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Figure 1: An overview of some of the aspects of AvatAR: (a) The virtual avatars of two persons, one with an active 3D trajectory
for the left hand, and the tablet with the floor plan visible, which shows the trajectories and position of the two avatars as
well as the position and viewing direction of the analyst. (b) A virtual avatar interacts with an interactive displays. Two ghost
preview instances are pinned to mark the points when the display was touched and the gaze visualization is active to show
what the avatar is looking at. (c) An avatar with the activated Specter Visualization technique for the whole body, which shows
semi-transparent representations of the avatar for past and future time frames.

ABSTRACT

Analysis of human motion data can reveal valuable insights about
the utilization of space and interaction of humans with their envi-
ronment. To support this, we present AvatAR, an immersive analysis
environment for the in-situ visualization of human motion data,
that combines 3D trajectories with virtual avatars showing people’s
detailed movement and posture. Additionally, we describe how visu-
alizations can be embedded directly into the environment, showing
what a person looked at or what surfaces they touched, and how the
avatar’s body parts can be used to access and manipulate those vi-
sualizations. AvatAR combines an AR HMD with a tablet to provide
both mid-air and touch interaction for system control, as well as an
additional overview device to help users navigate the environment.
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We implemented a prototype and present several scenarios to show
that AvatAR can enhance the analysis of human motion data by
making data not only explorable, but experienceable.
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1 INTRODUCTION

The analysis of human motion data can reveal many useful insights
into the utilization of space, existing behavior patterns, and the exe-
cution of complex work sequences. For example, human motion can
be analyzed to better understand how people collaborate in front
of large displaysh1], what exhibitions visitors attend to and where
they spend their time when visiting museum8§, to understand
how buildings are utilized to make them more energy-e cient],
and how people perform complex dance sequeneks [E cient
analysis of movement data, however, requires tools that can directly
relate human movement to the surrounding environment.

Traditionally, analysis of spatial data is performed primarily in
desktop environments utilizing 2D30, 50, 63 or 3D [2, 14, 34 tra-
jectory plots, heatmaps4 30, 47, line charts 61, 63, and parallel
coordinates 29. In recent yeardmmersive Analytichas become a
strong contender to more traditional approaches for the analysis of
spatial data, including motion data, leveraging immersive technolo-
gies like Augmented Reality (AR) or Virtual Reality (VR) displays
to visualize data directly within the environment it was captured
in. These in-situ visualizations enable the direct, spatially aware
analysis of motion data with a high degree of immersiati| 34 4Q.
Most of these systems still make use of predominantly 3D trajec-
tories, sometimes accompanied by auxiliary visualizations such
as heatmaps1[1]. While trajectories alone allow users to gain an
overview of the overall position of one or multiple people, they pro-
vide little details about their actual behavior and their interactions
with the surrounding environment. We believe there is unaddressed
potential in using immersive technologies to overcome barriers be-
tween people, their data, and the tools they use for analysing and
understanding human activities and behavior.

To address limitations of previous approaches, we propdsstAR
an immersive environment for the analysis of human motion data.
AvatARuses an Augmented Reality (AR) head-mounted display
(HMD) to directly blend virtual content with the real environment
and enable in-situ visualizations of human motion dafwatAR
combines traditional trajectory-based visualizations with interac-
tive humanoid 3D avatars, providing a detailed representation of a
person's posture as well as their movement through and interaction
with the environment. InAvatAR the 3D avatars act as a control in-
terface allowing users to manipulate the visualization, control what
data is shown, and to scrub through time. Additionally, a tablet in-
terface allows for precise input as well as a concise overview of the
current scene to aid the analyst's explorations. Additional visualiza-
tions, embedded directly into the environment, show what people
looked at, their footprints on the ground, and where they interacted
with the environment by touching it. These visualisations aim to
create a strong link between data and environment, and to make
data not only explorable, but also experienceable from the analyst's
point of view. Such a tool could then be used for scenarios such as
the analysis of movement patterns in an o ce context, learning of
dance movements, and for analyzing customer behavior in retail
and advertising (see section 5 for more details),

In summary, our contributions are:

(a) The design of an immersive analysis environment for the
in-situ analysis of human motion data, utilizing interactive
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3D avatars, motion trajectories, as well as visualizations
embedded into the surrounding environment.

(b) Utilizing the body parts of an avatar as metaphors for access-
ing and manipulating visualizations directly using mid-air
interaction, complemented by a more abstract tablet inter-
face controlled by touch, which acts as an overview device
as well.

(c) A prototype implementation of our concept as well as three
scenarios highlighting how our techniques can be used for
the analysis of human motion data.

2 RELATED WORK

AvatARbuilds upon work on the visualization of motion data in gen-
eral, on research using immersive technologies for visualizations,
and on work combining mobile devices with immersive technolo-
gies.

2.1 Visualization of Movement Data

As shown by N. and G. Andrienko's analysis of the visual analytics
of movement f], as well as an earlier analysis of the visualization
of spatio-temporial data in generab], the majority of work for
visualizing movement data utilizes some form of trajectory, with
additional parameters like speed or density encoded in attributes
such as color or thickness. The preferred perspective for those
visualizations is the bird's-eye view3[, 50 58, especially for map-
based datag4, 44, 47,56 59 63. Visualising 3D motion data as
trajectories in a 3D enviroment allows to also represent elevation
as a third spatial dimension and to freely change the perspective
when analyzing this data, either in desktop environmeng 14,
33 36, immersive environments1, 17, 34 or on spatially aware
mobile devices13. These trajectory-based visualisations can be
accompanied by other types of visualizations, such as heatmafs [
24,30, 47, line charts 24, 61, 63, or parallel coordinatesZ9 to
show additional aspects of the data. Another example by Kepplinger
et al. [33 use gaze information to highlight viewed objects to gain
further insights about the behavior of players in a video game.

Space-time cubes3] are another popular visualization tech-
nique for spatio-temporal data, where space is mapped onto two
dimensions, often in the form of a mayB[56 59, and time is vi-
sualized on a third axis. Trajectories can be stacked to visualize
additional attributes B, 59 66 and space-time cubes have been
transferred to virtual environments25 as well as immersive envi-
ronments b1, 66. Although space-time cubes are 3D visualizations
in principle, only two spatial dimensions can be visualized, which
makes this approach only suitable for data which is either inher-
ently 2D, projected to 2D, or where the third dimension can be
neglected. Thus, similar to the 2D techniques above, this approach
is not viable for immersive in-situ visualization environments such
asAvatAR

Furthermore, there are examples of analysis environments which
are less focused on movement itself, but more on how users interact
with their environment, especially with interactive display4d( 42,
61]. Bérner and Penumarthy]7] used virtual avatars in a 3D envi-
ronment to visualize the position of users, although only as approx-
imations and with no detailed reconstruction of a user's posture.
Lee et al. 89 visualize skeleton data extracted from surveillance
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videos for the analysis of human motion. However, the skeletons
are superimposed over 2D images without the ability to freely ex-
plore the 3D environment and the representation of the humans
is limited to stick gures, i.e., connecting the various joints with
strokes. Ocupado4[] visualizes building occupancy on a oor
plan view aggregated over time, but o ers mainly heatmap based
visualizations that do not provide any details on a person's posture
or how they interacted with the environment.

While there is a vast body of research concerning the analysis
of movement data, a lot of it is dedicated to visualizations that can
only represent two spatial dimensions. While 3D environments
are also common and have shown to e ectively visualize human
motion data in 3D space, these visualizations mostly use only a
single point in time to represent a person'’s position. Thus, they
do not allow the detailed reconstruction of human body postures.
With AvatARwe want to address this by applying reconstructed
skeleton data to humanoid avatars to facilitate more detailed anal-
ysis of human behavior. One approach that provides this kind of
detailed humanoid avatars is the work by Yu et &85. However,
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were captured to analyze the user's movements. Proxy objects of
users' hands and headset o ered further insights on what users
were looking at or what they were interacting with. Similarly, Lilija

et al. [4Q and GhostAR 1§ show proxy objects for hand and head
movement, combined with 3D trajectories in a virtual environment.
The MIRIAtoolkit [ 1]] enables the in-situ analysis of movement
and interaction data by rendering 3D trajectories using an AR HMD.
Additional visualizations such as heatmaps can be placed on the
walls or oor to provide further insights. It supports proxy objects
that visualize the tracked devices and their orientation overlaid on
the trajectory, but provides no detailed visualization of a person's
posture. All these works target similar problems AsatAR but
they do not o er the detailed analysis of a person's posture, being
limited to either a single position per usedfl] or the positions of
head and both handslB 34, 4Q for each time frame. In contrast,
AvatARaims to improve upon these approaches by providing a
much more detailed reconstruction of a users posture to facilitate
the in-depth analysis of their behavior. In contrast to this, the work
of Kraus et al. 85 provides detailed 3D models of people and a 3D

their research is focused on motion guides to teach users, e.g., danceenvironment reconstructed from camera images, which can be ex-

routines and not on the analysis of motion data. Thus, their tech-
niques do not allow to gain insights into another persons behavior
within a certain environment, but rather provide insights on the
users own movements.

2.2 Immersive Analysis and Environments

Immersive technologies like AR or VR HMDs are increasingly
being used for supporting visual data analysis. The majority of
Immersive Analytic$26 research is focused on placing classic
visualizations, such as scatter plots or bar charts, in immersive
environments [L5 28 31, 46 49, 51, 62, 66, providing interaction
concepts to construct such visualization®3 46, fostering col-
laboration between userdlp, 41], or analyzing how users utilize
their surrounding space while using these syster8k For example,
ImAXxis[23 enables users to combine interactive axes to a variety
of visualizations within an immersive environment. Rosenbaum
et al. 49 proposed changing the color and size of data items in
immersive visualizations such as scatter plots based on the prox-
imity of the user. Zhang et al.gg and Filho et al. p§ both utilize

a VR HMD for visualizing movement data with a space-time cube.
However, these solutions are limited in that only two spatial di-
mension can be represente@eoGat¢56 combines a space-time
cube in Augmented Reality with trajectories on a map displayed on
an interactive tabletop, and provides a ring-shaped tangible object
that manipulates the data shown in the space-time cube. Nebeling
et al. [4§ present a generic Mixed Reality analysis toolkit which,
however, lacks dedicated techniques for supporting spatio-temporal
data and capabilities for in-situ visualizations.

In contrast to these examples, where the visualizations have lit-
tle relation to their immediate surroundings, in-situ visualizations,
such as those provided bjvatARare placed and analyzed directly
in the environment in which the data was recorded. Kloiber et
al. [34 visualized human motion in virtual reality using 3D trajec-
tories of the hands and head of multiple people. A triangle tted
to those position serves as a guide for simple pose estimation. The
trajectories are visualized in the same virtual environment they

plored in VR. However, being a VR environment, it lacks the in-situ
aspectAvatARis aiming for and relies instead on teleportation for
exploration of the environment.

2.3 Combing AR HMDs and Mobile Devices

Mobile devices have been combined with AR displays to support in-
teraction with the immersive content. Early examples from Szalavéri
et al. 57 and Schmalstieg et al5@] both utilize handheld sheets
that can be used to manipulate AR objects in various ways. More
recent examples includ8ymbiosis Sketdl] which combines a
tablet with an AR HMD for improved accuracy during 3D sketch-
ing. Users can de ne a surface in 3D space and then draw on this
surface using the tablet. Sereno et &3 utilize a tablet for manip-
ulating an AR 3D visualization in a collaborative setting through
multi-touch interaction.MARVIS 37 shows visualizations in AR
that support the data visualization displayed on a tablet's screen.
Buschel et al. 17 investigate how a smartphone can be used for
panning and zooming an immersive 3D visualization. Hubenschmid
et al. [3] utilize spatially aware tablets for multi modal interaction
with immersive 3D visualizations. In addition to mobile devices,
prior research highlights the bene ts of providing touch input for
immersive technologies by combining them with large display§
interactive tabletops 1€, and multi display environments21, 22.
These examples illustrate the bene ts and potential of combining
mobile devices with immersive displays, especially to facilitate
exploring and interacting with 3D visualisations, and how touch
interaction can be used as an alternative to mid-air interaction
for manipulating visualizations through precise and tactile input.
AvatARleverages the insights from these works by integrating a
dedicated tablet interface into the immersive environment.

3 AvatAR: OVERVIEW

AvatARis a tool to analyze human motion data to facilitate un-
derstanding of people's movements through and interactions with
their surrounding environmentAvatAR provides an immersive
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Figure 2: The core components of AvatAR: The virtual hu-
manoid avatar visualizing a person's detailed posture, a 3D
trajectory providing an overview of movement, and the ac-
companying handheld tablet o ering precise control of all
visualizations.

analysis environment in which time-varying motion data is visu-
alized directly in the environment in which it was recorded or to
which it relates. Speci cally, an analyst wears an Augmented Re-
ality (AR) head-mounted display (HMD) to move freely through
the environment and the visualizations of spatially registered data,
exploring the data and interacting with the visualizations using mid-
air gestures. The data visualization is centered around humanoid
avatars, which give a detailed impression of the current posture

of the recorded person (Figure 2). The avatars are supported by

additional visualizations, such as 3D trajectories that provide an
overview of past and future positions of a person, heatmaps and
footprint visualizations on the ground that give an overview of
the density as well as exact movement of one or multiple people,
a visualization of a person's current visual focus, and a visualiza-
tion of where people touched or interacted with the environment
(Figure 3). All of these visualizations form a system of multiple
coordinated views in the sense that they show di erent representa-
tions of the same data. They are designed to work in conjunction
with each other to provide analysts with an understanding of the
current scene, with the avatar as the central element not only for
showing the data, but also for interacting with and controlling the
visualization through mid-air gestures.

In addition to the HMD, the analyst carries a tablet that provides
a 2D oor plan showing the current position and trajectory of all
the avatars as well as the analyst's location within the space (Figure
1a). This complements the immersive view of the AR HMD with a
summary and can help the analyst with navigation and orientation.
The tablet also provides an alternative form of interaction, allowing
for direct interaction with the scene and visualizations using precise
touch input through a control interface (Figure 2).

In the remainder of this section, we will describe the individ-
ual techniques in detail, and how an analyst interacts with them.
Interaction with the avatars and visualization techniques is a key
component ofAvatARfor exploring the dataset and gaining new
insights. Therefore, we relate our di erent techniques to the seven
categories of interaction identi ed by Yi et al6f] and to the user
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Figure 3: Overview of AvatAR's various visualization tech-
nigues and the body parts of the virtual avatar from which
they can be accessed.

intent to which they translateSelect(mark something as interest-
ing), Explore (show me something elseRecon gure (show me

a di erent arrangement) Encode (show me a di erent represen-
tation), Abstract/Elaborate (show me more or less detailyjlter
(show me something conditionally), ar@onnect (show me related
items). While these categories have been developed for traditional
information visualization environments, we transfer them to our
immersiveAvatARenvironment.

3.1 Avatars

Avatars are virtual humanoid representations of a person at a single
point in time (Figure 4a), showing in detail how a person was
positioned within a space at a given time. They are the central
visualization and interaction component withiAvatAR and are
constructed from pre-recorded 3D joint data.

The HMD a ords freedom of movement so that analysts can
freely explore the posture of an avatar and their relation to the
environment in AR. By moving to the same position as an avatar
in a scene, analysts can better understand the avatar's current
situation, for example to learn about comfortable reach from that
positions or which objects and features in the environment might
be visible to the recorded person. This form of embodiment allows
an analyst to use their own senses to experience the data in relation
to the environment, which is not possible using more traditional
analysis tools.

3.1.1 Visual Representation of Avatassatars are generated by
applying pre-recorded skeleton data to a humanoid 3D model in AR,
thus reconstructing a person's posture at a speci ¢ point in time.
This skeleton data can originate from a multitude of sources, such
as OpenPose[], simple RGB camerag 60, or even generated
from virtual environments [L9, 27]. Avatars are scaled to match the
real-world height and physical size of the person they represent, as
this might a ect how they interact with their physical environment

or what they can reach and see. Otherwise, avatars provide few
de ning features and have the same optical appearance for every
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Figure 4: (a) One virtual 3D avatar interacting with the environment with another one walking in the background. (b) Marking
menu for the avatar's hand with the item for trajectories being selected. (c) Trajectory visualizing past and future time frames
with the avatar at the center. A handle for adjusting the trajectory's length is shown as well.

person, except for being color-coded to help distinguish the avatars
of di erent people from one another (Figure 1a).

3.1.2 Manipulating Tim&he torso of an avatar acts as a timeline
scrubber to directly manipulate the current time of the visualiza-
tion. This corresponds to th&xplore interaction category of Yi et
al. [64 as it allows analysts to navigate through di erent points in
time to nd interesting aspects within the data. To interact with
the torso, an analyst points at it and performs a mid-air tap-and-
hold gesture, then moves their hand left or right to scrub through
time, updating the avatar's visualizations accordingly. Performing
a single air-tap gesture quickly without holding starts and stops
the playback mode, which advances the dataset in real time. This
technique is one of the tools to navigate through the data, with
using the time control interface on the tablet being the other one.

3.1.3 Accessing Additional Visualizatidviest visualizations in
AvatARare associated with a particular body part of the virtual
avatars, from which they can also be activated and controlled. To
interact with a speci ¢ body part, an analyst points at it with their
nger to highlight it. Through a mid-air tap-and-hold gestured they
then select the body part and a menu around it shows icons for the
available visualizations. Moving the hand towards an icon selects
it (Figure 4b).

We use the hip, torso, head, hands, and feet as interactive ele-

ments of the avatar (see Figure 3 for an overview). The hips of the

allows the analysts to focus on the area that is currently of interest
to them, such as what interaction with the environment a person
has engaged in, or where their visual attention was directed to-
wards. This corresponds to thencode interaction category of Yi

et al. [64], because it allows analysts to access di erent representa-
tions of the dataset and choose the one suitable for their current
goal. Furthermore, this is also an example of fennect inter-
action category, as all the techniques accessible from the avatar's
body are directly related to the current time frame the avatar shows,
and they all change in unison whenever the time frame is altered
by the analyst.

3.2 Trajectories

3D trajectories add additional information to the immersive analysis
environment. Each trajectory directly corresponds to a particular
avatar. Trajectories provide an abstract representation of the loca-
tion of a person over a period of time. They can be used to gain
an overview of the overall movement within an environment. Tra-
jectories are represented as continuous tubes (Figure 4c) painted
in the same color as its corresponding avatar. When an analyst
looks at either of the endpoints of the trajectory, a handle appears.
Analysts can control the length of time visualized by dragging
handles through mid-air gestures, thereby reducing or increasing

avatar represent the overall position of a person and provide access the number of frames shown before and after the avatar's current

to its corresponding global 3D trajectory. As the head determines
where and what a person is currently looking at, we use it to ac-

playback time. This is an example of ti@élter interaction category
of Yi et al. 4, allowing analysts to select the amount of data they

cess a visualization of a person's gaze direction. The hands are the want to see. By performing a double-air-tap at the endpoints, the

primary means of interaction and manipulation in an environment,
so they are mapped to a visualization showing where a person
interacted with the environment by touching it. The feet are used

length is set to in nity, thereby visualizing the full length of the
dataset. In combination with the avatars, trajectories correspond
to the Abstract/Elaborate interaction category of Yi et al.g4],

to access a heatmap of a person's location, as well as a visualization because trajectories show an abstract representation of multiple

of the footprints a person leaves while moving. 3D trajectories are
also available for individual body parts (head, hands, feet) and will
only show a visualization of that particular body part to provide
more ne grained insights.

These interaction technigues allow an analyst to access the wide
range of di erent visualizations (described in detail in the following
sections) through easy to recall menus at the body part of interest.
It also enables analysts to quickly toggle visualizations they want
to use together in combination for their current task. By tying the
visualisations to the di erent body parts of the avatar8yvatAR

data points, while an avatar shows an elaborated visualization of
a single data pointAvatARalso provides access to individual tra-
jectories for the hands, feet, and head of a person, allowing for a
more focused reference when analyzing data. This in turn is as-
sociated with theEncode interaction category, because it allows
analysts to choose between di erent representations, as well as the
Abstract/Elaborate category, since analysts can either focus on
the overall position of an avatar or the location of a speci ¢ body
part. All trajectories are associated with their corresponding avatar
and change together with it when the current time is altered.
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