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Fig. 1. Examples of extensions and modifications of parallel coordinates that have been evaluated. All images are reproduced with

the permission of their respective copyright holder.

Abstract—The parallel coordinates technique is widely used for the analysis of multivariate data. During recent decades significant
research efforts have been devoted to exploring the applicability of the technique and to expand upon it, resulting in a variety of
extensions. Of these many research activities, a surprisingly small number concerns user-centred evaluations investigating actual
use and usability issues for different tasks, data and domains. The result is a clear lack of convincing evidence to support and guide
uptake by users as well as future research directions. To address these issues this paper contributes a thorough literature survey of
what has been done in the area of user-centred evaluation of parallel coordinates. These evaluations are divided into four categories
based on characterization of use, derived from the survey. Based on the data from the survey and the categorization combined with
the authors’ experience of working with parallel coordinates, a set of guidelines for future research directions is proposed.

Index Terms—Survey, evaluation, guidelines, parallel coordinates.

1 INTRODUCTION

Parallel coordinates [16] has, for many years, been a popular visu-
alization technique for multivariate data. The design (Fig. 2), with
polylines describing multivariate items that intersect with parallel axes
representing variables, can be used for the analysis of many properties
of a multivariate data set [50]. A few examples include identifying
multivariate outliers, trends, and clusters. During the last 20 years
the technique has been the focus of many research projects, primarily
within the information visualization community although it has also
been applied within scientific visualization and visual analytics, across
numerous application areas such as mathematics, statistics, bioinfor-
matics, medicine and climate science. The technique is also incorpo-
rated within several commercial applications and frameworks, making
it available to a large number of users. An excellent compilation of
current research on parallel coordinates can be found in the state-of-
the-art report by Heinrich and Weiskopf [14].

Research on parallel coordinates has primarily focused on making
the technique less sensitive to visual clutter by reducing the number of
polylines or by reducing, or reordering, the parallel axes. This research
has many facets and has included work on using the visual represen-
tation with algorithmic data mining techniques [7, 22, 8, 38], using
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different interaction techniques [11, 43, 9] and choosing various axis
layouts, in both 2D and 3D [49, 23, 5].

With respect to the large number of publications proposing vari-
ations of parallel coordinates, only a limited number present results
from user-centred evaluations, thus addressing usability aspects [17].
Evaluation is necessary in order to understand and communicate the
potential and limitations of all proposed variations of parallel coordi-
nates. In general, evaluation will advance information visualization
research by promoting promising research ideas but also preventing
less promising ideas from being accepted as valid ones to be expanded
upon. This is also how we can present evidence of measurable benefits
that will encourage more widespread adoption of successful variations
of parallel coordinates by real users [25, 36].

The aim of this paper is to highlight the importance of, and need for,
user-centred evaluation studies in order to investigate and validate pre-
sented research results. The reader of this paper will get an accessible
overview and discussion of previous work (which will be especially
helpful for researchers new to the area of parallel coordinates and/or
evaluation studies), gain knowledge of important findings regarding
the usefulness of parallel coordinates, and finally receive guidance in
interesting and important directions for future work.

1.1 Contributions

The first contribution of this paper is a survey of the 23 existing pa-
pers that present user-centred evaluations of the standard 2D parallel
coordinates technique and its variations, see Fig. 1. Each evaluation is
described by a concise summary. Besides variations of parallel coor-
dinates, many other visualization techniques are included in the eval-
vations. In addition to comparing different versions of parallel coor-
dinates with each other it is common that a specific version of parallel
coordinates is compared with other visualization techniques, for exam-



Table 1. The 23 identified papers on evaluating parallel coordinates (PC) divided into the four constructed categories. Most evaluations have been
performed within categories 1-Evaluating axis layouts of PC and 4-Comparing PC with other analysis techniques. The study presented in [47] is

classified into both category 3 and 4.

| Number of studies

References

1. Evaluating axis layouts of PC

2. Comparing clutter reduction methods for PC
3. Show practical applicability of PC

4. Comparing PC with other analysis techniques

ple scatter plots, radar charts, pie charts, etc. In some cases a version
of parallel coordinates is even compared with non-visual techniques
such as tables or lists.

This paper has a strict focus on results from user-centred evalu-
ations and does not consider papers with use cases or similar that
attempt to demonstrate results by providing ‘walkthroughs’ by the
authors. If performed correctly such demonstrations can, of course,
present valuable support for a proposed idea but are different from
evaluations based on user studies and will not be considered in this pa-
per. In addition, it is important to note that this paper does not attempt
to evaluate the quality of the evaluations but focuses on what aspects
have been studied, and it is up to the reader to form their own opinion
regarding the quality of the individual studies.

The second contribution is a categorization, derived from the lit-
erature survey, of the performed evaluations. The four categories are
based on how parallel coordinates is used as a visual analysis tool:
(1) evaluating axis layouts of parallel coordinates, (2) comparing clut-
ter reduction methods for parallel coordinates, (3) showing practical
applicability of parallel coordinates, and (4) comparing parallel coor-
dinates with other analysis techniques.

Since the standard 2D version of parallel coordinates is by far the
most used of all the parallel coordinates versions, this version has been
given special attention. Besides summaries of all the evaluations this
paper contributes a table which easily illustrates how standard 2D par-
allel coordinates performs, compared with 26 other techniques, across
7 tasks. In the table, only combinations of techniques and tasks that
produce evaluation results specific enough to replicate are included.
For example, results such as ‘obtain an overview’, ‘understanding
parameters’, ‘is more appropriate’, etc. are hard to measure, making
them difficult to replicate.

The final contribution is a set of guidelines for future research.
These guidelines are based on the data collected from the evaluations
as well as the authors’ experience of working with parallel coordinates.
These guidelines will hopefully advance the state-of-the-art of parallel
coordinates. To summarize, the major contributions of this paper are:

e a survey of existing user-centred evaluations of parallel coordi-
nates,

e a categorization of the identified user-centred evaluations based
on characterization of use,

e acompilation and description of the performance of standard 2D
parallel coordinates versus 26 other data analysis techniques for
7 identified tasks,

e guidelines for future research on user-centred evaluations of par-
allel coordinates.

Although the authors have been thorough in the literature review it
can not be guaranteed that research is not missing. The contributions
and the general conclusions do not, however, depend on any single
work.

1.2 Structure of the Paper

The remainder of this paper is organized as follows. Section 2 presents
and discusses the categorization of previous evaluations. Sections 3—6
each presents and discusses one category and can be read individually,
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I N

Fig. 2. Standard 2D parallel coordinates [16] with variables represented
as parallel axes and multivariate items represented as polylines inter-
secting the axes at their corresponding values.

ending with a short summary and discussion. How 2D parallel coordi-
nates performs in relation to other techniques is discussed in Section
7. More detailed discussions and guidelines for future research are
presented in Section 8 and concluded in Section 9.

2 CATEGORIZATION OF PARALLEL COORDINATES EVALUA-
TIONS

From a comprehensive literature review of all major journals and con-
ferences on visualization, 23 papers were found that present user-
centred evaluations of parallel coordinates.

That only 23 papers were found that deal with evaluation was, un-
fortunately, not surprising but far from satisfying when the goal of in-
formation visualization is to develop useful visualization techniques.
Among the journals and conferences included in the review there was
no apparent difference in the ratio between evaluation papers and the
total number of papers on parallel coordinates. Looking at, for ex-
ample, IEEE Infovis from the ten years between 2005 and 2014 there
were in total 28 papers where parallel coordinates was the main topic
and of these only four presented some type of user-centred evaluation.
The 23 identified papers focus on a wide variety of topics so a catego-
rization was not straightforward. Existing work on categorizing eval-
uations, such as [36, 27, 18], could not be directly incorporated into
this work but provided much inspiration. The categorization is derived
from the literature survey. The four categories have been constructed
so that they, together, cover all major aspects of previous work on par-
allel coordinates and, at the same time, do not significantly overlap.
The categories are as follows:

evaluating axis layouts of parallel coordinates,
comparing clutter reduction methods for parallel coordinates,
showing practical applicability of parallel coordinates,

comparing parallel coordinates with other data analysis tech-
niques.
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An overview of the publications and categories is presented in Ta-
ble 1. The four categories with the assigned publications are described
in detail below.

3 EVALUATING AXIS LAYOUTS OF PARALLEL COORDINATES

The reason for studying alternative axis layouts is mainly because the
standard 2D parallel coordinates technique only allows the identifica-
tion of relationships between adjacent axes. This topic has received
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Fig. 3. Many-to-many relational parallel co-
ordinates [30].

much attention during recent years and many different approaches
have been proposed. These can mainly be categorized into:

e techniques for arranging axes in 2D parallel coordinates in or-
der to highlight specific types of relationships, or for reducing
clutter,

e techniques for extending parallel coordinates from 2D to 3D with
the aim of allowing more relationships to be simultaneously dis-
played and analysed.

3.1 Evaluations

The following work addresses the usability of different axis layouts of
standard 2D parallel coordinates and its extensions into 3D.

Focusing on 2D parallel coordinates, Siirtola et al. [42] based their
evaluation on eye-tracking. Nine participants took part in a quanti-
tative study where each performed nine different tasks related to a
cars data set. The tasks included: searching for cars with four or
six cylinders, finding the average mileage for cars having six cylin-
ders, and finding which Japanese cars that have the best acceleration.
Eye-tracking was used to capture the participants’ gaze data, in terms
of fixation target and fixation length. The results confirmed a previ-
ous study presented in [43] (see section 6) that the parallel coordinates
technique is quite easy to learn and that its immediate usability is good.

Lind et al. [30] developed the 2D many-to-many relational parallel
coordinates technique (see Fig. 3) and compared it with standard par-
allel coordinates. The aim of their quantitative study was to investigate
whether the many-to-many relational display was more effective and
efficient than standard parallel coordinates for finding interesting re-
lationships between variables. For both standard parallel coordinates
and many-to-many relational parallel coordinates, 12 participants were
asked to identify negative correlations between adjacent axes. The re-
sults indicate that the participants in the study performed the task about
20% faster using the many-to-many relational configuration.

Claessen and van Wijk [5] further developed the concept of many-
to-many relational parallel coordinates into the system FLINA (Flex-
ible LINked Axes). They performed a qualitative evaluation in which
the think-aloud method was used together with a follow up survey in
which the participants rated a number of statements on a 5-point Likert
scale. In one part of the study, the participants used the FLINA sys-
tem to construct simple visual representations, such as scatter plots,
parallel coordinates and radar charts, of the Iris data set. The partici-
pants performed a number of tasks such as finding the range of values
of attributes, identifying average values for attributes, and studying
correlations between attributes. In the next step the participants cre-
ated their own combinations of axes while exploring their own data
sets. The overall results of the study were positive with respect to the
flexibility of the system and the possibility of interactively adding and
removing axes.

Walker et al. [48] introduced force-directed parallel coordinates
based on physical metaphors, see Fig. 4, which together with a number

Fig. 4. Force-directed parallel coordinates [48].

Fig. 5. 3D multi-relational parallel coordi-
nates [19] was evaluated with respect to its
efficiency in conveying complex patterns [6]
and noisy data [21].

of interaction methods can be used to explore multivariate data. Some
examples include cutting, axis swinging and axis pinning. A qualita-
tive user study, using the same methodology as in [5], was performed
with 13 participants. After a test session the think-aloud method was
used while the participants explored a data set containing world food
prices since 1990. After the experiment the participants filled in a sur-
vey in which they had to rank a number of statements on a 5-point Lik-
ert scale. The results indicate that the strengths of the force-directed
approach is in its identification of correlations and trends. The main
weaknesses concerned the possibilities to undo interactions and that
the interactions required very precise mouse inputs.

Instead of only focusing on axis layouts of 2D parallel coordinates,
Forsell and Johansson [6] investigated the performance of 2D paral-
lel coordinates compared with 3D multi-relational parallel coordinates
(Fig. 5). The evaluation was conducted as a quantitative experiment
in which 30 participants performed a simple and a complex task. The
simple task concerned finding one specific pattern from a set of five.
In the complex task, the participants were asked to search for all five
patterns and identify the one pattern that was missing. In a post-test
questionnaire the participants rated a number of statements on a 5-
point Likert scale. The questions were related to how easy or difficult
it was to use the different parallel coordinates techniques for the dif-
ferent tasks. The results showed that when manually exploring a com-
plex interrelated multivariate data set, the user performance with 3D
multi-relational parallel coordinates is significantly faster. For simpler
tasks, such that finding a relationship between two adjacent axes, the
difference is negligible.

Standard 2D parallel coordinates and 3D multi-relational parallel
coordinates were further evaluated by Johansson et al. [21]. In a first
quantitative study with 13 participants the aim was to investigate ac-
ceptable distortions (noise) in 2D parallel coordinates and investigate
users’ ability to recognize different relationships in data when these
were shown with noise (Fig. 6). 13 participants were asked to iden-
tify which of three noisy patterns was the target pattern. The results
indicated that a noise level of 13% is the threshold for efficiently dis-
criminating between patterns. In a second quantitative study, 13 par-
ticipants were asked to identify patterns at different angles in 3D in
order to investigate the maximum number of variables that can be ef-
ficiently displayed in 3D multi-relational parallel coordinates. The re-
sult of this study showed that a 3D multi-relational parallel coordinates
display having 11 axes (variables) is as efficient as 2D parallel coordi-
nates. For larger number of variables, the efficiency is reduced since a
greater amount of manipulation, in terms of interaction, is required.

In a recent publication, Johansson et al. [20] evaluated the 3D par-
allel coordinates technique developed by Wegenkittl et al [49], see
Fig. 7. This technique yields a 3D representation by using paral-
lel planes instead of parallel lines as axes. The 3D parallel coordi-
nates representation has the possibility to simultaneously display more
variables compared with standard parallel coordinates. A quantitative
study was performed that compared 2D parallel coordinates with 3D



Fig. 6. Noisy data in parallel coordinates was studied in [21].

Fig. 7. 3D parallel coordinates was compared with standard 2D parallel
coordinates for the identification of 2D patterns [20].

parallel coordinates for the identification of patterns. More specifi-
cally, 24 users searched for five patterns displayed in both representa-
tions. Both response times and accuracy were measured. The results
strongly indicate that 2D parallel coordinates outperforms 3D parallel
coordinates, for the specific tasks and users. Users took on average
seven times longer when using 3D parallel coordinates, as compared
with 2D parallel coordinates when identifying the patterns in the study.
A follow-up questionnaire detailing the participants’ subjective ratings
on a Likert scale agreed with the results.

3.2 Summary and Discussion

The evaluations discussed in this section have shown that the 2D par-
allel coordinates axis layout is both effective and efficient for tasks
involving comparing relationships between variables. The standard
2D axis layout is also regarded as intuitive and novice users learn it
without effort. One study has also shown that parallel coordinates is
quite robust to noisy data. For tasks involving examining multiple rela-
tionships, extensions into 3D have been shown to be advantageous. It
should be noted, however, that the existing studies are in strong favour
of extensions showing co-planar structures whereas extensions pro-
ducing 3D structures distort the data and are difficult to interpret.

There are several aspects within this area that remain unexplored
and if studied could provide a better understanding of possible axis
configurations in parallel coordinates. Automatic ordering of axes
based on various criteria is a well studied approach. What is missing
is knowledge about when and how these should be used. Differences
between axis layouts need to be further investigated and systematically
studied or different tasks and users.

4 COMPARING CLUTTER REDUCTION METHODS FOR PARAL-
LEL COORDINATES

The parallel coordinates technique is well-known to be sensitive to
visual clutter and even a moderate data size can produce cluttered dis-
plays. A large number of methods have been proposed to overcome
this limitation by, in some form, visualizing an abstraction of the data.
The proposed techniques can, broadly, be categorized into:

e reduction techniques that result in the appearance of fewer ren-
dered polylines with the aim to better highlight structures in the
data,

o techniques that use rendering of semi-transparent polylines to en-
hance underlying structures in the data.

Fig. 8. Bundled [31] (left) and edge-bundled [33] (right) parallel coordi-
nates.

4.1 Evaluations

Different ways of using curves in parallel coordinates are common,
see for example [46, 8, 31]. Heinrich et al. [12] focused on a bundling
technique for parallel coordinates. Although the actual number of ren-
dered polylines is the same as in standard parallel coordinates, the
visual appearance is a reduction that aims to reveal structures. (Fig. 8,
left). The aim of their quantitative study was to investigate the effi-
ciency of bundled parallel coordinates compared with standard parallel
coordinates for visual identification of linear correlations and clusters.
14 participants took part in the experiment. For the part on corre-
lations, each participant was asked to categorize the strength of the
correlation using five different categories ranging from ‘strong neg-
ative’ to ‘strong positive’. For the clustering task, each participant
viewed clusters of different dimensionality and were asked to identify
the number of clusters. The results of the study showed that visual
identification of linear correlations was the same for both techniques
and that bundled parallel coordinates is efficient for identifying clus-
ters.

In a recent publication, Palmas et al. [33] introduced and evalu-
ated an edge-bundling technique that is based on density clustering,
see Fig. 8, right. The two tasks included in the quantitative evaluation
were to judge the strength of a correlation (55 participants) and to trace
a subset of the data over several variables (82 participants). The first
result indicates that the participants were more accurate when judging
correlations in edge-bundled parallel coordinates compared with stan-
dard 2D parallel coordinates. The second result shows that bundled
parallel coordinates is also more accurate when tracing a subset of the
data over several variables.

Another proposed method for clutter reduction is progressive paral-
lel coordinates [38] which is based on progressive refinements of the
display. This technique is used to reduce the number of data items
needed to be rendered as polylines, making it possible to visualize
larger data sets (see Fig. 9 for examples). In [38] the authors per-
formed a quantitative evaluation with 43 participants of various levels
of expertise to compare the effectiveness of progressive parallel coor-
dinates with standard parallel coordinates. The participants were asked
to perform a number of tasks such as identifying example patterns and
searching for patterns in different refinement levels. The results in-
dicate that in terms of correctness there was no significant difference
between the two techniques. For pattern detection, however, progres-
sive parallel coordinates was substantially faster and, on average, only
37% of the data was needed in order to detect the patterns.

Holten and van Wijk [15] evaluated parallel coordinates for cluster
identification, which is a commonly used technique for reducing visual
clutter. Nine types of parallel coordinates (eight variations, both static
and animated, as well as standard 2D parallel coordinates) were eval-
uated. The six static variations were: scatter plots embedded in par-
allel coordinates, coloured polylines, blended polylines, coloured plus
blended polylines and curved polylines, see Fig. 10. The animated
versions were: random tour animation, permutation tour animation
and wobble animation. In a quantitative experiment, 20 participants
used all the different visual representations to identify the number of
clusters present. The performance was measured in terms of response
time and accuracy. The main findings of the study were that, except



Fig. 9. The technique of progressive parallel coordinates [38].

for embedded scatter plots, none of the previously proposed variations
significantly improved the user performance. The results of the exper-
iment agreed with the subjective findings stated by the participants.

4.2 Summary and Discussion

Much work has been dedicated to addressing issues related to cluttered
parallel coordinates displays. Techniques based on colour, blending
and curved lines are commonly seen in the literature as suggestions
for improving the visual quality. For the task of cluster identification
no benefit in terms of improved performance has been found for any of
these variations. Only the combination of standard 2D parallel coordi-
nates and scatter plots has been shown to be advantageous. Compared
to standard parallel coordinates, the bundled technique makes visual
identification of clusters in data easier and is advantageous for judging
correlation and for tracing subsets of the data across multiple variables.

The above described evaluations provide a basis for understanding
how visual clutter effects pattern identification. There are, however,
important issues that have not been addressed. Knowledge about the
relationships between display size, data size and pattern identification
needs to be increased, which can only be achieved through user stud-
ies. Another area that is becoming more important as the size of the
data increases is progressive parallel coordinates. An interesting idea
would be to extend the method to other variants of parallel coordinates.

5 SHOWING PRACTICAL APPLICABILITY OF PARALLEL Co-
ORDINATES

To show practical applicability of parallel coordinates means, for ex-
ample, to:

e introduce parallel coordinates in a new application domain,

e make novel use of parallel coordinates for solving tasks specific
to an application.

When using parallel coordinates for a new application, the technique
is typically compared with what is state-of-the-art in the area.

5.1 Evaluations

Tory et al. [47] introduced parallel coordinates as an interface for ex-
ploratory volume visualization (Fig. 11). They also performed a qual-
itative evaluation in which they compared the parallel coordinates in-
terface to table based and traditional interfaces. A traditional volume
visualization interface typically consists of a rendering view, a transfer
function editor and some widgets for zoom and rotation. Their evalua-
tion was based on five expert users. The experts were asked to perform
two tasks: explore the data set, and search for a specific identifiable
object in the data. Thereafter, they rated the visual representations us-
ing a set of heuristics as statements. Their main findings showed that
the table and parallel coordinates interfaces were mostly rated higher
than the traditional interface. Furthermore, parallel coordinates and
tables had different strengths, with tables considered good for inves-
tigating relationships while parallel coordinates were rated higher for
understanding parameters and changing parameter values.

Another example of introducing parallel coordinates into a new do-
main is presented by ten Caat et al. [45] who developed tiled parallel
coordinates for analysis of multi-channel EEG data (Fig. 12). More

Fig. 10. The six non-animated variations that were evaluated in [15]: (a)
standard parallel coordinates, (b) embedded scatter plots, (c) coloured
polylines, (d) blended polylines, (e) coloured and blended polylines, and
(f) curves instead of polylines.

specifically, they used a data set containing somatosensory evoked po-
tential (SEP) which is obtained by electrical stimulation of a nerve.
Traditional analysis tools for this type of data consist of simple graphs
showing time and voltage. The authors performed a qualitative eval-
uation of these tools based on four criteria: number of time steps that
can be visualized, clarity of the temporal dimension, number of chan-
nels that can be properly analysed, and preservation of the spatial or-
der. Tiled parallel coordinates was the technique that enabled analysis
of most time steps but was less good at preserving an explicit time
ordering. After the initial qualitative study, the authors performed
a quantitative user study with 12 participants analysing 16 different
SEP data sets. Tasks specifically designed for SEP data sets, such as
identifying latencies and symmetry values, were used. The results of
this study indicated that visual analysis using tiled parallel coordinates
was, on average, 40% faster than using standard clinical EEG visual-
ization methods, with accuracy being maintained.

Azhar and Rissanen [2] used parallel coordinates as a tool for inter-
active alarm filtering in the application area of process control. When
an industrial process (electricity, gas, heating, etc.) runs into an abnor-
mal status, an alarm is generated. These alarms are typically stored in
long alarm lists which are tedious to search through since it is often dif-
ficult to filter out alarms of particular interest. A prototype application
was developed, including both a traditional alarm list and parallel co-
ordinates. To evaluate the effectiveness and efficiency of parallel coor-
dinates compared with traditional alarm lists, the authors performed a
quantitative evaluation engaging 12 participants. The evaluation aimed
at identifying whether there would be an efficiency gain through using
parallel coordinates as well as getting insights into what the partici-
pants thought of this new way of analysing alarms. The participants
performed a total of 11 tasks that were categorized into tasks related to
selection and filtering. The evaluation showed that, for simpler tasks
(involving a single or few parameters), there was no significant dif-
ference. For more complex tasks (involving several parameters) there
was a significant reduction in time of 40%—-80% in favour of parallel
coordinates. In a post-test questionnaire, ratings from the participants
indicated that they found parallel coordinates faster, more intuitive,
more accurate, easier to learn and remember, as well as more support-
ive of pattern identification as compared with traditional alarm lists.

Beham et al. [3] used parallel coordinates as a tool for exploring
the results of geometry generators, see Fig. 13. A geometry generator
creates a polygonal mesh that approximates a geometric shape. Such
a generator has many parameters that describe features of the geom-
etry. Parallel coordinates was used to explore the parameters to find
similarities and errors in the geometric shapes and their corresponding
parameters. This use of parallel coordinates shares many similarities
with the work by Tory et al. [47]. The authors conducted a quantita-
tive evaluation with three domain experts that performed the following
three tasks: (1) evaluation of the parameter space and geometric result,
(2) finding implausible shapes, and (3) determining the influence and
sensitivity of the parameters. The results from the study were posi-
tive and there was a clear demand for similar tools. The experts could
solve the two first tasks but had difficulties in the sensitivity task due
to missing interaction features in the parallel coordinates implementa-
tion.
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Fig. 11. A parallel coordinates style interface for
exploratory volume visualization [47].

In a recent publication, Slingsby et al. [44] used an interactive sys-
tem for exploration of uncertainty in geodemographics, in which par-
allel coordinates was an important component for showing uncertain-
ties. This was done by using faded bands, as illustrated in Fig. 14.
The authors focused on geodemographics classifiers which are used
to characterize a population by categorizing different geographical ar-
eas with respect to the demographic and lifestyle characteristics of the
people living within them. This classification is typically of an hi-
erarchical nature, where smaller areas are combined into larger ones.
This generalization process inherently introduces uncertainties which
might have large impacts on the analysis. To test their developed inter-
active system, and how it could be used for analysing the uncertainty
in the data, the authors performed a qualitative evaluation with six ex-
pert users. After the participants had used the system to explore the
data they answered a number of questions regarding what they learned
about the classifications and the population and which functionality of
the system they found useful. The results related to uncertainty repre-
sentation in parallel coordinates indicate that the summarized variation
in the demographic variables were appreciated by all users and that de-
picting variation as shaded areas around the median was intuitive.

5.2 Summary and Discussion

Parallel coordinates has often been found to be advantageous to state-
of-the-art techniques when introduced in a new application area. Al-
though users tend to be confused at the beginning they quickly learn
how to use parallel coordinates and tend to appreciate the way they
can interact with their data. From the authors point of view this is one
of the most interesting areas for future research on parallel coordinates
and there are several interesting aspects to study.

Studies in new application areas should be encouraged. Particu-
larly using longitudinal studies as well as using real data. This would
provide valuable insight into how the technique is used over time and
could give information on aspects such as learnability and the need for
new, or customized, features.

6 COMPARING PARALLEL COORDINATES WITH OTHER DATA
ANALYSIS TECHNIQUES

As discussed earlier in this paper, parallel coordinates is a popular
technique for exploring multivariate data although many other mul-
tivariate visualization techniques can be used for the same tasks. It
is, thus, important to investigate which techniques that work best for
different conditions. This part of evaluation research focuses solely
on comparing parallel coordinates with other visualization techniques.
Typical reasons for conducting such studies are:

e to determine if parallel coordinates is ‘better’ than traditionally
used techniques for identifying patterns in data,

e to investigate advantages and disadvantages of parallel coordi-
nates compared with other techniques for different user groups.

Fig. 12. Tiled parallel coordinates for explo-
ration of multi-channel EEG data [45].
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Fig. 13. Parallel coordinates used as a
tool for exploring parameters of geometry
generators [3].

6.1 Evaluations

Lanzenberger et al. [28] compared standard parallel coordinates with
stardinates in an evaluation with 22 participants. The aim was to in-
vestigate: the time participants were engaged in testing, the number of
correct answers, subjective statements, and key statements in compar-
ison with those defined by an expert. The evaluation was performed
on two different data sets: the position data of aeroplanes and a psy-
chotherapeutical data set of five patients. For the first data set, the par-
ticipants performed tasks such as identifying collisions between aero-
planes and answered questions regarding which problems occurred
during the analysis. For the second data set, tasks included identi-
fying outstanding characteristics of the data and, similarly to the first
data set, specifying problems that occurred during the analysis. The
main results were that the stardinates technique was found to be more
appropriate for analysing details in structured data while the parallel
coordinates technique was found to better provide information quickly.
The authors suggested the use of a combination of the two techniques
for best results.

Li et al. [29] compared standard parallel coordinates with scatter
plots, focusing on correlation patterns. 25 participants were asked
to judge the strength of linear correlations in both scatter plots and
parallel coordinates, much like the illustrations in Fig. 6. The results
showed that the visual resolution of scatter plots is superior to parallel
coordinates and users can distinguish twice as many correlation levels
when using scatter plots as compared with parallel coordinates. They
also found that the participants often overestimated a negative correla-
tion when using parallel coordinates.

Kuang et al. [26] also compared parallel coordinates and scatter
plots, but for value retrieval. In two quantitative experiments, they
compared standard parallel coordinates with three versions of scatter
plots: standard, rotated and staircase. In the first experiment 12 partic-
ipants used all four visualization techniques to read numerical values.
The result clearly showed that the two winning techniques are standard
scatter plots and standard parallel coordinates. In the second experi-
ment, these two techniques were studied further. Here, 18 participants
tried to read numerical values in the representations. The main results
from the second study are that the error when reading values in scat-
ter plots is stable as dimensionality and density change, but in parallel
coordinates the error dramatically increases as the dimensionality and
density increases.

In a recent study Harrison et al. [10] expanded on previous work
by studying the perception of correlations in parallel coordinates com-
pared with eight other visualization techniques: scatter plots, stacked
areas, stacked lines, stacked bars, donuts, radar charts, line plots, and
ordered line plots. 1687 participants took part in the test, using a
crowdsourcing platform. The task was, again, to judge the strengths
of different correlations. Their results are in agreement with the work
from Li et al. [29], in that scatter plots depict correlations better overall
than parallel coordinates.
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Fig. 14. Parallel coordinates showing 41 census variables used in the
Output Area Classification [44].

Siirtola [41] combined parallel coordinates with a reorderable ma-
trix so that all interactions performed on either technique were propa-
gated to the other in a coordinated and linked views setup (Fig. 15). A
number of interaction techniques, such as selecting a single data item
or subsets of items and selecting and permuting dimensions, were im-
plemented. An evaluation was carried out with 20 participants. They
performed ten common data analysis tasks on a synthetically gener-
ated data set using both techniques; either as two standalone tech-
niques, or linked together. Examples of tasks were to identify small
or large values of variables, cases that resemble each other, and cases
which have the smallest/largest values on several variables. The main
findings were that the difference in completion times between the non-
linked and the linked versions was about 15% in favour of the linked
version. Subjective ratings obtained from a subsequent questionnaire
indicated, for example, that the view linking made it easier to solve the
tasks as well as improving the execution times.

The work presented by Tory et al. [47], previously discussed in sec-
tion 5, in which they introduced parallel coordinates as an interface
for volume visualization (Fig. 11) is also applicable in this category
since, besides introducing parallel coordinates in a new area, they also
compare them with other visualization techniques.

Pillat et al. [35] performed an evaluation using the think-aloud
method with five participants with the aim of identifying usability
problems with parallel coordinates and RadViz. The participants used
both techniques to analyse a data set with cars and were instructed
to answer four specific questions about relationships in the data set.
In which period was the largest number of Japanese cars produced?
Analyse the data and describe the main features of American cars. Are
Japanese 4-cylinder cars generally heavier than American 6-cylinder
cars? What is the tendency of present European cars along the years in
relation to their features? The main results of their study showed that
the parallel coordinates technique was efficient for identifying outliers
and relationships in subsets of the data. On the other hand, RadViz
was efficiently used for identifying clusters in the data as well as for
gaining an overview of general structures.

In [43] Siirtola and Réihd tested the usability of parallel coordi-
nates compared to using the SQL query language. 16 SQL program-
mers were given a number of tasks to perform on a data set with cars.
The tasks concerned, for example, to identify the cars with four or six
cylinders, finding the origin of cars with six cylinders manufactured in
a specific year, or to estimate the weight of a specific car make. The
tasks should be carried out using both SQL and parallel coordinates.
The participants were all experts in the SQL query language but had
not previously used parallel coordinates. The results of this quantita-
tive study showed that parallel coordinates is not as difficult to use as
many novice users first expect. The participants completed their tasks
on average 43% faster using parallel coordinates than with the SQL
query language. The participants also answered a questionnaire with
a set of Likert-scale items. The main subjective opinions of the partic-
ipants were that although parallel coordinates initially was considered
complex the technique was easy to learn.

6.2 Summary and Discussion

When compared with other visualization techniques a general com-
ment about parallel coordinates is that the technique gives a good
overview of the data. For analysis of specific relationships such as
linear relationships, however, parallel coordinates has been found to
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Fig. 15. Parallel coordinates combined with a reorderable matrix [41].

be outperformed by scatter plots. One study has shown that outliers
are easily spotted in parallel coordinates as well as relationships in
subsets of the data.

The overall understanding of when to use a specific visualization
technique for a specific pattern is still low. Further studies in this area
is therefore of high importance. It is also necessary to study more ad-
vanced relationships and not only focus on clusters, correlations and
outliers. A good understanding of how non-linear relationships are
interpreted in parallel coordinates would be valuable and could poten-
tially increase the use of parallel coordinates.

7 PERFORMANCE OF STANDARD 2D PARALLEL COORDI-
NATES

The previous sections have focused on how the different versions of
parallel coordinates perform compared with a variety of other data
analysis techniques. Although some of the variations of standard 2D
parallel coordinates are commonly used it is still the original version
that is by far the most known and used. Therefore it is of interest
to further investigate how all the other described data analysis tech-
niques perform compared with standard 2D parallel coordinates. Per-
formance is, in this section, defined as any aspect that has been mea-
sured or collected from users and which can be used to describe the
effectiveness or efficiency of a technique. In the identified 23 publi-
cations there are 27 techniques (including standard 2D parallel coor-
dinates) and 7 tasks that together produce evaluation results specific
enough to replicate in future studies. This means that tasks and de-
pendent measures are clearly defined and thus possible to repeat and
compare between studies. On the other hand, tasks such as ‘obtain an
overview’, ‘good for investigating relationships’, ‘understanding pa-
rameters’, etc. are more vague and may be ambiguous and are there-
fore not included in the table. From this data, a compilation has been
performed that shows the performance of standard 2D parallel coordi-
nates compared with the 26 techniques, for each of the 7 tasks. The
result is presented in Table 2. The performance is categorized into
equal performance (yellow colour), performs better than standard 2D
parallel coordinates (green colour) and performs worse than standard
2D parallel coordinates (red colour). A light blue colour means that
no evaluation for the specific combination of technique and task has
been made. As can be seen in the table, the majority of combinations
of techniques and tasks are not evaluated, which highlights the need
for further evaluation in the area. For example, tasks such as analysing
clusters and correlations have been studied in several papers while in-
formation on tasks such as identifying outliers and tracing lines are
missing for most visualization techniques.

8 DIsScUSSION AND GENERAL GUIDELINES FOR FUTURE RE-
SEARCH

The categorization of evaluations of parallel coordinates made in this
paper is a step in highlighting the need for user-centred evaluation
studies in order to investigate and validate proposed research results.
The compilation shown in Table 2 clearly indicates that more research
is called for. The presented review is also aimed at helping new re-
searchers within this area and could, hopefully, be used as an easily
accessible overview of what has previously been done within this area.

This section presents guidelines for future research for each of the
four categories (Sections 3—6). Finally some general guidelines related
to design and aesthetics, and evaluation methodologies are discussed.



Table 2. This table illustrates how 26 identified techniques perform in relation to standard 2D parallel coordinates (2DPC) for 7 tasks. A yellow
colour indicates no significant difference in performance. A green colour means that the technique outperforms 2DPC for the specific task. A
red colour means that the technique performs worse than 2DPC. A light blue colour shows that no evaluation has been found in the literature. V

denotes that the technique is based on animation.

Analyse
Clusters

Analyse
Correlations

Find
Outliers

Trace
Lines

Detect
N patterns

Detect
1 pattern

Value
Retrieval

2DPC colour [15]

2DPC blending [15]

2DPC colour+blending [15]

2DPC curves [15]

2DPC + Scatter plots [15]

2DPC random V [15]

2DPC permutation V [15]

2DPC wobble[15] V

3D Multi-relational PC [6, 21]

Bundled PC [12]

Edge-bundled PC [33]

Many-to-many PC [30, 5]

3D PC [20]

Progressive PC [38]

Scatter plots [29, 26, 10]

Scatter plots, rotated [26]

Scatter plots, staircase [26]
Stacked areas [10]
Stacked lines [10]

Stacked bars [10]

Donuts [10]

Radar Charts [10]

Line plots [10]

Ordered line plots [10]
Tables/lists [2]

Radviz [35]

[ Equal to 2DPC

8.1 Evaluating Axis Layouts of Parallel Coordinates

The existing axis configurations in parallel coordinates have not been
thoroughly studied and 3D configurations have received conflicting
performance results. Some have been found to efficiently convey com-
plex patterns while others have been found to be more or less useless.
In addition, it has not been concluded for which specific tasks and
types of data the different axis layouts are most efficient. An area of
research is thus to further develop and evaluate existing layouts for
different types of data, user scenarios and tasks.

The need for added interaction in 3D layouts, mainly rotation,
to produce the ‘best” 3D view of the sought pattern is often time-
consuming. Developing and evaluating automatic approaches for such
analyses could hopefully improve the efficiency of 3D parallel coordi-
nates displays. Combinations of 2D and 3D parallel coordinates dis-
plays is another area in which more investigation is needed.

Stereopsis, used to create depth perception in 3D displays, has not
been widely used in information visualization and only one example
of stereoscopic parallel coordinates has been found. In the work by
Nunnally et al. [32] stereoscopic 3D parallel coordinates is used for the
analysis of network scans. Since stereopsis has not been thoroughly
studied in the field of information visualization, little is known about
its advantages and disadvantages for representations of abstract data.

Automatic ordering of axes based on various criteria, such as min-
imizing outliers [34] or enhancing cluster structures [24], is a well
studied approach. At the same time, providing the ability for users
to interactively change axes positions is considered a standard way
of interacting with parallel coordinates. What is missing is knowl-
edge about when and how automatic approaches and user defined ap-
proaches should be used, how they might be combined, etc. This is a
gap in the literature that can only be filled via evaluation. For example,
it would be interesting to investigate the speed and accuracy of auto-

[ Better than 2DPC

!’:

[] Notevaluated

matic approaches versus user interactions for finding typical patterns
such as clusters, correlations and outliers.

The benefits of different axis layouts need to be further investigated
since, among the many proposed axis layouts, only a few have been
evaluated. The different configurations need to be systematically stud-
ied to find their strengths and weaknesses for different tasks and users.
One example would be to use eye-tracking in order to quantitatively
measure and analyse users’ scan paths in order to gain a deeper under-
standing of how users read the display when looking for patterns.

I Worse than 2DPC

8.2 Comparing Clutter Reduction Methods for Parallel Co-
ordinates

Visual clutter is still a major limitation of parallel coordinates, regard-
less of whether the technique is implemented as a 2D or 3D display.
The evaluations performed present no improved general performance
of the different variations. In order to advance this area of research,
existing approaches need to be further evaluated in order to find out
which techniques have potential and which should be avoided. The
knowledge gained from these studies should then be fed into the de-
velopment of new approaches for clutter reduction. It is not believed
that a single technique can be used to completely overcome this lim-
itation. Hence, being able to develop new techniques in close col-
laboration with expert users that test the new techniques on real tasks
in real working environments would most certainly drive the research
forward and, hopefully, result in a deeper understanding of how to vi-
sually emphasize complex patterns in the data.

The effect of display size and data size for pattern identification is
an issue that has not been thoroughly investigated. Small displays on
smart phones and large displays in, for example, control rooms have
very different properties and require different methods for rendering,
interaction etc. in order to achieve efficient visualization.
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Progressive parallel coordinates seems to be a promising technique
for reducing visual clutter while making patterns visible and should
be further enhanced and studied. Techniques that give the possibil-
ity to progressively refine patterns in the display become increasingly
important as the size of the data continues to increase.

8.3 Showing Practical Applicability of Parallel Coordi-
nates

Practical applicability of parallel coordinates seems to be high. All
evaluations found reported advantages in using parallel coordinates
compared with existing techniques used in the various application ar-
eas. The large amount of data produced today suggests an increasing
use of more advanced analysis tools such as parallel coordinates. Col-
laborations between information visualization researchers and domain
experts in a specific application area are likely to result in versions of
parallel coordinates optimized for specific analysis tasks. This might
also result in new enhancements of parallel coordinates that would
be of interest for a wider audience in the visualization community.
Studies in new application areas are something that the information
visualization community really cannot get too many of. Knowing the
advantageous and disadvantages from many different types of use and
from a broad range of users would be extremely valuable. This would
be particularly helpful for new users of parallel coordinates.
Longitudinal studies are scarce within the information visualization
community [40]. Concerning parallel coordinates there are none. Al-
though time consuming and expensive to perform, such studies are ex-
cellent at providing insight into how parallel coordinates is perceived
and used in reality and over time. A state-of-the-art on “practical use
of parallel coordinates” based on results from numerous evaluations
would be useful for everyone working with parallel coordinates.

8.4 Comparing Parallel Coordinates with Other Data Anal-
ysis Techniques

A general strength of parallel coordinates that has been reported in
several studies is its ability to quickly provide an overview of the data.
In several applications it is also the visualization technique with which
users prefer to interact. In a coordinated and multiple views setup, par-
allel coordinates is often used to perform brushing and filtering of the
data. When it comes to representation of specific patterns, parallel co-
ordinates has been outperformed by scatter plots for linear correlation
(see Table 2). For cluster analysis parallel coordinates performs better
than most other techniques that have been studied. For outliers there
is not yet sufficient evidence to draw any conclusions (see Table 2).

The knowledge of when to use a specific technique is still low and
substantial research is needed to fill the gaps in Table 2. It will also be
necessary to go beyond linear relationships and study more complex,
non-linear relationships in order to fully utilize parallel coordinates.

Another area of interest is to investigate temporal trends in the ex-
isting 3D versions of parallel coordinates. Temporal data analysis puts
specific demands on the visualization technique. Although this is a
major research area within the information visualization community,
almost no work has been dedicated to evaluation of any of the many 3D
extensions to parallel coordinates that could potentially be efficiently
used for analysis of temporal trends.

8.5 Design and Aesthetics

The design and aesthetics of parallel coordinates have not received
much attention in previous work. This is an important aspect to con-
sider when designing a parallel coordinates interface [1, 4]. Whether
standard 2D parallel coordinates or any of its 3D extensions appeal to
users is unknown. The only work found on creating appealing images
of parallel coordinates is by Heinrich and Weiskopf [13] who used
density footprints and alpha-blending to obtain visually pleasing dis-
plays of high dimensional data. Similarly, when it comes to interaction
we prefer things that are intuitive and easy to learn to use [1]. This is
another important area that has not received much attention in paral-
lel coordinates research. What has been shown is that people are less
prone to use parallel coordinates that have bad usability/interaction

mechanisms [39]. It can be expected that a parallel coordinates dis-
play that is visually appealing with intuitive interactions would at-
tract the attention of more users and stimulate uptake and usage. To
reach such results would require qualitative evaluation that investigates
users’ subjective actions, opinions and attitudes in depth.

8.6 Evaluation Methodology

One important direction for future research is more qualitative studies
and studies executed in the field rather than in controlled lab settings.
Traditional metrics such as error rates and response times are impor-
tant but narrow. The community needs in-depth knowledge about the
causes behind such figures and users’ expectations, experiences and at-
titudes. regarding the use and applicability of the parallel coordinates
technique. As mentioned in Section 5.2, longitudinal studies would
provide insight into how parallel coordinates is perceived and used in
reality and over time. For example, it would allow users to experience
varied use, allow them to think of improvements, customization and
new ways of interaction that will, probably, not come to mind during
short evaluation sessions in a lab setting.

Finally, as stated earlier, this paper does not consider the quality of
the reported evaluation studies. It is clear, however, that the quality of
some of the studies could have been improved if they had applied a
better methodology and/or a more clear and informative reporting of
execution, data analysis and results. For example, the outcome from
some studies is based on a low number of participants, they fail to
clearly define tasks, dependent measures, set-up or procedure, and the
reporting of data and statistical analysis is, at times, weak. Soundness
in methodology and clarity in reporting have a great impact on the re-
liability, validity, generalizability and the overall trustworthiness of a
study. It is common that calls for papers encourage authors to collab-
orate with experts in evaluation and data analysis. However, in reality
this is hard to achieve and to improve knowledge and skill in conduct-
ing sound studies the authors refer to [37] for an excellent guide.

9 CONCLUSIONS

This paper reports a survey and categorization of research on evalu-
ating the parallel coordinates technique. A comprehensive review of
previous work identified 23 papers that presented user-centred evalua-
tions to report on usability aspects of standard 2D parallel coordinates
and its many extensions. The previous research was categorized into
four identified categories: axis layouts, clutter reduction, practical ap-
plicability, and comparison with other techniques. All but one of the
papers could be uniquely assigned to a single category. The presented
categorization is hoped to help researchers by providing an accessible
summary of previous work making it easy to get familiar with what
has and has not been done. In addition, the paper compiles evaluation
studies on standard 2D parallel coordinates and illustrates, in a table,
how the technique performs in comparison with 26 other techniques
for a number of tasks. The table gives an overview of previous work,
exposes gaps and thus provides an aid for future work. Finally, the
paper contributes directions and guidelines for future research within
each category as well as more general guidelines.
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