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Abstract
Headsets for virtual reality such as head-mounted displays have become ubiquitous and bring immersive experiences to individual users. People who stand
outside the virtual world may want to share the same scenes that are shown on
the screen of the headset. It is therefore of great importance to merge real and
virtual worlds into the same environment, where physical and virtual objects
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exist simultaneously and interact in real time. We propose shared augmented virtual environment (SAVE), a mixed reality (MR) system that overlays the virtual
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world with real objects captured by a Kinect depth camera. We refine the depth

Funding information
Science and Technology Commission of
Shanghai Municipality, Grant/Award
Number: 17XD1402900, 17JC1403800

map and exploit a Graphics Processing Unit (GPU) based natural image matting method to obtain the real objects from cluttered scenes. In the synthetic MR
world, we can render real and virtual objects in real time and handle the depth
from both worlds properly. The advantage of our system is that we connect the
virtual and real worlds with a bridge controller mounted on the Kinect and need
to calibrate the whole system only once before use. Our results demonstrate that
the proposed SAVE system is able to create high-quality 1080p live MR footage,
enabling realistic virtual experiences to be shared among a number of people in
potential applications such as education, design, and entertainment.
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1

I N T RO DU CT ION

By wearing a headset for virtual reality (VR), users may enjoy a live music performance by their favorite musician from
an arbitrary viewpoint, make a virtual tour to the Great Wall of China, Eiffel Tower, and Statue of Liberty in a single day,
or virtually try on clothes from online shops.1–4 Such devices produce photorealistic 3D contents and offer immersive
experiences for people who are actually using the apparatus.
The virtual world, however, is blocked within the headset. In many cases, sharing VR experiences among a number of
people such as colleagues and friends is of significance.5 This desire still remains challenging. First, the user immerses in
the virtual world in first-person view (FPV), whereas the others expect to watch how the user interacts with virtual objects
in third-person view (TPV). Viewpoints need to be transformed from FPV to TPV. Second, the virtual world with the real
objects need to be merged seamlessly in the mixed reality (MR) world, to ensure that everything exists in the same world
naturally. Third, because both real and virtual worlds are 3D, depths in the MR world need to be handled consistently
Comput Anim Virtual Worlds. 2018;29:e1805.
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FIGURE 1 Our shared augmented virtual environment. (a) A user wears a headset and interacts with the virtual objects in the virtual
scene. (b) The virtual scene displayed on the screen of the headset (in first-person view). (c) The real scene captured from Kinect. (d) The
mixed reality footage integrated the virtual scene and the real objects (in third-person view)

according to the depth from both worlds. Finally, real and virtual worlds need to be rendered to create a high-quality live
MR footage with tolerable latency.
Milgram et al.6 introduced a reality–virtuality continuum that encompasses all possible variations and compositions of
real and virtual objects between completely real and virtual environments. At the demand of sharing VR experiences, MR7
aims at creating augmented virtuality, where real objects (such as the user) are augmented into the virtual environment.
In this paper, we propose shared augmented virtual environment (SAVE), an MR system that overlays the virtual world
with real objects to facilitate the sharing of VR experiences in real time, as shown in Figure 1. Our system overcomes the
existing difficulties in creating high-quality MR at a low cost. Virtual and real worlds are connected by a bridge controller
mounted on top of a Kinect depth camera, and the real objects can be image mattered from arbitrary real environments.
We verify our system on several 1080p MR examples in which human–computer interaction is implemented in the MR
world smoothly.
Our contributions in this paper are as follows.
• We introduce a novel method of mounting a third controller on a Kinect to bridge the virtual world displayed in the
headset and the real world. Coordinate systems in both worlds can then be transformed easily for the final MR synthesis.
• We propose a stand-alone calibration step to characterize the entire SAVE system. The calibration step needs to be done
only once before use, which makes our method flexible and easy to implement.
• We develop a GPU-based natural image matting method for automatically extracting real objects and use an effective
depth fusion step in the merging of real and virtual worlds into the MR world with proper depth arrangement.
• We design a multi-thread in multi-process (MTMP) strategy to speed up the rendering of high-quality 1080p live MR
footage.

2

RELATED WORK

In the reality–virtuality continuum, there are two extremes, reality and virtuality. Between the two, we have augmented
reality (AR) and augmented virtuality (AV). AR augments the real world with virtual data synthesized, whereas AV augments the virtual environment with data from the real world. In MR, we merge real world with virtual world, which
actually covers AR and AV. In the earlier years, people used a 3D live recording room to reconstruct a 3D person and mix
them into the virtual world.8,9 These two methods are complicated, and the cropped person cannot interact with the virtual
world. Suma et al.10 mounted a heavy PrimeSensor with light-emitting diode (LED) markers in front of a head-mounted
display (HMD) to capture a depth map, cropped people and objects from the real world, and then mixed them with the
virtual world. Günther et al.11 used chroma-keying techniques to segment hands from background and mixed them into
the virtual world. However, they were unable to get the depth of the hands.
Recently, for AR and MR applications, many researchers used depth cameras, such as Kinect, to get depth maps of the
real world and merge contents from real and virtual worlds. This approach is able to get accurate depth maps at a low
cost and makes it easy to build the sharing VR system. Ventura et al.12 presented a method to handle occlusion in AR.
The method obtained depth maps of the real world by computing stereo image pairs captured in a stereo camera system.
However, they had limited accuracy in stereo matching and their AR system.
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To tackle the problems of seamless integration of the real world and the virtual world in MR applications, as well
as to acquire real-time lighting and interaction in a dynamic environment, Lensing et al.13 presented a method using
a low-cost depth camera to acquire an original depth image with a series of filters and optimization operations.
Schiller et al.14 presented an MR system based on a time-of-flight camera that captures depth maps of the real world in
real time. They used the captured depth maps to generate a real-world model and exploited the geometric information
for real-world segmentation and occlusion handling. Three cameras, including a fish-eye camera, a time-of-flight camera,
and a perspective camera, are integrated into a single system.
Another critical issue in MR is to extract objects of interest from the background. Image matting techniques are developed for many years to solve this problem. There are mainly two classes of image matting techniques, natural image
matting and green/blue screen matting. For natural image matting, sampling-based methods such as in the work of
Shahrian et al.15 pick many samples from both foreground and background. The samples are selected according to the
weighted sum of pixels. Singaraju et al.16 assumed that a smooth transition exists between foreground and background
layers and carried out image matting by selecting the transition areas. Deep learning-based methods were more recently
proposed to achieve the most accurate results17,18 ; however, they cannot obtain results in real time. With the aid of depth
information from red, green, blue, and depth (RGBD) cameras, some researchers proposed methods for image matting in
real time.19–21 Inspired by the previous work, we develop a robust method to extract real objects from cluttered scenes.
Real-time tracking devices have been implemented commercially in the recent years. We may need one or more kinds
of Microelectromechanical systems gyroscope, accelerometer and laser position sensors to track the pose of a device.22
HTC Vive integrated these sensors in a single system to track the device pose, called Lighthouse technique. Controllers
and HMD can be easily and accurately tracked in the system in real time.

3

SYSTEM OVERVIEW

Our SAVE system is designed to utilize off-the-shelf hardware with a customized algorithm to build an MR system to share
high-quality VR contents among multiple people, as shown in Figure 2. A user wears a VR headset and plays in FPV in
the virtual environment. At the same time, the user's actions are captured and transferred along with the VR content to
the rendering algorithm. Our algorithm synthesizes an MR world that merges the interaction of the user and the virtual
objects. Others can therefore share the experience of the user in the virtual world in TPV.
The system configuration is shown in Figure 2. It has two main aspects, hardware subsystem and software subsystem.
The hardware subsystem is composed of off-the-shelf devices, including an HTC Vive for VR display to a user, a Kinect to
capture the user's actions, and a host computer to process the data and render the MR world. A third controller included
in the HTC Vive, called bridge controller, is mounted on top of the Kinect to connect the real and virtual worlds. Sensors
and monitors in the hardware subsystem are used for signal generation, interactive parameters transferring, and results

FIGURE 2 The shared augmented virtual environment system configuration. The system consists of three blocks: virtual reality (VR)
rendering to the head-mounted display in the first-person view, communication in and between the VR process and mixed reality (MR)
process, and MR integration to the screen in the third-person view
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displaying. The software subsystem includes algorithms of system calibration, image matting, and MR rendering. They
are designed for connecting all the hardware, detecting the status of devices, collecting data from HTC Vive and Kinect,
merging the virtual and real worlds, and displaying the final results.
The hardware subsystem has two types of sensors, positioning sensors on Vive and depth, and image sensors on Kinect.
The positioning sensors detect and confirm geometric poses of the Vive, three controllers, and two base stations. The
sensors on Kinect capture color images and depth maps of the real world. Meanwhile, there are two types of monitors,
HMD on Vive and screen along with the host computer. The HMD shows the virtual world to the user, and the screen
displays the MR world in TPV to the audience.
We have three steps in the software subsystem. In the initial step of data preparation, OpenVR software development
kit (SDK) is used to connect HTC Vive and Kinect SDK is used to connect Kinect. Positioning of the HMD and controllers,
color images, and depth maps of the real world are collected accordingly. In the second step, calibration is performed to
transform the coordinate systems between the virtual and real worlds. After calibration, we render the VR and MR videos
with the computed transformation between Kinect and the bridge controller. The rendered MR footage can therefore be
displayed on the screen in TPV.
In following sections, we introduce the design and implementation of these subsystems in detail.

4

SYSTEM C ALIBRATION

In our SAVE system, the ultimate goal is to render a synthetic MR world in TPV, consisting of both virtual objects and real
objects that are extracted from the background. As shown in Figure 3, the system encompasses four coordinate systems:
virtual world coordinate system (WCS), HMD coordinate system (HCS), bridge controller coordinate system (CCS), and
Kinect coordinate system (KCS). In order to synthesize the MR world, we need to transform virtual objects from WCS to
KCS in real time.
Unfortunately, it is difficult to determine the pose of Kinect in WCS. In particular, Kinect may be moved from time to
time. It is impractical to calibrate the system every time the configuration is changed. We mount a third controller, except
the two used in the HTC Vive system, called bridge controller, on top of the Kinect as a device set, because it is convenient
to obtain instant poses of the controller in WCS directly from the OpenVR SDK. The bridge controller is connected to our
system via Universal Serial Bus interface.
Our proposed method results in a controller–Kinect (CK) module (see Figure 3). The advantage of this module is that
the Kinect is either static or moved; we need not repeat the calibration as long as the bridge controller is rigidly fixed with
the Kinect. This calibration step can therefore be stand-alone and is needed only once before use.

FIGURE 3 Coordinate systems for calibration. The device set of bridge controller and Kinect is shown in the small image. WCS = world
coordinate system; HMD = head-mounted display; HCS = HMD coordinate system; CCS = controller coordinate system; KCS = Kinect
coordinate system
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We keep the CK's position unchanged during calibration. First, we need to get a sufficient number of HMD's 3D
coordinates in both WCS and KCS. From these coordinates, we compute the static transformation matrix between WCS
and KCS. Meanwhile, we can get directly the transformation matrix between WCS and CCS from OpenVR SDK. From
these two transformation matrices, we then obtain the transformation matrix between KCS and CCS. When we render
the dynamic scenes in the MR world, we can use this transformation matrix to connect the virtual world and real world
effectively. We explain the mathematical relationship between the coordinate systems as follows.

4.1

HMD coordinates in WCS

We denote the origin of the HCS as a point in WCS. The homogeneous coordinates can be represented as pwH =
(xwH , 𝑦wH , zwH , 1)T , which are equal to a pure translation of the HMD origin from the WCS origin. From OpenVR SDK,
we obtain the transformation matrix TW→H ∈ R4 from WCS to HCS at an arbitrary HMD pose. This transformation
matrix can be decomposed as the product of a rotation matrix RW→H ∈ R4 and a translation matrix ZW→H ∈ R4 ,
that is,
TW→H = RW→H ZW→H
⎡ r11
⎢r
= ⎢ r11
⎢ 011
⎣

r12
r12
r12
0

r13
r13
r13
0

0⎤⎡1
0⎥⎢0
0⎥⎢0
1 ⎥⎦ ⎢⎣ 0

0
1
0
0

0
0
1
0

xwH ⎤
𝑦wH ⎥
zwH ⎥ .
1 ⎥⎦

(1)

All the effective entries in the rotation matrix are exactly the corresponding entries in TW→H . We then have the translation
matrix by
−1
TW→H .
ZW→H = RW→H

(2)

Note that the HMD coordinates are the first three entries in the last column of the translation matrix. We thus compute
the HMD origin coordinates in WCS.

4.2

HMD coordinates in KCS

In order to get the homogeneous coordinates of the HMD origin in the KCS, we adopt the calibration method by Zhang.23
Suppose that the HMD origin in KCS is pkH = (xkH , ykH , zkH , 1)T . The transformation from the KCS to image coordinate
system can be represented as
1
K [I 0] (xkH , 𝑦kH , zkH , 1)T ,
(3)
(u, v, 1)T =
zkH
where (u, v) are the pixel coordinates in the image coordinate system. Here, K ∈ R3 is the camera intrinsic matrix
[
]
𝛼 0 u0
K = 0 𝛽 v0 ,
0 0 1

(4)

where (u0 , v0 ) are the coordinates of the principal point, and 𝛼 and 𝛽 represent the scale factors in image u and v axes,
respectively. Once we know the depth of each point, we can compute the coordinates of the HMD in KCS as follows:
{
u−u
xkH = zkH 𝛼 0
(5)
v−v
𝑦kH = zkH 𝛽 0 .

4.3

Static transformation matrix from WCS to KCS

Having defined the HMD coordinates in both WCS and KCS, we are able to compute the static transformation matrix
from WCS to KCS. In this case, we have the relationship between pwH and pkH by defining a transformation matrix T̃ W→K ,
such that
(6)
pkH = T̃ W→K pwH .
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In order to compute T̃ W→K , we need at least 4 pairs of coordinates to solve the 12 unknowns. In practice, we choose
n = 15 pairs of coordinates in both WCS and KCS. Suppose that the coordinates set in WCS is Sw ∈ R4×n , as follows:
[
]
SW = pwH1 pwH2 · · · pwHn ,
(7)
and that the coordinates set in KCS is Sk ∈ R4×n ,

[
SK = pkH1

pkH2

···

]
pkHn .

(8)

Hence, we have
SK = T̃ W→K SW ,

(9)

and the static transformation matrix can be computed by
T̃ W→K = SK S†W ,

(10)

where S†W = (STW SW )−1 STW is the pseudoinverse of SW .

4.4

Transformation matrix from CCS to KCS

Now, we have the static transformation matrix T̃ W→C between WCS and CCS in OpenVR SDK and are able to link the
coordinates of an arbitrary point qw in WCS, qk in KCS, and qc in CCS. We have
{
qk = T̃ W→K qw
(11)
qc = T̃ W→C qw .
Therefore, the transformation matrix from KCS to CCS can be computed as
TC→K = T̃ W→K T̃ −1
W→C .

(12)

Because the bridge controller is rigidly fixed on top of the Kinect, the transformation matrix TC→K from CCS to KCS
remains the same wherever Kinect is moved.

4.5

Dynamic transformation from WCS to KCS

In the rendering step, we need to transform the objects in the virtual world into KCS, that is, from WCS to KCS. From an
arbitrary point qw in WCS, its coordinate in KCS can be computed by
qk = TW→K qw ,

(13)

where the dynamic transformation matrix TW→K can be computed by
TW→K = TC→K TW→C ,

(14)

where TW→C is the instant transformation matrix obtained from OpenVR SDK in real time, and TC→K is the fixed
transformation matrix we computed in the static calibration step.

5

SAVE INTEG RATION

Our goal in the SAVE system is to generate high-quality 1080p MR footage in real time. To achieve high frame rate, we
divide the process into two: VR process for rendering the virtual scenes into HMD, in which the user interacts with virtual
world objects, and MR process for rendering the MR scenes on the screen in TPV, in which other people watch user
interaction in the virtual world.
For fast and effective communication in the system, we design communication modules for communication management and data transfer in the VR and MR processes and also for the data exchange between them, as shown in Figure 4.
We refine the depth map from Kinect for accurate depth information, exploit a GPU-based natural image matting technique to extract the user who wears the HMD from the background of the real scenes, and finally integrate all the aspects
into our system, as described in details in the following subsections.
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FIGURE 4 Communication pipeline. Communication management and data transfer in the VR process and MR process separately and
between the communication modules in the two processes. VR = virtual reality; MR = mixed reality; HMD = head-mounted display

5.1

Communication modules

According to the independency degree of each component in our system, a straightforward method is to communicate
with single thread in a single process. Updating virtual objects (updating module), rendering in HMD (headset module),
capturing in Kinect (Kinect module), and fusing virtual and real objects (fusion module) are executed sequentially. This
method disrupts the output frame rate, leading to severe rendering latency in either the VR process or the MR process.
To improve the performance, we used an alternative, which is multi-thread in a single process. Updating the module and
headset module is thus implemented on Thread 1, and Kinect module and fusion module on Thread 2. Key parameters and
data need to be exchanged in a swap pool. However, multi-thread in a single process also has defects that fusion module on
Thread 2 has to wait for the updated parameters and data from the swap pool, which are actually generated on Thread 1.
To further improve the performance, we design an MTMP that separates the VR process and the MR process in a higher
layer of architecture as shown in Figure 4. Both processes are running separately and have their own communication
modules to establish and terminate the communication and to transfer parameters and data.
In the VR process, the headset module uses the scene model and the view and projection matrices to render the scenes
to HMD. These matrices may be affected by the user's interaction with the virtual objects in every frame, resulting in
changes of geometry, viewpoint, and lighting. In the MR process, the main task is to handle Kinect module and fusion
module and render the frame to the screen. These modules are separately implemented on their own threads and make
frames in real time.
For real-time MR rendering, the scene model needs to be identical within the VR process, only except for the difference
of view matrix. The communication modules in the two processes therefore adjust the scene model, which may vary
partially with the user's interaction in each frame. In order to reduce the nonessential data communication, both processes
only exchange data that include the poses of the devices (such as the bridge controller and HMD) and the poses of objects
in the changed scene model. Moreover, in the work mode of MTMP, the VR process and the MR process render the scene
models and acquire results separately. There is no relation between them regarding the frame rate. The two processes
therefore need to load the same scene model and render it with model-view transformation matrix and projection matrix
separately.
In the communication modules, we design the work mode of MTMP with TCP/IP socket communication, which makes
the two processes implemented within the same network, instead of on the same machine, such that it can improve hardware performance significantly. There are two tasks of the communication modules: (a) Communication management is
responsible for the establishment and termination of the socket pipeline, for listening and responding to the data requests,
and for connecting, except for handling; and (b) transferring of data for exchanging data with the pipeline, parsing data
with preset rules, and updating data to the swap pool.
We then synchronize the parameters and data in the swap pool. The communication modules are in charge of updating
the tasks; all the other modules in our system work directly with the parameters and data whenever they are updated.
The sending parts where the parameters and data are generated are responsible for actively sending relative parameters
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and data. The receiving parts get the transferred data from the socket pipeline to the parsing parts. Once the received data
agree with the specific rules, the updated parts modify the backup of the corresponding data in the swap pool. Meanwhile,
the VR and MR processes can be implemented with the respective backup of data independently, which guarantees the
respective frame rate of outputs.
We also need to exchange data between the VR and MR processes. From the VR process, we send the beginning pose
of each device and the difference between the beginning pose and the last pose of each device to the MR process. From
the MR process, after receiving the data from the VR process, we render the virtual world combined with user interaction
from Kinect on the screen in TPV.

5.2

Depth map refinement

The depth data captured with Kinect are usually incomplete with no-measured depth (NMD) pixels, especially around the
boundaries of objects of interest, mainly caused by the baseline between the depth sensor and laser emitter in Kinect and
by the occlusion between the objects and the background in the real scene. It is time consuming to refine the depth data
with elaboration and is inefficient for real-time MR. We develop a GPU-based method to fill adaptively the NMD pixels
in parallel, which is inspired by Zhao et al.20 We first segment the NMD pixels into shadow (due to foreground–object
occlusion) and noise (due to out-of-range or reflective surface), as defined in the work of Yu et al.24
The size of the depth map from Kinect is 512 × 424, which is non-identical to the size of the red, green, and blue (RGB)
image, we generate a 1, 920 × 1, 080 depth map using SDK in Kinect. Along each horizontal scanlines, we detect the NMD
pixels whose neighbors on the left side are non-NMD pixels, and we list these NMD pixels as NMD line. We count the
number of pixels in the NMD line and compare it with a shadow offset, which can be determined as follows:
)
(
1
1
−
,
(15)
d = b𝑓
zo zb
where d denotes the length of the shadow offset, b denotes the length between the laser emitter and the depth sensor, f
is the focal length of the depth sensor, and zo and zb are the depth values of the object and the background, respectively.
We compute the difference between each NMD line and its corresponding shadow offset. If the difference is less than a
threshold, the NMD line is considered as shadow; otherwise, it is considered as noise.
After NMD pixels segmentation, we then fill the shadow and noise with two different strategies. For a shadow pixel,
because it is caused by foreground–object occlusion, it in fact belongs to the background. We therefore select eight neighboring non-NMD background pixels on the left side of the NMD line and compute the average of their depth values as
the depth value of the shadow pixel.
For a noise pixel, as it is caused by out-of-range or reflective surface, we estimate its depth value using a joint bilateral
filter with neighboring non-NMD pixels, as in the work of Gangwal et al.,25
1 ∑
I(x) =
I(xi )GD (‖I(xi ) − I(x)‖) GS (‖xi − x‖) ,
(16)
W𝑝 x ∈Ω
i

where Wp denotes the normalization term, as determined in the following equation:
∑
GD (‖I(xi ) − I(x)‖) GS (‖xi − x‖) ,
W𝑝 =

(17)

xi ∈Ω

where I(x) is depth value of the noise pixel, and GD and GS are the kernel functions for smoothing depth values and
coordinates, respectively.
Our hole-filled depth map can be used to automatically generate a trimap for image matting, in which white, black,
and gray indicate foreground, background, and unknown, respectively. For precise matting, we enlarge the unknown area
in the trimap by applying morphological operations. Also, the hole-filled depth map can be used in the final fusion step.

5.3

GPU-based geodesic matting

We extract objects in the real world using a natural image matting method, instead of constant color matting such as green
screening, so that our system is applicable in robust scenes while the objects can remain in high quality when integrated
into the MR world.
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In natural image matting, we assume an image I is a composite of a foreground image F and a background image B.
The color of the ith can be assumed to be a linear combination of the corresponding foreground and background colors,
Ii = 𝛼i Fi + (1 − 𝛼i )Bi ,

(18)

where 𝛼 i is the pixel's foreground opacity.
The popular closed-form matting26 relies on the local color–line model, which assumes that the values of Fi obey Fi =
𝛽 i F1 + (1 − 𝛽 i )F2 in a small window, where F1 and F2 are the known foreground values in the small window. Although the
assumption can handle most situations, it can be easily violated when using large kernels, as pointed out by He et al.27
For better matting and real-time performance, we improve the geodesic matting method28 on GPU. We first divide the
entire image of 1, 920 × 1, 080 into 3,600 blocks of 32 × 18. At the same CUDA kernel function, we ignore the image
blocks without unknown pixels and record those blocks with unknown pixels into one set S. Second, for each image block
with unknown pixels in set S, we compute the foreground probability density for each unknown pixel according to the
following equation:
Pr (cx | )
,
(19)
P (cx ) =
Pr (cx | ) + Pr (cx |)
where Pr (cx | ) is probability density function (PDF) with the feature of color and depth values. We construct the feature
value for each pixel as
(20)
Ci = (Cc R, Cc G, Cc B, Cd D),
where CC is the weight of color value to its feature, and Cd is the weight of depth. We also compute P (cx ) for each
unknown pixel. After the probability density computation for each unknown pixel, we calculate the geodesic distance to its
background and foreground neighbors. The geodesic distance is considered as the minimum geodesic distance between
two pixels, as defined in the work of Bai et al.,28
d(c1 , c2 ) = minCc1 ,c2

|W(x) · Cc ,c | dx,
1 2|
∫c1 ,c2 |

(21)

where Cc1 , c2 denotes the path connecting the pixels c1 and c2 , and W(x) is the gradient along the path in feature space of
color and depth. We finally compute the alpha value as follows:
l (c) = Dl (x)−r · Pl (c), l ∈  , 
𝛼(c) =

5.4

 (c)
.
 (c) +  (c)

(22)
(23)

Virtual–real fusion

Now, we have four images: virtual world color image, virtual world depth image, user color image, and user depth image.
They are of the same resolution. We compare the values of the two depth images pixel by pixel and select the color pixel
with smaller depth value, which means that we obtain the object closer to the third person.

6

EXPERIMENTAL RESULTS

We implemented our SAVE system on a 64-bit desktop with Intel Eight Core 3.5GHz CPU, 16GB memory. and NVIDIA
GeForce GTX 1080 with 8GB memory graphics card. The RGBD camera is Microsoft Kinect v2, which provides 1, 920 ×
1, 080 RGB images and 512 × 424 depth maps with 30 Hz. We exploited HTC Vive for VR display with which the Lighthouse technique can accurately track in real time the VR devices (such as the controllers and HMD) in the system. For
software implementation, we applied CUDA 8.0 library and its auxiliary libraries, including cuSparse and cuSolver. We
have ensured that the SAVE system with C++ can satisfy our real-time performance and high-quality MR footage rendering in VR applications of museum tour and online shopping, as shown in Figure 5a,b. We transplanted and executed
our system on the Unity platform because rich VR contents are available for application in, for example, entertainment
(Figure 5c).
We calibrated the system with the device set of bridge controller and Kinect for the poses of Kinect and obtained satisfactory results that the controller grasped by the user (green) agreed with that rendered in the virtual scene (orange), as
shown in Figure 6.
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FIGURE 5 The shared augmented virtual environment applications. From left to right: real scene, virtual reality (VR) scene, and mixed
reality (MR) footage in (a) museum visiting, (b) virtual shopping, and (c) house touring

In this paper, we extended the depth map of 512 × 424 in Kinect to the depth map of 1,920 × 1,080 and refined the depth
map for significant improvement in our previous work 29 , as shown in Figure 7. The boundary of the user is much clearer
in the refined depth map, compared with the extended depth map (refer the boundary of the user to the RGB image).

FIGURE 6 Calibration results. The controller grasped by the user (green) agreed with that rendered in the virtual scene (orange)
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FIGURE 7 Depth map refinement. Left: extended depth map. Middle: corresponding RGB image. Right: hole-filled depth map

FIGURE 8 Depth map refinement. Left: mask from the refined depth map. Middle: trimap with extended unknown area.
Right: extracted user

We also improved the green screening with a GPU-based natural image matting method. As shown in Figure 8, the
trimap was automatically obtained from the depth mask, which was generated with the refined depth map. The user was
extracted with sufficient quality in real time (30 FPS).
In addition, the MR footage with the refined depth map has few defects in Figure 9 (left), in contrast to those shown in
fig. 9 (right) in our previous work.29

FIGURE 9 Improved mixed reality footage with our refined depth map. The mixed reality footage in our work (left) and that in the work
of Zhu et al.29 (right)
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FINAL REMARKS

We have demonstrated a SAVE system for real-time MR applications. We proposed a device set of bridge controller and
Kinect to connect the real and virtual worlds. We calibrate the system transformation matrix from the KCS to the bridge
controller system, such that we have a fixed relationship between the two, and we need only one calibration before use.
We designed an MTMP strategy for the communication in and between the VR and MR processes. Moreover, we refined
the depth map and developed a GPU-based natural image matting method for real objects extraction from the real scene.
Our experimental results show that the SAVE system can provide VR experiences among multiple people in real time
with high-quality 1080p live MR footage.
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