes in large document collections,” IEEE Trans.
Vis. Comput. Graph., vol. 8, no. 1, pp. 9-20, Jan.-Mar. 2002.

M. Wattenberg, “Baby names, visualization, and social data analy-
sis,” in Proc. IEEE Symp. Inf. Vis., 2005, pp. 1-7.

A. Vallesi, M. A. Binns, and T. Shallice, “An effect of spatial-temporal
association of response codes: Understanding the cognitive repre-
sentations of time,” Cognition, vol. 107, no. 2, pp. 501-527, 2008.

M. Conson, F. Cinque, A. M. Barbarulo, and L. Trojano, “A com-
mon processing system for duration, order and spatial informa-
tion: Evidence from a time estimation task,” Exp. Brain Res.,
vol. 187, no. 2, pp. 267-274, 2008.

S. Ruiz Fernandéz, M. Lachmair, and J. J. Rahona, “Human mental
representation of time in the vertical space,” in Proc. 6th Int.
Congr. Med. Space Extreme Environ., 2014.

M. ]J. Leone, A. Salles, A. Pulver, D. A. Golombek, and M. Sigman,
“Time drawings: Spatial representation of temporal concepts,”
Consciousness Cogn., vol. 59, pp. 10-25, 2018.

M. H. Fischer and H. Campens, “Pointing to numbers and grasp-
ing magnitudes,” Exp. Brain Res., vol. 192, no. 1, pp. 149-153, 2009.
M. W. Matlin and D. ]J. Stang, The Pollyanna Principle: Selectivity in
Language, Memory, and Thought. Cambridge, MA, USA: Schenk-
man Pub. Co., 1978.

G. Peeters, “Evaluative positive-negative asymmetry in adjective-
noun compounds,” Polish Psychol. Bull., vol. 20, no. 4, pp. 255-266,
1989.

G. Peeters, “The positive-negative asymmetry: On cognitive consis-
tency and positivity bias,” Eur. . Social Psychol., vol. 1, pp. 455-474,
1971.

G. Peeters and J. Czapinski, “Positive-negative asymmetry in evalu-
ations: The distinction between affective and informational negativ-
ity effects,” Eur. Rev. Social Psychol., vol. 1,no. 1, pp. 33-60, 1990.

A. Vaish, T. Grossmann, and A. Woodward, “Not all emotions are
created equal: The negativity bias in social-emotional devel-
opment,” Psychol. Bull., vol. 134, no. 3, pp. 383-403, 2008.
Qualtrics, “Four core experiences of business: Four applications to get
them right,” 2019. [Online]. Available: https://www.qualtrics.com/

[67]

[68]

[69]

[70]

[71]
[72]
[73]

[74]

[75]
[76]

[77]

[78]

[79]

[80]

1221

Amazon Mechanical Turk, 2021. [Online]. Available: https://
www.mturk.com/

A. B. Warriner, V. Kuperman, and M. Brysbaert, “Norms of
valence, arousal, and dominance for 13,915 English lemmas,”
Behav. Res. Methods, vol. 45, no. 4, pp. 1191-1207, 2013.

R Core Team, R: A Language and Environment for Statistical Comput-
ing, R Foundation for Statistical Computing, Vienna, Austria,
2020. [Online]. Available: https://www.R-project.org/

RStudio Team, “RStudio: Integrated Development Environment
for R,” RStudio, Inc., Boston, MA, USA: 2016. [Online]. Available:
http:/ /www.rstudio.com/

H. Wickham, “The split-apply-combine strategy for data analy-
sis,” J. Stat. Softw., vol. 40, no. 1, pp. 1-29, 2011.

H. Wickham et al., “Welcome to the tidyverse,” . Open Source
Softw., vol. 4, no. 43, 2019, Art. no. 1686.

X. F.iMarin, “GGMCMC: Analysis of MCMC samples and Bayes-
ian inference,” J. Stat. Softw., vol. 70, no. 9, pp. 1-20, 2016.

M. Kay, “Tidybayes: Tidy data and Geoms for Bayesian models,”
R package version 2.3.1, 2020. [Online]. Available: http://mijskay.
github.io/tidybayes/

P.-C. Biirkner, “brms: An R package for Bayesian multilevel mod-
els using Stan,” |. Stat. Softw., vol. 80, no. 1, pp. 1-28, 2017.

P.-C. Biirkner, “Advanced Bayesian multilevel modeling with the
R package BRMS,” R ]., vol. 10, no. 1, pp. 395-411, 2018.

R. A. Bjork, “Memory and metamemory considerations in the
training of human beings,” in Metacognition: Knowing About Know-
ing. Cambridge, MA, USA: MIT Press, 1994, pp. 185-205.

J. Hullman, E. Adar, and P. Shah, “Benefitting InfoVis with visual
difficulties,” IEEE Trans. Vis. Comput. Graph., vol. 17, no. 12,
pp- 2213-2222, Dec. 2011.

A. Cotgreave, “Lies, damn lies, and statistics: How to take something
positive from the UK’s EU referendum campaign,” 2016. [Online].
Auvailable: https:/ /www.infoworld.com/article /3088166 / why-how-
to-lie-with-statistics-did-us-a-disservice.html

L. Pollock, “Statistical and methodological problems with concrete-
ness and other semantic variables: A list memory experiment case
study,” Behav. Res. Methods, vol. 50, no. 3, pp. 1198-1216, 2018.

Greg Woodin (Member, IEEE) is currently work-
ing toward the PhD degree in English Language
and Applied Linguistics with the University of Bir-
mingham, U.K. His research interests include
metaphor, iconicity, gesture, spatial cognition,
and data visualization.

Bodo Winter is currently a senior lecturer in cogni-
tive linguistics with the University of Birmingham,
U.K. His research interests include metaphor, ges-
ture, language evolution, and statistical methodol-
ogy. He is a UKRI Future Leaders Fellow.

Lace Padilla (Member, |IEEE) is currently an
assistant professor with the Department of Cog-
nitive and Information Sciences, UC Merced,
USA. Her research interests include visual deci-
sion-making and spatial cognition.

> For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/csdl.

Authorized licensed use limited to: UNIVERSITY OF BIRMINGHAM. Downloaded on April 13,2023 at 07:06:20 UTC from IEEE Xplore. Restrictions apply.


https://www.qualtrics.com/
https://www.mturk.com/
https://www.mturk.com/
https://www.R-project.org/
http://www.rstudio.com/
http://mjskay.github.io/tidybayes/
http://mjskay.github.io/tidybayes/
https://www.infoworld.com/article/3088166/why-how-to-lie-with-statistics-did-us-a-disservice.html
https://www.infoworld.com/article/3088166/why-how-to-lie-with-statistics-did-us-a-disservice.html


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


