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Abstract. Sorting is one of the well-understood and widely-used interaction
techniques. Sorting has been adopted in many software applications and sup-
ports various cognitive tasks. However, when used in analyzing multi-attribute
data in a table, sorting appears to be limited. When a table is sorted by a col-
umn, it rearranges the whole table, so the insights gained through the previous
sorting arrangements of another column are often difficult to retain. Thus, this
study proposed an alternative interaction technique, called “SimulSort.” By
sorting all of the columns simultaneously, SimulSort helps users see an over-
view of the data at a glance. Additional interaction techniques, such as
highlighting and zooming, were also employed to alleviate the drawbacks of
SimulSort. A within-subject controlled study with 15 participants was con-
ducted to compare SimulSort and the typical sorting feature. The results showed
typical sorting and SimulSort work with comparable efficiency and effective-
ness for most of the tasks. Sorting more effectively supports understanding cor-
relation and reading corresponding values, and SimulSort shows the potential to
more effectively support tasks that need multi-attribute analyses. The implica-
tions of the results and planned future work are discussed as well.

Keywords: Sort, SimulSort, information visualization, multi-attribute data
analysis, tabular information, and decision support system.

1 Introduction

Sorting, arranging items in an ordered sequence, is one of the well-understood and
universally used interaction techniques in many software applications, such as spread-
sheets, word processors, and even email clients (e.g., sorting emails by date). Many
user interfaces that contain any kind of list or table of data employ the sorting feature.
With sorting, people can accomplish various tasks, such as searching for a particular
or extreme value, identifying the general patterns of values, or determining relation-
ships between values in two or more different columns.

However, sorting does not appear to be ideal for supporting multi-attribute data
analyses. For example, suppose a consumer tries to select a car. She then collects
information about various cars and archives the information on a spreadsheet. While
reviewing the cars, she may sort the spreadsheet by the “price” column to find the ten
least expensive cars. Then, she might want to pick out the most fuel efficient car
among the ten. However, by sorting the information with the “fuel efficiency”

J.A. Jacko (Ed.): Human-Computer Interaction, Part II, HCII 2009, LNCS 5611, pp. 684 2009.
© Springer-Verlag Berlin Heidelberg 2009



SimulSort: Multivariate Data Exploration through an Enhanced Sorting Technique 685

column, she loses insights gained through the previously sorted information. To avoid
this, she should have marked the ten cars on the spreadsheet or somewhere else.
However, even with this extra effort, she may run into problems in analyzing multi-
attribute information if the number of considered attributes increases.

To resolve this issue, the present study proposed an interaction technique, called
“SimulSort.” When SimulSort is used on a table of data, all columns in a table are
sorted simultaneously, so that the corresponding attributes of a data point (e.g., the
price and fuel efficiency of a car) are no longer shown in the same row. Instead, when
a mouse cursor hovers on a cell of the table, all corresponding cells (or different at-
tributes of a record) in different columns are highlighted. This visual representation of
tabular data may be perceived as somewhat unfamiliar, but it would help people com-
pare two or more choices by considering multiple attributes simultaneously. An addi-
tional visualization technique, such as zooming, was also employed to overcome
some drawbacks of SimulSort. To identify the advantages and disadvantages of
SimulSort over the typical sorting feature, we also conducted a usage study.

The rest of this paper is organized as follows: Section 2 discusses relevant litera-
ture regarding sorting interaction techniques and information visualization. Section 3
introduces SimulSort and interaction techniques. Section 4 lists the research hypothe-
ses used in comparing typical sorting and SimulSort. Section 5 details the design of
the experiment. Sections 6 and 7 describe the results of the experiment and their im-
plications. Lastly, section 8 discusses the conclusions of this study and some future
work.

2 Background

2.1 Sorting

In spite of the ubiquity of sorting, we found little literature discussing how sorting has
been used so far. In 1785, Priestley made an early breakthrough in visual sorting with
the first timeline charts, which used individual bars to compare the life spans of per-
sons [1]. In 1901, Hollerith developed a sorting machine, called a “card sorter,” that
was employed to sort US census data, saving more than two years [2]. In 1967, Bertin
emphasized the importance of the correspondence between the act of sorting values
and its representation in helping readers gain a meaningful understanding of the data
and useful retention [3]. This visualization theory of Bertin became a discipline of
sorting visualization [4]. Other than these, most of literature regarding sorting has
been devoted to developing and evaluating different sorting algorithms in computer
science, which is not the focus of this paper.

In spite of a dearth of literature regarding sorting, the universal adoption of the
sorting feature by numerous software applications proves that it is a well-understood
and useful interaction technique. We found that sorting could be helpful in various
tasks, such as finding extreme values or outliers, finding a certain value, verifying the
existence of a certain value, detecting patterns of data, understanding the relationships
of data, and organizing or clustering data.
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However, we also noticed when multiple attributes must be analyzed simultane-
ously, sorting appears to be limited. As described in the previous scenario, when a
tabular data set is sorted by an attribute, the whole table is rearranged, making
previous arrangement disappears, which limits the utility of the feature when multiple
attributes should be considered together.

One might argue that the multi-column sorting feature, found in Microsoft Excel®,
would help overcome this limitation because it sorts multiple columns at the same
time. However, this sorting feature is only useful as a tie breaker. For example, if data
are sorted by Columns A and B, the data are sorted by Column A first, and sorting by
Column B only affects on the rows that have the same values in Column A. Other
rows that have different values in Column A will stay the same. Thus, a different
approach is necessary to deal with this issue.

2.2 Multivariate Information Visualization

The limitation of the currently available sorting has been remedied in various in-
formation visualization techniques. One would be parallel coordinates [5, 6],
which layouts multiple axes in parallel and represents data points as multiple lines
connecting these axes as shown in Fig. 1. By presenting multiple axes in parallel, a
user can explore multiple attributes at a glance without changing sorting orders of
different columns. Instead, lines connecting those axes represent a data point.
Though various implementations of parallel coordinates have subtle differences in
detailed interaction techniques, all of them share the same visual representation
technique.

Another approach is parallel bargrams, which is more similar to tabular view. Each
row represents an attribute and values in each row are sorted as shown in Fig. 2. Par-
allel bargrams has been implemented in different systems, such as MultiNAV [7],
FOCUS [8] (which evolved into InfoZoom [9]) and EZChooser [10]. Again, different
implementations have subtle differences in interaction techniques, such as how filter-
ing works, but they essentially rely on the same visual representation.

As easily noticeable from Fig. 1 and 2, both visualization techniques are de-
signed to deal with multi-attribute data. They help users understand general trends
and interesting patterns at a glance without changing the arrangement of informa-
tion. In other words, the data points are already sorted. In parallel coordinates,

Fig. 1. Parallel coordinates (Parvis [6]) Fig. 2. Parallel bargrams (EZChooser [11])
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each axis represents a sorted column. In parallel bargrams, each row is sorted
horizontally.

However, they also have limitations. First, the novelty of techniques may cause
them to be relatively difficult to learn and use. Both visual representations are quite
different from a familiar tabular view, so, for novice users, these tools could be chal-
lenging to use. Second, visualizing a large data often hides the details of information.
As shown in Fig. 1 and 2, detailed information about each individual data is generally
hidden. In other implementations, detailed information could be shown upon requests
using tooltip features, but we found that these could be generally problematic since
users cannot see these details readily.

Table Lens [12], which was designed to handle a large table with a zooming inter-
face, is inspiring. Though Table Lens does not specifically resolve the limitation of
sorting, it is easy to learn and use since it is based on a traditional tabular view and
shows the overview of large data and details using the zooming techniques. Table
Lens also uses a horizontal bar graph on top of a numerical value in each cell to help a
user quickly identify the trends in the data.

3 SimulSort

Thus, we propose an alternative visualization technique, called “SimulSort,” which
combines the strengths of the reviewed visualization techniques but still retains and
leverages the well-understood sorting feature in a tabular view. Fig. 3 is a screenshot
of SimulSort, and contains a data set of 70 used cars as an example. As shown in the
figure, every column is sorted. The attributes of a car are no longer shown in a single
row. Instead, in order to retrieve values of a certain car, the highlight feature should
be used. When a mouse cursor hovers over the cell, Car No. 11, the corresponding
cells are highlighted in yellow as shown in Fig. 3. This visualization supports the
similar tasks that parallel coordinates and parallel bargrams support. Comparing Car
No. 11 (highlighted in yellow) and Car No. 12 (highlighted in light blue) over multi-
ple attributes becomes much easier. A user does not need to sort different columns
multiple times to compare these two cars.

One might notice that some values are not shown in Fig. 3. For example, the mile-
age of Car No. 11 is not shown in the figure. Thus, a zooming feature is provided, so
that a user can zoom out to show all of the rows at a glance as shown in Fig. 4 by
selecting a radio button on the top left portion of the screen. Of course, due to the
limitation of screen real estate, in the zoomed-out view, the detailed number for each
cell cannot be shown. Instead, bar graphs provide information to help a user compare
between values. When the user wants to have details, the screen can be changed back
to the zoomed-in view.

SimulSort is implemented using Adobe Flex and flare, so that it can be interactive
and accessible through most of the web-browsers in the market. The data source used
in SimulSort is XML, so that any type of tabular data that is convertible to XML used
by SimulSort.



688 I. Hur and J.S. Yi

Experiment
e DIST : Distance
oem: @I ) eut The distance between the seller and my current location in miles.
nO [o1sT [saFe  |veam . |MiEAGE -|cFUEL .|WPUEL . |ENGNSIZI. [HORSEP - |CYLINDER [DISPLACE {acCIDEN' [PRICE  -|sPRicE -|oIsc
1 16 ER 1990 56 17 6 24 155 4 12 ] 5790 169089 031
2 19 ER 1991 457 17 2 24 155 4 12 [} 5928 16989 032
s 20 31 iz 457 i @ 24 155 4 12 o pors 16989 032
[ 55 3.2 1992 645 1B 27 24 158 4 p3 o P30 16989 033
Practics Sesslon 5 55 3.2 1992 745 18 27 24 158 4 1.3 o 7679 16989 033
Duing ths pr 3 78 52 iz 745 i @ 24 158 4 b4 o pso0 16089 D
o Bke yor 7 105 E] f92 745 i6 @ 24 260 4 14 ] 780 [sera  pa3s
] 108 33 B3 745 i z 24 262 4 is [} pes0  hee73 p3e
s 172 a3 fhe:  h200 B o 24 262 4 is ] a0 hears .37
i 175 ] 991 s B ) 24 166 4 w ] peos  peer3 07
1 175 33 1993 19196 19 28 24 167 4 17 o 897 18473 037
12 184 i 1994 31298 19 kL) 24 167 4 18 0 8789 18473 037
13 220 34 1995 31361 19 28 24 169 4 19 o 8876 18473 037
14 ars £ s 34563 19 ) 24 f69 4 ] [} Bo99  [ee73 0
15 e X 1895 3850 19 % 24 in 4 18 ] 8978 Bous 038
16 345 s 98 @545 19 ) 24 i1 4 18 ] §oo0  @ee7 038
17 359 35 1996 40984 19 29 24 w3 4 19 o 8670 21487 039
1 2 s 1986 @3 49 » 24 3 4 2 ] 2P T
19 460 36 1996 67349 19 29 35 s 4 21 o 9780 25026 04
0 (] 6 197 7660 19 ) 35 g 4 21 [} ge2 250 G4
a a8 36 1959 78%7 19 2 35 i7s 4 21 1 w52 @sbs O
2 535 a7 1999 79762 9 ) 35 188 4 21 1 Sso0  @Sb2s @2
3 545 37 1995 Gamr 19 3 35 190 4 21 1 Sess  @sozs 02
~ Done
one
Fig. 3. A screenshot of a table using SimulSort with a zoomed in view
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Fig. 4. A screenshot of a table using SimulSort with a zoomed out view

4 Hypotheses

After pilot studies with three participants, we found potential in SimulSort to support
various tasks. To test this speculation, two sets of hypotheses were constructed. The
first set of hypotheses is comparing the effects of two sorting techniques (typical
sorting vs. SimulSort) on performance measures, such as a response time and accu-
racy, of various tasks. A sub set of tasks were selected from the low-level analytic

activities for multivariate data surveyed by Amar et al. [13].
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e HI1-1: Participants retrieve values more quickly and correctly while using typical
sorting than while using SimulSort.

e HI1-2: Participants filter values more quickly and correctly while using typical
sorting than while using SimulSort.

e H1-3: Participants sort values more quickly and correctly while using typical sort-
ing than while using SimulSort.

e HI1-4: Participants find a correlation more quickly and correctly while using typical
sorting than while using SimulSort.

In addition, we would like to investigate the effect of different sorting techniques
on the decision performances, such as response time and decision quality. We also
hypothesized that the discrepancy will increase as the number of attributes to consider
increases from three to seven.

e H2-1: Participants make a decision with the smaller number (three) of criteria more
quickly and confidently while using SimulSort than while using typical sorting.

e H2-2: Participants make a decision with the larger number (seven) of criteria more
quickly and confidently while using SimulSort than while using typical sorting.

5 Methods

5.1 Participants

Fifteen participants (7 males and 8 females; age: 21 — 31) at Purdue University were
recruited for the experiment. The completed education level of these participants
varied from high school to master’s degree, but all had general, high-level computer
experience. On average, they have used a computer about 13 years. Fourteen out of 15
participants reported that they are “comfortable” or “very comfortable” in using com-
puters. At the end of experiment, they were compensated at the rate of eight US dol-
lars per hour.

5.2 Datasets

Three artificial datasets of used cars were generated for the experiment. Each dataset
has 70 used cars and 14 attributes. Random numbers were generated to make three
datasets different enough to avoid any learning effects. At the same, to make com-
plexities of the three datasets equivalent, the average of inter-attributes correlations
were adjusted around zero (i.e., 0.0001, -0.0002, and 0.0003). This blocked the poten-
tial effects of inter-attributes correlations on decision quality [14].

5.3 Procedure

When a participant arrived at the lab, the pre-task survey was conducted to collect
subject’s demographic information, including education levels and computer literacy.
After the pre-task survey, participants were asked to answer questions on paper in one
baseline setting (i.e., without any sorting feature) and two experimental settings (i.e.,
with typical sorting and with SimulSort). The orders of the two experimental settings
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and used datasets were randomized. Whenever a new setting was introduced, an
experimenter described how to use the interface, and participants had a chance to
explore the interface without time limitation. After completion of each setting, the
subjects were asked to answer questions regarding decision qualities. At the end,
participants were interviewed before being compensated.

5.4 Measures

Response time, accuracy, and decision quality were used as performance measures.
The response time was derived by taking the difference of the recorded times each
task started and completed. Task accuracy is binary in conformity to the answer is
correct or incorrect. Decision qualities of each decision were captured through the
post-task questionnaire in terms of confidence of their decisions, using a five-level
Likert scale:

WeightedAdditiveValue Choice— WeightedAdditiveValue Werst ( 1)
WeightedAdditiveValue Best— WeightedAdditiveValue Worst

Decision Quality =

6 Results

While analyzing data, t-tests, Mann-Whitney test and two proportions tests were em-
ployed for the quantitative measures (e.g., response times and decision qualities) and
binary measures (e.g., accuracy), respectively. Table 1 summarizes the uncovered
findings, the effects upon the tests gives the means, standard deviations (S.D.), and ¢
value, W value, and p values for each question and hypothesis.

Mean of Decision Quality

3.8 /
With three attributes

3.6 »

34 4

04
,,' With seven attributes

3.0 L4
TypicalSort SimulSort

Fig. 5. Means of the decision quality for different settings and number of attributes

Participants while using SimulSort did not demonstrated significantly different per-
formances in most of the activities (H1-1 and H1-2 were falsified) from while using
typical sorting features except for two activities. For example, participants sorted
values more quickly (H1-3 was partially supported) and found a correlation more
correctly (H1-4 was partially supported) while using typical sorting than while using
SimulSort, as shown in Table 1.
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When considering the number of criteria in the decision making activity, we found
slight differences in the mean scores of decision quality, as shown in Fig. 5. Simul-
Sort and typical sorting features were not judged to be different on the response time
and decision quality with three criteria (H2-1 was falsified). The mean of decision
quality of SimulSort with seven attributes was 3.6, which was higher than the mean of
decision quality of typical sorting features, 3.0, but the difference was not statistically
significant at the error level of 0.05, though (H2-2 was falsified).

Table 1. Results of t-test, Mann-Whitney test, and two proportions test of using typical sorting
and SimulSort

Question/ Response time (seconds) Accuracy (Decision Quality)
Artifact Mean (S.D.) | t(dfyyW ,pvalues | Mean (S.D) [ t(df)yW, p values
Question I | What is the government-tested safety rating of car #21? (H1-1)

Sort 40 (35) t(25) =-0.28 100% Z=0
SimulSort 43 (26) p=0.778 100% p=1
Question 2 | Which used cars are made in 2008? (H1-2)
Sort 21 (14) t(21)=-141 100% Z=1.04
SimulSort 32 (27) p=0.173 93% p =0.301
Question 3 | List the ten most closely located cars. (H1-3)
Sort 57 34) t(22) =-3.30 93% Z=0
SimulSort 113 (56) p = 0.003" 93% p=1
Question 4 | What attribute has the highest correlation with the year attribute? (H1-4)
Sort 117 (111) t(24) =-0.66 73% Z =3.46
SimulSort 140 (77) p=0514 20% p=0.001"
Dot 5 Which cars are the two best if you have the following criteria (lower price,
more recently manufactured, and lower mileage)? (H2-1)
Sort 158 (108) t(25) =-1.66 3.7(0.9) W=196
SimulSort 227 (110) p =0.109 3.9(0.8) p=0.7336
Which cars are the two best if you have the following more comprehensive
Dt s criteria (Lower price, More recently manufactured, lower mileage, high
city/highway fuel efficiency, high government tested safety rating, lower
number of accidents, more closely located)? (H2-2)
Sort 183 (128) t(24)=0.13 3.0(1.2) W=199.5
SimulSort 176 (161) p =0.901 3.6(1.0) p=0.1569

“Statistically significant differences are found at the error level of 0.05.

7 Discussion

These results show that typical sorting features and SimulSort are generally compara-
ble, but they potentially have different advantages and disadvantages related to the
accomplishment of different tasks. These two sorting techniques provide comparable
effectiveness in supporting most of the tasks except for sorting and finding correla-
tions tasks, but SimulSort might potentially support decision making with large num-
ber of criteria.

It took a significantly longer time to find ten minimum values when using Simul-
Sort than when using typical sorting (H1-3). Based on our observation, this result was
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due to the fact that SimulSort required scrolling a bar to look up the values in high-
lighted cells that were scattered, while typical sorting required seeing only one row in
which related values existed. Finding correlations was challenging with use of Simul-
Sort (H1-4) because the positions of many highlighted cells must be remembered,
which caused errors. In the other hand, with typical sorting features, participants sim-
ply sorted one column and compare other columns.

Although the results were not statistically significant, SimulSort can be regarded as
helping users develop high confidence in the decisions made. In the post-task inter-
views, many subjects reported that SimulSort was helpful when multiple attributes
were considered at the same time, though subjects are no more likely to use SimulSort
over typical sorting features for decision makings with the small number of criteria.
Although SimulSort could be unfamiliar to the participants, some subjects quickly
made a strategy for better decision making. One strategy was to find the item that had
more factors of positive influence in the lower position and more factors of negative
influence in the upper position, when data are in ascending order. We observed that,
although subjects did not seem to know the accurate values, they did know what the
strengths and weaknesses were. In addition, using zooming-out feature and SimulSort
together in making decisions indicated that bar graphs in one screen delivered visual
messages that allow users to understand data and possibly mental tradeoff.

8 Conclusions

This paper proposed a new multidimensional sorting technique, which was designed
to help users make decisions based on multiple-attribute information. We empirically
compared SimulSort with the typical sorting feature, which showed that these two
interaction techniques are generally comparable in all except the two tasks tested.

One limitation of this study is the lack of participants. Some of non-significant dif-
ferences could be due to the limited number of participants. In two decision tasks,
some interesting patterns were found, but it could not be proven that these differences
were statistically significant.

However, it was still encouraging to find that SimulSort was quickly understood
and used to support various tasks effectively. Due to the unfamiliarity of SimulSort,
we expected that some participants had troubles of understanding it. However, most
of the participants used it properly and came up with some heuristics, amplifying the
advantages of SimulSort. Further investigation will provide more clear evidence of
the effectiveness of SimulSort.

However, many other questions remain unanswered. Is it possible to combine typi-
cal sorting and SimulSort? Would the performance results be different if SimulSort
had more flexibility to choose increasing order or decreasing order in each column?
At what minimum number of attributes would SimulSort shows any statistically sig-
nificant improvement of performances? How and where do users eyes move when
using SimulSort? What is the subtle cognitive mechanism for sorting visualization
regarding decision making? Those questions will be investigated in further research.
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