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a b s t r a c t

Stacked bar charts are a visualization method for presenting multiple attributes of data, and many
visualization tools support these charts. To assess the efficacy of stackedbar charts in supporting attribute-
comparison tasks, we conducted a user study to compare three types of stacked bar charts: classical,
inverting, and diverging. Each chart type was used to visualize six attributes of data where half of
the attributes have the characteristics of ‘lower better’ whereas the other half ‘higher better.’ Thirty
participants were asked to perform two types of comparison tasks: single-attribute and overall-attribute
comparisons. We measured the completion time, error rate, and perceived difficulty of the comparison
tasks. The results of the study suggest that, for overall-attribute comparisons, the inverting stacked bar
chart was the most effective with regards to the completion time. The results also show that performing
overall-attribute comparisons using the classical and diverging stacked bar charts required more time
than performing single-attribute comparisons using these charts. Participants perceived the inverting
and diverging stacked bar charts as easier-to-use than the classical stacked bar chart for overall-attribute
comparisons. However, for single-attribute comparisons, all chart types delivered similar performance.
We discuss how these findings can inform the better design of interactive stacked bar charts and
visualization tools.

© 2018 Zhejiang University and Zhejiang University Press. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Stackedbar charts are a visualizationmethod that is particularly
useful for presenting the sums of data attributes while allowing
users to see how the values of these attributes contribute to the
totals (Streit and Gehlenborg, 2014). Stacked bar charts havemany
applications, including for exploring rankings of items based on
multiple attributes (Gratzl et al., 2013), visualizing survey data
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collected using Likert-type scales (Heiberger and Robbins, 2014),
and presenting probabilities of discrete events (Spiegelhalter et al.,
2011). Many software tools, including statistical tools (e.g., R and
SPSS), visualization tools (e.g., Tableau and VisComposer Mei et
al., 2018), and visualization libraries (e.g., D3 Bostock et al., 2011),
support stacked bar charts.

Despite their common usage, stacked bar charts can be ineffec-
tive if not designed correctly (Knaflic, 2015; Munzner, 2015). First,
due to their limited scalability, stacked bar charts are visually inef-
ficient when used to present data with many attributes. Second, it
is common to assign varying colors to different segments of bars in
a stacked bar chart. Such colors should be chosen suitably to allow
users to differentiate categories in the chart quickly (Healey, 1996).
Third, without thoughtful design, stacked bar charts cannot sup-
port attribute-comparison tasks effectively, especially when the
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Fig. 1. Bar charts visualizing multiple attributes of data.

data attributes have diverging characteristics (e.g., ‘lower better’
vs. ‘higher better’).

Comparing data is one of the essential visualization tasks
(Brehmer and Munzner, 2013). While analyzing multi-attribute
data, users may need to focus both on a single attribute of data
(e.g., finding a cheaper product) and on the overall attributes of
the data (e.g., finding the best overall product based on the price,
energy consumption, durability, and user rating). These attributes
have the characteristics of lower better (i.e., price and energy
consumption) and higher better (i.e., durability and user rating).
Merely showing these attributes using a classical stacked bar chart
may not help users perform product comparisons.

To understand the effectiveness of stacked bar charts in sup-
porting both single-attribute and overall-attribute comparisons,
we conducted a user study with 30 participants. We compared
the performance of three types of stacked bar charts: classical,
inverting, and diverging (see Fig. 1). The effectiveness of each chart
type was assessed regarding the completion time, error rate, and
perceived difficulty of the attribute-comparison tasks. The experi-
mental results suggest that, for overall-attribute comparisons, the
inverting stacked bar chart was the most effective with regards
to the completion time. The results also show that performing
overall-attribute comparisons using the classical and diverging
charts required more time than performing single-attribute com-
parisons using these charts. Participants perceived the inverting
and diverging charts as easier-to-use than the classical stacked
bar chart for overall-attribute comparisons. However, for single-
attribute comparisons, all chart types delivered similar perfor-
mance.

Our study aims to contribute to the value of stacked bar charts
in supporting single-attribute and overall-attribute comparisons
by identifying the most effective type of stacked bar charts for
facilitating attribute-comparison tasks. Identifying the relation-
ship between chart type and task type has practical value, as the
usefulness of charts varies across tasks (Saket et al., 2018). The

outcome of this research can inform the better design of interactive
stacked bar charts and guide visualization designers to provide the
appropriate stacked bar chart to help users perform their tasks
efficiently.

We organize the rest of this article as follows. Section 2 reviews
relevant research on information visualization and bar charts.
Section 3 illustrates the features of the classical, inverting, and
diverging stacked bar charts used in the study. Section 4 describes
the objective, design, procedure, and participants of the study. Sec-
tion 5 reports on the experimental results and analysis. Section 6
discusses the main results of the study and their implications for
the design of effective stacked bar charts and visualization tools.
Section 7 summarizes the key ideas in this research and provides
directions for future work.

2. Background and related work

2.1. The design space of bar charts

Bar charts typically use length to encode quantitative data and
color hue to encode nominal data. Using these visual channels
appropriately facilitates an accurate interpretation of data. Users
can extract quantitative information from the length of bars and
make length judgment accurately (Cleveland and McGill, 1984;
Mackinlay, 1986), and utilize a small number of color hues to
identify categories in charts (Ware, 2004). Further, length and color
hue are visual features that the human visual system can recognize
and process very quickly through parallel processing (Healey and
Enns, 2012; Treisman and Gormican, 1988).

The use of bar charts and their variants has been discussed and
documented by Brinton in 1939 (Brinton, 1939). Fig. 1 illustrates
various kinds of bar charts that are commonly used to present
multiple attributes of data. The orientation of the bars can be
horizontal, as shown, or vertical. The style and name of these
charts may vary over the years. For example, diverging bar charts
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Table 1
The suitability of bar charts for single-attribute and overall-attribute comparisons.

Type Single-attribute comparison Overall-attribute comparison

Classical stacked bar chart Yes Yes
Inverting stacked bar chart Yes Yes
Diverging stacked bar chart Yes Yes
100% stacked bar chart Yes No
Grouped bar chart Yes No
Layered bar chart Yes No

were called bilateral bar charts by Brinton. However, the basic
features and purposes of the charts remain the same. Below, we
discuss each chart type (please refer to Fig. 1 when necessary) and
summarize its suitability for single-attribute and overall-attribute
comparisons in Table 1.

2.1.1. Classical stacked bar charts
In a classical stacked bar chart, the length of a bar indicates

the sum of attribute values of an item while the segments of the
bar show how each attribute value contributes to the total. Bar
segments representing attributes typically have different visual
features (e.g., different colors) to ease attribute comparisons and
recognition. This visualization facilitates both single-attribute and
overall-attribute comparisons. To make single-attribute compar-
isons, users can focus on the bar segment that represents the
attribute of interest. When they need to perform overall-attribute
comparisons, they can focus on the length of the bars.

Classical stacked bar charts can support overall-attribute com-
parisons well as long as all of the data attributes have the same
characteristics. For example, when analyzing a dataset where
larger values mean better, users can find the best overall item
by locating the longest bar in a classical stacked bar chart. This
approach, however, does not work when the data attributes have
diverging characteristics. Consider the classical stacked bar chart
in Fig. 1 and assume that attributes 1–4 are higher-better whereas
attribute 5 is lower-better. From the chart, it is not apparent which
one is the best overall item. Usersmust spend some cognitive effort
before identifying that item 1 is the best item.

2.1.2. Inverting stacked bar charts
Inverting stacked bar charts have the potential to overcome

the difficulty of overall-attribute comparisons involving diverg-
ing attribute characteristics. We first encounter the idea of in-
verting stacked bar charts in LineUp—a visualization application
that uses interactive bar charts for exploring multi-attribute rank-
ings (Gratzl et al., 2013). In LineUp, users may apply inversion
to modify the mapping function so that the smaller the value of
an attribute, the longer the bar that represents it. Visualizing the
same data as shown in the classical stacked bar chart in Fig. 1,
the inverting stacked bar chart inverts the visual representation of
attribute 5 so that all bar segments now have a consistent mean-
ing, i.e., longer means better. This inversion simplifies the task of
finding the best overall item, as item 1 stands out to be the longest
bar in the chart. Users of inverting stacked bar charts, however,
may forget about the inverted bar segments and misinterpret the
charts. Therefore, inverted bar segments should look different from
regular bar segments. In our example, we fill the inverted bar
segment (attribute 5) with a pattern.

2.1.3. Diverging stacked bar charts
In a diverging stacked bar chart, the bars use both areas of

a common baseline (left and right or top and bottom) (Brinton,
1939). This chart type is suitable for presenting attributes with
diverging characteristics (e.g., profit vs. loss) and supports both
single-attribute and overall-attribute comparisons. Following our
earlier example, a diverging stacked bar chart can be used to
separate attribute 5 from the other attributes. More specifically,

attribute 5 is shown in the left area of the baseline whereas the
other attributes remain in the right area (see Fig. 1). This spatial
separation may be able to help users deal with diverging attribute
characteristicswithout using inversion, whichmay cause incorrect
data interpretation.

2.1.4. 100% stacked bar charts
A 100% stacked bar chart is similar to the classical stacked bar

chart except that the length of each bar is identical. In this chart,
a bar represents 100%, rather than indicating an actual value, and
the bar segments represent the percentages of the whole (Brinton,
1939). This chart can be considered equivalent to multiple pie
charts.

A 100% stacked bar chart enables users to perform quick relative
comparisons of individual attributes. Consider a dataset containing
different kinds of languages spoken in a country and the numbers
of peoplewho speak these languages over the years. If we are inter-
ested in relative comparisons between these languages or finding
trends in their use relative to the whole population, then using a
100% stacked bar chart to plot the dataset can help users see such
patterns. For example, the graph may reveal that the percentages
of English speakers in the country have increased rapidly in the last
ten years. The 100% stacked bar charts, however, are not suitable
for overall-attribute comparisons because every bar has the same
length and consequently does not indicate which item is better.

2.1.5. Grouped bar charts
In stacked bar charts, typically only one attribute shares a

common baseline. An exception is a diverging stacked bar chart
where two attributes are sharing a baseline. All other attributes in
stacked bar charts are nonaligned. Consequently, many attribute
comparisons require nonaligned bar comparisons (length judg-
ment), which prove to be less accurate than aligned bar compar-
isons (position judgment) (Cleveland and McGill, 1984; Heer and
Bostock, 2010; Simkin and Hastie, 1987; Talbot et al., 2014).

As illustrated in Fig. 1, a grouped bar chart puts all the bars
on a common baseline to support attribute comparisons especially
within each item (Streit andGehlenborg, 2014). To a certain degree,
this chart type still allows users to compare attributes across items,
but such comparisons are not as easy as comparisons within an
item due to the presence of distractors (other bars) and the gap
between items. Grouped bar charts support single-attribute com-
parisons well but not overall-attribute comparisons across items.

2.1.6. Layered bar charts
Similar to grouped bar charts, layered bar charts remove the

need for nonaligned bar comparisons as in stacked bar charts (see
Fig. 1). While grouped bar charts are ideal for comparing attributes
within an item, layered bar charts are suitable for comparing indi-
vidual attributes across items (Streit and Gehlenborg, 2014). This
chart type, however, is not ideal for overall-attribute comparisons
due to gaps between the attribute bars. It is not easy to get a sense
of and compare the overall quality of items in layered bar charts.
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2.2. The perceptual accuracy of bar charts

Since the primary purpose of visualization is to communicate
data to users, many studies have focused on the perceptual accu-
racy of bar charts (Cleveland and McGill, 1984; Heer and Bostock,
2010; Simkin andHastie, 1987; Talbot et al., 2014; Skau et al., 2015;
Srinivasan et al., 2018; Zacks et al., 1998). These studies examined
various issues that might affect perceptual accuracy and interpre-
tation, such as the positions of bars (aligned vs. nonaligned), the
presence of distractors (other bars not being judged), the addition
of depth cues in bar charts, and the designs of multi-series bar
charts.

In stacked bar charts, aligned bars can be comparedmore easily
than nonaligned bars because bars on the same baseline allow
viewers to make position comparisons instead of length compar-
isons (Cleveland andMcGill, 1984; Heer and Bostock, 2010; Simkin
and Hastie, 1987; Talbot et al., 2014). Moreover, these studies
have shown that position judgment is perceptually more accurate
than length judgment and therefore questioning the effectiveness
of stacked bar charts. However, other research suggests that, for
specific tasks (e.g., combining the total number of data in different
categories), the sum of the bar segments in a stacked bar chart can
help users complete the tasks effectively and efficiently (Böschen
et al., 2017). Further, knowing how the sum is composed also pro-
vides contextual information to users and allows users to examine
each attribute of data in detail.

Zacks et al. (1998) investigated the effects of depth cues and
nearby graphical elements on the perceptual accuracy of bar
charts. Adding depth cues to bar charts lowers perceptual accuracy,
as these depth cues do not necessarily encode additional infor-
mation and may be distracting to some viewers. Earlier studies
also suggest that volume judgment is less accurate than length
and area judgment (Cleveland andMcGill, 1984; Mackinlay, 1986).
Compared to depth cues, the height of the target bar and its relative
height to nearby bars have more significant effects on accuracy,
causing distortions on the perceived height of the target bar. This
result is consistent with research on parallel-lines illusion, where
lines of the same length may be perceived differently (under- or
overestimated) depending on the length and location of adjacent
lines (Jordan and Schiano, 1986).

2.3. The effects of embellishments in bar charts

With the availability ofmany visualization tools, people can cre-
ate embellished bar charts easily, such as bar charts with rounded
or pointy ends. While such modification might improve the aes-
thetics of bar charts, embellished bar charts, in most cases, lower
perceptual accuracy compared to the standard bar chart (Skau et
al., 2015). Skau’s study shows that users are less accurate both
in judging the absolute values of bars and in assessing relative
difference (in percentage) between two bars in embellished bar
charts. None of the embellished bar charts performs better than
the standard bar chart.

However, when designed carefully, embellished charts may
improve the memorability of the charts and information they
convey, as the embellishments can provide additional recall cues
to users (Bateman et al., 2010). For example, a chart depicting steep
increases in government expenditure over a short period may use
a monster illustration to convey a message that the increases are
monstrous or shocking. The monster illustration may help users
recall the central message of the chart (i.e., significant increases
in government expenditure). Essentially, embellishments must be
relevant to the content of charts; random illustrations attached to
charts will not efficiently serve as recall cues.

2.4. Extensions to the traditional bar charts

Bar charts can only present a limited amount of information to
users (Keim et al., 2002b, a, 2007). When a bar chart visualizes a
complex dataset, it displays only the aggregate data. For example, a
bar chart visualizingmonthly sales data in a year shows twelve ag-
gregate values across themonths but does not show the individual
transactions that contribute to these aggregate values. To improve
business, data analysts need to identify the products or customers
that have contributedmost to the sales. However, this information
is not visible in traditional bar charts.

To deal with this limitation, researchers have proposed exten-
sions to the traditional bar charts (Keim et al., 2002b, a, 2007;
Huang et al., 2009). These approaches use the area within bars in
a bar chart to display individual items that make up the aggregate
values. In this way, users can get both an overview of a dataset (as
represented by the length of each bar) and a sense of how each
aggregate value is composed of individual items (as shown in the
area within each bar).

Pixel bar charts use the area within bars to visualize detailed
items where each item is encoded using a single pixel (Keim et
al., 2002b). Items within a bar are arranged based on one or two
attributes that determine their x- and y-position within the bar.
Then, the pixels representing these individual items are assigned
colors based on a particular attribute of the data (e.g., price, quan-
tity). Hierarchical pixel bar charts extend the concept of pixel bar
charts further by allowing users to drill down data by selecting a
specific bar/a subset of data (Keim et al., 2002a). When users select
a particular bar (e.g., a specific year), the bar expands and displays
more detailed information (e.g., monthly data of the selected year).
This feature fits the hierarchical nature of business data. For ex-
ample, sales data usually contain hierarchical information, such as
time (year, month, day), location (city, neighborhood, store), and
product (category, brand, item).

Business analysts need to identify critical items (e.g., large
transactions) in their data so that they can focus their effort on
these select entities. Pixel bar charts, however, treat individual
items in a dataset uniformly so that no matter how critical an item
is, each item is shown only as a single pixel. Value-cell bar charts
proportionally map data values onto rectangular cells within bars
to help analysts notice critical items in their data (Keim et al.,
2007). For example, if a cell represents a $50 value, small transac-
tions of less than $50 are combined into a single cell, while a $1000
transaction occupies 20 cells. The values of these transactions also
determine the color of cells that represent them. In this way, users
can notice the notable items in a dataset more efficiently, as these
items are more visible than less critical items.

Treemap bar charts apply a similar approach used in pixel and
value-cell bar charts (Huang et al., 2009). Treemap bar charts com-
bine the features of traditional bar charts and the treemap visu-
alization method (Johnson and Shneiderman, 1991). The treemap
visualization method is a space-filling technique and used to place
items in the area within a bar chart. Since this area is quite limited,
treemap bar charts use a focus+context interaction technique (Rao
and Card, 1994) to allow users to zoom in on a specific bar so that
users can view an expanded treemap within the selected bar.

2.5. Summary of related work

Table 2 summarizes related work on information visualization
and where our research fits into these categories. Our research
falls into the effectiveness category, as it focuses on comparing the
efficacy of three types of stacked bar charts to support attribute-
comparison tasks. We use earlier research on information visual-
ization to analyze and interpret our experimental results.
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Table 2
Comparison of our research with related work on information visualization.

Topics Description

Perceptual accuracy Assessing the perceptual accuracy of visual channels (including bar
charts) (Cleveland and McGill, 1984; Heer and Bostock, 2010; Simkin
and Hastie, 1987; Talbot et al., 2014; Skau et al., 2015; Zacks et al.,
1998).

Embellishment Evaluating the effects of embellishment in bar charts (Skau et al., 2015;
Bateman et al., 2010).

Extension Extending the features of bar charts by using the area within bars to
visualize detailed items (Keim et al., 2002b, a, 2007; Huang et al.,
2009).

Effectiveness Assessing the effectiveness of bar charts for specific tasks (Saket et al.,
2018; Srinivasan et al., 2018; Böschen et al., 2017) (our research falls
into this category).

Application Using stacked bar charts for specific purposes (Gratzl et al., 2013;
Heiberger and Robbins, 2014).

3. The classical, inverting, and diverging stacked bar charts

3.1. The rationale for the chart types

We studied the classical, inverting, and diverging stacked bar
charts because they are suitable for both single-attribute and
overall-attribute comparisons (see Table 1). The classical stacked
bar chart is the most common type of stacked bar charts and
therefore served as a baseline in the experiment. Both the inverting
and diverging stacked bar charts have the potential to facilitate
the attribute-comparison tasks. In particular, the inverting chart
would work well for overall-attribute comparisons because it of-
fers a consistent visual representation of data (i.e., longer bars
mean better). However, there is a possibility that users might
forget or misinterpret the inverted bar segments in an inverting
stacked bar chart. The diverging chart does not pose such a risk
andmight improve performance by providing two separate spaces
for the different data attributes (higher better vs. lower better).
Such spatial separation might help users perform overall-attribute
comparisons and lower their cognitive load. We explored these
aspects in the study.

3.2. Construction of the charts

Data shown in the charts were a snapshot of stock market
data with six attributes (Fish, 0000): NY% Growth (‘‘the percentage
change of next year’s earnings estimate compared with this year’s
estimate’’), ROE (‘‘the trailing twelve months’ rate of return on
shareholder equity’’), Dividend Yield (‘‘the dividend yield of the
latest dividend rate on an annualized basis’’), EPS% Payout (‘‘the
annual dividend as a percentage of trailing twelvemonths Earnings
Per Share’’), PE Ratio (‘‘the price/earnings ratio using trailing twelve
months earnings divided into current price’’), and PEG Ratio (‘‘the
price/earnings ratio divided by 5-year estimates growth rate’’).
This study considered that each attribute was equally important
and that NY% Growth, ROE, and Dividend Yield values were con-
sidered as higher better, whereas EPS% Payout, PE Ratio, and PEG
Ratio values were assumed to be lower better.

We designed the charts for the experiment as follows. Each
bar segment in the stacked bar charts had the same maximum
length (i.e., normalized) to deal with different scales of stock at-
tributes and because all of the attributes were considered equally
important. For the experiment purpose, each chart showed only
two stocks at any time. The classical and diverging stacked bar
charts assigned themaximum length of a bar segment to the higher
attribute value between two stocks, and the lower value took a

proportion of it. For example, consider that stock A and B had PE
Ratio values of 12 and 36 correspondingly and that the maximum
length of a bar segment was 90 pixels. Since stock B’s PE Ratio
value was higher than stock A’s, the bar segment representing
stock B’s PE Ratio value would be 90-pixels long whereas stock
A’s 30-pixels long. The inverting stacked bar chart used the same
principle, except the bars for the inverted attributeswere swapped
between these stocks, e.g., stock A’s PE Ratio bar segmentwould be
90-pixels long whereas stock B’s 30-pixels long.

We implemented all charts using D3 (Bostock et al., 2011) and
used one of D3’s categorical color palettes (category10) to assign
colors to the stacked bar charts. The bar segments were stacked
horizontally to ease reading (Heiberger and Robbins, 2014; Knaflic,
2015). Since this study aimed to assess the perceptual accuracy and
interpretation of data, the exact values of the attributes were not
essential and therefore not shown in the charts.

3.2.1. Classical stacked bar charts
In the classical stacked bar chart, each attribute value is shown

without any modification and is stacked together as illustrated in
Fig. 2. The chart places attributes that have the same characteristics
(lower better or higher better) together to help users perform the
comparison tasks. In this case, the lower-better attributes (PEG
Ratio, PE Ratio, and EPS% Payout) are stacked together followed
by the higher-better attributes (Dividend Yield, ROE, and NY%
Growth).

3.2.2. Inverting stacked bar charts
The inverting stacked bar chart inverts themapping function for

the lower-better attributes (PEG Ratio, PE Ratio, and EPS% Payout)
so that their visual representations have a consistentmeaningwith
the other attributes, i.e., longer bars mean better. The inverted bar
segments are filledwith a pattern to give a visual cue to users about
the inversion. For example, if we are looking for a lower PE Ratio
stock and comparing CL and KO as shown in Fig. 3, the correct
answer is KO because KO’s PE Ratio bar segment is more extended
than CL’s. The mapping function for the higher-better attributes
remain the same. For example, a longer ROE bar segment indicates
a higher ROE value.

3.2.3. Diverging stacked bar charts
The diverging stacked bar chart uses the right area to display

the lower-better attributes and the left area for the higher-better
attributes (see Fig. 4). This chart uses the normalmapping function
for all attributes. Thus, shorter bar segments indicate lower values
and vice versa.
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Fig. 2. Classical stacked bar chart.

Fig. 3. Inverting stacked bar chart.

Fig. 4. Diverging stacked bar chart.

4. Methods

4.1. Motivation and objective

Our research was motivated by the application of interactive
bar charts for exploring multi-attribute rankings in LineUp (Gratzl
et al., 2013). LineUp enables users to compare rankings of items
(e.g., universities) based onmultiple attributes (e.g., academic rep-
utation, faculty/student ratio, citations per faculty). The application
supports various types of stacked bar charts and allows users to
change the visual representation of data from one type to another
(e.g., from classical to diverging stacked bar charts). However, little
is known about which chart type would be best for supporting
attribute comparisons especially when the data attributes have
mixed characteristics. Our study aimed to provide empirical evi-
dence to answer this research question.

The primary objective of this study was to assess the effective-
ness of stacked bar charts for supporting comparison tasks. This
study explored the effects of two factors – chart type and task
type – on the completion time, error rate, and perceived difficulty
of the comparison tasks. The chart types were classical, inverting,
and diverging stacked bar charts. The comparison tasks consisted
of single-attribute and overall-attribute comparisons. Each chart
displayed six attributes of stock market data (Fish, 0000) where
half of the attributes were assumed to be lower better, whereas

the other half higher better (see Section 3). This assumption was
stated explicitly as part of the instructions given to participants.

4.2. User tasks: single-attribute and overall-attribute comparisons

In the single-attribute comparison task, participantswere asked
to compare two stocks and select the one that had a lower price-
to-earnings (PE) ratio. As shown in Fig. 2, PE ratio values were
displayed as the second bar segment from the baseline so that they
required nonaligned comparison. We made this arrangement to
reflect a real-case scenario where users may focus on a particular
attribute in a given stacked bar chart with the assumption that
the attribute can be anywhere in the stack. Further, we designed
this task so that participants needed to compare inverted bar
segments (PE Ratio) in the inverting stacked bar chart to assess the
effectiveness of the inverting chart. Below is the excerpt for the
single-attribute comparison task description:

Single Attribute Comparison Task. In this task, you only need to
focus on a single attribute – PE Ratio – and select the stock that
has the lower PE Ratio. Please try to complete the task carefully
and quickly. Note that PE, PEG, and EPS% Payout are all lower
is better, while Dividend Yield, ROE, and NY% Growth are all
higher is better.

In the overall-attribute comparison task, participants were
asked to compare two stocks and select the best overall stock. This
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task assumed that each attribute had equal weight. Therefore, the
best overall stock was a stock that, in total, had lower PEG ratio, PE
ratio, and EPS% payout values and higher dividend yield, ROE, and
NY% growth values. Below is the overall-attribute comparison task
description given to participants:

Overall Comparison Task. In this task, assume that each at-
tribute has equalweight and select the best overall stock. Please
try to complete the task carefully and quickly. Note that PE, PEG,
and EPS% Payout are all lower is better, while Dividend Yield,
ROE, and NY% Growth are all higher is better.

In the inverting stacked bar chart, the best overall stock be-
tween two stocks was merely the longer bar because all bar seg-
ments had a consistent meaning in the inverting chart. In the clas-
sical and diverging stacked bar charts, we could classify the six bar
segments representing six attributes of the stock market data into
two categories: shorter-better or longer-better bars. Selecting the
best overall stock involved computing the total difference between
these bars. For example, consider that stock A had a total length
of 200 pixels shorter-better bar and 180 pixels longer-better bar
and that stock B had a total length of 240 pixels shorter-better
bar (worse than A’s by 40 pixels) and 250 pixels longer-better bar
(better than A’s by 70 pixels). Compared to stock A, stock B was
the better overall stock because, for stock B, the total difference
between shorter-better bars (−40 pixels) and longer-better bars
(+70 pixels) was positive (+30 pixels). Recall that every data
attribute was assumed to have equal weight in this task, and the
implementation of the charts followed this assumption.

4.3. Performance measures

The effectiveness of stacked bar charts was measured using
three variables: the completion time (time to complete a task), er-
ror rate (the number of incorrect answers), and perceived difficulty
completing a task using a particular chart. The completion time and
error rate were collected automatically using the software used
by participants to complete the tasks. The perceived difficulty was
collected after each participant completed a set of tasks using the
following questions:

• Finding a stock that has a lower price-to-earnings (PE) ratio
was. . . (1: easy, 5: difficult)

• Finding the best overall stock was. . . (1: easy, 5: difficult)

4.4. Participants

We recruited 30 participants fromundergraduate studentswho
were taking a second-year computer science course in introduction
to human–computer interaction. All participants used the same
equipment and performed the given tasks in the same computer
lab. They did not receive an honorarium, but we provided snack
food after eachdata collection session as appreciation for their time
and participation. Participants did not need to fully understand the
meaning of the attributes of stock market data used in the study,
as they received information that NY% Growth, ROE, and Dividend
Yield values were considered as higher better, while EPS% Payout,
PE Ratio, and PEG Ratio values were assumed to be lower better.
This information was available as part of the instructions.

4.5. Experimental design

We used a 3 chart types × 2 task types, within-subjects design.
Each participant used all variants of stacked bar charts to per-
formboth single-attribute and overall-attribute comparisons. Each
combination of chart type and task type was repeated five times.
For example, eachparticipant did five single-attribute comparisons

Table 3
The experimental matrix.

Group order The order of chart types seen by participants

1 Classical Inverting Diverging
2 Diverging Classical Inverting
3 Inverting Diverging Classical

using a classical stacked bar chart (i.e., comparing five randomly
selected pairs of stocks). The completion time and error rate were
recorded every time a participant compared a pair of stocks.

We used a Latin Square to counterbalance the order of chart
types seen by participants and to control learning effects asso-
ciated with a within-subjects design (MacKenzie, 2013). Table 3
shows the 3 × 3 Latin Square used to determine the order of chart
types used by participants in our study.We invited the whole class
of students to our study and then scheduled the experiments based
on the availability of participants at random. Each participant was
assigned to group 1, 2, or 3 based on the order of their availability.
That is, the first participant was assigned to group 1, the second
one to group 2, the third one to group 3, the fourth one to group 1,
and so on. For example, participants assigned to group 3 performed
the tasks using variants of stackedbar charts in the following order:
inverting, diverging, and classical.

4.6. Procedure

At the beginning of each experimental session, participants
received information about the objective of the study, the experi-
mental protocol, and the required tasks. Then, each participantwas
assigned to a group that determined the order of chart types they
would see in the experiment (see Table 3). Based on this group
order, the software displayed a classical, inverting, or diverging
stacked bar chart. The features of the displayed chart were ex-
plained to the participants and then participants received a prac-
tice task. The practice task had to be completed correctly to ensure
that participants were familiar with the chart and understood the
task.

For each chart type, participants always performed single-
attribute comparisons first before performing overall-attribute
comparisons. After performing a comparison task using a spe-
cific chart type (e.g., single-attribute comparisons using a classical
stacked bar chart), participants filled out a paper-based perceived
difficulty questionnaire that asked how easy or difficult the task
was. Then, the participantsmoved on to the next task or chart type.

5. Data analysis and results

This study used a within-subjects design to explore the effects
of two factors (chart types and task types) on the completion
time, error rate, and perceived difficulty. Given the settings of the
experiment, it is appropriate to test the mean differences between
the two conditions using two-way repeated measures analysis of
variance (RM ANOVA). Mauchly’s test showed that the data met
the assumption of sphericity, which is essential to RM ANOVA.
When the F valueswere significant, post hoc pairwise comparisons
were performed with Bonferroni adjustment. The experimental
data were analyzed using SPSS.

Table 4 provides the descriptive statistics of the results. It
shows themeans and standard deviations of the performancemea-
sures across two different task types (single-attribute and overall-
attribute comparisons) and three different chart types (classi-
cal, inverting, and diverging). The completion time indicates how
much time (in seconds) participants needed to complete a specific
task using a particular chart. The error rate indicates the number
of incorrect answers submitted by participants. The perceived
difficulty indicates how easy or difficult participants felt about
completing a particular task using a specific chart (1: easy, 5:
difficult).
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Table 4
Means (M) and standard deviations (SD) of completion time, error rate, and perceived difficulty (N = 30).

Task type Chart type Completion time Error rate Perceived difficulty

M SD M SD M SD

Single-attribute
comparisons

Classical 13.43 8.09 0.27 0.64 2.03 1.00
Inverting 14.74 7.10 0.27 0.691 2.00 1.23
Diverging 14.17 5.00 0.23 0.43 1.93 1.05

Overall-attribute
comparisons

Classical 28.97 13.66 0.7 1.236 3.13 1.17
Inverting 12.64 10.41 0.23 0.679 1.80 1.19
Diverging 27.91 13.29 0.4 0.855 2.40 1.04

Fig. 5. The mean values of completion time for each chart type for the comparison
tasks.

5.1. Effect of chart type and task type on completion time

Two-way RM ANOVA showed a main effect of chart type,
F (2, 58) = 14.642 (p < .001), task type, F (1, 29) = 41.935
(p < .001), and an interaction between the chart type and task
type, F (2, 58) = 16.922 (p < .001), on completion time.

The mean completion time for the inverting stacked bar chart
was the lowest among the other means (M = 12.64, SD = 10.41),
indicating that participants performed best in the overall-attribute
comparison task when they used the inverting stacked bar chart
(see Fig. 5). Participants took significantly less time to complete the
overall-attribute comparison task while using the inverting chart
type (M = 12.64) compared to the classical (M = 28.97) and
diverging chart type (M = 27.91). Post hoc pairwise comparisons
confirmed a significant difference between the mean completion
time of the classical and inverting chart type (p < .001), and
between the mean completion time of inverting and diverging
chart type (p < .001).

No significant differences were found between the mean com-
pletion time among chart types for the single-attribute comparison
task. This result suggests that, for single-attribute comparisons, all
chart types delivered similar performance regarding completion
time.

Fig. 6 illustrates the interaction between chart type and task
type on completion time. The mean completion time for overall-
attribute comparisons was significantly longer when participants
used the classical stacked bar chart (p < .001) and the diverging
stacked bar chart (p < .001) compared to the mean comple-
tion time for single-attribute comparisons. When they used the
inverting stacked bar chart, however, completing single-attribute
and overall-attribute comparisons required a similar amount of
time.

5.2. Effect of chart type and task type on error rate

The results showed no significant differences between the
mean error rates across different chart types and task types. Most

Fig. 6. The interaction effect between chart type and task type on completion time.

of the comparison tasks were performed correctly as indicated
by the low mean values of error rate. This finding suggests that,
given enough time, participants were able to process information
delivered by all three stacked bar charts correctly.

5.3. Effect of chart type and task type on perceived difficulty

Two-way RM ANOVA revealed a main effect of chart type,
F (2, 58) = 7.773 (p = .001), task type, F (1, 29) = 7.421
(p = .011), and an interaction between chart type and task type,
F (2, 58) = 6.34 (p = .003), on perceived difficulty.

For overall-attribute comparisons, the mean perceived diffi-
culty of the inverting chart type was the lowest among the other
means (M = 1.80, SD = 1.19). This result suggests that par-
ticipants perceived the inverting chart type the easiest to use for
completing overall-attribute comparisons (see Fig. 7). Post hoc
pairwise comparisons revealed a significant difference between
the mean perceived difficulty of the classical and inverting chart
types (p < .001), and between the mean perceived difficulty of
the classical and diverging chart types (p = .049). This implies
that participants were least satisfied with the classical chart type
(M = 3.13) compared to the inverting (M = 1.80) and diverg-
ing (M = 2.40) chart types. However, there was no significant
difference between the mean perceived difficulty of the inverting
and diverging chart types. For single-attribute comparisons, there
were no significant differences in the mean perceived difficulty of
all chart types.

Fig. 8 illustrates the interaction between chart type and
task type on perceived difficulty. Post hoc pairwise comparisons
showed a significant difference between the mean perceived dif-
ficulty of the classical chart type (p < .001) for single-attribute
comparisons (M = 2.03) and overall-attribute comparisons (M =

3.13). However, there was no significant difference in the mean
perceived difficulty of the inverting and diverging chart types for
single-attribute and overall-attribute comparisons.
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Fig. 7. The mean values of perceived difficulty (1: easy, 5: difficult).

Fig. 8. The interaction effect between chart type and task type on perceived
difficulty.

6. Discussion

Visualization is the hallmark of data literacy and knowledge
utilization in a digital age with unprecedented growth in vol-
umes of data. Visualization techniques evoke the user’s visual
perception, fast pattern detection, and recognition (Saket et al.,
2018). Understanding various forms of charts and their appropriate
uses can enhance understanding of the underlying data. Therefore,
studying the efficacy and limitations of visualization methods,
such as stacked bar charts, is fundamental research with critical
implication to knowledge creation and utilization.

This study examined the effects of stacked bar chart type and
task type on indicators such as the completion time, error rate, and
perceived task difficulty. The aim is to contribute to the growing
research on the value and utility of various forms of visualization
charts and their variant contributions to efficacy on the user’s tasks
performance. This section highlights the main findings from the
study and their implications for the design of useful stacked bar
charts and visualization tools.

6.1. Single-attribute comparisons

For single-attribute comparisons, all charts delivered similar
performance across the performance measures: the completion
time was considered reasonable, and both the error rate and per-
ceived difficulty were low. Participants thought it was easy to
complete the single-attribute comparison task using any given
charts. These results imply that comparing two nonaligned bars in
a stacked bar chart can be performed quickly and accurately using
the classical, inverting, and diverging stacked bar charts.

The single-attribute comparison task required participants to
compare inverted bar segments while using the inverting chart to
see if there were any significant disadvantages of using this chart.
The experimental results indicate that the inverting chart seemed

to have not caused any confusion or put more time pressure on
users even though some of the bar segments have been inverted
(i.e., longer bars represent lower values). It is worth noting, how-
ever, that the inverted bar segments were filled with a pattern
so that they appeared different from the regular bar segments
and that participants performed the task immediately after they
learned about the inverting chart. These factors might have played
a role in preventing potential confusion with the inverting stacked
bar chart.

6.2. Overall-attribute comparisons

There were no significant differences with regards to the error
rates of the three chart types. Most overall-attribute comparisons
were performed correctly by participants. This result implies that
participants were able to process information represented by the
classical, inverting, and diverging charts correctly despite the dif-
ferent characteristics of the attributes (lower better vs. higher
better).

Regarding the completion time, the inverting stacked bar chart
was the most effective for supporting overall-attribute compar-
isons. In the inverting chart, all bar segments representing at-
tributes of data have a consistent meaning with regards to the
task at hand. That is, longer bars represent better values and vice
versa. When participants compared the overall attributes of two
stocks, they could choose the longer bar, as it represents the better
overall stock. They needed only to focus on the sum of stacked bar
segments and did not have to pay attention to individual attributes
of data. Such comparisons require only position judgment, which
is more accurate and faster than length judgment (Cleveland and
McGill, 1984; Heer and Bostock, 2010; Simkin and Hastie, 1987;
Talbot et al., 2014).

The other performance measures also indicated the simplicity
of performing overall-attribute comparisons using the inverting
stacked bar. The error rate of the inverting chart was low, and its
perceived difficulty was significantly lower than the perceived dif-
ficulty of the classical chart. This result was expected for this task
because participants had to consider the different characteristics
of the bar segments in the classical stacked bar chart.

It is worth noting that both the classical and diverging charts
required participants to account for the differences between the
sum of shorter-better bar segments and the sum of longer-better
bar segments to find the best overall stock. Consequently, it took
more time to complete the overall-attribute comparison task using
the classical and diverging charts compared to the time needed
using the inverting chart.

Interestingly, for overall-attribute comparisons, the perceived
difficulty in using the diverging and inverting charts was similar,
and the scores indicated lower perceived difficulty in using these
charts compared to the perceived difficulty in using the classical
chart. This result was not surprising for the inverting chart, as the
chart was the most effective regarding the completion time. While
using the diverging chart, however, participants neededmore time
to performoverall-attribute comparisons, and the completion time
for this task was similar to that with the classical chart. Nonethe-
less, participants thought it was easier to perform the task using
the diverging chart than doing it using the classical chart. The
spatial separation between the lower-better attributes (right area)
and the higher-better attributes (left area) in the diverging chart
might have helped lower the cognitive load of participants (see
Fig. 4).

Overall-attribute comparisons took more time than single-
attribute comparisons when participants performed the tasks us-
ing the classical and diverging charts. This observation suggests
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that overall-attribute comparisons are a more complicated en-
deavor than single-attribute comparisons. In particular, partici-
pantsmust account for the differences between the sumof shorter-
better bar segments and the sum of longer-better bar segments
when working with the classical and diverging charts. However,
the inverting chart was an exception in this case: the completion
time for single-attribute and overall-attribute comparisons was
not significantly different when participants used the inverting
chart. The inverting chart made a complex task simpler by trans-
forming the visual representation of the attributes so that they all
had a consistent meaning. This consistency has transformed the
overall-attribute comparison task into amore straightforward task
of finding a longer bar in the chart.

6.3. Implications for design

This study demonstrated that different variants of stacked bar
charts had different levels of effectiveness for supporting overall-
attribute comparisons. Although all of the charts contained the
same information, users found that some of the charts were per-
ceived easier to use, and the inverting chart, in particular, stood out
from the other charts. This finding suggests that, depending on the
task at hand, individual charts can be more effective than others
to support users to complete the task. More generally, different
representations of the same information can change the difficulty
level of tasks significantly (Larkin and Simon, 1987). Therefore,
visualization tools should allow users, possibly guide them, to
change visual representations of data that they explore.

Visual representations of data may reduce the complexity of
tasks when they have a consistent meaning to the tasks. In our
study, the inverting chart was the easiest to use and most useful
for overall-attribute comparisons because its visual representation
of data had a consistent meaning to the user’s task. That is, longer
bars represent better overall stocks and vice versa. This principle
applies to other visual channels, such as position, area, and color
hue and saturation. Since we cannot anticipate all user needs in
advance, whatwe can do is to allow users to specify how theywant
to use the available visual channels and provide logical options to
change the visual representation of data (e.g., using normalization
or inversion). Our finding suggests that, if we can transform a task
into a more straightforward perceptual task (e.g., length judgment
into position judgment as in the case of the inverting chart in our
study), it will reduce the user’s cognitive load andmay improve the
completion time and lower the perceived difficulty of the task.

Finally, spatial separation of contrasting information might
have an essential role in the perceived difficulty of a task. In our
study, participants spent a similar amount of time to complete
overall-attribute comparisons while using the classical and di-
verging stacked bar charts. However, they perceived the diverging
chart as easier to use than the classical chart. These charts differed
only in where the lower-better and higher-better attributes were
visualized. Having a sense of spatial separation in the diverging
chart has lowered the perceived difficulty of the overall-attribute
comparison task. Visualization tools can apply this finding by al-
lowing users to create boundaries of their workspace (e.g., arrang-
ing where to display charts on their dashboard).

6.4. Limitations of the study

Our participants did not have any difficulty in completing the
given tasks using the inverting stacked bar chart. They performed
the tasks right after they learned about the features of the inverting
stacked bar chart. Therefore, they were fully aware of the fact that
some of the bars had been inverted for the experimental purposes
and were able to interpret the data correctly. This ease of use,
however, is not necessarily guaranteedwhen inverting stacked bar

charts were accessed a few days or weeks later or used by new
users. Users might miss the inverted values/bars and consequently
misinterpret the charts. Visualization designers should be aware
of this risk and take the necessary steps to prevent potential
confusion with the inverting stacked bar chart.

Our study focused on the quantitative approach to assessing the
effectiveness of stackedbar charts.While this approach is useful for
showing how chart types and task types affect the performance
measures, the experimental data did not capture users’ experi-
ences and possible challengeswhen performing the tasks. Also, the
potential problem with the inverting chart (as discussed above)
could not be observed in such short experiment sessions. It would
have been useful to triangulate the experimental outcomes with
qualitative techniques, such as interviews.

Our participants had a high level of computer literacy, as they
were taking a second-year computer science course. Prior knowl-
edge might influence the outcomes of the experiment. Therefore,
findings in the study may not be readily generalized to non-
computer users.

7. Conclusion

This study assessed the effectiveness of three variants of stacked
bar charts – classical, inverting, and diverging – for supporting
single-attribute and overall-attribute comparisons. We used com-
pletion time, error rate, and perceived difficulty as performance
measures. The experimental results showed that the inverting
stacked bar chart allowed participants to complete the overall-
attribute comparisons with the least amount of time and that the
inverting and diverging charts were perceived to be easier to use
than the classical chart for overall-attribute comparisons. Further,
the error rates for all charts for both tasks were low and not
significantly different.

We attributed the effectiveness of the inverting stacked bar
chart to two factors. First, the visual representation of data had
a consistent meaning with regards to the user’s task at hand:
longer bars meant better overall stocks and vice versa. Second, this
consistency reduced the complexity of assessing the overall quality
of stocks into a simple perceptual task of position judgment, which
users can perform accurately and quickly.

We highlighted how our findings could contribute to the design
of useful visualization tools. First, visualization tools should allow
users to modify visual representations of data to support user
tasks. Second, visual representations of data that have a consistent
meaning to the user’s task have the potential to reduce the com-
plexity of the task. Finally, having spatial separation of contrasting
information may lower the perceived difficulty of the task at hand.

There are several directions to follow up on this research and
address its current limitations. For instance, the efficacy of stacked
bar charts can be assessed in a longitudinal study where partici-
pants use the charts to support their day-to-day tasks in the real
world. The chart usage can be measured and compared over an
extended period to understand the usability of the charts. Since
the user’s experiences and taste affect the usability of an object,
a study that combines qualitative and quantitativemethods would
help gain broader and in-depth insights into the use of stacked bar
charts. Data from interviews and think-aloud protocols, for exam-
ple, may shed better insights into the reason why a specific type of
stacked bar charts works better than others for supporting specific
tasks for a particular groupof users. Further, in a longitudinal study,
we will be able to observe how participants use charts to compare
and analyze data, switch between one chart type to another type,
and other practice that is not observable in a lab setting.
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