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HEURISTIC REASONING IN INTERPRETING BOX PLOTS:
THE INFLUENCE OF ORIENTATION
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Abstract: We studied how graph design principles can predict specific reasoning mechanisms that
occur when misinterpreting box plots, and, more specifically, the misinterpretation of the area as
a representation of frequency or proportion of observations, instead of density. In previous
studies this misinterpretation has been shown to be heuristic in nature and is elicited by the fact
that box plots do not use space in a natural way. Graph design principles provide a theoretical
framework for assuming that the orientation of a box plot could influence its interpretation. By
analyzing reaction times and accuracy rates for different item types, we explored whether there
indeed is an influence of the orientation of a box plot on the way it is interpreted. Results indicate
that the misinterpretation manifests itself in both orientations to the same extent, suggesting
that the orientation of a box plot does not influence the reasoning mechanisms it provokes.
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Lem, Onghena, Verschaffel, and Van
Dooren (2013b) recently showed that box
plots are misinterpreted frequently and that
the incorrect interpretation of the area of the
box plot can be assigned to incorrect heuris-
tic reasoning. A limitation of this study is,
however, that it only used horizontally po-
sitioned box plots, while it is also common
practice to make use of vertically positioned
box plots, particularly when multiple groups
are being compared (e.g., McGill, Tukey,
Larsen, 1978; Williamson, Parker, Kendrick,

1989). Based on graph design principles
(Tversky, 1997), some arguments can be
given that make it likely that less interpreta-
tion difficulties will occur when the box plot
is represented vertically. In the present study,
we compared the way horizontally and verti-
cally positioned box plots are interpreted,
using a dual processing perspective.

The Heuristic Misinterpretation of
Box Plots

The misinterpretation, which is the focus
in this study, was documented first by
Bakker, Biehler, and Konold (2005). They
found that the area of the box plot is often
perceived by students as displaying the fre-
quency or proportion of observations in that
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interval, instead of the density. Bakker et al.
ascribed this misinterpretation to the fact that
students link the use of box plots to the use
of graphical representations previously
learned in school (e.g., histograms and bar
graphs, see also Lem, Onghena, Verschaffel,
Van Dooren, 2012). In box plots the area of
the box indicates how dense the observa-
tions are in that interval: The smaller an area,
the higher the density of observations in that
interval. This makes box plots very different
from other graphical representations, such
as bar graphs and histograms, in which a
larger area of the bar reflects a higher fre-
quency of observations.

Using the dual processes approach, Lem
et al. (2013b) found indications for the heu-
ristic nature of the misinterpretation of the
area in box plots. Despite some criticism
(Keren, Schul, 2009), the dual processes ap-
proach has been frequently and successfully
used in the past decades to study whether
certain reasoning errors can be explained by
the incorrect heuristic or intuitive process-
ing of certain task characteristics. In Lem et
al.’s (2013b) investigation, reaction times and
accuracy rates of two item types were com-
pared to study the occurrence of heuristic
reasoning: congruent and incongruent items.
In congruent items, the correct response is
in line with the expected heuristic reasoning.
Thus, they can be solved very fast by heu-
ristic reasoning. For incongruent items, on
the other hand, the heuristic reasoning leads
to an incorrect response. Therefore, they
need analytic reasoning to find the correct
response, which takes longer. Participants
were asked to solve congruent and incon-
gruent items concerning box plots. Reaction
times and accuracy rates were logged on
both item types. Participants solved congru-
ent items correctly significantly more often

than incongruent items, and longer reaction
times were registered on correct incongru-
ent items as compared to correct congruent
items. These two findings indicated that the
misinterpretation of box plots is indeed heu-
ristic in nature.

An extra manipulation that was used by
Lem et al. (2013b), related to the saliency of
the box of the box plots. One group of par-
ticipants solved the tasks with a large, grey
box, while another group of participants
solved the same tasks with a smaller, white
box, in order to study the effect of saliency.
The results showed that participants in the
condition with the more salient area solved
the tasks faster and gave more heuristic re-
sponses than the participants in the condi-
tion with the less salient area. This shows
that it is indeed the area of the box plot that
triggers the incorrect heuristic processing.

Graph Design Principles

Lem et al. (2013b) provided empirical evi-
dence that the area of the box plot is inter-
preted incorrectly, leading to incorrect con-
clusions. Tversky’s (1997) graph design prin-
ciples provide a useful theoretical framework
for understanding this misinterpretation.
More specifically, the principle of the natu-
ral use of space says that space in graphs
should be used in such a way as to allow for
correct interpretation, much the same way
space is interpreted in the real world. That
means, for instance, that elements in a graph
that are placed closer together should also
be related more to each other than elements
that are placed farther apart. Also, elements
that are larger should represent more obser-
vations or should be more important. It is
clear that this last rule is not obeyed to in
box plots: the larger (part of the) box in the
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box plot does not represent more observa-
tions, but rather a lower density.

Another graph design principle provides
a reason to assume that vertically positioned
box plots may be interpreted differently than
horizontally positioned ones: Tversky’s
(1997) directionality principle states that di-
rection in graphs should be used in a natural
way. More specifically, according to Tversky,
people have a natural preference towards the
vertical dimension above the horizontal di-
mension, meaning that they will tend to fo-
cus on the vertical dimension. This prefer-
ence is likely caused by our daily experiences,
for example: People and plants grow verti-
cally, and in language concepts like ‘higher’
and ‘larger’ are associated with ‘more’ and
‘better’ (Tversky, 1997). Applying this direc-
tionality principle to box plots, it can be de-
rived that people will tend to focus on the
height of the box when positioned horizon-
tally, because of their preference of the verti-
cal dimension (Lem et al., 2013a, 2013b). This
can lead to incorrect conclusions, since the
height of the box does not reflect any mean-
ing. When a box plot is positioned vertically,
however, a focus on the vertical dimension
shows the distribution of the data, which
should lead to a better interpretation of the
area. In other words, positioning box plots
horizontally could strengthen the incorrect
processing of the area, while a vertical posi-
tion could lead to a focus on the vertical di-
mension that is more correct, hence leading
to less incorrect heuristic processing.

The overall goal of the present study was
to investigate whether heuristic reasoning
would still occur in the interpretation of ver-
tically positioned box plots, and if so,
whether this would occur to the same extent
as for horizontally positioned box plots. In
accordance with Evans’ (2006) dual-process

theories framework, we further hypothesized
that the misinterpretation of the area of the
box in a vertical box plot would again be heu-
ristic in nature.

PREDICTIONS

We already know that the graph design
principle on the natural use of space causes
box plots to be interpreted incorrectly. The
graph design principle on the use of direc-
tion could however also play an important
role in the misinterpretation of box plots,
which will be tested in this study. We antici-
pated three possible outcomes of the cur-
rent study. First, it is possible that vertically
oriented box plots do not lead to incorrect
heuristic reasoning, as could be predicted
based on Tversky’s graph design principle
on the natural use of direction, meaning that
it is the design principle on directionality that
is most important for the interpretation of
box plots. In this case, we would not find an
influence of congruency on accuracy or re-
action times in the vertical condition, while
we would find these differences in the hori-
zontal condition. Second, again referring to
the graph design principle, one could also
predict that the incorrect heuristic reason-
ing is less strong with vertical box plots than
with horizontal ones. Both design principles
play a role when this outcome is found. In
this case, accuracy on the incongruent items
would be higher in the vertical than in the
horizontal condition, but reaction times
would still reveal the occurrence of incorrect
heuristic reasoning processes in the vertical
condition, although to a lesser extent than in
the horizontal condition. Third, incorrect
heuristic reasoning may occur to the same
extent in vertically and horizontally posi-
tioned box plots, as opposed to what could
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be predicted based on the graph design prin-
ciple of directionality, suggesting that only
the design principle on the natural use of
space is determinative in the interpretation
of box plots. In this case we would not find
any effect of condition on accuracy or re-
sponse time.

METHOD

Participants

Participants were 67 students (56 females,
11 males) of KU Leuven, Belgium. The
strong overrepresentation of female partici-
pants was due to student enrolment patterns,
but we have no reasons to assume that this
gender imbalance would affect our results.
The age of the participants varied between
18 and 37 years, with a mean of 22.70 (SD =
3.09). All participants had taken a statistics
course in the same year or in the year before
as the study was carried out and box plots
were part of this course. The majority of the
participants were from the Faculty of Psy-
chology and Educational Sciences (74.7%)
The remaining participants were from vari-
ous other faculties (e.g., Social Sciences,
Law, and Medicine).

To test whether students in both condi-
tions (horizontal and vertical condition) were
comparable according to their box plot
knowledge, a box plot knowledge test was
administered after the experiment (see appen-
dix A; Lem et al., 2013b). In general, partici-
pants correctly answered 8.82 out of the 10
(SD = 1.54) knowledge questions about box
plots, with 52.2% of the participants answer-
ing all 10 questions correctly. Based on the
mean score, we can conclude that the par-
ticipants’ box plot knowledge was good. We
did not find a statistically significant differ-

ence concerning box plot knowledge, using
an independent samples t-test, t(53.620) =
-1.947, p = .057; participants in the horizontal
condition scored on average 9.18 out of 10,
while participants in the vertical condition
scored on average 8.47 of 10. This shows
that both conditions were composed simi-
larly with respect to their box plot knowl-
edge. A calculation of the Bayes factor sug-
gests the null hypothesis of no difference
between both groups is somewhat more
likely than the alternative hypothesis of a
difference between both groups. The Bayes
factor was 0.986.

Materials and Design

Participants were randomly assigned to
one of two conditions. In the horizontal con-
dition (n = 33) participants received horizon-
tally positioned box plots, like in the original
study conducted by Lem et al. (2013b). In
the vertical condition (n = 34) the items were
identical, but the box plots were positioned
vertically (see Figure 1).

All participants were presented with the
same computerized test consisting of 40
items. These stimuli were created using
FathomTM (Finzer, 2007). The computerized
test was designed using E-Prime® 1.1 (Psy-
chology Software Tools, 2002). Each item
consisted of two box plots, shown simulta-
neously on a computer screen, representing
fictional exam results of two equally sized
class groups. Participants had to determine
in which of the two class groups there were
more students with a grade higher than 10 out
of 20. In each item there was a red dotted line
to indicate the score of 10, allowing partici-
pants to compare the box plots more easily.

As in the study of Lem et al. (2013b), five
different item types were used: two congru-
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ent (n = 16) and three incongruent item types
(n = 24). In the incongruent items the heuris-
tic response was different from the correct
response, whereas these two responses were
the same in the congruent items. An over-
view of these five different item types and
their correct and heuristic responses is given
below and in Figure 2, giving example items
from the vertical condition.

Procedure

Participants worked individually on laptop
computers. The course of the experiment was
the same in both conditions. No time limit
was set and most participants finished the
experiment within 20 minutes.

Participants were first shown a screen pre-
senting a box plot, in which the five elements
(minimum, Q1, median, Q3, maximum) were
named. In the following screens they re-
ceived the task instructions after which they
were presented with two sample exercises
for which no feedback was provided.

The 40 experimental items were presented
in four units of 10 items each. Each unit was

followed by a pause which participants could
end themselves. In each unit the items were
presented in a semi-random order, just like
Lem et al. (2013b) did, in order to prevent
that the same correct or heuristic response,
the same level of congruency, or the same
item type would be used in more than three
consecutive items. Every item was preceded
by a fixation cross (+) in the middle of the
screen, which was presented for 500 ms. Par-
ticipants did not receive any feedback about
their accuracy or reaction time during the
experiment.

Stickers were placed on the keyboard of
the laptops in order to help the participants
give their responses. In the horizontal con-
dition, participants were asked to press “T”
for the top box plot, “=” for equal, or “B” for
bottom box plot, this way the answer but-
tons were positioned in the same way as the
box plots were (on top of each other). In the
vertical box plot condition, stickers were not
placed above one another but side-by-side
at one row on the keyboard: “L” for left box
plot, “=” for equal, and “R” for right box plot.
This way they corresponded with the verti-

  
 Figure 1. Example of a horizontal box plot item (left-hand figure) and its corresponding

vertical box plot item (right-hand figure)
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 Correct response Heuristic response Example 

Congruent equal 
The same (the  
same median) 

The same (same  
area above ten) 

 

Congruent unequal 
Box plot with  
higher median 

Box plot with  
larger area  
above ten 

 

Incongruent equal 
The same (the  
same median) 

Box plot with  
largest area  
above ten 

 

Incongruent unequal 
Box plot with  
higher median 

Box plot with  
largest area  
above ten 

 

Incongruent inverse 
Box plot with  
higher median 

Box plot with  
largest area  
above ten 

 

 
Figure 2. Overview of the five different item types (with example items from the vertical

condition). For each pair of box plots, representing the exam results of two groups of
students, participants were told to choose which group had most students with a score
above 10.
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cally positioned box plots, which were placed
also next to each other on the screen.

RESULTS

The reaction times of the trials were log-
transformed to normalize the distribution of
the data and trials with a reaction time more
than 2.5 standard deviations from the mean,
calculated per item type and condition, were
excluded from the dataset. These trials were
removed so that they could not influence
the results, because such slow or fast re-
sponses could be a reflection of guessing or
the loss of one’s attention to a specific item.
In total, this resulted in an exclusion of 20
trials (0.8%) from the dataset.

Since there were multiple measurements
per participant, the data were analyzed us-
ing generalized linear mixed models and lin-
ear mixed models, allowing to examine re-
peated measurements per subject and to take
the possible correlation between different
responses of each individual subject into
consideration.

Accuracy

Table 1 provides an overview of the accu-
racy rates grouped per condition and level
of congruency. A generalized linear mixed
model was fitted to test for the main effects
of condition and congruency and the inter-
action effect of these variables on accuracy.
Accuracy was significantly higher for con-

gruent (91.0%) than for incongruent items
(64.4%), F(1,2591) = 251.01, p < .001, OR =
8.72, which suggests the occurrence of in-
correct heuristic reasoning. Participants in
the horizontal box plot condition (75.1%)
scored on average about the same as partici-
pants in the vertical box plot condition
(75.0%) and there was no statistically sig-
nificant main effect of condition on accuracy,
F(1,2591) = 0.62, p = .433. Finally, there was a
significant interaction effect of congruency
and condition on accuracy, F(1,2591) = 6.19,
p = .013, OR = 0.53 – 1.05. As shown in Table
1, this effect indicates that the gap in accu-
racy between congruent and incongruent
items was somewhat larger in the horizontal
than in the vertical condition.

We calculated the Bayes factor to com-
pare the evidence for the null hypothesis that
the orientation of the box plot does not have
an overall effect on accuracy against the
evidence for the alternative hypothesis that
it does have an effect. This analysis provided
strong evidence in favor of the null hypoth-
esis, as we found a Bayes factor of 16.175
(calculated following the procedure of
Rouder et al., 2009), meaning that the null
hypothesis is 16.175 times more likely than
the alternative hypothesis.

Reaction Times

Table 2 presents the reaction times per
condition and level of congruency. A linear
mixed model was used to analyze the reac-

Table 1. Accuracy rates (in %), per condition and level of congruency

 Horizontal condition  Vertical condition 
Congruent 92.6 89.5 
Incongruent 63.3 65.4 
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tion times of the correct responses. Condi-
tion and level of congruency were used as
independent variables in this model, as was
their interaction. There was a main effect of
congruency on reaction time, F(1,1929) =
54.65, p < .001, d = 0.271. Correct responses
were given faster to congruent (3254 ms) than
to incongruent items (4259 ms), which again
suggests the occurrence of incorrect heuris-
tic reasoning, as more time-consuming ana-
lytic reasoning was apparently necessary to
solve the incongruent items correctly. There
was no main effect of condition on reaction
times, F(1,1929) = 0.26, p = .611, implying that
participants in the horizontal and vertical box
plot condition needed the same amount of
time to respond correctly. Finally, there was
a statistically significant interaction effect of
congruency and condition on reaction time,
F(1,1929) = 11.54, p < .001, d = 0.09 – 0.27.
The effect of congruency on reaction time
was larger in the vertical (1307 ms) than in
the horizontal box plot condition (681 ms),
suggesting that overcoming the incorrect
heuristic is more difficult with vertically than
with horizontally positioned box plots.

As we did for the accuracy rates, we also
calculated the Bayes factor on the reaction
times to compare the evidence for the null
hypothesis, i.e., that the orientation of the

box plot does not influence the heuristic rea-
soning processes of the participants against
the evidence for the alternative hypothesis,
i.e., that it does influence the heuristic rea-
soning processes. We found a Bayes factor
of 12.160, suggesting that the data strongly
support the null hypothesis (Rouder et al.,
2009), which means that the null hypothesis
is 12.160 times more likely than the alterna-
tive hypothesis.

CONCLUSIONS  AND  DISCUSSION

From earlier research we already know that
box plots violate the graph design principle
on the natural use of space (e.g., Lem et al.,
2013b). In the present study we investigated
the effect of a second graph design principle:
the directionality principle. More specifically,
we investigated whether the same reason-
ing processes occur when interpreting box
plots that are positioned vertically as when
they are positioned horizontally. Tversky’s
(1997) graph design principle on the use of
direction provided a theoretical grounding
for hypothesizing that the vertically oriented
box plot might be interpreted differently than
horizontally oriented box plots. As in the
studies of Lem et al. (2012, 2013b), a dual-
processes approach was used to study the
possible differences in reasoning processes.

The results can be summarized as follows.
First, as in Lem et al.’s (2013b) study, we
found for the vertical as well as the horizon-
tal condition clear signs of incorrect heuris-

Table 2. Mean reaction times and standard deviations (in brackets) in ms of correctly
solved congruent and correct incongruent items, per condition

 Horizontal condition Vertical condition 
Congruent 3261 (2992) 3248 (3285) 
Incongruent 3942 (3838) 4555 (4747) 
 

1 Cohen’s d = 0.20, 0.50, and 0.80, can be con-
sidered, respectively, as indicative of a small, me-
dium, and large effect (Cohen, Manion, Morrison,
2007).
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tic reasoning, both in terms of accuracy and
reaction time. Second, there was no main ef-
fect of condition, neither on accuracy nor on
reaction time. On top of that, by calculating
Bayes factors, we found evidence in favor
of the null hypothesis that there would be
no difference between both conditions re-
garding accuracy and reaction times. Con-
sequently, we can conclude that the direc-
tionality principle does not have an added
effect on the misinterpretation of box plots,
on top of the violation of the space prin-
ciple. Third, we found an interaction effect
of condition and congruency on both accu-
racy and reaction times of correct responses.
These interaction effects are difficult to in-
terpret, especially because the direction of
the effect seems to be different for accuracy
and reaction time. A possible interpretation
could be that the vertical presentation takes
somewhat longer to process than the hori-
zontal one, making students slightly more
successful in overcoming their initial incor-
rect heuristic interpretation of vertical box
plots. It is, however, unclear whether this is
due to the longer visual processing time,
making it more likely that analytic reasoning
is initiated, or due to more analytic reason-
ing being evoked by the vertical orientation.
Future research should study this further.
Anyway, our results clearly indicate that the
heuristic processing of the area in box plots
(and thus the possible misinterpretation) also
occurs in vertically oriented box plots. The
violation of the design principle of the natu-
ral use of space thus affects reasoning re-
gardless of the orientation of box plots.

The results of this study have several theo-
retical and practical implications. On a
theoretical level, we can state that Tversky’s
(1997) graph design principle of directional-
ity was not able to correctly predict that ver-

tically positioned box plots would elicit dif-
ferent reasoning processes than horizontally
positioned box plots. This might suggest that
this graph design principle is incorrect. How-
ever, several other reasons could explain why
we did not obtain the expected effect. For
instance, even with vertically oriented box
plots, some (other) problems with the design
of the representation still exist, like the fact
that the violation of the space principle al-
ready leads to an extremely strong misinter-
pretation that cannot be overcome by sim-
ply using a different orientation for the box
plot. We have hence shown that people’s
preference of the vertical dimension over the
horizontal dimension does not influence their
ability of overcoming the incorrect heuristic
processing of the box plot. Further research
is necessary into the reasoning mechanisms
concerning the interpretation of graphs and
the way graph design principles can predict
these mechanisms in order to find optimal
designs of graphs.

On a more practical level, we have shown
that for students it does not matter in which
direction a box plot is presented, in terms of
their likeliness to interpret the plot correctly.
If these results are generalizable to other
groups of users, such as policy makers and
researchers reading research reports and ar-
ticles, it does not matter in which direction
box plots are used for the presentation of
research results. Regardless, box plots
should be used with care, as this study once
again showed that they are not without seri-
ous interpretation difficulties.
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INTERPRETÁCIA  RÁMČEKOVÝCH  GRAFOV:
VPLYV  PRIESTOROVEJ  ORIENTÁCIE

S.  L e m,  C.  V a n d e b e e k,  P.  O n g h e n a,  L.  V e r s c h a f f e l,
W.  V a n  D o o r e n

Súhrn: Skúmali sme ako princípy návrhu grafov predikujú špecifické mechanizmy usudzovania,
ku ktorým dochádza pri skreslenej interpretácii rámčekových grafov, presnejšie, pri ich skreslenej
interpretácii ako reprezentácie frekvencie alebo miery pozorovaní, a nie hustoty. Predchádzajúce
štúdie ukázali, že skreslená interpretácia má heuristický charakter a vyvoláva ju skutočnosť, že
rámčekové grafy nevyužívajú priestor prirodzeným spôsobom. Princípy navrhovania grafov
poskytujú teoretický rámec pre predpoklad, že priestorová orientácia rámčekového grafu môže
ovplyvniť jeho interpretáciu. Pomocou analýzy reakčných časov a miery presnosti pre rôzne
typy položiek sme zisťovali, či priestorová orientácia rámčekového grafu skutočne vplýva na
spôsob, akým je interpretovaný. Výsledky naznačujú, že skreslená interpretácia sa vyskytovala
v rovnakej miere v oboch priestorových orientáciách, na základe čoho možno predpokladať, že
priestorová orientácia rámčekového grafu neovplyvňuje mechanizmy usudzovania, ktoré vyvoláva.


