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MLMD: Multi-Layered Visualization for Multi-Dimensional Data
Category: Research

Figure 1: The proposed MLMD method stacks layers of MDS plot and defines a cubic visualization in 3D space. It is well equipped with pertinent
interactions that are carefully designed for the user to conveniently achieve layer settings and carry out data exploration tasks throught the
visualization including dimension filtering, feature selection, correlation revelation, etc. We implement MLMD on a multi-touch platform to fully
take the advantages of gesture operations.

ABSTRACT

Visualization and data mining techniques have for long been laying
emphasis on high-dimensional data processing. In this paper, we
propose a multi-layered visualization technique in 3D space called
MLMD with its corresponding interaction techniques, for visualiz-
ing multi-dimensional data. Layers of point based plots are stacked
and connected in a virtual visualization cube for comparison be-
tween different dimension settings. Viewed from the side, the plot
layers intrinsically form parallel coordinates plots, which are typi-
cally effective in visualizing high-dimensional data. MLMD inte-
grates point based plots and parallel coordinates compactly so as to
present more information at a time to help data investigation. The
user gradually find the desired dimension set of multi-dimensional
data by iteratively editing layer dimensions. We carefully design
pertinent user interactions for MLMD method to enable convenient
manipulation of the layer properties and views. By using MLMD
and its mating interaction techniques, proper dimension settings
and in-depth data perception can be achieved, presenting a novel
way of perceiving multi-dimensional data in 3D visualization space
that coordinates multiple views.

Keywords: Multi-Layered Visualization, Scatterplot, Multi-
Dimensional Scaling, Parallel Coordinates, 3D Information Visu-
alization

Index Terms: I.3.6 [Computer Graphics]: Methodology and
techniques—Interaction Techniques; H.5.2 [Information Interfaces
and Presentation]: User Interfaces—Graphical User Interfaces
(GUI)

1 INTRODUCTION

The rapidly increasing information and the exploding dimension-
ality have posed huge challenges on data investigation. Finding
the correlations between data attributes is becoming more effort-
consuming with the the curse of dimensionality [9]. There exist
mature mathematical methods for feature selection and extraction
including the classic PCA [22], which generate dimension repre-

sentatives in order to reduce the original data to computable size.
However, without human guidance, mathematical solutions and al-
gorithms for data investigation often fall into data pitfalls or fail
concerning processing time limit. On the other hand, mannually
selecting dimensions and features of data is not only laborious but
also hard to succeed. Designing user-friendly systems that aids hu-
man data investigation or incorporates human judgement in algo-
rithm procedure can largely speed up high-dimensional data inves-
tigation. Therefore it is recommended, if possible, to integrate and
design user interface to handle multi-dimensional data in order to
effectively filter out insignificant and undesired data attributes.

Although there exist plenty of methods that visualize multi-
dimensional data and present informative results, most of the infor-
mation visualization methods work only on 2D surfaces including
reading materials and monitor displays. Within the category of 2-
dimensional data visualzation, scatterplot and its extended version
for high-dimensional data, multi-dimensional scaling plot, are both
classic point based methods that are widely applied for presenta-
tion and data processing. To effectively visualize multi-dimensional
data and make full use of the advantages of the two metaphors, we
extend the presentation style of 2D point based plots into 3D visu-
alization space by stacking 2D point based plots. The planes that
point based plots, whether scatterplots or MDS plots, lie on are
so called plot layers, the stacking of which defines a cubic visual-
ization space, namely, the visualization cube. We name the pro-
posed visualization method MLMD (Multi-Layered visualization
for Multi-Dimensional data) according to its principle and purpose.

By the MLMD design, scatterplots and MDS plots generated
from different dimension settings can be viewed together so as to
determine the influence of dimension groups or dimension weights
on the plot results, therefore providing a novel way of comparing
data attributes and carrying out feature selection or dimension re-
duction tasks. The design of the multi-layered visualization intrin-
sically presents parallel coordinates plots on its sides. Looked from
the side, the axes of the stacked scatterplots and MDS plots intrin-
sically present parallel coordinates plots, providing that points rep-
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resentations of the same data item are connected by polylines in
3D space. We lay strong emphasis on the design of the collabora-
tive working mechanism of MLMD in order to yield useful results
based on the integrated three metaphors, while preserving the natu-
ral power of the three types of visualizations. Consequently, the in-
teraction techniques and user interface are considered in detail so as
to coordinate the different types of metaphors for multi-dimensional
data investigation purpose. MLMD is implemented on a multi-
touch platform in our work to support convenient interactions. The
proposed multi-layered visualization method is a novel approach of
information visualization targeting at multi-dimensional data that
naturally integrates multiple existing metaphors. Besides, it demon-
strates the possiblity of using interactions to counter typical obsta-
cles of 3D visualization and reduce gaps between views so as to
yield satisfactory visualization results.

The remainder of this paper is organized as follows. Related
works are discussed in Section 2. Details of the multi-layered visu-
alization design are given in Section 3, followed by the introduction
to the interaction techniques incorporated in the system Section 4.
Application cases of the metaphor are demonstrated in Section 5. A
discussion on user feedback, method scalability and future work is
presented in Section 6. Finally, we draw a conclusion in Section 7.

2 RELATED WORKS

Previous works have laid emphasis on multi-dimensional data vi-
sualization. The possibities of extending 2D information visualiza-
tion into 3D have been explored. Interaction techniques also play
an important role in the proposed system.

2.1 Scatterplots and MDS Plots for Multi-Dimensional
Data Visualization

The point based plots stacked together determine the foundamental
structure of the proposed visualization, including scatterplots and
MDS plots. As part of the basic vocabulary of 2-dimensional data
visualization, scatterplots are widely applied in many fields serv-
ing presentation, research and education purposes and normally a
set of scatterplots can visualize multi-dimensional data. Distances
between points in scatterplots are easy to perceive and exact di-
mension values can be read. Multi-dimensional Scaling (MDS) [4]
algorithms aim at minimizing the difference between the dissimi-
larity matrix of the plot in 2D space with the origin dissimilarity
matrix. Point distances in MDS plots reflect abstract distances in
high dimensional space and are useful for differentiate data items.
However, both methods have drawbacks in dealing with multi-
dimensional data. The presentation capability of scatterplot is re-
stricted to 2 dimensions, requiring a large number of plots to cover
the all the dimensions. The MDS plot may result in an unavoidable
information loss and the dimension amelioration process is labori-
ous and time-consuming.

To solve these problems, scatterplots and MDS plots are usually
combined with other visualization metaphors to enhance system
capability, resulting in multiple-view visualizations. Many works
have focused on visualizing multi-dimensional data and can be di-
vided into five categories including standard 2D/3D displays, geo-
metrically transformed displays, icon-based displays, dense pixel
displays and stacked displays [23] [6]. Methods that integrate
multiple views have been proved effective in visualizing multi-
dimensional data. Baldonado et al. [1] give a set of guidelines on
when and how multiple-view system should be used. To overcome
the limitations of 2-dimensional scatteprlots [7] , applying multi-
dimensional scaling for high-dimensional data is typically effective
in many cases. The study of scaling metrics has been a research
hot-spot since early time [30]. Parallel coordinates plot [20] ex-
pands the dimension domain that a general display holds and is al-
ready a widely accetped technique for visualizing high-dimensional
data. The combination and integration of point-based plots and par-
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Figure 2: The comparisons between different integrations of scat-
terplot, MDS plot and parallel coordinates. (a) SPPC apply interpo-
lated curves to connect scatterplots and MDS plots with parallel co-
ordinates; (b) Holten’s method embeds rotated scatterplots between
each pair of parallel coordinates; (c) The Parallel Scatterplot Matrix
maps parallel coordinates on scatterplot matrix; (d) In our design,
the scatterplot layers are set parallel with each other, in which case
depth information are utilized and stacked plot view is achieved.

allel coordinates plot is of great concern in recent studies and has
been exploited by previous works. The SPPC [32] method scat-
ters points into the parallel coordinates and use curves to connect
the scatterplots and therefore, generate smooth perceptional results
between the two metaphors (Figure 2(a)). Holten’s method [18]
embeds scatterplots between each pair of parallel coordinates axes
and rotates the scatterplot axes by 45 degrees (Figure 2(b)). Viau et
al. [27] propose a hybrid method that integrates scatterplot matrix
and parallel coordinates to better visualize a network (Figure 2(c)),
in which rotation is applied for switching between different states,
allowing the user to view the matrix in a distinctive 3D perspective.
In our work, MLMD naturally incorporates parallel coordinates
views based on stacked scatterplots and MDS plots (Figure 2(d)).
The idea of curved connection between layers is also introduced.

2.2 3D Information Visualization
In MLMD, the plot layers are stacked along the z-axis of the screen,
defining a cubic volume in 3D visualization space. However, 3D
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information visualizations bring difficulties. Occlusions are likely
to occur and effective interaction methods that can resolve the in-
coherence between physical operations and their visual results are
still under development and most existing approaches are imma-
ture. The limitation of human spatial perception is another prob-
lem, based on which Tim Dwyer [10] gives an approach to 3D in-
formation visualization using a 2.5D design attitude. The study
indicates that 3D visualizations can help analyzing complicated re-
lations in multi-dimensional data but 2D is favored for observing
relationships between a certain pair of attributes. Concerning both
possibilities and obstables, research on 3D information visualiza-
tion is of high interests. Wegenkittl et al. [28] use extrusion to vi-
sualize trajectories of higher dimensional dynamical systems. Jo-
hansson [21] shows that insights on the relations between a single
dimension and other dimensions can be achieved by rearranging
the other axes around the target axes. Fanea et al. [13] present an
interactive 3D integration of parallel coordinates with star glyphs
to provide quick impressions on data distribution and make visual-
ization easier to read. Vislink [8] shows how the user can display
multiple 2D visualizations, reposition and reorganize them in 3D,
and display relations between them by edges propagation. MLMD
is an extended version of Vislink considering the plane number, but
it more specifically applies scatterplots and MDS plots onto the lay-
ers rather than graphs and networks. Cubic visualization space has
once been proposed by Elmqvist et al. [12] to maintain the visual
coherency during the dimension switches of scatterplots.

2.3 Interaction Techniques
The problems of 3D visualization call for pertinent interaction
methods designed for the visualization purposes. To fully take the
advantage of the multiple-view properties and counter the 3D infor-
mation visualization problems, we carefully design the multi-touch
interactions for the system. The possibility of presenting a scatter-
plot on a multi-touch device is mentioned by Heilig et al. [17] con-
sidering multi-user collaboration. Besides basic cutting and lasso
brushing for selecting data items on parallel coordinates, a number
of ways have been developed for convenient manipulation. For ex-
ample, Hauser et al. [16] propose angular brushing as an effective
way to brush and highlight data items. Kosara [24] demonstrates
the mechanism of 1- to 4-finger operations on parallel coordinates
on a multi-touch deivce. These methods can be extended to 3D
information visualization with modifications. Viewing 3D visual-
ization involves 3D navigation. Yu et al. [31] show how 3D naviga-
tion should be performed on 2D multi-touch devices, though with a
major concern of scientific visualizaiton. The DabR, a multi-touch
system designed by Edelmann et al. [11] for intuitive 3D naviga-
tion, is a typical example of how multi-touch device is applied for
3D interations. As the proposed MLMD includes multiple scatter-
plot and MDS plots, as well as parallel coordinates, to be handled
and also requires 3D navigation, a complicated set of operations
are defined. To smoothly connect different stages of interactions
and lower the requirements of gesture memorizing, circular menus
inheriting the ideas of pie menu [19] and its variants [25, 15] are
incorperated into our system.

3 VISUALIZATION DESIGN

In this section, we introduce the proposed stacked MDS method and
its cubic visualization space. The properties of the stacked plots
are discussed and the benefits of changing viewing perspectives are
stated. We focus on the functionality of the metaphor in this section
and the details of interactions that manipulate the visualization are
introduced in the following section 4.

3.1 Design Logics
Figure 3 gives an overview of the stacked-layer structure of the
MLMD method. Plot layers are initially placed along the z-axis that

goes into the screen, framing a visualization cube. For descriptive
clarity, we define the cube face originally displayed on the screen
as the front view and the others as left, right, top, bottom and back
view respectively according to their relative positions with the front
view. Notice that this setting can be altered when needed by simply
changing the stacking direction.

Each plot layer shows a scatterplot or an MDS plot, depending
on the number of its included dimensions. Every point based plot
contains one point representation for each data item. The points
on different layers representing the same data item are connected
by polylines that go trough 3D space. The intersection points of
the 3D parallel coordinates polylines with the plot layers are deter-
mined by data values of certain data attributes. When an axis of
parallel coordinates is part of an MDS plot, the intersection point
presents no exact data value but only an abstract location that re-
flects the result of multi-dimensional scaling. Viewed from the
front or back, the stacked plots go into the screen (Figure 3(a)).
Viewed from the other sides, layers stay perpendicualr to the screen
(Figure 3(b)). The projections of all the point representations on
the front and back faces present precise calibrated MDS plot view
(Figure 3(c)), while the projections of all the segments of the poly-
lines present roughly standard parallel coordinates on the other 4
faces of the cube with some specialties as the MDS axes could not
present exact data values (Figure 3(d)). As a result, the designed
metaphor presents stacked plots views on 2 of the cube faces and
4 parallel coordinates views on the others, dividing the views into
two categories. The front view belongs to the stacked plots view
category at the start-up phase of the system. Since the same type of
views functions similarly, we simply distinguish the cube faces by
stacked plots views and parallel coordinates views in the following
sections. Along the axes of parallel coordinates, or the borders of
the stacked plots, we render colored tag to provide quick overview
of the dimension settings of the layers. Pink-color tags indicate
MDS plot layers. A cyan tag represents the dimension on a scat-
terplot’s horizontal axis, while an orange tag represents the vertical
dimension.

As the major intent of the system is to provide the user with
a convenient method to compare the results generated from dif-
ferent settings of multi-dimensional scaling dimensions, we fully
exploit the advantage of stacked layers, where the connections of
the point representatives indicate potential correlation of the data
attributes. To overcome the common 3D clutters and occlusions
appeared where lines are dense (Figure 4(a)), we propose an in-
terpolation method that inserts invisible layers between MDS plots
so as to quickly reveal the intermediate state between the original
adjacent layers (Figure 4(b)). The dimension settings of the in-
serted layers are determined using linear interpolation. The MDS
plots of the cube apply force directed layouts[5] so as to fully uti-
lize the positions achieved during the last configuration as the user
may modify the dimensions from time to time. Since multiple
force-directed MDS plots are likely to generate results with rota-
tion offset considering the uncontrolled rotation, methods includ-
ing the ICP is proposed [2]. In our design, we focus on utilizing
the user’s interaction so as to save the computational resources of
the system and therefore, we enable manual rotation of the layers.
Rotation helps remove the clutters (Figure 4(b)). As the plots are
rotated, the inserted intermediate states are recaculated to give real
time respond and help the user determine whether the current view
presents meaningful information. To prevent the system from gen-
erating tangled plots, when interpolating the invisble middle layers,
we initialize the point positions using linearly interpolated values
of the point coordinates on nearby layers at the beginning of the
MDS algorithm. This techinque ensures that an automatic layout
is achieved without too much misleading biased MDS rotation. To
summarize, all the properties of the interpolated layers are deter-
mined by the following equation, where t is the scaled parameter
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Figure 3: Design Logics: (a) Stacked plots views: When viewed from
the front or the back face, MDS plots and scatterplots are stacked
along the z-axis of the screen. Two handlers of the FocusBoard en-
able FocusBoard dragging in MDS views (enclosed by blue edges).
(b) Parallel coordinates views: Parallel coorindates composed of 3D
polylines serve as interaction ports for layer selection and editing.
The half-transparent light blue layer denotes the FocusBoard posi-
tion (enclosed by blue edges). (c) Orthogonal projection of stacked
plots calibrate the high-dimensional projection results and sets up
a better view for comparisons; (d) Orthogonal projection of parallel
coordinates shows the visualization results in a traditional parallel
coordinates metaphor.

of the interval between the layers to be interpolated (from layer1 to
layer2):

Prop(t) = t ∗Proplayer2 +(1− t)∗Proplayer1 (1)

(a) (b) (c)

Figure 4: (a) Clutters encountered in 3D parallel cooridinates. (b)
Inserted invisible layers with linearly interpolated dimension settings
are placed between layers to form control points of the curved con-
nection, which help the user peceive the plot outpus under interme-
diate settings. (c) Rotation assits the curved parallel coordinates to
better show the diversities of MDS results with various dimension
selections and weight values. Curved connection avoids parallel co-
ordinates occlusion.

3.2 View Alternation
The stacked plots views show how the distribution of point repre-
sentations vary according to different dimension settings, while the
parallel coordinates views maintain the traditional advantages of
parallel coordinates including high-dimensional information visu-
alization and cluster and correlation identification. Alternating the
viewing perspective of the visualization enables the user to quickly

switch between the two view categories, and therefore provides ex-
tra functionality from the two combined metaphors.

Occlusions bring interference in item selection in 3D visualiza-
tion. Although the user can adjust the opacity of different layers
to avoid visual occlusions and clutters, determing which layer the
user wants to modify is no trivial task except when an extra list
for selection is provided, which would otherwise undesirably in-
crease the system redundancy. The parallel coordinates views of
the cube, in addition to their normal usage, support convenient plot
layer manipulation in 3D as the borders of stacked layers are ex-
actly the axes of parallel coordinates. Viewed from parallel coordi-
nates views, the plot layers are roughly perpendicular to the screen
and are easily distinguished. To help the user manipulate objects
on a specified layer, we design a FocusBoard for layer manipula-
tion as shown in Figure 3(a) and (b) (enclosed by blue edges). The
rendered plot on the FocusBoard will always be highlighted. With
the FocusBoard, layer selection becomes straightforward. The user
first move the FocusBoard to the desired position from the parallel
coordinates views and then carry out corresponding layer editing
operations. After satisfactory results are achieved, the FocusBoard
can be switched off to give an overview of the visualization. Be-
sides, when moving the FocusBoard through the stacked plots, the
user can trace the change of positions of data items on consecutive
plot layers (Figure 3(b)), which enables the user to acquire knowl-
edge on the data distribution. What’s more, zooming or moving the
parallel coordinates axes changes the depths of plot layers. More
specifically, we reorganize the depths of plot layers inside the cube
after axes relocation on the parallel coordinates view, and hide the
layers that are outside the visualization focus area. Consequently,
modifying the axes positions can be viewed as semantic zoom from
the angle of data investigation. This focus+context technique is typ-
ically useful when the data contains numerous dimensions, which
could lead to dense layers of visualization. By applying axes zoom-
ing or moving, the user can filter out uninterested plots and focus
on informative MDS plot and distinctive dimension groups. In ad-
dition, similar to inverting axes of traditional parallel coordinates,
under different rotation configurations of layers, interesting results
such as correlation of dimensions can be revealed. In our system,
brush operations are naturally linked on all views since they refer
to the same data items, making it easy to adjust visual effects from
any view of the system, including colors and alpha values.

4 INTERACTION METHODS

The interactions of the visualization includes basic navigation
methods for changing viewing perspecitves, brushing and layer
editing. To carry out the desired modification, several interaction
steps have to be taken in a specific order, i.e. firstly Select a layer
and then Add a dimension to it. We apply circular menus to make
smooth transitions between different types of interactions as well
as reduce the user’s burden of memorizing complicated gestures.
Basically, interactions are in a touch-move-release flow. Touch ini-
tiates an interaction round as a pop-up circular menu is shown. Re-
lease ends the interactions and put the selected operation into ef-
fect. Release at any unrecognized point outside the menu cancels
the current action. At any time, the current operation will be shown
at the top-left corner by a operation hint to help the user understand
what is going on. Details of interactions are given by type in the
following subsections.

4.1 Changing Viewing Perspectives
Viewing the visualization from different perspectives is critical to
fully understanding the data. We make the 3D visualization space
accessible to the user by providing convenient navigation methods
including trackball, orthogonal projection, orthogonal rotation and
free navigation. Trackball is a classic method suitable for manip-
ulating rendered 3D object. The user can use trackball to rotate
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the visualization cube in the virtual space, which is carried out in
a dragging manner, in order to switch from one view to antoher.
When the user rotates the visualization cube, the transitional state
between two views plays a vital role in maintaining the percep-
tional consistency as the user can track interested data items to ex-
plore their locations in two different views. However, when the
cube stops at a state that none of its face normals are perpendicu-
lar to the screen, the operations that follow can probably result in
perceptional inconsistency. To counter this problem, we provide or-
thogonal rotations. The viewing perspective will be automatically
fixed perpendicular to the face that has a normal nearest with the
z axis of the screen, which is called a Dock action. Dock offers
shortcuts to default viewing perspectives as manually rotating the
screen heading to perpendicular position is hard to achieve. Be-
sides, to preserve the properties of traditional parallel coordinates
as well as calibrate the comparison results, orthogonal projections
of both MDS views and parallel coordinates views can be enabled
when the view is docked, as shown in Figure 3(c)and(d). Orthog-
onal projection yields a more precise presentation of data values.
In free navigation mode, the visualization cube does not dock af-
ter its orientation is modified. Zoom and translation are available
in free navgation, making more part of the 3D space accessible to
the user. A pinch gesture triggers a zoom and a pan gesture trig-
gers a translation in free navigation mode. The user switches on or
off free navigation mode by pressing the corresponding button on
the interface. Free navigation provides opportunities for stopping
at intermediate viewing perspecitves between two types of views,
which preserves critical perceptional coherency, and is quite useful
for dealing with clutters and occlusions.

.

4.2 Brushing
Brushing and selecting data items from a large dataset help further
understand valuable subsets of the data. Brush operation is typi-
cally more intuitive on a multi-touch device than on a monitor. To
fully take the advantage of the convenience of touches for brushing
purposes, we define several types of brushes including lasso brush,
cutting brush and alpha brush for different adjustments. To enter the
brushing mode, the user expand the toolbox at the top-left corner of
the screen.

We provide lasso brush on the FocusBoard for coloring the scat-
terplots or MDS plots (Figure 5(a)). The FocusBoard position
can be set by making vertical pan gestures on the parallel coor-
dinates view (Figure 5(b)) or dragging the FocusBoard handlers
(Figure 3(a)). For parallel coordinates, cutting brush gives instant
feedback after the user’s touch track intersects a parallel coordi-
nates segment (Figure 5(c)). As the opacities of rendered items are
important in the cube case and improper opacity settings could re-
sult in severe occlusions and clutters, alpha brushing is introduced
to enable adjustment on the transparency of the point based plots
and parallel coordinates. Performing an alpha brush is similar to
doing a cutting brush. Instead of coloring data items, alpha brush
changes the alpha value of intersected layer based on the intersec-
tion position. The user can modify the alpha values of all the layers
by drawing one curve, which reduces the time cost of alpha adjust-
ment (Figure 5(d)).

4.3 Layer Editing
Changing dimensions is of utmost importance for interactively opti-
mizing the dimension groups, clusters, and multi-dimensional scal-
ing results. The dimensions of layers can be modified at any time
during the investigation process. We define a set of operations in-
cluding Add, Remove, Move and Switch operations for this pur-
pose. Adding dimension and removing dimensions adjust the di-
mension group of an MDS plot. If carried out on a scatterplot, an
Add operation generates a resultant MDS plot with 3 dimensions.

(a) (b)

(c) (d)

Figure 5: (a) Lasso Brush: The user draws a lasso on the Focus-
Board to color the scatterplots or the MDS plots. (b) FocusBoard:
The user uses two-finger panning to move the FocusBoard on multi-
touch devices. Two-hand collaboration is easy to carry out in on our
design. (c) Cutting Brush: The brush colors data items when it in-
tersects parallel coordinates segments; (d) Alpha Brush: The user
draws a curve to simultaneously set alpha values for different parallel
coordinates segments (also for the plots). Alpha value of the end-
points of parallel coordinates on the middle layer is lower than the
others;

Conversely, if a Remove operation is done on a 3-dimensional
MDS, it is switched back to a scatterplot. Switching dimension
allows the user to change the horizontal or vertical dimension of
a scatterplot. Moving dimension allows the user to move one di-
mension from an MDS to another scatterplot or MDS, reducing the
cost of an equivalent remove-add operation pair to better suit the
user’s dimension adjustment requirements. Taking the advantages
of these operations, the user can build MDS plots or scatterplots
of any dimension groups on a plot layer. The user may want to
copy the layer settings for slight modification or remove one layer
from the visualization, resulting in a Copy and a Remove layer edit-
ing operation. To interpolate the interval between two layers, the
user can perform Interpolate operation to replace the original par-
allel coordinages segments by curves, the control points of which
are calculated from the settings of the two layers by Equation 1.
Besides, due to the 3D properties of MLMD, rotating a layer can
generate potential results that are helpful to interpreting parallel co-
ordinates and point based plots. As an MDS plot does not reflect
actual values of attribute, rotating an MDS layer reconfigures its
cluster positions and can reveal more information combined with
parallel coordinates. What’s more, parallel coordinates segments
may cluster better at a specific rotation angle. All the possible layer
editing operations will be shown in a pie menu (Figure 6(a)) after
the user touch one layer in the parallel coordinates view to enter
layer editing mode. The user then moves her finger to any of the
neary menu items to perform desired operations. With the help of
flow menu mechanism [15], the user is able to perform a complete
round of layer editing within one touch.

The corresponding mapping from touch gestures to layer editing
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operations are as follows:

• Begin: In parallel coordinates view, touch a layer to enter
layer editing mode, and a circular menu is popped up. (Fig-
ure 6(a))

• Select: Move the finger to select desired operations in the
menu. Do any of the following based on the selection.

• Interpolate/Copy/Remove/Interpolate Layer: These opera-
tions receive instant feedback.

• Add/Remove Dim: Vertically move the finger to select the
dimension (Figure 6(b)) to be added/removed. Release.

• Move Dim: Vertically move the finger to select the dimension
to be moved. Then horizontally move the finger to select the
targeted layer. Release. (Figure 6(c))

• Switch Dim(Scatterplot Only): Move the finger to the axis
tag to decide which axis to be replaced with. Then vertically
move the finger to select a dimension.

• Move Layer: Horizontally move the finger put the layer to the
desired position. (Figure 6(d))

• Rotate Layer: Vertically move the finger to achieve the disired
angle of roation. (Figure 4(c))

• Edit Weight: Vertically move the finger to select a dimension.
Then horizontally move the finger to adjust dimension weight.
(Figure 6(e))

The dimension tags will be highlighted when a corresponding
dimension is selected, and labels showing the names of the selected
dimension and its neighbor dimensions will pop up to better in-
form the user of her current operation (Figure 6(d)). A red slot on
the label (Figure 6(e)) will show the current weight value of the
selected dimension on MDS. The tags of MDS plots also provide
weight settings overview by proportionally coloring the tag areas
(Figure 6(e)). When moving and rotating a layer, or moving and
switching a dimension, instructive hints including transparent tem-
porary results and arrows will be shown to help the user achieve her
purpose (Figure 6(b)(c)).

4.4 Semantic Zoom
Due to the limitation of the size of display, visualization clutter
has to be resolved. Traditional zooming would result in changes
of viewing perspectives and loss of item trackings. Focus+context
methods such as Magiclens [3], TableLens [26], EdgeLens [29] and
Fisheye [14] have been proposed to provide detailed information
as well as preserve the overall picture. We integrate two types of
semantic zoom in our system to help the user filter out irrelevant
data and focus on interested items.

The first type is semantic layer zoom. Through pinching and
panning, the user can not only adjust the intervals between axes of
parallel coordinates, but also map the concerned layers to the visu-
alization cube and hide other layers in order to fully utilize the cube
space. As illustrated in Figure 7, after the user performs a pinch
gesture, the central three layers are relocated to the cube range,
which provides a chance for downward investigation. The second
type is semantic data item zoom. After the user brushes some data
items, the pinch gestures that follow will be recognized as seman-
tic zoom operations. Zoom In hides the unbrushed items and Zoom
Out redisplays all the data, therefore removing unconcerned objects
and saving more space for the focused data items. Pinch gestures
are easy to make on a multi-touch device, in which case the advan-
tages of designed interactions are fully exploited.

(a) (b)

(c) (d)

Figure 7: Two types of semantic zoom. (a)(b) Use two-finger pinch
gesture to zoom scatterplot layers. Resultant layers that are outside
the cube will be hidden to provide more space for focused layers.
(c)(d) After a selection is done, a following two-finger pinch gesture
is recognized as a semantic zoom, which hides all the unselected
items for further investigating interested data items.

5 APPLICATION CASE

Dimension selection and reduction are employed in many fields in-
cluding mathematics solutions to real problems and computer sim-
ulations. We demonstrate a case of data investigation task in terms
of feature selection, which exemplifies the application of MLMD in
information processing.

The dataset in this case is the car data containin 406 data items
and 9 attributes including mpg, horsepower, weight, acceleration,
etc. At the first stage, there is one MDS containing all the dimen-
sions set at the back of the cube. It is easy to notice that on the MDS
there forms five distinct clusters. To simplify the case description,
we suggest that the user focuses on the bottom two clusters, which
are colored red (Figure 8(a)). The task is to find out a set of rep-
resentative dimensions that result in the difference between the two
clusters.

At first the user uses two layers to view the dimension modifi-
cation results. After a series of layer editing operations are per-
formed, including using Copy Layer to generate copies of MDS,
Add/Remove Dimension to modify the included dimensions of the
new layers and Semantic Zoom on layers for plot relocations, the
middle layer excludes the right three dimensions, while the bottom
layer excludes the left two. It is obvious that on the bottom layer the
two clusters are separated better (Figure 8(b)), which indicates that
the data items vary more on the right three dimensions: Displace-
ment, Cylinders and MPG. Then the user continues this process to
achieve the result that applies only three dimensions to clearly sep-
arate these two clusters (Figure 8(c)). Layer rotation helps to make
the clustered parallel coordinates segments look closer in this case.
Curved interpolation can also be used here.

Finally, the user can review the overall picture of the dimension
reduction process as is given in Fig. 8(d), in which semantic zoom
on data items is applied to hide the uncared data items in order
to provide a cleaner view. From left to the right, each layer is a
step in the reduction procedure where human efforts are involved
to optimize the dimension selection result. This example shows
how the cube can help investigators fulfill their feature seletion
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(a) (b) (c) (d) (e)

Figure 6: (a) Circular menu popped up. (b) Dimension selection (for Add operations, the dimension selections of the other operations are the
same). (c) Move Dimension operation. (d) Move Layer opeartion. (e) Weight adjustment.

task. More complicated features selection including features gener-
ated from linear combination of dimensions could be realized using
weight editing function provided in MLMD by field researchers.
All though the feature selection case, the interactions designed in
our MLMD system largely accelerate the investigation and make
the visualization space more accessible to the user.

(a) (b)

(c) (d)

Figure 8: An example of applying MLMD to a dimension reduction
task. (a) The original five clusters and the focused two clusters(red);
(b) The right three dimensions separate the focused clusters better
than the left two; (c) Final result that contains three representative
dimensions is achieved; (d) All the steps of dimension reduction. Se-
mantic zoom is applied to provide a clear overview.

6 DISCUSSION

Comments received from volunteer users are summarized first in
this section. The method scalability is then explained, followed by
a discussion on future works based on the users’ suggestions.

6.1 User Feedback
We ask a few volunteer users, who are students from the computer
science department, to test our proposed visualization method and
we collect their feedbacks. The trials are carried out both on stan-
dard PCs and on multi-touch devices. Although it takes certain time

to get familiar with the system, the test participants all agree that
the stacked plot metaphor is a novel approach to visualize multi-
dimensional data in termof fully utilizing 3D space for layer com-
parison and naturally integrate multiple visualization metaphors.
Most of the users have claimed that they successfully find out sig-
inificant dimensions of the test data using our visualization. The
system helps them determine whether an inclusion of a dimension
for multi-dimensional scaling is appropriate and identify important
attributes out of the others. While the calibrated stacked plots pro-
vide direct impressions on how the current dimension settings work,
the parallel coordinates views are mainly responsible for coordinat-
ing and adjusting the system parameters. The curved interpolation
between layers is a novel visualization feature for the testers, which
provides an alternative view in addition to the standard parallel co-
ordinates. Some test users state that the interpolation could be use-
ful in finding out the occluded bundling and revealing desired in-
termediate settings when applied together with rotation and view
alternation. The volunteer users espeically prefer the user-friendly
interface of the system and mention that the incorporated interac-
tions work well for the proposed MLMD method and effectively
speed up the process of data exploration using MLMD. The fre-
quently popped up circular menus, when working on a multi-touch
device, is considered a satisfactory design as it saves the effort of
gesture memorizing and at the same time reduce the operation time.
The hint icons on operation status are also considered helpful as
they enhance the user’s feeling that the task being worked on is
fully under control.

6.2 Scalability

The scalability of the proposed method is worth studying, which
is also an included topic in the test users’ feeback. Limited by the
size of the display, it is impossible to show all the layers in the vi-
sualization cube since it would lead to severe occlusions. When the
dataset consists of too many attributes, the dimension tags of the
system would also lose efficacy as the size would be too small if
equally devided. Therefore, the upper limit of the dimension num-
ber of the dataset and the maximum layers the virtual cube could
hold are two importance indices of the designed MLMD system.
We did not conduct a formal study on this question but based on the
users’ experiences, it can be basically concluded that the dimension
number should not be greater than 20 and the the cube could hold
up to 8 layers while still presenting perceivable information. But
these limitations are not without solutions. In our system, we have
designed semantic zoom for layers so as to gain more space for in-
terested layers when necessary. Semantic zoom for dimension tags
are not included in the current design, but the analogous method
applies. However, although the semantic zoom helps resolve the
limitations to certain extent, using semantic zooms unavoidably in-
crease the operation time cost and consequently bring more diffi-
culties for data exploration.
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6.3 Future Works
We list several possible improvment of the MLMD method as the
future works. Though being a new approach, the efficacy of the
curved layer interpolation needs to be justified. Its ability of rep-
resenting middle-state results and suitable curve type (passing the
control points or not) are to be studied in addition to understand-
ing its effectiveness of avoiding clutters and occlusions. Besides,
alternative coloring criterion can be provided. For example, instead
of item-based coloring, layer coloring is also a possible solution
to provide better comparisons between different plot layers and is
required by some of the testers. Finally, in the current design, lay-
ers are stacked into the cube to form an integration. As layers are
quite independent components in the proposed system, an informa-
tive layer should be abe to be saved and shown at other area of the
screen to enable more complicated investigation operations such
as marking and comment editing. Extending the layer to present
other plot including graph visualization and timeline visualization
are also possible. The stacked layers can naturally present hierar-
chical information if the layers and the connections between which
are carefully modified to serve that purpose. As most of the graphs
include hierarchical structures, i.e. the social network involves peo-
ple’s working department, interest groups, etc., following the order
of the stacked plots to trace downward those hierarchies would be
prefferred. We would like to try these possibilities in our future
work to extend our method for more complicated data investiga-
tions.

7 CONCLUSION

The visualization approach presented in this paper called MLMD
stacks plot layers and naturally present multiple views including
scatterplots and parallel coordinates. It can help the user better per-
ceive the properties of various dimensions for multi-dimensional
data based on its well designed interactions including navigation,
brushing and layer editing. The proposed method can be applied
for feature selection and dimension reduction, which are common
tasks involved in large dataset processing. MLMD is a novel in-
formation visualization approach that extends the 2D visualization
space into 3D. It compactly and interactively coordinates multiple
views, and shows that 3D representation can be useful in the ob-
servation of multi-dimensional data when interaction methods are
properly designed.
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