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For mixed reality applications, where reality and virtua¢ality are spatially merged and
aligned in interactive real-time, we propose a pure voxel pgesentation as a rendering
and interaction method of choice. We show that voxels—gap-Ies volumetric pixels
in a regular grid in space—allow for an actual user experiencef a mixed reality
environment, for a seamless blending of virtual and real aseil as for a sense of
presence and co-presence in such an environment. If everythg is based on voxels,
even if coarse, visual coherence is achieved inherently. Wargue the case for voxels
by (1) conceptually de ning and illustrating voxel-based ied reality, (2) describing the
computational feasibility, (3) presenting a fully functing, low resolution prototype, (4)
empirically exploring the user experience, and nally (5)iscussing current work and
future directions for voxel-based mixed reality. This worls not the rst that utilizes voxels
for mixed reality, but is the rst that uses voxels for all irgrnal, external, and user interface
representations as an effective way of experiencing and ietacting with mixed reality
environments.

Keywords: virtual reality, augmented reality, presence, vi
study
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1. INTRODUCTION

Imagine a mixed reality experience composed of voxels, aneélsoconly. The surrounding
environment, the objects, and the people in such an environraesmtomposed of voxels, regardless
of whether they are real or virtual. Such a mixed reality emvinent would be inherently
coherent in its visual appearance, would bene t from natwraltcurring occlusions, collisions
and interactions, and would provide a system of computatiarad engineering simplicity and
elegance. A pure voxel-based approach would bene t from dexcafieesearch and development
in 2D techniques, like image storage and compression, amsfeathis into the 3D world of voxels.
Also, it would bene t from existing voxel research. A voxelsedMixed RealityMR) experience
would be like walking through a volumetric pixel world.

While the concept of voxels is not new and has been widely ussihrinlations and for other
computational purposes, the actual real-time experience ofgaenmersed in an interactive voxel
space is still inits infancy. In this paper, as the title suggestsvant to make a case for using voxels
in MR systems and will demonstrate that, even with today'sedtile low- delity representations,
voxels can be an e ective and e cient way to deliver MR experiend&'e highlight the current
possibilities and the future potential of voxels for mixedlityaeven if today's visual realism is
inferior to other approaches like triangulated renderingrtfermore, we argue that the future of
MR environments will be shaped by voxels.
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Our research and development is targeting applicatiorspatially aligned into one space with the aim of being expegdnc
scenarios in the areas of telepresence and collaboratioas one coherent MR space.
entertainment, education and training, and evaluating rase We will look into the related work around voxel
behavior in Mixed Reality environments. To serve those andepresentations; show that voxels are mathematically and
other scenarios we have to be able to capture, voxelize,, stomemputationally e cient also in the context of MR applications;
process, transmit, and display users and objects from multiplexplain why voxels can be very e ective for voxel-based MR;
viewpoints and in interactive real-time. present our working prototype solution for a voxel-based MR

Voxel-based mixed reality uses voxels, and only voxels, ®ystem calledlixed Voxel RealityMVR); use the MVR system
visually represent spatially merged and aligned real andiafirt to explore presence and co-presence of low resolution mixed
objects, subjects, and the environment in interactive-teaé. reality scenes Kigure 1); and nally discuss rami cations,
Normally, an exocentric voxelization technique will be used application scenarios, and areas of current and future work.
represent the visible shapes of reality in a voxel-based MBrayst
e.g., by using external RGB-D cameras to capture a scene. 2. RELATED WORK

Voxels are volumetric pixels, which are spaced in a regular
grid in three-dimensional space and are perceived without gapSur assertion is that voxels are suitable for a wide range of MR
between them. In contrast to the similar concept of point cleud applications. The literature supporting this falls into thre@im
voxels can only inhabit discrete positions in space dictatethb  categories. Firstly, there is the support for voxels both as an
grid. The grid is regular, i.e., throughout the entire MR vle, e cient representation for spatial reasoning and as a basis fo
and all possible voxel positions are equally spaced. Voxelsecandplutions to a number of tasks related to MR applications. This
of any shape, but have to be all of the same shape and, if placegpports our assertion that voxels are ready for widespread use
next to each other in space, should give the viewer a gap-leas the basis for MR applications. Secondly, there is a range of
impression. Cube shapes lend themselves to be used, but oth@r research that uses non-photorealistic modeling techrsque
shapes can be used as well as long as the gap-less perceptiffs literature shows that photorealism is not essential to MR
is maintained. experiences, and so the fact that we cannot (yet) deploy voxel

Our voxel-based approach can be seen as the next logigabdels with delity approaching reality is not a fundamental
step after the highly developed, two-dimensional pixel reime  impediment to their immediate use. Finally, we review existing
techniques that are omnipresent today. We are intereste@w h applications of voxels in MR systems, illustrating the range of
a 2D (interactive) video experience can be turned into a threetechniques that are already supported by this representation.
dimensional, interactive, mixed reality experience, eveth w
today's technical possibilities. We focus on the real-timpeat 2.1. Voxel-Based Representations
of delivering such a volumetric pixel experience where wedradVoxels have a long history of use in visual computing, with
3D experience for resolution. both regular voxel gridsGleary and Wyuvill, 1988and octree

Everything in a voxel-based MR environment is representedtructures {leagher, 1982 having been used to accelerate
by voxels to achieve visual coherence. Real objects, remhphics computations for several decades. Other tree-based
people, and the surrounding environment are voxelized beforsubdivision methods such asD trees Bentley, 197p and
being presented in real-time or recorded in the mixedBSP treesHuchs et al., 19§0have a similarly long history.
environment. Even if voxels allow for actual volumetricWhile point- and mesh-based graphics have become dominant,
data representation, i.e., solids and voids, normally onlg thsupported by hardware acceleration on GPUs, voxels, and other
visual hull of reality will be captured and then turned into rectangular box structures are still used to accelerate tasksss
voxels. One or more capturing devices (e.g., depth cameras)ytracing Cohen and She er, 1994; Sramek and Kaufman, 2000;
are used to reconstruct the real environment or individualMahovsky and Wyvill, 2004 topological analysisGohen-Or
objects, and then captured surface elements (points, meshes)d Kaufman, 1995 volume estimationReitinger et al., 2003
are converted into voxels while maintaining the capturedcollision detection Kliel3ner et al., 2013ashadow rendering
colors at the respective positions. Usually this process (&Kampe et al., 20)6and other complex lighting e ectsJrassin
performed from exocentric viewpoints, i.e., independent ofet al., 201). Many of these techniques use voxels to approximate
the current viewing position and orientation of the viewer. more complex geometry, butin a purely voxel-based system such
Users can then virtually walk through the space of voxelapproaches are no longer approximations.
constructed from exocentric views, as for instance recently One area of particular interest for voxel-based MR is the
demonstrated with a meshed environment bindlbauer and  ability to e ciently construct voxel-based models of the va
Wilson (2018) in real time. Depth cameras have become an invaluable source

In addition, all purely virtual elements are voxelized in aof such reconstructions, and while the raw data from a RGB-
similar way. Normally this means that the visual resolutadthe D camera is typically a point cloud, voxels are used as
object will be intentionally degraded to achieve visualereimce. intermediate representations in systems such as Kinectfusio
3D models, likeComputer Aided Desig(CAD) objects, are (lzadi et al., 2011; Newcombe et al., 201\loxels are used
brought to real scale and are then voxelized for later irdign  here to collate information from multiple views by construain
into the mixed environment, as shown Figures 1 2. Allmixed a xed occupancy grid structure. The xed grid size limits
reality real-time, recorded, and virtual elements are redrgnd the reconstruction volume, although this can be mitigated b
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FIGURE 1 | The principle of voxel-based Mixed Reality illustrated witour implementation of a prototype system with a voxel gridasolution of 8 mm (5/16 inches).
Real, recorded, and virtual objects and people are coheretyt experienced. (Consent was obtained from individuals degted).

moving the working volume over timeRoth and Vona, 2012 the MR illusion can break quite rapidly. This so-called uncanny
using octrees 4eng et al., 20)2or voxel hashing lieRner valley e ect (Ho and MacDorman, 20J)7can be avoided by, e.qg.,
et al., 2013p Such methods have been extended to largeapplying non-photorealistic rendering techniques (see bgtmw
volume mapping Dai et al., 201)’and real-time reconstruction by using real objects or people as the source for mixidwrk and
of dynamic scenesDu et al., 2013, 2016; Newcombe et al.Froehlich, 201); which is also demonstrated in this paper.
2015; Innmann et al., 20).6Voxels also provide a convenient
representation for silhouette-based reconstructi@e(mbrouck  2.2. Non-photorealistic Mixed Reality
et al., 201pas they can explicitly represent free-space. AgairRurely voxel-based rendering, at the current level of teli
these approaches have been successfully extended to real-tidoes not provide a photorealistic view of the world. For voxel-
reconstruction of dynamic scene€ifeung et al., 2000; Sridhar based MR we advocate voxelization of the real world, so thet th
and Sowmya, 2009GPU acceleration and the use of sparse voxakal and virtual elements become indistinguishablegenbrecht
grids are often key components in these reconstructidrp et al., 2017a Non-photorealistic rendering has been shown
etal., 201} and thisis likely to become more widespread with theto reduce the appearance di erences between real and virtual
release of nVidia's GVDB library to support such computationsobjects Fischer et al., 200%vhen both are rendered in a stylized
(Hoetzlein, 201 This work shows that it is practical to convert fashion, or to draw attention to stylized objects in an otlvise
even complex scenes into voxel-based representations in reahchanged scenéigller, 2004
time, which is vital for voxel-based MR. Chen et al. (2008)use a watercolor-inspired rendering
Voxels are also fundamental in several recent approaches technique to blur the distinction between real and virtuljects,
semantic labeling. While such labels are not required iVl Steptoe et al. (2014pmpare realistic, stylized (edge-enhanced),
applications, they are very useful in assistive technologies and “virtualized” (edge detection and desaturated colading
some aspects of collaborative virtual workspac¢ésie et al. that the stylized environment gave the optimal blending aflre
(2013, 201 7use voxels to represent spatial constraints on scerend virtual elements and that all three treatments gave & hig
labels. They are also able to infer the labels of unobserweels; degree of presence and embodiment.
allowing for volume estimation and volumetric segmentatio For video see-through AR it is often desirable to model the
While their method is limited in the number of labels it can noise characteristics of the physical camera when rendering
assign, this can be extended somewhat trough a block-basebjects Klein and Murray, 201)) Again, this aims to blur the
subdivision of the voxel spac€l(erabier et al., 20)6The regular  distinctions between real and virtual by making the virtabjects
voxel grid also provides an ideal basis for demmvolutional have the same noisy appearance as low-cost cameras.
neural network§CNNS), as has been recently demonstrated by The common theme through this research is that realism is
Zhou and Tuzel (2018)who converted 3D point clouds to a not essential to establishing a sense of presence or a seamless
voxel-based representation before applying a CNN to dete@xperience between real and virtual elements in an enviratme
pedestrians, cars, and cyclists in data captured from a movirgather a key factor seems to be for the real and virtual elésnen
vehicle. Since the convolution layers work by applying weight to have similar visual character, allowing the user to accegt t
connections over a grid, sub-volumes of voxel space providértual as real.
a direct analog to image patches. Interactive labeling is als
supported via voxels, as in Semantic Paiiléntin et al., 2016 2.3. Voxel-Based Mixed Reality
where users can provide labels through gestures and voieseTh Voxels have been used in mixed reality applications for some
labels are used to train classiers to support semi-automatetime. As outlined earlier, voxels are often used in modeling
labeling as more information is provided. and rendering virtual elements. A true voxel-based mixed
Photorealistic Mixed Reality research and development trieseality system, however, uses voxels as the explicit anllevisi
to seamlessly merge virtual objects into real scenes, payiist) representation of the world. Many rendering systems that ekplo
of its attention to consistent illuminationKronander et al., voxels, such as KinectFusiozgdi et al., 2011; Newcombe et al.,
2019. If this cannot be done awlessly, especially when humar201) and its derivatives, convert these back to textured triang
characters are to be integrated into the mixed environm#ét@n  meshes for rendering. Furthermore, voxels are an undeglgiata
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structure for several of the methods discussed earlier,datily  deliver the necessary quality for a seamless blending. Whalet

those that deal with semantic labels&ne et al., 2013, 2017; are approaches to minimize these di erences, voxel-based MR

Valentin et al., 2015; Zhou and Tuzel, 2)1and provide a might be the obvious method of choice to scale with demand.

direct way to represent free space, allowing for natural madeli In addition to resolution matching, all spatial, temporal, and

of occlusions. appearance aws of the real world capturing process have to be
A recent example exploiting these bene ts in mixed realitysimulated, too, to achieve coherence. For example, ickeaimd

is “Remixed Reality”l(indlbauer and Wilson, 20)8Users see noise e ects of depth-sensing cameras are applied to the virtual

a live reconstruction of the space that they are in, and virtua objects to blend them in.

remote, or pre-recorded elements can be inserted into th@avi . .

The underlying data structure that supports thisis arequtat ~ 3-2. Scalability of Resolution

grid, and interactions, modi cations, and composition of lels ~ The overall desired resolution is scalalligure 2shows example

all happen at the voxel-scale. The user, however, is presenté&$olutions for a voxelized 3D model as rendered with our

with a more traditional rendering, where the voxels are cemed ~ Mixed Voxel Reality system described below. The rendered

to a mesh model. Such a conversion is not, however, necessé{@)(d resolution is able to match the e ective voxel resanti

to present the user with a compelling experiengegenbrecht of the real-world capturing devices. For instance, with our

et al. (2017ashow that a direct voxel rendering, like the other (2.5 m)? interaction volume system incorporating Microsoft

non-photorealistic rendering methods discussed aboves giv Kinect cameras we can achieve a voxel resolution of 8mm (voxe

strong sense of presence and embodiment. As with previoglge length). If the resolution of those devices increases,

work on merging real and virtual in video see-through displaysvirtual resolution can match this increase, dfigure 2shows an

(Klein and Murray, 201)) a key step in this process is to rendere€xample with a voxel size down to 1/8th of a millimeter. Howegve

virtual elements with similar noise characteristics to figysical ~current o -the-shelf computing hardware can practically haed

sensors (in this case Kinect depth sensors) so that real anlvi @ 1-10 million-voxel scene with a resolution of 4-8 mm

become indistinguishable. (Regenbrechtetal., 20)ihile voxel resolutions are yet not able
to satisfy the interactivity requirements for MR applications.

3. CHARACTERISTICS OF A 3.3. Visual Occlusion, Interaction, and

VOXEL-BASED MR SYSTEM Collisions

While traditionally occlusion handling in virtual realityand

Voxel-based MR can provide simplicity and elegance irparticularly mixed reality Collins et al., 201)7 is a challenging
computation and software technology. This new simplicityresearch topic, a voxel-based mixed reality approach soli@s th
applies to the way the virtual worlds are stored, computed, anghherently. There is a “natural” depth position for each voxel
presented and to the way we interact with them and hencend therefore all scene occlusions are handled correctliyigwit
develop an understanding of the underlying concept. Voxelghe limitations of the voxel resolution). Because real ainthgl
representing this simplicity, are easy to understand and &asy objects are treated identically, there is not even a ra&lai
handle. If we reduce every aspect of our system to voxels @tclusion con ict, which for instance normally occurs with
the purest possible fashion, we gain a number of positive e ectganual interactionsFigure 3illustrates how mutual occlusions
in computing and engineering as well as in user experiencgetween a virtual object and interacting hands are solved.
which are hard to achieve with other approaches. However, Similarly, collisions, especially for manual interactions
we do not want to benchmark voxel-based techniques againgetween all objects in the scene, can be handled in a computing-
other techniques here, technically or empirically; we rathee cient and more predictable way, e.g., the collision of a tsser
want to show that voxels are e ective for our targeted mixechand with a virtual object in a voxel environment (Seigure 3.
reality experience. Computationally, it is very inexpensive to calculate the simhs

In the following, let us look at some more advantageetween the voxels in question. Also, the user's interactiith w
voxels can have in delivering a real-time MR experience: Visughe object is based on the actually interacting points (ve@hd
coherence, uni ed model handling (everything is represerds  not on any invisible proxy geometries (like colliders) whigk a
voxels in a xed grid), an inherently built-in occlusion hefing,  potentially confusing. Also, because of the underlying Vgxie,
and much easier collision detection. computationally inexpensive colliders, like spheres, can be use

3.1. Visual Coherence 4. THE MIXED VOXEL REALITY SYSTEM

Visual coherence can be inherently achieved because birgyyt

is represented in the form of voxels. Today's state-of-ttie-aIn our laboratory environment we implemented a prototypical
mixed reality systems su er from a delity di erence between system which allows for the actual experience of voxel-based
real and virtual elements. Either reality is high resolatiand mixed reality, i.e., to the users there are no other elements
virtual reality is not (e.g., optical see-through augmenteality) presented than voxels in the environment. This requires (a)
or virtual reality is high resolution and reality is not (e.g the capturing and voxelization of the real environment, (b¥t
video see-through augmented reality). Even projected anggde recording and playback of the real environment (elements) as
reality (commonly referred to as spatial AR) cannot normallyvoxels, (c) the voxelization of 3D models (CAD models), and,
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8 mm 1mm 1/8 mm orig. mesh

FIGURE 2 | Example voxel resolutions as rendered with our system accopanied by random color images to illustrate voxel densitiesThe achievable update rates
fora (2.5 m)'3 interaction space with current hardware and without optingations are above 60 fps @ 8 mm, 8 fps @ 1 mm, and 0.07 fps at 1/8 mm.

FIGURE 3 | Occlusions and interactions in voxel-based MR are effectély handled by the underlying voxel grid—in this example ongeal) hand is occluding the
(virtual) toy while the toy is occluding the other hand in thiack (from left to right voxel resolutions: 8, 1, 1/8 mm).

for non-co-located environments, the transmission of Va@a voxel data via UDP. When the MKS acquires new RGB-D image
over networks. Our system is integrated into a Unity scengigra frames, the color image is adjusted to t the eld of view of the

and our source code will be made publicly available. depth sensor. Because we use concurrent Boost threads for each
Kinect device, the Boost barrier object is used to synchmniz
4.1. Capture all Kinect threads to ensure each thread processes RGB-D data

An earlier version of the system only supported co-located (noat the same time. Otherwise, with no synchronization, some
networked) users and used only one Kinect caméragenbrecht threads might process RGB-D image frames faster than other
et al., 2017g here the real environment is captured with threethreads, leading to dierent images at a point in time. The
Kinect cameras Rigure 5). Kinect camera #1 is our primary Processed RGB-D frame from each Kinect is then written to
camera and is connected to a (Windows) computer, which serveéls ZMQ message and then sent to the voxelization server. The
also as our main computer to provide the visual voxel experienc&oxelizer application receives these ZMQ messages, reads out
The head-mounted display and its tracking system are alséie RGB-D frames, obtains colored point cloud data from the
connected to this main computer. RGB-D images, and then voxelizes the point cloud based on a
In addition, two more Kinect cameras (#2 and #3) areuser de ned bounding box (or voxel space). The voxel position
connected to a second (Linux) computer, which pre-processés then truncated into an unsigned short integer and sent to
the two RGB-D data streams and sends the data via dedicatetr main MVR system via UDP. We also send all RGB-D data
network ports to the main computerFigure 4. Our multi-  as separate instances using di erent ports so we can manually
Kinect serve(MKS) is based on Beck et al.'s implementation forcalibrate each Kinect (using the Unity scenegraph) at the cost
calibrating multiple RGB-D sensor8¢ck and Froehlich, 20).7  of unsynchronized frames and calibration simplicity. While
We used the same Libfreenect2 library they used to implemertiould also have implemented Beck et al.'s multi Kinect catibn
a multi-Kinect server, and the C++ Boost library for concemt ~ method, we opted for a manual alignment procedure because
RGB-D data acquisition on multiple threads. We also used th&e do not require sub-millimeter accuracy as our voxel size is
ZeroMQ middleware framework for sending RGB-D data locallyrestricted by the resolution of the Kinect (resulting in 8nvoxel
because their system provides methods for receiving RGB-&solution). In addition, unsynchronized frames are su oie
data (using ZeroMQ), voxelizing the RGB-D data, and sendindpere, because we either capture a static environment/cbpedy
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and the dynamic objects (recorded people) are not moving fasbating point value of 0.008. Because the maximum precision in
enough to lead to issues with voxel alignment. Future highemating point values stores up to the 1/1,000th decimal place,
voxel resolutions and possible recordings of faster movbjgais  could multiply by 1,000 to obtain a whole number. Then we store
will require synchronization, though. the whole number as a 16-bit signed integer—essentially ee ar
The skeleton data we receive from the main Kinect is used toonverting the units from meters to millimeters. Of coursest
assign voxels to body parts for future use and is not relevant f compression method only works as long as the voxel position
the study and application scenarios reported here. Also, vilnide value as a C# short data type is within the range @&2,768
infrastructure would allow for more than three Kinect carasy and 32,767. However, based on our uniform voxel resolution
we limited the number to three. This also mitigates integiece (320 320 320) and 8 mm voxels, each voxel position axis
problems between multiple Kinect cameras resulting in temporacan be represented betweer2,560 and 2,560—well within the

noise ( ickering of voxels in mid-air and around objects). short data type range limits. For the voxel color, we can reduce
_ it from 4 to 3 bytes if the alpha channel is kept constant (255).
4.2. Recording and Playback To decompress the voxel data, we divide the compressed position

The same system setup is used to record objects or people in thalues by 1,000 (convert unit from millimeter to meter) ardba
environment as for later playback in the voxel-based MR scenthe constant alpha value of 255 (restore back to 32-bit RGBA).
The recording is done on the main computer and the recorded herefore, we send [int16 x, int16y, intl6 z, byte red, byézg,
scenes are stored frame-by-frame. byte blue] per voxel with packet sizes of up to 166 voxels9i.e.,
In our system, a voxel is represented as a 3D position and E6 bytes per packet.
color. The voxel position in our system represents one corfiaro  We choose UDP because it is designed for fast data
cube. The voxel color is represented using the RGBA color spa¢eansmission (appropriate for real-time performance) at thetco
In total one voxel can be represented in 16 bytes: three @atinof reliability. For our application, we can tolerate some packe
point data types for the x, y, z positions (12 bytes), and fouebytloss assuming it does not signi cantly a ect the visual appeas
data types for each red, green, blue colors and the alpha chanmé the voxelized scene. Based on the maximum UDP packet
(four bytes). One voxel frame is stored as a list of voxeld,aan size (65,535 bytes), our initial telepresence network paitoc
voxel (recording) video is stored as a list of voxel frames. transmitted 9 7,000 bytes per UDP packet (7,000 voxels
The size of the recorded voxel le depends on the currenper packet) which works perfectly well in a lab environment.
voxel resolution—nhigher resolution increases the overadel But in order to reduce the overhead related with packet
count of the scene. As a guideline, 8 mm voxels generate abduagmentation/reassembly at the IP layer for real WAN imigtr
200-250 kB per voxel frame. One second of recording takes wonnections, we reduced the voxel packet size down to1%6
about 7 MB and a 30-s recording adds up to about 200 MB. Whehytes per UDP packet (166 voxels per packet)—which just tsthe
the recording is nished, the captured voxel frames are $egd  ethernet MTU (1,500 bytes).
using the C# standard library and stored as a .binary le. We implemented the sending and receiving of voxels on
Recorded voxel data is stored relative to the user-de nedoncurrent threads. When the sender thread receives a new
voxelspace and size and therefore can be directly desedaimd  frame we segment the frame into smaller segments (166 voxels
played back into the Unity scene. Furthermore, assuming thper packet). For each voxel, we reduce the voxel data in the
de ned voxelspace and size is the same as the recording, it wdforementioned method, write them into the packet bu er, and
be played back at its original location. Thirty frames per selco send them to the receiver thread once the packet bu er is lled.
are recorded based on the frame rate of the Kinect. We continue until all remaining voxels are processed. When
We have not invested in compression technique for thisall voxels in a frame are processed, a nal 1 byte packet is
yet, our recorded clips are stored and loaded without angent to indicate the end of a frame. On the receiver thread, we
signi cant delay. We do not use any optimization or compressio implemented a dual bu er for concurrent reading and writing
techniques yet as for our purposes the recorded les are stdllsm (render/receiver thread). We rst check if the received petdk

enough to be handled e ciently. a 1 byte packet. If so we allocate the latest frame bu er to the
_ unused bu er (front/back). We then check if both the dual buser
4.3. Networking are unused by the render and receiver thread. If so, we swap th

To support our application scenarios for telepresence anbu ers and raise a new frame ag to the render thread. When

collaboration, we implemented a simple but e ective netwotkin an end of frame packet is not received, we extract all bytes fro

protocol to transmit and receive streams of voxel data in llocahe packet, decompress the voxels, and then write them to & loca

area and wide area networks. Especially for wide area nesworlou er (latest frame bu er).

a balance has to be found between the number of packets to

be sent and the size of each of the packets. We determined tded4. CAD Voxelization

e ective packet size by testing di erent con gurationsintheld To provide a coherent mixed reality environment, CAD models

between two very distant locations using fast, standargensity  are voxelized and modi ed to match the appearance of captured

internet connections. objects. We closely match the Kinect capturing and voxetinat
We perform lossless compression, which reduces the voxedsult by modeling a virtual Kinect that casts rays into therse

position data from 12 to 6 bytes. In our Unity system, one unitbased on the depth resolution (512424) and horizontal/vertical

equals 1 m—that means a voxel size of 8 mm is represented byedd of view (70/60). The Kinect device is positioned 2.3 m
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FIGURE 4 | Overview of our MVR system con guration.

above the world origin facing downwards at about 8Bigure 5);  with a Point List input type and TriangleStream List output type.
therefore, rays are cast from the same Kinect position at th&/e send a single location for each generated voxel to the shade
same angle in the Unity scene. For each depth image pixel,vehere the GPU calculates the vertices and faces that makeeup t
ray is cast through the near clipping plane (0.5 m) into therespective cube for each voxel every frame. To work within the
scene. If a ray intersects with a mesh, the intersection poirimits of Unity we submit a maximum of 65,536 points per shader,
and color are obtained for all 512 424 rays (essentially a spawning additional GameObjects based on the number of goxel
uniformly spaced point cloud). This is then mapped into ourin the scene. This approach allows for orders of magnitude more
voxelspace producing voxelized CAD models. We also benevoxels to be updated and rendered with interactive framesrate
from raycasted voxelization because by using these Kinecompared with a CPU- and GameObject-based solution.
device properties, we de ne a view frustum which automatjcall  Individual voxels are unlit by the renderer—all the genedate
provides frustum culling. vertices for a single voxel have the same color, as determined
This technique alone only produces a static voxel modekluring reconstruction, and the cube faces are not a ected by
however, we have to consider temporal noise similar to Kinecimbient or directional lighting. Despite this, whole obgct
voxelization. Kinect noise is in uenced by (1) the distardehe  appear to be lit because the reconstruction of physical objects
captured object to the sensor; (2) the angle between the @amencludes the real world lighting, and voxel generation fatwal
and the captured surface; (3) the distance of a pixel in the deptbbjects includes the virtual scene lighting.
image to the central pixel; and (4) the re ectivity of the catd Where multiple voxels would be generated at the same point
material. We reproduced this noise for the CAD voxelizationfrom overlapping objects (e.g., physical and virtual) we only
using a simple Gaussian function where the standard deviatiorender a single voxel without color averaging. This elim@saz-
is computed based on the distance between voxel and virtuajhting and ensures that separate objects remain distindieat

Kinect position. than blending into one another. The nal visual output is then
) ) rendered using the Oculus Utilities for Unity 5 and displayed on
4.5. Integration and Rendering the HMD.

All objects are voxelized into a regular grid space of3320 The entire system is operated in an oce room (with a
voxels (2.58m3 at 8 mm grid resolution) and rendered within physical table in the middle). Three Kinect cameras are placed
a Unity3D system. We achieve this by using a geometry shadet roughly ceiling height, forming a triangle. For consistent

Frontiers in ICT | www.frontiersin.org 7 April 2019 | Volume 6 | Article 7


https://www.frontiersin.org/journals/ICT
https://www.frontiersin.org
https://www.frontiersin.org/journals/ICT#articles

Regenbrecht et al. Voxel-Based Mixed Reality

lighting, three additional lamps are placed next to the Kinecthe study to measure the participants' sense of presence in the
sensors. We use three Oculus tracking cameras. This setepvironment, their spatial perception, and signs of experidnce
gives us enough freedom and stability to track our inter@atti simulator sickness.

space Figure 5. With our MVR system we are targeting our

focus Mixed Reality application areas, namely telepresence and .

telecollaboration, the study of human behavior in dierent 9.2. Conditions and Scenes

settings, entertainment, and training and education. ®iere, We were interested in ve questions addressed in the
we provide functionalities within the MVR system speci cally following subsections.

in support of those applications. In the next section, we are

exploring the empirical feasibility of our concrete prototypes.2.1. Are People Able to Distinguish Between Virtual
implementation, the Mixed Voxel Reality system. We test grecorded or Voxelized) and Real (Physically Present)
number of assumptions about the perception of a voxel-base@pjects?

MR environment with respect to our application targets with gach participant was shown a table with objects (toys) of mixed
a laboratory study, in particular the sense of presence and c@gigin. An object could be (a) real and physically present, (b)

presence as de ning elements for MR. recorded by the three Kinect setup and replayed, or (c) voadli
from a CAD object. Two di erent scenes with six objects each
5. USER STUDY were prepared and participants were asked to name the objects

and then specify the real objects in each scdfiguie 6). In
We designed and executed a user study using the Mixed Voxghch of the two scenes, the participant was asked to rate their
Reality system we have implemented. Of particular interes¢ havton dence after identifying the real objects on a scale of,lo
been the questions around whether people would perceive oyfiedium, or high. The participant was allowed to approach the
voxel-based MR experience as convincing, whether people woulghle and probe their assumptions by touching after completing
be able to distinguish between real and recorded and purelie tasks. People could not con dently and correctly distirghui
virtual objects and people, and whether a sense of presenggal from virtual objects in our voxel-based environment as
and co-presence could be developed. While answers to thoggerall con dence levels were low to medium and the ratio of
questions might look trivial, for our low-resolution experice  correct vs. incorrect identi cation was not higher than byance.

they needed to be addressed and con rmed. More research is needed to explain what factors in uence the
As a summary, we found that perception of objects perceived as real or virtual.
our system is able to deliver a sense of presence and co-
presence, 5.2.2. Do People React With an Immediate Response
recorded characters are convincing and trigger responsée a Virtual (Recorded) Character?
equivalent to real-world situations, To investigate if recorded characters are convincing ehatag
people cannot distinguish real from virtual or trigger an immediate response, a recording was played showing
recorded objects. the instructor reading a piece of paper for about three seconds

Hence, in principle, we are able to support our target a Iica’tior‘?noI then handing over the piece of paper o the participant
N principie, pp get app cross the table to explore if participants would act immedyatel

Scenarios. Commuqlcatlon and gollaboratpn can.be enable@y reaching out for the document={gure 7, left). Data were
virtual and real object and environment interaction can be ) . .
collected as of immediate, hesitant, or no response at all.

supported, and educational training can be provided with P'®\We found that recorded virtual characters are convincingl an
recorded, real or virtual content. In addition, all aspectg a

. . ) . . trigger an immediate response in most cases (18 participants),
integrated into one coherent mixed reality experience. Ie th 99 P (18 p P )

. . . . but incoherent elements in the environments (in our case
following we describe the experiment with our MVR system . . . o L
in detail voice not aligned with position) may lead to some hesitation

(2 participants).

5.1. Participants and Procedure

Twenty participants (15 male, 5 female) between 18 and 59.2.3. Are People Able to Distinguish Between a

years (average 32 years) of dierent ethnicities (11 Caanasi Virtual (Recorded) and Real (Physically Present)

amongst them) took part in the study. Nine of the participantsCharacter?

had previous experiences with VR and HMDs. We wanted to nd out if recorded characters are in the same
Each participant was individually exposed to the voxel-baseday convincing as real characters. A scene was loaded showin

MR system wearing a HMD. The HMD was tted outside two recorded and one real character, this way the participant

the experimental o ce room. This way, participants did not was presented with a scene where three people standing behind

see the real environment or the person operating the systera.table and were asked to point to the real character within 10—

The investigator led the participant into the room, explained20 s Figure 7, right). We found that people could not con dently

the tasks, and collected answers and took notes. The operatand correctly distinguish real and virtual characters asresults

switched between di erent scenes and acted as a real characghow that over half of the participants identi ed the real cheter

in one of the scenes. A questionnaire was administered aftémcorrectly or were unable to distinguish at all.
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FIGURE 5 | The interaction space of our voxel-based MR prototype syste: three Kinect cameras observe a volume of (2.56 rﬁ) which is lled with real and virtual
objects for the user. (Consent was obtained from individualepicted).

FIGURE 6 | Real setups(Top) and what the participants saw(Bottom) . There was temporal voxel noise present stemming from intéarences of the three Kinect
cameras—none of the participants reported negatively abadtthis effect.
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FIGURE 7 | (Left) Screenshot from user's perspective of recorded person (irsuctor) handing over a document. The two images on the rightlepict a scene setup in
reality (Left) and as seen by the participants(Right) . (Consent was obtained from individuals depicted).

5.2.4. Are People Able to Identify the Gender of for mixed reality environments. We left out six items which
Virtual (Recorded) Characters? are only applicable to pure virtual environments. In addition
To explore the level of recognition regarding recorded chas, to the application of the IPQ, we administered an eight item
we prepared two scenes with recordings of four people for eactubset of the Mixed Reality Experience Questionnaire (MREQ)
scene. We were mindful to record people providing not too much(Regenbrecht et al., 201)7bCo-presence was measured by
of a suggestion of the gender (e.g., no facial hair) and ndne ¢hoosing the three co-presence items of BABailenson et al.,
the female actors were wearing a skirt or a dress on the day @p09, and we added two items asking about the believability of
the recording. Participants were asked to specify the genfler objects and characters in the voxel-based MR system (BoQIC). A
the characters and tell us when they recognized a charautgr t questions used Likert-like scales (7-point).

knew in person Figure 8, left). People were able to specify the All four questionnaires' means (IPQ, MREQ, BAIL, BoOC)
gender of a recorded character with very high accuracy bait th are signi cantly above midpoint as tested with a one-sarriple
with increasing distance (in our case over 2.3 m) the redigmi  Test assuming unequal variances [@f19). With at-critical of

was less spontaneous, but still correct. 1.73 allt-stats are higherg < 0.05) thant-critical (IPQ: 7.80,

] ] MREQ: 14.99, BAIL: 4.43, BoOC: 6.01) and therefore the means
5.2.5. Did People Develop a Spatial Awareness of are signi cantly higher than mid-point (4.0). Given thesesuits,
Themselves and Others Within the Environment? we conclude that our voxel-based MR system is able to achieve

To explore this question, we prepared a scene with a virtual sense of presence, co-presence and that objects and characte
mirror. We placed two real scarfs on the table and participantgvere reported to be convincing. After reviewing the three co-
were asked to try on a scarf of their choice and to observgresence questionnaire items we realized that they were a bit
their mirror re ection. After a couple of seconds a recordedmisleading because of the actual co-presence of the inetrirct
character entered the scene from the siBiggre 8 right). The  the room during the experiment. These items should have been

instructor took a note if participants (a) turned their head; o rephrased to emphasize the co-presence of the characters in the
(b) realized and commented, or (c) did nothing at all. Our mixed reality scene only.

expectation that most participants would turn their head tocke

out the character beside them was not met. Only one participant

turned the head immediately. Sixteen participants commented

that somebody was in the room and would either reach out to the-2-7- Summary

correct side to feel if somebody was there or would point to thd he feasibility of the MVR system was explored by testing
correct position when asked where the character was in celati PEOPIes ability to distinguish real (physically presents) cisje

to them. Three participants did not react at all but reported gmh from virtual objects (recorded or voxelized from CAD models)
asked, that they were aware that somebody was beside the®. well as real characters from recorded characters in the MR
Even though we did not get the response we expected we Savironment. In line with our expectations, we found that in
con dent that all participants were spatially aware of the nefgd ~ POth scenarios, participants were not able to identify regcis

character's position. or characters with high accuracy, and that participants regdrt
low to medium con dence in their choices. Using a recorded
5.2.6. Self-Reported Presence and Believability character to trigger an immediate response was successful

After completing the tasks, participants lled in a combinedin the majority of cases, and we found that all participants
questionnaire with a total of 21 items. The rst eight itemeng  correctly identi ed the gender of recorded characters wiilgh
chosen from the igroup presence questionnaire IFEgHubert con dence. In a simple setup using a virtual mirror, we explored
et al., 200). The IPQ is an instrument to measure a person'sf people developed spatial awareness within the MVR system.
sense of presence in a virtual environment assessing spatfthough we did not observe the reaction we anticipated, we
presence, involvement, and realism, which are also relevafdund that people were fully aware of the spatial arrangement.
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FIGURE 8 | (Left) Screenshot of user's view when asked to identify the gender fothe recorded characters. The two images on thgRight) depict the real setup and
the user's (mirror) view when a recorded character entereche scene. (Consent was obtained from individuals depicted)

These observations have been reinforced by the collected sefhe ndings of this study are beyond the scope of this paper and
report measures. will be published separately by our colleagues.

6. CURRENT APPLICATIONS 6.2. Telepresence

Three-dimensional telepresence systems would allow for more
In the following, we want to show how our VMR system washatural communication and cooperation over distance. Instead
and is already used in di erent application scenarios. The rstof showing head-and-shoulder videoconferencing views fimge
scenario makes use of the e ect whereby people respond fearticipants can take part as 3D bodily representations acting i
recorded characters and the delity of the voxel resolution3D conferencing space. With coarse voxel resolutions we lose
can be controlled. The second and third application scenariothe ability to sense ner facial expressions, but we gain non-
build on the system's ability to deliver a perceived sense oferbal communication cues like one's posture and gesturing.
co-presence in an entertainment and telepresence prototy[jéoxe|8 can be transmitted e ciently over networks and could

scenario, respectively. be an enabler for scalable resolution 3D telepresence. Our MVR
system allows two (for now) parties to meet in mutual voxel
6.1. Human Behavior Study space. An internet-based connection is established betivesn

The system's ability to nely tune levels of abstraction barused voxel-based MR computers, and voxel data of the bodies of
for studies on human behavior in certain repeatable, coféthl the participating people are transmitted via a proprietary voxel
and coherent environments. As demonstrated in one of ouformat. The transmission of audio data is left to a dierent
scenes above, voxel-based MR can elicit user responses [jggisting) channel.

reaching for an o ered document. The advantage of the coarse Both parties can talk to each other, see each others voxel
voxel character lies in the controllable balance betweatista  representations and therefore can interact with each other.
and abstraction: a person can be identi able on a spectrunfrigure 10is showing a virtual handshake between two people in
between just recognizable as a person to “that woman whai erentrooms in our lab environment. Even if there is no hapti
just brought me into this room.” This real-abstract balancesensation, we observed a strange feeling of a real handdnake
allows for the study of human behavior under laboratoryaddition, we successfully trialed this system over a reai¢st of
conditions where certain generic characteristics of a hmmamany thousand kilometers and are going to study this applicatio
(actor) are to be displayed (like gender), but controllingneat  in more detail in the future.

confounding features (like empathy). Recently, our MVR system

was used by behavioral psychologists for the study of pregudid.3. Voxelvideos

in children where di erent ethnic characters are presentedim  MVR allows for the production of an alternative, next geneoati
MVR environment and childrens' responses are measured. Orgf video clips—truly three-dimensional videos which we call
hundred children with one of their parents present took part in avoxelvideos. In our example presented here we individually
laboratory study to investigate parental impact on child pdipe recorded audio streams and voxel representations of two folk
to nd out whether they tend to help the own-race individual musicians playing an lIrish folk songrigure 11). The voxel

rst and whether they tend to choose the own-race individualrecordings are then brought into the virtual environmenket

to play with. The children wore a head-mounted display andrecorded audio tracks are positioned spatially where the Mirtua
saw di erent scenes with two recorded characters: one Asiaimstruments are (here a ddle and a guitar), and the audio is
and the other Caucasian sitting next to each other and pretendnally synchronized with the voxel recordings. During plagdk,
interacting with the child (seBigure 9). The delity of the voxels users wearing a head-mounted display with stereo headphones
for the characters was determined in a pilot study to ndthghi  can navigate throughout the scene by simply walking and/or
balance between realism and abstraction. The childrehaber  teleporting and with this are experiencing a 3D visual and audi
was observed and brought into relation with parents' attéed scene interactively.
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FIGURE 9 | Screenshot(Left) and photograph of a real scene(Right) of an experimental study using our system involving 100 chiten determining prejudice bias.
(Consent was obtained from individuals depicted).

FIGURE 10 | Two users (eft and Right) at different physical locations virtually shake hands: seenshot taken of view over a user's shoulde(Center). (Consent was
obtained from individuals depicted).

7. FUTURE WORK AND CONCLUSION Future commodity hard- and software for camera-based
depth sensing will allow for the application of systems that
Our application examples illustrate tiearrentpotential of voxel-  are less spatially constrained, more portable and mobile, and
based MR, i.e., what can be achieved with low- delity, earlyperhaps even ubiquitous. Extending the idea of the O ce
stage voxel-based technology. Because of the state otynfamf the Future Raskar et al., 1998where for instance all
for voxel-based MR systems, we did not even make an attempgiling lights in an o ce are replaced by computer controlled
to show any superiority or inferiority in comparison to other cameras and projectors, we envisage that those cameras
techniques—we simply show feasibility and future prospectsyill be used for a ne-grained voxelized reconstruction of
Technology at large will scale, strictly following Moores/lor  everything within that o ce. For instance, a new version of
not, but also, if our prediction is right, specialized voxdlsions  the seminal AR experiencEhree Angry Mar(Maclntyre et al.,
will evolve. For instance, instead of mesh-optimized graphic200) could be delivered. We are working on combining
systems, manufacturers might o er voxel-optimized systeass ( many RGB-D and other sensors to (a) increase voxel
they did with volume rendering systems in the past) or moredelity, (b) extend the capture range, and (c) to achieve
specialized algorithms will be developed not to optimize vertemore complete voxelizations of real objects, people, and
geometries but voxel interactions. Such systems need rast evihe environment.
be voxel-speci c—voxel grids can be viewed as (3D) tensors, |f such an ubiquitous sensing space also incorporates
much as images are viewed as matrices, so modern tensai-baggchniques that allow capturing thénside of objects then
systems can be exploited. nVidias voxel library GVBB¢tzlein, g truly solid voxel experience can be delivered, i.e., one is
2017 or Intel's True View technique for the NFLV(ew, 201]  aple to really look into objects and to experience a world
show that there is interest in industry in voxel-based teiges.  of solids and voids. Currently, this would be achievable for
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FIGURE 11 | Two musicians performing in a voxelvideo, which can be expted interactively (incl. spatial sound). (Consent was obitged from individuals depicted).

virtual voxel models stemming from solid CAD models, Today's mixed reality voxel worlds are coarse—tomorrow's

like those produced with constructive solid geometryvoxel worlds will be ne (ambiguity intended). In this paper

modelers, or deriving from volumetric data like 3D CT we are making a case for using voxels in MR by way of

scans. Further away future sensing systems might gechnical and practical argument, illustrating examples, and

beyond light (visual, nearly visible) toward techniquekeli exploratory user study. We think that the potential of voxel-

pervasive MRI. For now, we will concentrate on turningbased MR is not unleashed yet. However, we could show

CAD models into solid voxel representations, including wayshat voxels are e ective in terms of users' interactions and

to “intelligently” Il geometries which are given by their technical implementation, that voxels can lead to a sense

hulls only. of presence, and that voxels are computationally e cient
While building those hull-based or solid voxel objectsand scalable.

and environments, we can assign meaning to each and We hope that we have made a convincing enough argument

every one of the voxels. This can and should includdor researchers and practitioners to consider voxel-baseddi

each voxels origin (belongs to CAD object X), its physicateality as an option for new user experiences to be designed

properties, its relationship to other voxels, its label, etcand developed.

This can be done automatically, e.g., while converting CAD

models, interactively, e.g., by “semantically paintingels

(c.f. Valentin et al?{ 2091}5 b);/ way of mgci?ine Iegarning ETHICS STATEMENT

(recognizing objects), or by any other or a combination of

those techniques. All three ways are subject to our currenThe study was approved by the Ethics Committee of the

research activities. Ur!ivers.ity of Otago (D17/279). The participants provided
Beyond visual, this voxel-based MR approach can pwritten informed consent to take part in this study.

extended to other sensory modalities, e.g., each voxel, and

group of voxels, can be assigned acoustic or tactile progerticAUTHOR CONTRIBUTIONS
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