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ABSTRACT
Tele-immersive environments will improve the state of col-
laboration among distributed participants. However, along
with the promise a new set of challenges have emerged in-
cluding the real-time acquisition, streaming and rendering
of 3D scenes to convey a realistic sense of immersive spaces.
Unlike 2D video conferencing, a 3D tele-immersive environ-
ment employs multiple 3D cameras to cover a much wider
field of view, thus generating a very large volume of data
that need to be carefully coordinated, organized, and syn-
chronized for Internet transmission, rendering and display.
This is a challenging task and a dynamic bandwidth man-
agement must be in place. To achieve this goal, we pro-
pose a multi-stream adaptation framework for bandwidth
management in 3D tele-immersion. The adaptation frame-
work relies on the hierarchy of mechanisms and services that
exploits the semantic link of multiple 3D video streams in
the tele-immersive environment. We implement a proto-
type of the framework that integrates semantic stream selec-
tion, content adaptation, and 3D data compression services
with user preference. The experimental results have demon-
strated that the framework shows a good quality of the re-
sulting composite 3D rendered video in case of sufficient
bandwidth, while it adapts individual 3D video streams in
a coordinated and user-friendly fashion, and yields graceful
quality degradation in case of low bandwidth availability.

Categories and Subject Descriptors
C.2.3 [Network Operations]; C.2.1 [Network Architec-
ture and Design]; H.5.1 [Multimedia Information Sys-
tems]: Video

General Terms
Design, Performance
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1. INTRODUCTION
The tele-immersive environments are emerging as the next

generation technique for the tele-communication allowing
geographically distributed users more effective collaboration
in joint full-body activities than the traditional 2D video
conferencing systems [16]. The strength of tele-immersion
lies in its resources of a shared virtual space and the free-
viewpoint stereo videos, which greatly enhance the immer-
sive experience of each participant. Several early attempts
[17, 5, 8] have illustrated the potential applications exem-
plified by virtual office, tele-medicine and remote education
where an immersive collaboration is desirable. To advance
the tele-immersive environments, ongoing research is carried
out in areas of computer vision, graphics, data compression,
and high-speed networking to deliver realistic 3D immersive
experience in real time [15, 4, 8, 13, 9].

As pointed out in [18], one of the most critical challenges
of tele-immersion systems lies in the transmission of multi-
stream video over current Internet2. Unlike 2D systems,
in a tele-immersive environment multiple cameras are de-
ployed for wide field of view (FOV) and 3D reconstruction.
Even for a moderate setting, the bandwidth requirements
and demands on bandwidth management are tremendous.
For example, the basic rate of one 3D stream may reach
up to 100 Mbps and if considering 10 or more 3D cameras
in a room the overall bandwidth could easily exceed Gbps
level. To reduce the data rate, real-time 3D video compres-
sion schemes are proposed [10, 20] to exploit the spatial and
temporal data redundancy of 3D streams.

In this paper, we explore the 3D multi-stream adapta-
tion and bandwidth management for tele-immersion from
the semantic angle. Although our work is motivated by the
data rate issue, the idea is forged to address the concerns
and challenges that are neglected by previous work. First,
the multiple 3D streams are highly correlated as they are
generated by cameras taking the same scene from differ-
ent angles. The correlation is represented by not only the
data redundancy but also the semantic relation among the
streams. The semantic correlation demands an appropri-
ate mechanism of coordination. Due to the absence of such
a mechanism, most 3D tele-immersion systems handle all
streams as equally important, resulting in low efficiency of
resource usage. Second, although it is widely recognized that
the interactivity through view selection is the key feature of
3D video applications [1], the feedback of user view does
not play a central role in QoS control. As a consequence,
current systems do not provide obvious way for a user to
dynamically tune the quality according to his preference.



We address the data rate and bandwidth management
issues utilizing the semantic link among multiple streams
created due to the location and data dependencies among
cameras, and interactive user preferences. The semantic link
has not been fully used, developed and deployed for the pur-
pose of the dynamic bandwidth management and high per-
formance tele-immersion protocols over Internet networks
in previous work. Hence, we propose to utilize the semantic
link in the new multi-stream adaptation framework.

The design of the multi-stream adaptation framework re-
volves around the concept of view-awareness and a hierar-
chical service structure (Figure 1). The framework is di-
vided into three levels. The stream selection level captures
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Figure 1: Hierarchical Multi-stream Adaptation
Framework

the user view changes and calculates the contribution factor
(CF) of each stream for the stream selection. The content
adaptation level uses a simple and fine-granularity method
to select partial content to be transmitted according to the
available bandwidth estimated by the underlying streaming
control. The lowest 3D data level performs 3D compression
and decompression of the adapted data.

The adaptation framework relies on several assumptions
which are relevant to 3D tele-immersion. A1. Frequent view
changes are desirable for applications in concern. A2. At
any time, the user is only interested in one particular view.
A3. Usually a wide field of view is covered (> 180 ◦) and the
subject is not transparent (e.g., a person). Under these as-
sumptions, the framework will differentiate among streams
according to their contribution to the current view and se-
lect suitable adaptation per stream for dynamic bandwidth
management and quality adjustment.

In summary, our hierarchical and semantic-driven 3D multi-
stream adaptation framework for tele-immersive environ-
ments has the following contributions.

Framework. For the first time, we start to carefully
consider the 3D multi-stream adaptation issue using the ap-
proach of a hierarchical framework which integrates user re-
quirement, adaptation and compression.

View-awareness. The feedback of the user view be-
comes the centerpiece of the framework. This configuration
matches the central role of the user view in tele-immersive
applications. Therefore, the framework will navigate the
adaptation and bandwidth management in a more intelli-
gent way from the user’s aspect.

Scalability. As in other distributed systems, the scal-
ability in terms of the number of flows is a very critical
issue. Otherwise, the networking and computational cost
introduced by the adaptation may offset its benefit. Our

adaptation scheme involves very small cost which makes it
scalable in terms of the number of 3D streams.

We have implemented a prototype of the semantic proto-
col and the adaptation framework as part of the service mid-
dleware in the TEEVE project [21] to study the performance
impact on the visual quality in both spatial and temporal
terms. First, the rendered visual quality after the adapta-
tion may degrade as compared with the case of no adap-
tation. Second, when the user changes his viewpoint there
will be a certain end-to-end delay until the content based
on the new view is streamed at full scale. We analyze the
quality degradation through local and remote streaming ex-
periments. The performance results have demonstrated that
the adaptation framework achieves good rendering quality
in case of sufficient bandwidth, while it dynamically adapts
streams according to user preference and yields graceful qual-
ity degradation under bandwidth constraints.

The paper is organized as follows. Section 2 discusses
related work. Section 3 presents the TEEVE architecture.
Section 4 explains the adaptation framework. Section 5 eval-
uates the performance. Section 6 concludes the paper.

2. RELATED WORK
We review previous work on multi-stream compression

and adaptation algorithms for 3D videos.

2.1 3D Compression
The compression of 3D video streams (or depth streams

since they contain the depth information) is a relatively
new area. Pioneering work [10, 9] by Kum et al. has
been focused on inter-stream compression scheme to save
both networking and rendering cost. Under this scheme, the
stream which is the closest to the user view is selected as
the main stream while other streams are compared against
it to remove redundant pixels that are within a threshold
of distance. The major problems of inter-stream compres-
sion include (1) the considerable communication overhead as
streams are initially distributed among different nodes and
(2) the diminishing redundancy between streams that are
not spatially close enough. To alleviate them, a group par-
titioning algorithm is applied. From the adaptation aspect,
the scheme does take into account the current user view for
selecting main stream. However, the group partitioning is
a static process which does not dynamically adjust to the
user view and all streams are treated as equally important.
The distance threshold could serve as a tunable parameter
but it is not straightforward from the user’s perspective. Fi-
nally, the inter-stream compression faces a dilemma as the
compression ratio is highly associated with the density of
cameras. In one experimental setting of [9], 22 3D cameras
are deployed with a horizontal field of 42 ◦ to achieve a 5 to
1 compression ratio. If the same setting is used to cover a
much wider field of view, certain camera selection and 3D
adaptation must be employed to scale the system.

The multi-view video coding (MVC) has recently become
an active research topic including, for example, a multiview
transcoder by Bai et al. [3], and ISO survey of MVC algo-
rithms [2]. The common idea is to augment MPEG encod-
ing scheme with cross-stream prediction to exploit temporal
and spatial redundancy among different streams. However,
as pointed out earlier the cross-stream compression could
involve a very high communication overhead. Most imple-
mented systems we have seen so far still encode each stream



independently such as a multi-view video system by Lou et
al. [11] and a 3D TV prototype by Matusik et al. [12].

As a contrast, the intra-stream compression schemes are
proposed in [20], where each depth stream is independently
compressed to remove spatial redundancy. Compared with
the inter-stream compression, the intra-stream compression
has better scalability as the number of streams increases and
can be used in settings of sparse deployment of cameras,
while achieving much higher compression ratio. However,
the intra-stream compression does not reduce the number
of pixels that need to be rendered. Therefore, it is necessary
to apply an adaptation scheme to lower the rendering cost
as the number of cameras increases. As shown later, the
intra-stream compression can be easily integrated into our
adaptation framework to compress the adapted data.

In summary, 3D adaptation is important under the con-
text of available 3D compression techniques. Although the
compression is one critical solution, it is not the complete
answer to the end-to-end problem.

2.2 3D Adaptation
The 3D adaptation has been used in several tele-immersion

systems and most of them take the view-based techniques
due to two main reasons. First, currently the image-based
approach is shown to be a feasible choice for real-time 3D
video systems [1, 3], where cameras are densely distributed
to reconstruct and render novel views from images taken in
real scenes. Hence, this approach requires tremendous com-
putational power, installation cost, storage and bandwidth
if a large number of video streams are processed in full scale.
Second, it is recognized that the interactivity through dy-
namic selection of viewpoints is the key feature of 3D video
applications (as mentioned earlier).

Würmlin et al. implement a 3D video pipeline [14] for the
blue-c telepresence project [6]. The video system installs 16
CCD cameras covering 360 ◦. During the runtime, 3 cameras
are selected for the texture and 5 cameras for reconstruction
based on the user view. The concern of adaptation is more
focused on the 3D video processing and encoding part to
make it affordable within resource limitations. However,
the issue of QoS adaptation according to the user require-
ment and available bandwidth, and the related spatial and
temporal quality loss have not been addressed.

In other cases, the tolerance of human’s perception is ex-
ploited to facilitate the design and implementation of 3D
video systems. Ruigang et al. implement a prototype of the
group video conferencing system [19], which uses a linear
array of cameras mounted horizontally at the eye level to
capture a compact light field as an approximation for light
field rendering. However, no other adaptation scheme is ap-
plied and all cameras are selected. Hosseini et al. implement
a multi-sender 3D videoconferencing system [7], where a cer-
tain 3D effect is created by placing the 2D stream of each
participant in a virtual space. In their work, the adaptation
is used to reduce the downlink traffic of each user based on
the orientation of the view and its visibility. Conceptually,
we borrow the similar idea but extend it into the 3D domain
where each user is represented by multiple 3D streams.

3. ARCHITECTURE AND MODEL
To help the overall understanding of our multi-stream

adaptation framework, we briefly present the overview of
the TEEVE architecture and data model (details in [21]).

3.1 Architecture
The TEEVE architecture (Figure 1) consists of the appli-

cation layer, the service middleware layer, and the underly-
ing Internet transport layer. The application layer manip-
ulates the multi-camera/display environment for end users
including, for example, synchronizing 3D cameras for recon-
struction, routing 3D streams onto multiple displays, and
capturing user view changes. The service middleware layer
contains a group of hierarchically organized services that re-
side within service gateways. These services explore seman-
tic links among stream, content and user view information
with respect to multiple cameras and displays. Based on
the semantic link, they perform functions including multi-
stream selection, content adaptation and 3D compression.

3.2 Model
There are N 3D cameras deployed at different viewpoints

of a room. Each 3D camera i is a cluster of 4 calibrated 2D
cameras connected to one PC to perform image-based stereo
algorithm [13]. The output 3D frame f i is a two dimensional
array (e.g., 640 × 480) of pixels with each containing color
and depth information. Every pixel can be independently
rendered in a global 3D space, since its (x, y, z) coordinate
can be restored by the row and column index of the array,
the depth, and the camera parameters.

All cameras are synchronized via hotwires. At time t,
the 3D camera array must have N 3D frames constituting a
macro-frame Ft of (f1

t ... fN
t ). Each 3D camera i produces

a 4D stream Si containing 3D frames (f i
t1 ... f i

t∞). Hence,
the tele-immersive application yields a 4D stream of macro-
frames (Ft1 ... Ft∞).

4. ADAPTATION FRAMEWORK
Embedded in the service middleware (Figure 1), the adap-

tation framework includes the stream selection, content adap-
tation and 3D data compression. Figure 3 gives a more de-
tailed diagram of the framework. We concentrate on the
stream and content levels, describing the protocol and re-
lated functions (details of the 3D compression in [20]).
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Figure 3: Adaptation Framework in Detail

4.1 Stream Selection Protocol
Step 1. Whenever the user changes his view, the infor-
mation is captured at the receiver end, which triggers the
stream selection and CF calculation functions. After that,



(a) Images from Multiple Cameras (b) 3D Rendering using 12 Cameras (c) 3D Rendering using 7 Cameras

Figure 2: Comparison of Visual Quality

the IDs of selected streams (SI) and associated contribution
factors (CF ) are transmitted to the sender end.
Step 2. The sender decides for each macro-frame Ft, the
bandwidth allocation Ai of its individual 3D frames. The
allocation is based on the user feedback of Step 1, the av-
erage compression ratio and the bandwidth estimation from
the underlying streaming control.
Step 3. The bandwidth allocation is forwarded to the con-
tent adaptation level, where each stream is adapted, passed
to the 3D data level for compression, and then transmitted.

4.2 Stream Selection
The orientation of camera i (1 ≤ i ≤ N) is given by the

normal of its image plane, ~Oi. The user view is represented
by its orientation ~Ou and viewing volume Vu to capture view
changes by rotation and translation. The user also specifies
his preferable threshold of FOV as T (T ∈ [0, 1]). For unit

vectors, the dot product ( ~Oi · ~Ou) gives the value of cosθ,

where θ is the angle between ~Oi and ~Ou. When a cam-
era turns away from the viewing direction of the user, its
effective image resolution will decrease due to the foreshort-
ening and occlusion. Thus, we use ( ~Oi · ~Ou) for the camera
selection criterion and derive SI as in (1).

SI = {i : ( ~Oi · ~Ou) ≥ T, 1 ≤ i ≤ N} (1)

Figure 2 illustrates the stream selection effect. Figure 2a
shows the color portion of 3D frames from 12 cameras. Fig-
ure 2b shows the 3D rendering effect when all cameras are
used, while Figure 2c only uses the cameras by choosing
T = 0 (i.e., a maximum of 90 ◦ from the viewing direction).

4.3 CF Calculation
The CF value indicates the importance of each selected

stream depending on the orientation ~Ou and the volume
Vu of the current user view. The viewing volume is a well-
defined space within which objects are considered visible and
rendered (culling). Given a 3D frame, we may compute the
visibility of each pixel. To reduce the computational cost,
we divide the image into 16×16 blocks and choose the block
center as the reference point. The ratio of visible pixels is
denoted as V Ri amd the CF is calculated in (2).

∀i ∈ SI, CFi = ( ~Oi · ~Ou)× V Ri (2)

4.4 Frame Size Allocation
The goal of the streaming control is to keep the conti-

nuity of conferencing. For this, it maintains a stable frame

rate while varying the macro-frame size to accommodate the
bandwidth fluctuation. Based on the estimated bandwidth,
the average compression ratio, and the desirable frame rate,
the streaming control protocol suggests a target macro-frame
size (TFS) to the upper level. Suppose the size of one
3D frame is fs. The task of the frame size allocation be-
comes critical when TFS is smaller than m × fs (where
m = |SI|) and it has to choose a suitable frame size for
each selected stream. We propose a priority-based allocation
scheme which considers several factors. (1) Streams with
bigger CF value should have higher priority. (2) Whenever
possible, a minimum frame size defined as fs× CFi should
be granted. (3) Once (2) is satisfied, the priority should be
given to cover a wider FOV.

We sort SI in descending order of CF to assign Ai. If
(TFS ≥ fs ×

P
j∈SI CFj), the stream frame is allocated

size as in (3),

Ai = min(fs, fs× CFi +
(TFS −

Pi−1
j=1 Aj)× CFiPm

j=i CFj
) (3)

which means after the minimum frame size is allocated, the
residue of TFS is allocated proportional to CF . If (TFS <
fs×

P
j∈SI CFj), then we allocate minimum stream frame

size in order of priority (4).

Ai = min(fs× CFi, TFS −
i−1X
j=1

Aj) (4)

Thus, it is possible that some of the selected streams may
not get the quota of transmission. To fully evaluate the
performance, in later experiments we compare the priority
scheme against the non-priority scheme (5).

Ai =


TFS/m if TFS < m× fs
fs otherwise

(5)

4.5 Content Adaptation
The content adaptation layer adapts the 3D frame fi for

the assigned frame size Ai. As each pixel can be indepen-
dently rendered, we take the approach of the pixel selection
which provides a fine-granularity content adaptation. That
is, we evenly select pixels according to the ratio of Ai/fs as
we scan through the array of pixels. The ratio is attached
to the frame header so that the row and column index of
every selected pixel can be easily restored at the receiver
end, which is needed for 3D rendering (Section 3).



5. PERFORMANCE EVALUATION
We embed the adaptation framework in the TEEVE ser-

vice middleware. For evaluation, we use 12 3D video streams
(320 × 240 resolution) pre-recorded from the multi-camera
environment showing a person and his physical movement
with a horizontal FOV of 360 ◦.

5.1 Overall Rendering Quality
The first set of experiments are performed on the local

testbed, where we send video streams to the 3D renderer
within the same Gigabit ethernet. The adaptation is config-
ured to choose TFS between 8 fs and 1 fs. Meanwhile, we
gradually rotate and shift the view during the experiment.
Figure 4 shows the comparison of the rendered quality of
the two schemes. The peak signal-to-noise ratio (PSNR) is
calculated by comparing with the base case of full streaming
(i.e., 12 streams each with 100% content).

When TFS is large, the two schemes have the same qual-
ity because each selected stream can be transmitted with the
full content. When TFS is further reduced (macro-frame
number > 500 in Figure 4), the two schemes show differ-
ent quality degradation. For most of the cases, the quality
of priority scheme is better than the non-priority scheme.
The trend continues until TFS is reduced to around 2 fs
(macro-frame number > 1300). Then the qualities mix with
each other. In the priority scheme, only part of the body
is rendered because some of the streams are dropped. How-
ever, in the non-priority scheme, the full body is still visible.
The average PSNR is shown in Table 1.

5.2 Rendering Time
The renderer is implemented with OpenGL. We measure

the rendering time using a Dell Precision 470 computer with
1 GByte memory running Windows. The average rendering
time of 12 streams is 159.5 ms per macro-frame. Table 1
shows the average rendering time for each TFS (we combine
the results of both schemes as they are very similar).

TFS (fs)
Average PSNR

Time
Priority Non-Pri.

7 39.75 39.38 93.83
6 36.85 33.31 84.63
5 34.46 31.48 68.36
4 31.79 30.02 55.87
3 30.15 28.98 43.82
2 27.71 27.66 31.89
1 26.42 26.91 22.59

Table 1: PSNR (dB) and Rendering Time (ms)

5.3 Rendering Quality of View Changes
One important consequence of the multi-stream adapta-

tion is the delay of response. When the user changes his
view, the SI and CF will change accordingly which requires
streams of new configuration to be transmitted so that the
new view can be correctly rendered. We set up a remote
streaming testbed between University of Illinois at Urbana-
Champaign and University of California at Berkeley to study
the temporal impact of adaptation.

We select TFS = 5 fs and stream the 3D videos at the
frame rate of 10 Hz. The renderer has the buffer space of
1 macro-frame. The average round-trip transmission delay

is 86 ms, which is the duration between the renderer sends
a request and the new macro-frame arrives. Thus, we keep
the end-to-end delay below 200 ms. Figure 5 shows part
of the streaming results which illustrate the quality degra-
dation following view changes. Overall, the degradation of
the priority scheme is bigger than the degradation of the
non-priority scheme, especially when we apply large view
changes. However, for both schemes the quality improves
within the next two or three frames. The average delay be-
tween the time when the user made the view change and the
time when the new view is correctly rendered is 237 ms.

6. CONCLUSION
We present a multi-stream adaptation framework for band-

width management in 3D tele-immersive environments. The
framework features a hierarchical structure of services and
takes the user view and the semantic link among streams,
content and compression into account. The semantic infor-
mation guides the stream selection, the content adaptation
and the 3D data compression at different levels of the end-
to-end system. We propose a criterion, the contribution
factor, for differentiating the importance of each 3D stream.
Based on the CF, we utilize a priority scheme for band-
width management. We compare the rendering quality of
our approach with the adaptation of a non-priority scheme
in both local and remote streaming tests while varying the
target macro-frame size and applying different levels of view
changes. Under small and gradual view changes, the prior-
ity scheme achieves better rendering quality for most cases.
When the view changes increase, the quality degradation of
the priority scheme becomes higher within a short interval
of two or three frames.

For the future work, we are interested in considering the
scenario of multiple views at the receiver end, investigating
other content adaptation techniques, and developing quality
prediction mechanisms for adapting 3D videos.
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