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Abstract

Visual analytics tools are of paramount importance in handling high-dimensional datasets such as those in our turbine
performance assessment. Conventional tools such as RadViz have been used in 2D exploratory data analysis. However, with
the increase in dataset size and dimensionality, the clumping of projected data points toward the origin in RadViz causes low
space utilization, which largely degenerates the visibility of the feature characteristics. In this study, to better evaluate the
hidden patterns in the center region, we propose a new focus +context distortion approach, termed PolarViz, to manipulate
the radial distribution of data points. We derive radial equalization to automatically spread out the frequency, and radial
specification to shape the distribution based on user’s requirement. Computational experiments have been conducted on two
datasets including a benchmark dataset and a turbine performance simulation data. The performance of the proposed algorithm
as well as other methods for solving the clumping problem in both data space and image space are illustrated and compared,
and the pros and cons are analyzed. Moreover, a user study was conducted to assess the performance of the proposed method.

Keywords PolarViz - Customized radial distortion - Focus + context - Discriminating visualization - High-dimensional data
analytics - Turbine performance assessment

1 Introduction methods in high-dimensional data exploration and analysis

is the radial visualization, such as RadViz [11]. However,

In recent years, data visualization has raised great research
interest in the field of visual analytics as it provides an
intuitive way to display large datasets, especially for high-
dimensional datasets. Visualization of the high-dimensional
dataset can be considered as a problem of how to map the data
to a lower dimension in a useful way. A suitable data pro-
jection method enables one to observe and detect underlying
data patterns and distributions in exploratory data analysis.
A great deal of efforts have been devoted to this topic and
various visualization methods have been proposed based on
specific application requirements [20,21]. One of the popular
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with the increase in dimensionality, data points tend to clump
toward the center of RadViz, known as clumping problem [6].
The patterns and features are thus buried in the clumping data
points, so they cannot be detected by visualization functions
such as query result display and outlier detection in our tur-
bine performance assessment.

In this paper, we propose a focus+context visualiza-
tion distortion techniques to ease the clumping problem and
increase space utilization in RadViz. The clumping problem
was analyzed before and one example is the RadViz with sig-
moid function [26]. However, the method changes the values
of the original dataset and destroys the cluster information
of the dataset.

Our method plots high-dimensional data points into Rad-
Viz and analyzes the clumping problem by using a polar
coordinate system instead of the Cartesian coordinate system.
Based on the new representation, the radial distance shows
its potential to alleviate the clumping problem of RadViz.
Hence, we propose the idea on the modification of the radial
distance distribution. For the distribution of the radial dis-
tance, we observe a similar problem in the image processing
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field. For images with low contrast, it seems that the intensity
of pixels is clumping into a small range. Hence, similar to
histogram-based operations in image processing, we propose
a series of radial operations to manipulate the radius of each
point.

This work is an improved and extended version of our pre-
vious work [38]. Besides the original contributions, which are
the proposed radial equalization operation and radial spec-
ification operation, we extend the previous version mainly
in three aspects. Firstly, we generalize the radial operations
by considering the cumulative distribution functions (CDF)
and propose a novel method termed PolarViz. Secondly, to
better assess the proposed method, the study on similar meth-
ods and direct comparisons with them are conducted in this
work. Specifically, we discuss other distortion methods in
Sect. 2 and the technical details of these methods in Sect. 3.2.
Then PolarViz is compared with existing methods in Sect. 6
from two perspectives: data space and image space, whereas
in the previous work, only the comparison among different
radial operations was done. The benchmark dataset is used
in the experimental comparison for better understanding in
this work. Thirdly, a user study in Sect. 7 is added to evaluate
the usability of our method.

The main contributions of this paper are:

1. we present the RadViz by using a polar coordinate sys-
tem. The clumping problem of RadViz can be clearly
analyzed and visualized in the polar coordinate system;

2. we define the radial operations including radial equal-
ization and radial specification for the radial distance of
RadViz in order to adjust the RadViz plots;

3. we generalize the radial operations by considering the
cumulative distribution function (CDF). Any modifica-
tion on the CDF can be visualized in the new view.

The rest of the paper is organized as follows. Related
work is reviewed in Sect. 2. Section 3 discusses the rele-
vant concepts of RadViz and the clumping problem in the
Cartesian coordinate system, and then, Sect. 4 discusses our
new approach for the polar coordinate system. The detailed
methodology is described in Sect. 5 including the radial
operations in Sect. 5.1 and the generalization in Sect. 5.2.
Applications using the proposed method for data analysis
and comparisons with other methods are discussed in Sect. 6.
User study to evaluate the usability of the proposed method
is described in Sect. 7. Finally, technical discussion and con-
clusion are presented in Sect. 8.

2 Related work

Our work is a distortion-oriented approach to deal with
the clumping problem in RadViz which is used on high-
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dimensional data visualization. Hence, the related work is
divided into three parts: Dimensionality reduction, RadViz,
and distortion-oriented approaches.

2.1 Dimensionality reduction

Visual analysis on the high-dimensional dataset is a big
challenge that is known as ‘curse of dimensionality’ [6].
To visualize high-dimensional dataset, one straightforward
choice is to implement dimensionality projection techniques
and then plot them in a lower dimension, while the other
is to display all the dimensionality information at one
time.

Dimensionality reduction that maps high-dimensional
data point onto low-dimensional space (two-dimension or
three-dimension) is crucial in the high-dimensional informa-
tion visualization. There are two distinct groups in dimen-
sionality reduction depending on the projection methods:
linear projection and nonlinear projection. The most popular
linear dimensionality reduction methods include Principal
Component Analysis [28], and Linear Discriminate Anal-
ysis [9]. While for the nonlinear case, Multidimensional
Scaling [18], Isomap [37], and Local Linear Embedding [30]
are well-known methods adopted to reduce dimensionality.
Researchers in the field of machine learning and artificial
neural network have also developed methods to present data
in low dimensions, such as t-SNE [17,22]. Besides these
dimensionality reduction techniques, another choice is to use
some visual mapping approaches to draw high-dimensional
dataset onto low-dimension plots. Famous methods include
scatter plot matrix, parallel coordinates plotting [14], and
heatmap [29]. Radial visualizations that map data in a cir-
cular fashion are becoming an increasingly popular method
in high-dimensional information visualization research. A
historical review of radial visualization can be found in [7].
Among various radial visualization methods, RadViz [11] is
an emerging leader in recent years.

2.2 RadViz

In RadViz, all the dimensionalities of a data point in data
space contribute to the final position of the projected data
point in the 2D image space. In the basic RadViz, dimen-
sional anchors (DAs) are evenly spaced around the perimeter
of a circle. One end of a spring is attached to each dimen-
sional anchor, while the other end is attached to a certain
data point. The number of springs is equal to the data
dimensionality. The equilibrium location of this data point
in the RadViz spring system is where the sum of each
spring force equals to zero. RadViz is well explored in
terms of cluster representation, outlier detection and so on.
The main challenge for RadViz is the placement of dimen-



PolarViz: a discriminating visualization and visual analytics tool for high-dimensional data

sional anchors. Various algorithms have been proposed to
place dimensional anchors to obtain desired configurations,
followed by quality measurement methods for justifica-
tion [1,5,32,33,35].

Some researchers focus on designing 3D RadViz with the
purpose of getting a better configuration [2,13,25]. In [2],
they used the mean value of each dimension as the third
coordinate value, while in [25], the Euclidean distance of
the projected data point to the origin in the high-dimensional
space was used as the third coordinate. The 3D RadViz visu-
alization scheme incorporates a third dimension to visualize
the shape and convergence by using the distance to a refer-
ence hyper-plane. Their 3D RadViz can effectively visualize
the Pareto-optimal fronts with more than three objectives
and also can be used to evaluate the performance of an algo-
rithm.

2.3 Distortion-oriented approaches

In the clumping problem, large amount of data points are
crowded into a small region. To provide a detailed view of
this crowded data region while retaining surrounding con-
text to help keep analysts oriented is exactly a focus + context
method [10,27]. Distortion is one of the focus + context tech-
niques that can transform the display region so that focused
regions are magnified, while contextual regions are demag-
nified.

The application of distortion-oriented techniques to data
visualization has a relatively long history. The problem arises
when using the small display window to view the large infor-
mation systems [19]. This is quite similar to the clumping
problem in RadViz. Trials of the distortion techniques include
the polyfocal display [16], bifocal display [36], perspective
wall [23], and graphical fish-eye views [34]. Among them, the
fish-eye distortion is the most commonly used method which
follows the evidence in cameras with wide fields-of-view in
computer vision applications. Large amount polynomial and
non-polynomial models of fish-eye radial distortion are pro-
posed to simulate the distortion [12]. The detail can be found
in the survey papers [12,19] and reference therein.

The main difference between our work and previous
distortion-oriented approaches is that in our method, the user
can control the transformation function while others fix the
transformation function, though they provide other interac-
tions.

In a more general view, the clumping problem can
be treated as a visual clutter. Besides distortion-oriented
approaches, other clutter reduction methods include sam-
pling [4], filtering, change point size, and so on as mentioned
in the survey paper [8]. We did not enclose the comparison
between our distortion method and other clutter reduction
methods as beyond our purpose.

3 Main problems to be solved
3.1 Clumping problem in RadViz

For dataset D = (dl,
points, each data point d; = (dl,j, .

dj, ., dm) containing m data
s d,"j, ey dn,j) has
n-dimensionalities. Let d; j be the normalization result for
d;, j. The normalization equation for d; ; is

o di,j—min,- (1)

“J " max; — min;

where min; = min {di,j} and max; = max {d,-,j} , Yj.
Then the basic RadViz with evenly distributed DAs can
be expressed as:

Y (d;yj - cos (Gi))
Yiiid;
iy (dp - sin @)
i d;,j

X1,j =

R= 2)

xzyj =

where 6; refers to the orientation of the ith DA.

The mapping in Eq. 2 is nonlinear. Due to that, an effect
that data points tend to clutter in the center of the plotting
exists and is often known as the clumping problem as shown
in Fig. 1. RadViz’s clumping problem was first observed
and analyzed in [6], and the effect of diametrically opposed
dimensional anchors under the spring-force analogy is con-
sidered as the main reason.

To ease the clumping effect by changing the order of DAs
is an inefficient way. Firstly, for general cases, the clumping
effect exists under every configuration. Secondly, the explo-
ration for the optimal result by exhaustively searching all
possible configurations is very time-consuming with a com-
plexity of O(n!) and practically intractable for not too large
n. More importantly, the order of DAs (as well as the ori-
entation of DAs) is often used by researchers to get a better
plotting with more information [1]. Hence, it is highly inef-

(b) 50D dataset

(a) 5D dataset

Fig.1 We demonstrate the clumping effect by plotting the distribution
of 100,000 uniformly sampling 5-dimensional and 50-dimensional data
points. The 3D view of the distribution shows that most data points are
clumped in the center area in 50D case (b) than that in 5D case (a)
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ficient to change the order of DAs to tackle the clumping
effect.

3.2 Previous approach for clumping problem

The clumping problem in RadViz was analyzed in [26]. They
proposed a filtering mechanism to cancel the forces in Rad-
Viz and reduce clutter in the center region. Their approach
was used for visualization of multi-task and multi-label clas-
sification, and applications with validation were given.

The filtering mechanism is a sigmoid weighting method.
The filter operates by multiplying each dimension value d; J
with a zero-one normalized sigmoid function

o (x) —o(0) £ ] 0

o (x,5,0)=1 o (1) =0 (0) it o (l) #00), 3)
1 otherwise,

with

o(x)=

Cl4exp(=s(x+1)’

Let d;. be the data point after sigmoid function. Then
the original data point d} will be changed to d‘]‘. = d;. .
o (dl/ S t). The control parameters s and ¢ are used to build
the threshold. Finally, following the expression in Eq. 2, the
RadViz with sigmoid function R can be expressed as:
Y (df’j - cos (90)

S
> (df,j - sin (9i)>

‘xz’j = n s
> izl d; ;

XLj =

“

However, as the high-dimensional data points are changed
and the projection is nonlinear, the obtained RadViz plot-
ting cannot be estimated. An example is shown in Fig. 2. In
Fig. 2a, c, two data points A and B are plotted in RadViz
at the same location and their dimension values are labeled.
After the sigmoid weighting operation, data point A is moved
toward the circle farther than data point B. For data point
A, the variance of each dimension is higher than that of
data point B. Sigmoid weighting function has less influence
on higher values while reduces lower values significantly.
Hence, it is obvious that the cluster information of original
high-dimensional dataset will be destroyed. The experiment
results when handling benchmark dataset and our engine-
related datasets in Sect. 6 also show this drawback of sigmoid
function.

Distortion methods operated in the image space can be
used to ease the clumping problem in RadViz, though they are
not designed for this purpose. Fish-eye distortion designed
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(b) Point A in Rs
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(d) Point B in R,

(c) Data point: B

Fig.2 Data points A and B have the same location in RadViz as shown
in (a) and (c). However, after the sigmoid weighting operation, the
obtained results are quite different as shown in (b) and (d)

upon the observation from fish-eye camera lens is the most
commonly used distortion method, and we take the graphical
fish-eye views (GFV) [34] and fish-eye transform (FET) [3]
as examples. The transformation functions of these two meth-
ods are displayed as follows:

T 0+ a)x
GV = ST

In (1 + Ax)

TS ) (5)
where distortion factor A controls the amount of the distortion
and x is the distance from a point under consideration to the
point of focus. x is a normalized distance which can have a
value between 0 and 1. To better illustrate their difference, we
plot two transformation functions under different distortion
factors in Fig. 3.

The distortion model in each distortion method is fixed.
Though the user can change the distortion factor and inter-
actively select the focus, the user cannot modify the trans-
formation function on data distribution. Compared with our
proposed method in which the user can change the trans-
formation model according to the data distribution, the
difference is significant.

4 Proposed approach
4.1 Formulation in polar coordinate
As RadViz is a radial configuration, the projected data points

can also be presented in the polar coordinate system. We use
radial distance r to present the radial coordinate and orienta-
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Fig.3 Transformation functions of GFV and FET under different dis-
tortion factors

tion 6 to present the angular coordinate. Then the data point
R (x1,j, x2,;) in Cartesian coordinates can be converted to
R (rj,6;) in the polar coordinates with 0 < r; < 1 and 6;
in the interval (—m, 7] by:

/2 2
r=177= X1 X

, (6)
Qj = atan2 (xz’j, xl,j)
where atan2 (y, x) is defined as
arctan (y/x) if x>0
arctan (y/x) +n7 if x <0 y>0
arctan (y/x) —mw if x <0 y<0
atan2 (y, x) = ) .
/2 if x=0 y>0
—m/2 if x=0 y<0
undefined if x=0 y=0
(N

The orientation 6; of a data point in RadViz indicates the
dimension in which the original high-dimensional data point
has larger deviation. Meanwhile, the radial distance 7 ; shows
the relative extent of the deviation. RadViz is designed not
for numerical analysis but to gain insights from the plotting.
Users can have an overall understanding on the whole dataset
in the initial exploration, and then they may know where and
how to conduct further numerical analysis.

4.2 Visual analytics in polar coordinate

The clumping problem can be further explained by consider-
ing the radial distance of each projected data points in image
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< 0 . L L
2 4 6 8 10 12 14 16 18 20
Dimensions (n)
()
4000
— =10
— =20
3000
. — =50
% n=100
3 2000 n=200
g n=500
[~ 4
'S
1000 Jf A
”~
-
0 ) . . . )
0 0.1 02 03 04 05 06 07 08 09 1
Radial distance (r)

Fig. 4 The average distance of each point to the origin in the dis-
play decreases as the dimensionality increases in RadViz, as shown
in (a). The plot also includes the average distance pu + one standard
deviation o (dashed lines). The graphics in (b) shows line histograms
of the distances plotting 10-500-dimensional uniformly generated ran-
dom dataset. The clumping effect becomes severe as the dimensionality
increases [31]

space. The average radial distance p and the standard devi-
ation o can be expressed as:

(®)

where m is the amount of data points.

Firstly, how u and o change under different dimensional-
ity are explored. The average radial distance u, u + o, and
n — o when plotting datasets with different dimensionality
are illustrated in Fig. 4a by considering the maximum range
as one unit. The average distances decrease as the dimen-
sionality increases in RadViz. This is one strong illustration
to show the clumping effect. Secondly, the distributions of
distances to the origin under different dimensionality are
also plotted in Fig. 4b. As the dimensionality increases, it
can be seen that the peak of the plot is skewing to the left,
which means that more data points are clumping toward the
center. Besides the analysis in Fig. 4a, b, numerical details
including the average distance u, the standard deviation o,
and p + 30 are listed in Table 1. The percentage of data
points located in the range of [0, u + 30) is very steady and
slightly increasing as the dimensionality increases. However,
we should notice the significant decrease in the 430 value.
When plotting the 50D dataset, around 99.4% data points in
the uniformly distributed random dataset are plotted in the
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Table 1 Numerical analysis on the clumping effect

n % o n+ 30 %
10 0.168 0.091 0.442 99.301
20 0.117 0.062 0.304 99.356
50 0.073 0.039 0.189 99.381
100 0.051 0.027 0.132 99.429
200 0.036 0.019 0.093 99.403
500 0.023 0.012 0.059 99.442

The average distance p, the standard deviation o, and value of t+30 for
different dimensionalities n are listed. The last column is the percentage
of data points that located in the range of [0, u + 30). Though there is
a significant decrease in u 4 30, the percentage is steady

range of [0, u + 30). When it comes to 500D dataset, the
range that covers around 99.4% data points is only 0.059.

According to the analysis in Fig. 4 and Table 1, the clump-
ing problem of RadViz R(r, 8) can be clearly expressed by
using the radial distance r, but not the orientation 6. Hence,
regarding the clumping problem of RadViz, we can convert
it to how to handle the radial distance r in polar coordinate
system. Based on this hypothesis, we consider the operations
on r to ease the clumping problem in RadViz while keeping
the orientation € unchanged. We come to the ideas on the
modification of r.

Change the distribution of radial distance r. This idea is
motivated by one observation: the distance distribution in
Fig. 4b is similar to the intensity histogram of a low-contrast
image. In the image processing field, histogram equaliza-
tion is widely used to solve this problem [15]. Hence, a
straightforward and interesting idea is to use the histogram
equalization as well as other histogram operations (histogram
specification, histogram local equalization, and so on) to
solve the clumping problem by manipulating the projected
data points distribution in the basic RadViz. The work in [39]
also used probability distribution histogram to enhance visu-
alization. Their method extends a dimension to multiple new
dimensions based on the histogram, and finds the optimal
placement of dimension anchors for good visual clustering.
In comparison, we manipulate the distribution of data points
with the histogram. Without creating new dimensions and
reordering DAs, our method allows a more intuitive interpre-
tation of the layout. The detailed methodology is described
in Sect. 5.1 and then generalized in Sect. 5.2.

5 Detailed methods
5.1 Radial operations
After projecting high-dimensional data points into RadViz

in the polar coordinate system, the radial distance r; of data
point d} will be modified according to the new distribu-
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tion, while the polar angle 6; remains unchanged. We define
our proposed methods as radial operations, including radial
equalization (Sect. 5.1.1), radial specification (Sect. 5.1.2),
radial movement (Sect. 5.1.3), and radial local equalization
(Sect. 5.1.4).

5.1.1 Radial equalization

We propose a radial equalization technique here by combin-
ing histogram equalization and basic RadViz. For the RadViz
R (0, r) in the polar coordinate system, the orientation 6 is
preserved. The distribution of the radius r of all projected
data points is shown in the histogram, and then a histogram
equalization method is implemented to manipulate the radial
distribution.

The pixel values of an image are discrete in the range of
[0, 255]. However, in basic RadViz, when using the distance
to the origin as the criteria to plot a histogram, the values
are continuous. Hence, firstly, we need to specify the bins
to discretize the distance values. The polar coordinate sys-
tem is adopted to represent the basic RadViz in which the
distance value can be obtained directly. For a n-dimensional
data point d; in dataset D, its corresponding projected data
point in polar coordinate is R(r;, 6;). The whole distance
range ([0, 1]) is digitized into L bins ({Hy, Hy, - -- , Hp—1}).
L is set as 1000 in this paper. Let i denotes the total number
of projected data points whose r; are located in the range of
[Hi, Hi+1), then the probability density function (PDF) is

hy
pH)=—, 0<k<lL, &)
m

where m is the number of data points in dataset D. The cumu-
lative distribution function (CDF) is defined as

k
c(H)=) p(H). 0<k<L. (10)
0

Thus the transform function of histogram equalization 7'(x)
can be defined as

Tequal (Hy) = Ho + (HL—i — Ho) - ¢ (Hy) . (11

Suppose R = {R; (r;., 0;)} is defined as the RadViz with
equalized radial distance r, then

R = 7= Tequarj) . (12)
0; = atan2 (x2,;, x1,;)

The equalization process is described in Algorithm 1.
To better visualize the proposed algorithm, we design a
dataset with four clusters (‘red,” ‘green,” ‘blue,” and ‘pur-
ple’) as shown in Fig. 5a. For this synthetic example that
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Algorithm 1 Radial Equalization
1: Dataset D = (dy, --- ,dp);

2: Normalize D to get D = (di, S ,d,’n);
3: Plot D' in RadViz R(r, 0);

4: Set maximum histogram level L;

5: Calculate histogram H by only considering r;
6: Histogram equalization: H = equal (H);

7: Calculate the corresponding distance r using H "
8: Calcul/ate the new RadViz R (r , 0);
9: Plot R (r , 0);

15 14 13 12 15 14 13 12
"o ;18

;18

"o

4 P
a1 % 37 4 99 40 4

(b) Radial Equalization

37 35 39 40

(a) Basic RadViz
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(¢) Histogram Before Equalization
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3 04 05 06 07 08 09 1
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0 0.
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(d) Histogram After Equalization

0
02

Fig. 5 a An example with data points located near the circle edge;
b RadViz plotting after radial equalization. The histogram of original
RadViz is plotted in (c). After histogram equalization, the histogram is
plotted in (d)

cannot be handled by stretching, radial equalization method
is used to ease the clumping and increase the space utiliza-
tion. Figure 5b illustrates the result after employing radial
equalization method. The distance histograms of Fig. 5a, b
are plotted in Fig. Sc, d, respectively.

Radial equalization can automatically calculate the trans-
formation function to reshape the distribution. This eases the
burden of users. In some cases, however, the configuration
obtained by the radial equalization may not be as desired by
the users and the original patterns may be destroyed. The
radial specification can address this issue, which allows the
user to specify a histogram distribution. By employing these
techniques, users can see a specific part of the dataset and
explore the patterns or features.

5.1.2 Radial specification

The radial specification technique accepts a user-specified
histogram distribution as an input to reshape the RadViz.
When the clustering of projected data points is not clear
or users have special requirements on the distribution, the
radial specification can generate a required configuration.
The dataset in Fig. 5a is again used here as an example to
show the radial specification results. In Fig. 6¢c, a specified
histogram is given and the corresponding plotting is illus-
trated in Fig. 6b. Compared with the radial equalization result
in Fig. 5b, which plots clusters together, the radial specifica-
tion results in Fig. 6b show the pattern in a visually clearer
way.

The advantage of the radial specification is that it displays
the data points in RadViz exactly as the user’s desire, and the
radial specification operation will not destroy the relative dis-
tance of points to the origin. Let H "denotes the user-specified
histogram and ¢ (H) be the corresponding CDF. Then the
specification process can be described in Algorithm 2. Com-
pared with the radial equalization operation in Algorithm 1,
the radial equalization is a special case of radial specification
by using a uniform specified histogram as user input.

5.1.3 Radial movement

Besides bringing in a new histogram, the user also can edit
the current histogram. Radial movement operation allows
the user to select a range of bars in the histogram, and move
the selected bars to another location. No collision with other
bars is allowed during this movement in order to preserve the
relative relationship. Based on the histogram in Fig. 5c, the
middle cluster is selected and moved to the position of around
the 400th bin, and the result is shown in Fig. 7c. With this
modified histogram, the original RadViz in Fig. 5ais changed
into Fig. 7a. As shown, cluster ‘green’ is now separated from
cluster ‘red’ via the radial movement.

Algorithm 2 Radial Specification

: Dataset D = (dy, -+ ,dp);

: Normalize D to get D = (d;, . ,d,’n);

: Plot D' in RadViz R(r, 0);

: Set maximum histogram level L;

: Calculate histogram H and the CDF c¢(H) by only considering r for
the original RadViz;

: Calculate the CDF ¢’ (H') for the user specified histogram;

7: Find the histogram level H/ for which ¢(H;) = c/(H_;-);

8: Then the histogram specification transformation function: H; =
Tspecify(Hi); .

9: Calculate the corresponding distance r using H "

10: Calculate the new RadViz R’ (r/, 0);

11: Plot R (v, 0);

[ O S

[=))
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Fig. 6 a An example with data points located near the circle edge; b
after radial specification, the RadViz is illustrated. The histogram in (c)
is user specified. After radial specification, the histogram is plotted in

(@)

5.1.4 Radial local equalization

Radial local equalization is conducted in the histogram by
selecting a partial range and then implementing radial equal-
ization in this range only. This operation is used to increase
local contrast. As the example shown in Fig. 5a, after radial
movement, we implement radial local equalization on cluster
‘green’ to increase the local contrast. The range [100, 650] is
selected for local equalization. The resulting histogram and
RadViz plotting are shown in Fig. 7b, d, respectively.

5.2 PolarViz

The proposed histogram-based radial operations in the pre-
vious four subsections can flexibly control the radial distri-
bution by importing specified distribution or editing current
distribution or both. Although these operations are defined in
the histogram, the CDF is used for calculation. All the opera-
tions can be treated as the matching between the CDF before
transformation and the CDF after transformation. Hence, we
can generalize the radial operation by considering the match-
ing of different CDFs. Let ¢(H) be the CDF of the current
RadViz while ¢’ (H) being the new CDF, then the histogram
level Hj’. in ¢ (H) for which c(H;) = c’(Hj’.) is found. The
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0

Fig.7 aThe RadViz plotting after radial movement; b the RadViz plot-
ting after radial local equalization. After radial movement, the obtained
histogram is plotted in (¢). After radial local equalization, the obtained
histogram is plotted in (d)

result of this matching is the generalized radial transforma-
tion function.

Based on this, we propose the PolarViz plotting which
can be treated as a series of radial operations to modify the
radial distribution of RadViz. Let T'(-) be the operator of
the generalized radial distribution transformation, then the
PolarViz Rpolar can be expressed as

ri=T(r))

(13)
9]{’ = 0; = atan2 (X2,j, xl,j) :

Rpolar =

6 Comparative studies

The comparison with other methods that can be used to solve
the clumping problem is conducted in this section. As the
clumping problem is formed during the projection from data
space to image space, the comparative studies are divided
into two parts: comparison with methods operated in the data
space (Sect. 6.1) and comparison with methods operated in
the image space (Sect. 6.2).

For the methods operated in the data space, we execute
the Ono’s method [26] in which the data point in the high-
dimensional space is filtered by a sigmoid function. In the
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Fig.8 We color clusters and use different symbols for different query-
related data points. The original result using basic RadViz (RV) is
shown in (a), while radial equalization result is shown in (b). The result

experiment, we set the parameter of the RadViz with sigmoid
function (R;) with s = 15 and t = —0.5.

For the methods operated in the image space, distortion
methods for radial layout (i.e., GFV [34] and FET [3]) are
implemented for comparison. For GFV, we set Agpy to 9
while setting Apgt for FET to 7 in our experiment. The val-
ues of Agry and Apgr can be changed as well as the s and ¢
for R;.

Two datasets are used in the comparison experiment. The
first one is the four-dimensional dataset ‘IRIS’ in which three
clusters are involved, while the second dataset is a simulation
dataset generated by the EngineSim. The EngineSim devel-
oped by NASA [24] is a turbine engine simulator used in our
project to assess the performance of engine. We designed

(e) FET()\FET = 7)

01 02 03 04 05 06 07

,

(f) Rpola'r

08 09 1

of the RadViz with sigmoid function (Ry) is illustrated in (c). The results
of two distortion methods, GFV and FET, are illustrated in (d) and (e),
respectively. In the end, the proposed PolarViz (Rpolar) is shown in (f)

3444 input data points that have 16 parameters for the Turbo
Fun engine simulator and then obtained 3444 output data
points. The 3444 output data points with 38 dimensionalities
are used here.

With these two datasets, we aim to visualize the center
region of the views after projection into image space. The
center point is padded with zero value for each dimension
and few nearest data points are highlighted with different
symbols. Due to the clumping problem, these points are hard
to view in the basic RadViz plot. Different methods are com-
pared at this stage to provide a detailed view of the center
region while retaining surrounding context to help keep ana-
lysts oriented [10].
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(d) Position difference (Rpoiar — RV)

Fig. 9 a The position difference of same data point is plotted in Ry
(Fig. 8c) and basic RadViz RV (Fig. 8a). b The attribute values vari-
ance of a data point is plotted in Ry. ¢ The ratio of the largest attribute
value to the mean attribute value is plotted in Ry. d The position differ-

6.1 RadViz with sigmoid function

6.1.1 Iris

As the filter in R; is nonlinear and the projection method
in RadViz is also nonlinear, the result view of R; will have
quite different distribution when compared with basic Rad-
Viz. By using the benchmark dataset ‘IRIS,” we plot the
views obtained from the basic RadViz (RV) and R and the
PolarViz (Rpolar) in Fig. 8a, c, f, respectively.

Compared with the radial equalization operation on the
basic RadVizresult (Fig. 8b), R, confuse the meaning of Rad-
Viz plot in the image space. Although R can significantly
solve the clumping problem in this case, the position rela-
tionship among data points in the image space is destroyed.
In Fig. 8c, the neighbors of the center point are not the nearest
data points to the center anymore. To better understand the
position change in these plots, we compare the data point
position difference between Ry and RV in Fig. 9a while
plotting the position difference between Rpolar and RV in
Fig. 9d. The position difference is calculated by considering
the Euclidean distance of same data point in different views.

@ Springer

(e) Data attributes variance (Rpoiar)

(c) Attribute ratio (Rs)

(f) Attribute ratio (Rpoiar)

ence of same data point is plotted in Ryolar (Fig. 8f) and basic RadViz
RV (Fig. 8a). e The attribute values variance of a data point is plotted
in the PolarViz (Rpolar). f The ratio of the largest attribute value to the
mean attribute value is plotted in the PolarViz (Rpolar)

For each comparison, the difference is normalized into the
interval of [0, 1] and then colorized accordingly. The color
of data point in Fig. 9a indicates that the position change in
Ry is irregular. Meanwhile, in Fig. 9d, a gradient ramp in
the radial direction can be observed which indicates a more
regular radial modification.

It does not mean that R is useless in data visualization, as
the design of Ry is to highlight the attributes with large val-
ues [26]. In this case, we consider R, from two perspectives.
Firstly, we calculate the attribute value variance for each data
point in Ry and Rpolar (Fig. 9b, €). Secondly, we pay atten-
tion to the ratio of the largest attribute value to the attribute
mean for each data point (Fig. 9c, f). The attribute variance
and attribute ratio for each data point d; is calculated as
follows:

n

AttributeVariance = 1 Z (dij —d j)2 (14)
i=0

max {d; ;}.Vi

AttributeRatio -
2icodi;

15)
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- 1
where d; = — > I d; ;. The basic RadViz plots the data
n

point which has small attribute variance near the center and
plots the data point with large attribute variance away from
the center. This character is preserved in Rpolar as shown
in Fig. 9e. It seems that the attribute variance in Ry is not
associated with that in Rpolar according to Fig. 9b. The main
property of R; is that after using the sigmoid function to filter
the original dataset, the attribute with large values previously
will have larger results while small values will have smaller

results. Hence, we further calculate the ratio of the attribute
with largest value to the mean value in each data point. R;
shows clear insight in Fig. 9c. R, plots data points which
has largest values in attribute ‘SL’ and ‘SW’ near these two
DA, respectively. The dots located between ‘PL’ and ‘PW’
indicate that these data points have two attributes with sim-
ilar values. Meanwhile, Rpolar in Fig. 9f cannot show this

information.
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(a) Position difference (Rs — RV)

109

10.7

| 1 06

(b) Position difference (Rpoiar — RV)

Fig. 11 In (a), we plot the position difference of data points in Ry
(Fig. 10b) and basic RadViz RV (Fig. 10a). Then in (b) we compare
the position difference between Rpolr (Fig. 10d) and basic RadViz RV
(Fig. 10a)

6.1.2 NASA EngineSim

Another example is using the EngineSim simulation dataset.
Compared with ‘IRIS,’ there is no cluster label in the Engi-
neSim dataset. We plot the visualization result of RV, Ry,
and Rpolar in Fig. 10a, b, d, respectively. As more data points
are involved in the EngineSim dataset, the result of Ry still
has many points crowded in the center region after the sig-
moid filtering. In this case, the advantage of Rpolar Over Ry
is more obvious.
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Fig.12 We compare the transformation functions of the view in Fig. 8f
with Fig. 3

We also plot the position difference of these three plots
and the results are shown in Fig. 11. Similarly, like the result
in Fig. 11, the position change in R confuses the meaning
of RadViz plot.

6.2 Distortion methods

Techniques that can be used to solve the clumping problem in
the image space, such as distortion methods (GFV and FET),
are also compared with the proposed PolarViz upon the two
datasets, the ‘IRIS’ and the EngineSim dataset. The results
of distortion methods on two datasets are plotted in Figs. 8d,
e and 10c, respectively.

Distortion methods are also operated along the radial
direction. Hence, they can produce similar results with the
PolarViz when dealing with the clumping problem. How-
ever, the major difference is that in the distortion methods
the transformation functions are fixed. Once the distortion
parameter is determined, the user cannot focus only on one
region while keeping other parts unchanged. The distortion
generated is hard to control in these distortion methods, mak-
ing them difficult to meet the various requirements. Take the
result shown in Fig. 10c as an example. The center region is
too distorted, while most of the data points are pushed toward
the bounding circle. In this case, as the transformation func-
tion is fixed, the user cannot modify the view. In the contrast,
Rpolar has more space for the rest of data points while clearly
viewing the center region. The user can specify the distribu-
tion to satisfy the requirement. The transformation function
of Rpolar as well as those of distortion methods with different
parameters are plotted in Fig. 12.

The attribute variance, as well as the attribute ratio, are not
calculated in the comparison between distortion methods and
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Table 2 The user study process
and the corresponding
questionnaire are described in
this table

User study

Questionnaire

Introduce the RadViz plot by using
the spring-force model; then
using the equations in the
Cartesian coordinate system;
then using the equation in the
Polar coordinate system

Introduce the clumping problem in
RadViz by using the Cartesian
coordinate system; then a polar
coordinate system

Introduce the parameters of each
method (RadViz, R;, GFV, FET,
and Rpolar)

Participants were asked to modify
the parameters of each method to
achieve a focus +context purpose

Q1: Sort the description models
(the spring-force model, the
equations in the Cartesian
coordinate, and the equations in
the polar coordinate) of RadViz
from ‘easy-to-understand’ to
‘difficult-to-understand’

Q2: Sort the description models
(the Cartesian coordinate system
and the polar coordinate system)
of the clumping problem in
RadViz from
‘easy-to-understand’ to
‘difficult-to-understand’

Q3: Sort the methods for the
clumping problem regarding
performance and operation

difficulty from easy to difficult

the PolarViz. The PolarViz and the distortion methods are
operated in the image space. Hence, they will not change the
original data values. The attribute variance and the attribute
ratio for each data point are persevered during plotting.

The amount of bins used in the radial operations is of great
importance. The more bins used, the more accurate the result
is. In Fig. 8b, f, when plotting the radial equalization result
and Ryolar, we use 1000 bins. Meanwhile, to better illustrate
the overlapping of different clusters, we use 40 bins in the
corresponding histograms.

7 User study

We performed a user study to assess the usability of the pro-
posed PolarViz. The user study was divided into two parts.
In the first part, participants in the user study were taught
some background knowledge about the RadViz, the clumping
problem, and the methods for solving the clumping problem.
In the second part, participants were asked to explore differ-
ent methods by themselves with a certain target and then sort
these methods based on the performance.

In the background knowledge introduction part, we first
introduced the RadViz plot by using the spring-force model
and then using equations in the Cartesian coordinate system
and then followed by equations in a polar coordinate system.
Secondly, we introduced the clumping problem in RadViz
by using the Cartesian coordinate system and a polar coor-
dinate system, respectively. Finally, we briefly introduced
the parameter of each method while keeping the theory of
all methods uninvolved. In the second part, three datasets

including the ‘IRIS’ dataset, the EngineSim dataset, and a
random dataset were used. We plotted the three datasets into
the basic RadViz and colorized the center point and its near-
est neighbors. The RadViz plot is used as a reference. We
then plotted the three datasets by using Ry, GFV, FET, and
Rpolar, respectively. Participants were asked to modify the
parameters of each method to achieve a focus + context pur-
pose. It requires a focus on the center region as well as a clear
view of the highlighted data points. Meanwhile, the pattern
of the rest should be preserved as much as possible. The user
study content is summarized in the left column of Table 2.

Fourteen graduate students and researcher staff (11 male, 3
female) participated in our user study. None of them reported
to be familiar with information visualization before, and 11
of them reported to be familiar with the general spring-force
model as well as the equation expression, and 10 of them
knew about the fish-eye distortion. The average length of the
study was about 30 minutes as around 15 minutes were taken
for the background knowledge introduction. Three questions
were asked in the user study. In the first question, participants
were asked to sort the description models of RadViz from
‘easy-to-understand’ to ‘difficult-to-understand.” In the sec-
ond question, participants were asked to sort the description
model of the clumping problem in RadViz from ‘easy-to-
understand’ to ‘difficult-to-understand.’ In the third question,
participants were asked to sort the methods for the clumping
problem regarding performance and operation difficulty. The
questionnaire is summarized in the right column of Table 2.
The overall opinion indicated that the proposed Rpolar Over-
comes other methods. Specifically, the opinions for each
question are as follows:
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Q1: All the participants favored the spring-force model.
Thirteen of them mentioned that the equations of the
RadViz in the Cartesian coordinate are not difficult
to understand while only 1 participant supported the
equation expression in the polar coordinate rather than
the Cartesian coordinate. One reason is that using the
spring-force model to explain the RadViz plot makes
sense. Meanwhile, the evidence that most of the partici-
pants were familiar with the spring-force model as well
as the equation expression in the Cartesian coordinate
may be another reason.

Q2: Ten participants voted the clumping problem analysis in
the polar coordinate system while 4 participants thought
the analysis in the Cartesian coordinate system and in
the polar coordinate system are the same.

Q3: Eleven participants voted Rpolar as the easiest method
while 3 participants favored one of the distortion meth-
ods (GFV or FET). The reason why we put GFV and
FET together is that during the study, comments pro-
vided by some participants indicate that they failed to
find the difference between GFV and FET. Hence, we
treated the GFV and FET as one method. In this case,
Rpolar was 11 times in the first position and 3 times
in the second position. Meanwhile, the GFV or FET
methods were 3 times in the first position and 11 times
in the second position. The Ry was 14 times in the third
position which means that all the participants found it
difficult to meet the objective.

The user study results support the observation that the pro-
posed Rpolar, Which uses the histogram to modify the radial
distribution, is easy to understand and provide more flexibil-

ity.

8 Discussion and conclusion

Regarding operation accuracy and computational perfor-
mance, the proposed PolarViz method not only has a strong
relationship with the dimensionality n and the total amount
of data points m, but also largely depends on the number
of bins L when doing digitization. To plot PolarViz, firstly
the high-dimensional dataset needs to be projected into a low
dimension space. The computational complexity of this map-
ping is O (mn). Secondly, once we have the mapping result,
the complexity of digitization is O (m). Then no matter how
many data points we have, after digitization there are L bins.
Thirdly, for the radial operations, the complexity to handle
all these bins is O (L) and the complexity of re-plotting data
points is O (m). Hence, the total complexity of PolarViz is
O (mn +m + L 4+ m). The value of n, m, and L will influ-
ence the final complexity of PolarViz.

@ Springer

Nevertheless, the proposed techniques have a limitation
that the current distortion is only focusing on the center region
of the plot. If the PolarViz is implemented in another region,
confusion on the plot understanding and radial operations
may arise.

In conclusion, this paper focuses on the clumping problem
of RadViz by providing a series of radial-related operations
to uncover hidden patterns and increases the space utiliza-
tion. We can manipulate the distribution of data points with
histogram by radial equalization and other radial specified
operations. The latter shows the flexibility of our technique
for different user requirements. Experimental results indicate
the advantage of the PolarViz. Compared with other meth-
ods, the PolarViz not only preserves the pros of RadViz but
also provides a flexible radial modification on the views.
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