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Abstract: We present a refinement of the Immersive Parallel Coordinates Plots (IPCP) system for
Virtual Reality (VR). The evolved system provides data-science analytics built around a well-known
method for visualization of multidimensional datasets in VR. The data-science analytics enhance-
ments consist of importance analysis and a number of clustering algorithms including a novel SuMC
(Subspace Memory Clustering) solution. These analytical methods were applied to both the main
visualizations and supporting cross-dimensional scatter plots. They automate part of the analytical
work that in the previous version of IPCP had to be done by an expert. We test the refined system
with two sample datasets that represent the optimum solutions of two different multi-objective
optimization studies in turbomachinery. The first one describes 54 data items with 29 dimensions
(DS1), and the second 166 data items with 39 dimensions (DS2). We include the details of these
methods as well as the reasoning behind selecting some methods over others.

Keywords: virtual reality; decision-making; explainable AI; visualization; visual analytics;
immersive analytics

1. Introduction

Parallel Coordinates Plots (PCP) [1] is a well-known technique for the visualization
and analysis of complex multidimensional datasets. However, it requires experience from
the user in interpreting PCP output and often a deep domain knowledge in the subject
of analysis in order to extract meaningful conclusions and new knowledge. Therefore,
methods that aid experts and users in the process of analyzing the PCP visualization and
developing a new understanding of a decision-making process are needed. Thus, in this
paper, we present a refinement of a previously developed system called Immersive Parallel
Coordinates Plots (IPCP) [2–4], which is now augmented with new and improved function-
ality. In our case, data visualization is presented to the user with the help of an interactive
and fully immersive Virtual Reality (VR) interface. A previous exploratory and qualitative
study carried out using the first version of IPCP demonstrated that users were able to
successfully detect patterns in high-dimensional datasets visualized as-is [2–4], that is,
without any prior analysis or data cleaning, using the IPCP system (see Figure 1) combined
with a simple naive clustering algorithm applied to cross-dimensional 3D scatter plots
data [2–4]. However, this basic IPCP system allowed users to rediscover the knowledge;
specifically, patterns with the data items previously found by the domain experts and,
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more importantly, users were able to discover new knowledge in the dataset compared to
original analyses carried out by experts using a more traditional 2D PCP system [3,4].

(a)

(b)

Figure 1. The Immersive Parallel Coordinates Plots (IPCP) of the (a) DS1 and (b) DS2 datasets
respectively with the accompanying 3D scatter plot generated by mapping onto it the three criteria
dimensions (selected in red). Both the IPCP and scatter plots selectors are visible (red spheres) as
well as the orange cross-hair used for the user’s gaze tracking. The observable difference in the size
of the scatter plots is caused by the different perspectives from which the screen-shots were captured.

In comparison, the version presented in this paper has been extended with features and
improvements of functionality bestowed by the IPCP [3,4] and supporting 3D scatter plots.
Similar to prior work [3,4] we rely on two datasets to drive the system development process,
which we will refer to as the Pareto front data (54 data items with 29 dimensions each) as
dataset DS1 and the S-duct design optimization study (166 data items with 39 dimensions
each) as dataset DS2.

There were two goals with the refinement of the system: (1) to better assist the user in
the identification of clusters of data points in the scatter plots; (2) to help the user identify
meaningful axes in the IPCP.

For the first goal, the system assumes clustering is performed only in three dimensions
selected by the user to generate the scatter plot. This assumption is justified by the fact
that clustering over a scatter plot’s data is meant to assist the user in inspecting the dataset,
and, as a consequence, the clustering algorithm should not be applied to all dimensions
as it causes interpretation problems if, for example, many axes contain merely noise
or redundant data. We tested several clustering algorithms and concluded that only the
Ordering Points to Identify Cluster Structure (OPTICS) [5], Density-Based Spatial Clustering
of Applications with Noise (DBSCAN) [6], and Affinity Propagation [7] are sufficiently
robust to work on our data, as they allow for automatic noise removal.

Furthermore, we applied to our data another clustering method called Subspace Mem-
ory Clustering (SuMC) [8]. This novel clustering algorithm is based on lossy compression
and the Minimal Description Length Principle (MDLP), i.e., inductive inference. It looks
for low-dimensional subspaces by minimizing the squared error (MSE) while keeping the
total amount of memory fixed that it can use to describe the data.

For the second goal, we investigated two independent methods for generating expla-
nations of axis importance. These were: (1) scoring the axis according to their correlations
with other axes, favoring those that are not correlated; (2) using EXplainable Artificial
Intelligence (XAI) methods to get an idea of which features are important in the current
clustering with use of two interpretation methods, including (2a) logistic regression as a
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classifier and then Least Absolute Shrinkage and Selection Operator (LASSO) to detect
important features, and (2b) random forest for classification to discover important features
of the model. We included the details of these analyses as well as the reasoning behind
selecting some methods over others.

In addition, instead of using hand-held controllers, this system iteration explores
gaze-tracking coupled with hand-tracking supported by an additional sensor, namely the
Leap Motion Sensor [9] attached to the VR head-mounted display to track and recognize
the user’s hand gestures.

2. Related Work

To date, numerous attempts have been made to design and develop not only visually
compelling but also an effective 3D PCP version. Here it is worth mentioning the work
carried out in [10–16].

Furthermore, there are also a number of studies concerning the augmentation of
PCP with other types of graphical and analytical aids. For instance, after describing
various kinds of potential extensions of 2D PCP which goal was to aid the process of
identifying patterns, Holten et al. [17] concludes that having additional scatter plots brings
an added value. Dang et al. [18] describes Parallel Coordinate Dot Plots constructed out of
3D dots whereas Chang et al. [19] investigated individual and side-by-side visualization
of 2D PCP and 2D scatter plot matrices of multivariate data. The authors remarked that
joint visualization of these two techniques potentially has the most benefits for the users.
Moreover, Johansson et al. [20] carried out a comparative study of 3D with 2D PCP that
showed that the 2D version outperforms the 3D PCP. However, their study was executed
using a standard computer screen and not an immersive interface such as the one bestowed
by a VR headset.

The list of IPCP includes Rosenbaum et al. [21] in which the authors developed a system
treating the user as a part of the visualization. Butscher et al. [22] describes a tool, i.e., the
ART for collaborative data analysis leveraging the 3D PCP technique coupled with the AR
environment. Cordeil et al. [23] discuss the VR-based ImAxes system for immersive analytics
of multivariate data and propose a declarative spatial grammar to formalize the way in which
the VR visualizations are generated and built upon [23]. Whereas Batch et al. [24] used the
ImAxes software to conduct a case study in economics involving expert participants.

The way in which our implementation varied from the examples listed above was
discussed in detail in Tadeja et al. [2–4]. However, the IPCP design presented in this paper
was refined based on our prior findings revealed by the user studies [2–4]. For instance, we
restricted the number of available 3D scatter plots to only one. This is due to the fact that
having one such scatter plot composed of the criteria dimensions was enough to make an
exhaustive search of the cluster given the exploration method suggested to the users [2–4].
Moreover, as the users can now use their hands [4,9] to manipulate the IPCP and scatter
plot alike, they are no longer relying on any type of hand-held controller to select the
interactive objects, and the movement facilitated with the controllers was also restricted to
the head-mounted display (HMD)-tracking executed with the Oculus Rift sensors [25].

3. Datasets

Both datasets considered in this study were produced from separate multi-objective
optimization processes for the aerodynamic performance improvements of different turbo-
machinery components.

The first dataset is the result of a design optimization study for the 3D geometri-
cal shape of compressor blades of a jet engine [26]. This design problem is described
with 26 design variables, and it is subject to many equality and inequality constraints
considering the simultaneous optimization of three objective functions. The dataset repre-
sents the Pareto fronts containing a set of 54 equally optimum design configurations, and
the 29 dimensional data items express the combination of the design parameters and the
objective functions.



Appl. Sci. 2022, 12, 331 4 of 13

The second dataset represents the design configurations of the Pareto set as discovered
from a multi-objective optimization study for the shape design of S-ducts [27]. In this study
were considered three objective functions to describe in detail the aerodynamic behavior
and 36 design variables to describe the 3D geometrical changes of the S-duct. There are
166 data items with 39 dimensions per element.

4. Data-Science Analytics

The main goal of the data analytics was to design a methodological pipeline that would
assist the user in identifying interesting patterns in the data. The pipeline was designed to
complement the visual enhancements achieved with 3D projections and VR. One of the
main assumptions about IPCP is that it should help the user gain more knowledge about
the data. The knowledge can be understood in terms of the identification of interesting
patterns in the data. Here, we can look at the data in three ways.

First and foremost, we are concerned about identifying patterns of similar data items
on the IPCP. Second, this task can be supported by finding clusters of similar data points
on the 3D scatter plot generated out of three dimensions (axes) of the IPCP. Third, the IPCP
axes, i.e., the data dimensions or features that are carriers of unique information (i.e., are
not redundant), can be identified and ordered accordingly. The three main goals were
defined as follows: (Goal 1—G1) aid the user in data clusters identification in the 3D scatter
plot; (Goal 2—G2) provide explanations for cluster assignments made by the user or by an
algorithm; (Goal 3—G3) identify features that may carry the most information and hence
are potentially interesting to the user.

In the following paragraphs, we will discuss our research regarding achieving the
three goals mentioned above.

4.1. Goal 1—Cluster Identification

In G1 we addressed the first issue. In our approach, the user performs cluster identi-
fication in the 3D space of previously selected features. The user has access to 3D scatter
plot of the points in this space and manually annotates data with cluster labels. Dur-
ing this phase, implicitly, the user detects a noise, which is not assigned to any of the
created clusters.

We aimed at improving this stage by providing the user with an option of automatic
cluster identification in a selected 3D space. In order to do that, we tested multiple clustering
algorithms from the sklearn library [28] are evaluated them in the first approach against
true cluster labels that we obtained from experts. Table 1 contains a comparison of tested
algorithms in terms of homogeneity (each cluster contains only members of a single class),
completeness (all members of a given class are assigned to the same cluster), and V-measure
(harmonic mean of homogeneity and completeness) [29]. This allowed us to select potential
candidates for further research and discard methods that did not perform well.

The main challenge in the data was that it contained noise, which is not handled well
by most of the clustering algorithms. This narrowed us to three main clustering algorithms:
DBSCAN [6], OPTICS [5], and Affinity Propagation [7] as they can handle noise by design.
The results of the clustering sample dataset with these algorithms are presented in Figure 2.

The most important parameters that the user needs to specify in order to obtain correct
results are ε and min_samples. First, define the maximal distance between points in order
to merge them into one cluster. The latter defines how many points are required to form a
cluster. These parameters have to be defined by the user either as a trial of tests, or with
expert knowledge about the data characteristics such as noise density, cluster densities, or
upper and lower bound of the possible number of clusters. In this paper, we used fixed
values for all the datasets in order not to distract the user from the main evaluation goal.

Our primary aim in integrating machine learning with human interaction was to
assist and not to replace the user. Hence, the clustering has to be made on the three IPCP
dimensions selected by the user. Applying clustering algorithms to the whole dataset could
result in cluster assignments that are not intuitive to the user as it does not align with
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clusters visible in 3D scatter plots. It does not mean that the clustering is incorrect, but it
violates the primary goal of assisting the users in their decisions, not altering them.

Table 1. Comparison of clustering algorithm on sample dataset with known cluster labels assignment.
The higher the value, the better. The comparison was done over the DS1 as it contained the data
labeling required by the used metrics.

Algorithm V-Measure Homogeneity Completeness

Gaussian Mixture 0.55 0.50 0.62

Spectral Clustering 0.13 0.09 0.24

Agglomerative Clustering 0.55 0.50 0.62

Affinity Propagation 0.59 0.70 0.50

Mean Shift 0.17 0.13 0.23

Birch 0.13 0.09 0.24

OPTICS 0.58 0.54 0.61

DBSCAN 0.78 0.78 0.78

Figure 2. Comparison of clustering results obtained with selected algorithms: (a) DBSCAN;
(b) OPTICS; (c) Affinity Propagation. The top row presents the 2D plots, whereas the bottom one
shows 3D scatter plots as the headset wearer sees them. The selected clusters are marked gray hulls
(in 2D) and green (in 3D), respectively. These clustering examples were done over the DS1.

Nonetheless, we performed tests of clustering dataset in all the dimensions, and after
dimensionality reduction with the usage of Principal Component Analysis (PCA) [30].
This approach is based on lossy transformation to low-dimensional space by selecting
new features defined by vectors along which the dataset exhibits the highest variance and
discarding those with low variance levels.

We obtained similar results as in the case of clustering in 3D if the user selected the
correct criterion. In instances where clusters cannot be approximated with the usage of
3D scatter plots, approaches that apply clustering in the entire feature space may be more



Appl. Sci. 2022, 12, 331 6 of 13

desired. Figure 3a shows the 2D projection of clustering results in 3D space after applying
PCA and selecting three main components.

(a) (b) (c) (d)

Figure 3. (a) DBSCAN clustering after dimensionality reduction with PCA to 3 components.;
(b) feature importances obtained with random forest classifier. Difficulties in proper cluster identifi-
cation on the correlated axis are shown in (c). Choosing the set of the uncorrelated axis (d) allows for
a better overview of data. The presented clustering was done over the DS1.

In addition to these clustering results, we have also employed a state-of-the-art
SuMC [8] clustering solution that belongs to the class of methods called subspace clus-
tering [31]. The poor performance of the standard clustering algorithms applied to high-
dimensional datasets is usually caused by curse of dimensionality [32]. The typical attempt
in solving this issue is the application of some form of dimension reduction on the given
dataset. These can be grouped in the feature selection and feature extraction methods. A
well-known example of the latter is the PCA [30] method that we have previously applied
in order to test other clustering algorithms on our datasets (see Figure 3a). In comparison,
the SuMC method was specifically designed to deal with high-dimensional data without
relying on dimension reduction as one of its steps. This method belongs to the so-called
hard subspace clustering techniques whose main goal is to indicate the explicit subspaces to
which the identified clusters belong.

We have deployed the SuMC method on various hand-selected subsets of DS1 and
DS2 choosing 3, 5, and 7 as the number of desired clusters. As the SuMC is designed to
operate on high-dimensional datasets we have run the method on the full datasets, as well
as on subsets consisting only of criteria or design parameters for each dataset. In the case
of both datasets, the criteria parameters are the objective functions, i.e., the last three right-
most dimensions in Figure 1, whereas the design parameters are the remaining dimensions
on the left. This choice of sub-datasets was dictated by the standard methodology of dataset
analysis in the case of the 2D and 3D PCP users. Similar to the popular clustering method
K-means, this technique starts with the random assignment of points to clusters. Using an
iterative refinement technique (i.e., Hartigan’s method), it shifts points between clusters to
optimize the cost function and obtain potential candidates for the patterns.

The most illustrative example of the SuMC application to our data can be seen in
Figure 4. Here, the results of clustering for both 3 and 5 desired number of clusters carried
out over only the 26 design parameters are compared against the patterns fund by the
domain-experts in DS1. This result shows that that patterns identified by the human
experts overlap substantially with clusters identified by the SuMC method. For instance,
at the bottom of Figure 4 the whole pattern is embedded in one of the clusters (in light
green). Such preselection of the pattern candidates can substantially trim the search space
for the user. For instance, the IPCP system could, on-demand, carry out the clustering and
automatically split the main plot into subsections in the 3D space or allow the user to select
grouped data items in which the user can search for patterns by selecting or deselecting
individual elements. For the detail information of the interaction interface bestowed by the
IPCP please see [2–4].
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(a)

(b)

(c)

(d)

Figure 4. Comparison of clustering results with a given number of the desired clusters (top rows)
obtained with the Subspace Memory Clustering (SuMC) algorithms with respect to ground truth
(bottom rows). (a,b) contain the results for selected 5 clusters; (c,d) contain the results for selected
3 clusters. The clusters are color-coded (top rows) and put against the patterns recognized by the
domain-experts. Each bar constitutes a single point in the DS1 dataset and each cluster is represented
by a different color.

4.2. Goal 2—Explanations of the Clustering

The second goal G2 was to provide explanations of the clustering performed by the
algorithm. By explanation in this particular case we mean, information about which features
from the dataset could be used to divide the dataset into given clustering. Additionally, we
would like to know what is the contribution of each of the features to such clustering.

To obtain that information, we transformed the problem into a classification task. We
treated discovered cluster labels as class labels for the classification algorithms, and we
trained the model with such data. In our approach, we used a random forest classifier [33].
We used feature importances to estimate feature weights in terms of their contribution to
the classification. This approach can be effectively extended to any classifier accompanied
by explainability frameworks such as LIME [34], SHAP [35], or Anchors [36].

Figure 3b shows feature importances discovered for cluster assignment from Figure 2b.
The feature importances are calculated for all the features, although the clustering was
performed only in 3D. This allows the user to identify an additional axis that might be
valuable to investigate.

4.3. Goal 3—Identification of the Features’ Importance

G3, the last goal was to assist in identifying features that should be of potential interest
to the user. We performed this task by clustering features that are highly correlated. Such
clustering can have several benefits.

The user can treat it as an indicator of features that should be considered criteria for
cluster detection (as shown in G1). Selecting features that are not correlated as criteria
brings more information for clustering. Features that are highly correlated carry redundant
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information, and their discrimination power is lower than that of features that are not
correlated. An example is shown in Figure 3c,d. In Figure 3c, one of the axes is redundant
and can be removed, as it does not bring any new information for clustering. The same
clustering (incorrect) can be obtained using a single axis. This is not true for data in
Figure 3d, where both axes are not correlated, and clustering made with both of them
cannot be achieved with just one axis.

Furthermore, feature importance based on the correlation indicator can be used as
an ordering of axis on a PCP plot to improve the interpretation of PCP by the user [37].
We performed such clustering by calculating the correlation matrix among all the features
using the Pearson coefficient. Then, for each feature, we count the number of correlated
features for which the correlation exceeds a specified threshold. The inverse of this count is
an indicator of the feature importance.

5. Apparatus and Visualization Framework
5.1. Apparatus

The development of IPCP was conducted on two computers equipped with NVIDIA
GeForce GTX1070 and GTX1080 working under the Windows 10 64 bit. The VR-environment
was facilitated with the Oculus Rift HMD [25] whereas the hand-tracking was supported
by the Leap Motion [9] sensor attached to the front of the headset. The gesture recognition
was built around the Leap Motion SDK [9]. The gestural input of the user is visualized and
streamed to the VR headset in real-time, for instance, see Figure 5 where the user’s hand
avatars and the left-hand palms-up gesture is shown.

(a) (b) (c)

1

2

3

4

5

7

8

6

1

2

3

4

5

7

8

6

Figure 5. (a) The left-hand menu with all the implemented data-science analytics: (1) [RESTART]
restarts the visualization, (2–4) are the 3D scatter plot clustering solutions attached to individual
labeled buttons [DBSCAN],[OPTICS], and [AFFIN], (5) [SORT] sorts the axes (i.e., IPCP’s dimen-
sions) using their calculated importance, (6) [TOGGLE] toggles between the selected and unselected
at the moment data items, (7) [DUPLICATE] duplicates the selected data items, and (8) [UNDO]
undoes the most recent manipulation result. (b) presents the finger-press gesture used to select a
button on the menu. Whereas (c) shows the highlighted [SORT] after the user pressed that button
which cased the importance sorting to be executed on the IPCP as shown in Figure 6. Icons by Icons8
(https://icons8.com, accessed on 23 September 2019).

5.2. Visualization

The development, design decisions and the majority of the IPCP visualization elements
including the IPCP main plot design (see Figure 1), as well as the 3D scatter plot (see the
right-hand side in Figure 1a,b) and the description of the mapping i.e., linking and brushing
between all the visualization components can be found at Tadeja et al. [2,3]. Furthermore,
the description of the gesture-based interaction with the IPCP main plot as well as generated
on-the-fly 3D scatter plots can be found in Tadeja et al. [4]. Here, we provide only a short
description of all the main visualization elements.

The manipulation of the visualization’s components, i.e., the main IPCP plot as well
as the 3D scatter plots (see Figure 1) is composed of hand-gesture recognition and gaze-
tracking. When gazing at an interactive object (e.g., data item on the IPCP or data point

https://icons8.com
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on the scatter plot), the user can take or release the control of this object by doing the
single-pinch gesture [4].

5.2.1. IPCP’s Main Plot

The IPCP’s main plot consists of a collection of data items (see Figure 1). Such data
item is represented by an array of line-connected, interactive, unit-sized cubes. These data
items are then arranged in equal steps the Z-axis (see Figure 1). Each interactive cube
represents the particular value of a data item in a given dimension. There are as many
rows of cubes as there are dimensions in the dataset. When gazing over these interactive
cubes, the users can select either the data point on the IPCP (see Figure 1) or the entire
dataset dimension throughout all data items by doing the single-pinch or double-pinch gesture,
respectively [4].

5.2.2. 3D Scatter Plots

The 3D scatter plot can be created out of any three or fewer dimensions selected using
the IPCP plot (see right-hand side in Figure 1a,b) [4]. The user can interact with the scatter
plot analogically to the main IPCP [4]. Furthermore, the user can select a cluster of points
based on a selected clustering algorithm (see Figure 5).

(a)

(b)

Figure 6. The IPCP visualization of the DS1 dataset presented in original (a,b) sorted order. The
rearrangement of the axes was carried out based on the importances. As it can be seen in (b) the
axes containing no knowledge i.e., constant data, were moved on the right of the IPCP main plot,
thus reducing the amount of data that has to be visually analyzed by the user. The user can toggle
between sorted and unsorted i.e., the original organization of the axes.

6. Data-Science Analytics Integration with IPCP

The data analytics features described in the previous section were integrated directly
with the IPCP visualization (see Figure 5). These were twofold. The first was connected to
the reorganization of the axes in accordance with the importance of the features. Secondly,
we offered a selection of different clustering solutions to aid the user in searching for
patterns in the IPCP.

6.1. Axes Ordering Based on Feature Importances

Pressing of the [SORT] button allows the user to rearrange the IPCP axes in descending
order, with the most important axes placed to the left of the main plot (see Figure 6). These
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will be sorted in accordance with the calculated on-the-fly correlation indicator as described
in the G3 goal. We performed such ordering by calculating the Pearson coefficient’s
correlation matrix among all the features. Then, for each feature, we count the number of
correlated features for which the correlation exceeds the specified threshold. The inverse of
this count is an indicator of the feature importance.

6.2. Clustering Solutions

The three available clustering algorithms are DBSCAN [6], OPTICS [5], and Affinity
Propagation [7] (see Figure 2). Selection of those algorithms via the left-hand menu (see
Figure 5a) will result in a change of the clustering applied onto the data points on the 3D
scatter plot. Once the data point has been selected, all the other data points belonging to
the same cluster given by the chosen clustering algorithm will be selected as well on both
the 3D scatter plot and the IPCP main plot (see Figure 1). Furthermore, the data items will
be sorted in accordance with the clustering solution moving the clustered points next to
each other.

In addition, this set of algorithms can be freely exchanged for different ones. For
instance, we can easily replace one of these algorithms with SuMC [8] by changing the text
label on the chosen button, and by pressing this button simply call the Python script with
the desired clustering solution.

7. Discussion

Coupling the IPCP with data-science analytics allowed us to equip the user with new,
powerful capabilities that can directly impact how the user deals with the visualized data.
They are also designed in such a way that gives us potential new research avenues. For
instance, sorting the dimensions of the IPCP based on the correlation indicator (see Figure 6)
gives flexibility related to the selection of the threshold. Here, we could add a slider to the
left-hand menu (see Figure 5a) that would allow the user to choose the appropriate threshold
value, which could be almost instantaneously reflected on the IPCP’s axes ordering.

On the other hand, allowing for calculation of feature importance based on clustering
results allows for deeper insight into the relation of particular features to the cluster labels
assignment. The strength of this method is that it is model agnostic with respect to the
clustering algorithm. Therefore, it can be used with manual cluster label assignment done
by the user as well as with automated clustering methods. In fact, these two methods can
be combined in order to exploit user interaction with the IPCP for adaptive parameter
tuning for clustering algorithms and thus reduce the number of interface elements.

The limitation of the above approach is that the explanations for the clustering are
expressed through the prism of feature importance. This requires the expert interacting with
the IPCP to be familiar with the features used in clustering. Otherwise, the explanations
will not be understandable. When additional transformations have to be applied to the
feature space prior to analysis, or additional data have to be used that is beyond the scope
of the expert’s domain knowledge, our method may suffer from lower interpretability.

This is an open research problem in the area of explainable AI, which is based on
the observation that human and AI methods operate on entirely different semantic levels.
There is often a mismatch between the cause and effect in the AI model and the real world.
Therefore, a correct explanation does not always imply the useful one in terms of human
comprehension or domain knowledge. An explanation is an act of knowledge transfer.
Hence, it imposes a need for research on methods that will allow bidirectional transfer
between humans and XAI that will enable the users to formulate their expectations and
needs to be addressed by the XAI algorithm and receive explanations on the desired level
of abstraction. However, this is clearly beyond the scope of the work presented herein.

8. Conclusions

The previously executed formative studies with a small group of domain experts [2–4]
has shown that it is possible to design an effective and immersive version of the Parallel
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Coordinates Plots that can be used to identify patterns in a complex and multivariate
dataset. Hence, an updated version of the IPCP was proposed in this paper, which is
enhanced with new features and functionality.

A new data-analytics toolkit has been integrated with IPCP and offers three additional
functionalities. These are the automated ordering of the axes based on a correlation indicator
property (see Figure 6), the ordering of the axes based on the importance with respect to
a chosen cluster labels assignment, and a method for automated clustering. All of these
features assist and prompt the user for pattern identification in multidimensional datasets.

The hardware used for the interaction between the system and its user was based on
gestural input coupled with gaze tracking discussed in detail in Tadeja et al. [4].

Furthermore, this research opens up new avenues for future investigations. For
example, we could enhance our data-analytics toolkit with a number of new functionalities
from XAI methods [34–36]. As suggested in Tadeja et al. [4], such an extension would
permit the user to answer more complex queries. For example, the user could ask: “Why
were these particular data points excluded from the identified clusters?” (see Figure 2).

Another interesting avenue for further research is to use the voice-operated interface in
which the user’s speech could be coupled with gestural input to operate the system. [4,38].
Here, we can build a bespoke, immersive environment enhanced with the knowledge
database containing complex domain knowledge [38]. As the context in which the user
operates is finite and constrained by the particular use case as well as by possible interaction
techniques, such a solution can also be applied in visual analytics, including IPCP [38]. A
similar approach for a voice-operated aeroengine health monitoring system realized with
the help of a VR environment was proposed in Tadeja et al. [38].
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