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ABSTRACT
Streaming of progressive meshes enables users to view 3D meshes
with increasing level of details, by sending a coarse version of a
mesh initially, followed by a sequence of refinements to incremen-
tally improve the quality. Our research concentrates on howto send
refinements to quickly improve the quality. Two important fac-
tors are considered in choosing the sending order: the dependency
among the data and the view point of the user. First, we develop an
analytical model to investigate the effect of dependency when pro-
gressive meshes are transmitted over a lossy network. Second, we
propose a receiver-driven protocol to streaming progressive meshes
according to users’ view-points in a scalable way. Third, tofurther
improve the scalability, we discuss how to apply our receiver-driven
protocol in a hybrid peer-to-peer streaming system.

Categories and Subject Descriptors
I.3.2a [Graphics Systems]: Distributed/Network Graphics; C.2.4b
[Distributed Systems]: Distributed Applications

General Terms: Performance, Design

Keywords: 3D streaming, progressive meshes, view-dependent,
peer-to-peer

1. INTRODUCTION
High-resolution 3D meshes are increasingly available in net-

worked applications, such as digital museum, online game, and vir-
tual reality. The amount of data constituting a high-resolution 3D
mesh can be huge, leading to a long downloading time. To reduce
the waiting time of users, a common technique for remote viewing
is progressive streaming, which allows a low-resolution version of
the mesh to be transmitted and rendered with low latency. Then
the quality of the transmitted mesh can be incrementally improved
when the refinement information is continuously being transmitted.

Progressive mesh [5] is commonly used to support progressive
streaming. A progressive mesh comprises abase mesh and a series
of refinements. The base mesh is obtained by simplifying the origi-
nal mesh with a series ofedge collapses. With thevertex splits, the
inverses of these edge collapses, the original mesh can be recon-
structed from the base mesh (see Figure 1). Therefore, progressive
streaming can be implemented by sending the vertex splits asre-
finements after sending the base mesh.

In progressive streaming, the quality of the mesh on the receiver
increases over time, and plotting this quality versus time gives us
a quality curve. Because vertex splits contribute differently to the
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Figure 1: Vertex split and edge collapse.

quality, the quality curve depends on the decoding order of the ver-
tex splits, which in turn depends on the sending order of the vertex
splits. Therefore, it is important to choose a sending orderso that
the quality on the receiver increases as fast as possible. This prob-
lem is the main objective of our research.

A natural method is to send vertex splits in the descending or-
der of their contribution to the quality of the received mesh. This
strategy, however, is not always optimal, because dependency also
plays an important role, especially when the mesh is transmitted
over a lossy network.

The progressive coding of meshes introduces dependencies
among the vertex splits, and the descendants cannot be decoded be-
fore their ancestors are all decoded. Therefore, when a progressive
mesh is transmitted over a lossy network, a packet loss will dis-
able the decoding of the following vertex splits if they depend on
this lost packet. These successfully received vertex splits cannot be
decoded until the lost packet is successfully retransmitted. Hence,
the effect of dependency needs to be considered in choosing the
sending order of vertex splits. To find the effect of dependency is
non-trivial as the packet loss happens randomly. In Section3, we
propose an analytical model to quantify the effect of dependency
on the quality curve.

To further improve the quality curve, we can consider the view-
point of the user in deciding the sending order. Usually, users can
only see a part of a mesh, so sending non-visible data before vis-
ible data wastes bandwidth. Moreover, the visual contributions of
visible vertex splits (how much they can improve the rendered im-
age) also depend on the view-point of the user. Hence, choosing
the sending order according to the viewpoint of the user, so called
view-dependent streaming, is a natural choice.

In existing solutions to view-dependent streaming, the sender de-
cides the sending order. This sender-driven protocol has several
drawbacks. First, it is not scalable to many receivers as thesender
has to determine the visibility of vertices and sort the visible vertex
splits based on their visual contributions for each receiver. Second,
the sender needs to maintain the rendering state of each receiver to
avoid sending duplicate data. Due to the stateful design andhigh
computational requirements, the sender-driven approach cannot be



easily extended to support many receivers with caching proxy and
peer-to-peer system, two common solutions to scalability.

In Section 4, we propose a receiver-driven protocol to improve
the scalability. In our protocol, the receiver decides the sending or-
der and explicitly requests the vertex splits, while the sender simply
sends the data requested. The sending order is computed at the re-
ceiver by estimating the visibility and visual contributions of the
refinements, even before receiving them, with the help of GPU.

The receiver-driven protocol significantly reduces the comput-
ing cost at the sender, but the bandwidth can remain the bottleneck
if each receiver receives data from the same sender. Peer-to-peer
(P2P) technique is a common solution to increase the scalability
without high cost to increase the number of servers. Applying the
P2P technique into progressive mesh streaming system is consid-
erably simplified by our receiver-driven protocol since thesender
is stateless and free of expensive computations. Whereas, the im-
plementation is still challenging because the flexibility of choosing
the sending order of vertex splits increases the difficulty of sharing
data among peers.

In P2P mesh streaming, users may choose to look at different
facets, or zoom into different level. Therefore, each peer may
choose a unique sending order of vertex splits. As a result, it is dif-
ficult for a peer to keep receiving needed data from another peer for
a long time, and a peer would have to continuously look for peers
to retrieve the mesh data from, which may introduce large mes-
sage overhead. How to reduce the message overhead then becomes
one of the main challenges for P2P mesh streaming. In Section5,
we introduce our current study on how to implement a P2P mesh
streaming system based on our receiver-driven protocol.

2. RELATED WORK
Since Hoppe proposed progressive mesh in 1996 [5], many stud-

ies have investigated the streaming of progressive meshes,but most
of them assume that the mesh is sent in a fixed order. Gu and Ooi
[4] first consider choosing a sending order to reduce the depen-
dency so that the quality curve can be improved. In our study [3],
we consider both the dependency and the contributions of thever-
tex splits and quantitatively show the effect of dependency.

Many studies of view-dependent streaming of progressive mesh
exist, but all of them let the sender decide the visibility and the
sending order. In these papers, we learn most from the work ofKim
et al. [8, 7]. We adapt their truly selective method into our system
both to reduce dependency and to enable implicitly embedding the
identification number into the vertex splits.

P2P streaming of 3D scenes is studied by Hu et al. [6], but in
their system a single object is still sent in a fixed order. In this
thesis, we focus on how to send each object in a view-dependent
order based on our receiver-driven protocol.

3. AN ANALYTICAL MODEL OF
PROGRESSIVE MESH STREAMING

In streaming of progressive mesh, we want to choose a send-
ing order of vertex splits so that the quality increases as quickly as
possible. Hence, we evaluate a sending order based on the quality
curve it generates. Whereas, streaming of progressive meshover a
lossy network generates a random quality curve due to the random
packet loss, and the uncertainty of the quality curve increases the
difficulty to compare different sending orders. Therefore,we pro-
pose an analytical model to predict the average quality curve, i.e.
the expected value of quality at every moment.

The mesh quality is determined by the decoding time of the ver-
tex splits and their contributions to the overall mesh quality. The
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Figure 2: Rendered image on the receiver’s screen. The shaded
are the screen area of vertex V1 and vertex V2.

decoding time of a vertex split depends on its receiving timeand
the receiving time of its all ancestors. The receiving time of a ver-
tex split in turn depends on its sending time and how many times it
is transmitted.

Our model gives an expression for the expected decoding time,
given the dependencies among the vertex splits and the network
condition (including loss probability). From this expression, we
can efficiently know both the expected value and the distribution of
the decoding time of each vertex split before transmission.Conse-
quently, we can analytically evaluate different sending orders effi-
ciently without simulations. Hence, our model can help in devel-
oping a sending strategy to improve the quality curve duringtrans-
mission. Furthermore, we derive closed-form expressions in two
extreme cases, providing insights to the importance of dependen-
cies on the decoded mesh quality. The main insight is that if each
lost packet is immediately retransmitted upon the packet loss is de-
tected, then the dependencies only matters in the first several round
trip times. Therefore, the effect of dependency is only significant
in the applications requiring high interactivity. The details can be
found in our paper [3].

4. RECEIVER-DRIVEN PROTOCOL
Another important factor in choosing the sending order is the

view-point of the user. We can improve the quality quicker bycon-
sidering users’ view-points. All existed systems let the sender de-
cide the sending order for each receiver, but this sender-driven ap-
proach is not scalable to a large number of clients. To address this
problem, we propose a receiver-driven protocol. Implementing the
receiver-driven protocol, however, is non-trivial. First, the receiver
has to decide the visual contribution of a vertex split before receiv-
ing it. Second, the receiver needs to know the unique ID (identifi-
cation number) of each vertex so that it can explicitly request data
to split it. Explicitly including the IDs in the vertex splits is not
appropriate as it will significantly increase the data size.

For the first difficulty, we find that although it is difficult for the
receiver to accurately measure the visual importance of a vertex
split before receiving it, estimation suffices in our scheme. In cur-
rent implementation, we estimate the visual importance of avertex
splits based on its screen area – the screen-space area of allthe
neighbor faces of a vertex in the rendered image (see Figure 2).
The rationale is that if the screen area of a vertex (V1 in Figure
2) is larger, it is likely the quality can be improved more by split-
ting this vertex. Moreover, the screen-space area can be efficiently
computed with the help of the GPU.

To uniquely identify each vertex, we borrow the idea from Kim
and Lee [8]. In this system, all IDs can be deduced by the receiver
without any extra information. The IDs of the vertices in thebase
mesh are their sequence numbers. The IDs of the children can be
derived from the ID of their parent by appending a digit ’0’ (left
child) or ’1’ (right child).



Then, based on these two solutions, we propose a receiver-driven
protocol in which the receiver initiates the transmission by sending
a request. Then the sender sends back the whole base mesh. The
receiver decides the visibility and requests the vertex splits for the
visible vertices in the descending order of the screen-space area. If
the view point changes, the visual importance will be re-computed
and a new list of vertex splits will be requested. More details can
be found in our paper [2].

Because the visibility determination and state maintenance are
all done by the receivers, the sender in our receiver-drivenprotocol
is stateless and free of complex computation (the CPU cost isre-
duced by24% in our experiment). Further, caching proxy and P2P
streaming systems can be applied to improve the scalabilitywithout
adding more servers.

5. PEER-TO-PEER STREAMING PRO-
GRESSIVE MESHES

The receiver-driven protocol introduced in Section 4 simplifies
the implementation of the P2P view-dependent streaming of pro-
gressive meshes. Some significant modifications and extensions,
however, need to be done to apply the protocol in a P2P mesh
streaming system.

The interactive nature of view-dependent streaming of progres-
sive mesh requires low latency. Moreover, in a P2P mesh stream-
ing system, because peers need to frequently look for new peers
to retrieve data, the searching time cannot be amortized. Hence,
reducing the searching time is crucial in progressive mesh stream-
ing. One common approach to reduce the latency is that each peer
advertises its contents periodically to other peers. Each peer then
knows who has the chunk it needs and send the corresponding re-
quest without inquiring. But when the number of peers is large,
the advertisement packets may overwhelm the whole network.A
possible solution is to group the receivers having similar interest
together and confine the advertisement of contents among peers in
the same group to reduce the message overhead.

To address the above problems, we proposed a hierarchical
grouping system. First, we adapt our receiver-driven protocol to
the concept of chunk, commonly used in P2P systems. Our chunk
is of much finer granularity, to allow each peer the flexibility of re-
trieving only the visible segments of a mesh. Each chunk has the
size of one packet in our implementation, consisting of multiple
vertex splits, although we can easily generalize it to largechunks.
A peer sends a chunk ID to request for a set of vertex splits. Once
a chunk is received, all the vertex splits in this chunk are decoded.

The question now is that how a peer knows which chunk to re-
quest and which group to join when it decides to refine a certain
segment of a mesh. One naive solution is to store the chunk ID and
group ID together with vertices, but this method adds additional
overhead. Another method is to organize the mesh into a hierarchy
of bounding boxes and to generate chunks and groups based on the
bounding boxes. Whereas, since a vertex in a bounding box might
have ancestors in other bounding boxes, this method increases de-
pendencies among the chunks, which might delay the decodingof
some received vertices until other chunks have been received.

In our hierarchical grouping system, we define chunks and
groups based on vertex dependencies. In brief, a chunk comprises
vertices having common ancestor and a group comprises chunks
having common ancestors. Figure 3 is a simple example and more
details are omitted due to the space limit here.

The main advantages of the hierarchical grouping system areas
follows. First, it fits the dependency among the vertex splits well,
so the packetization will not increase the dependency amongthe
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Figure 3: A simple hierarchical grouping system.

chunks. Second, since all vertices in a chunk have a common ances-
tor, they are connected and typically close to each other. Hence, our
hierarchical group incorporates spatial locality. Third,the group ID
and chunk ID are implicitly coded with the vertex ID, so they can
be deduced by the receiver without any extra data.

We are still working on this problem. Our current experimental
results show that the hierarchical grouping system works well. We
can reduce the server overhead by about 90% at the cost of 10%
message overhead. Meanwhile, the latency is acceptable.

6. FUTURE PLAN
We have several plans to improve our current study. First, we

plan to adapt our analytical model to the real network, as currently
the analytical model is based on simulations. It is challenging since
the packet loss in the real network is complex. Second, we want to
improve our receiver-driven protocol with a better method to esti-
mate the visual contributions of vertex splits. A candidateis to con-
sider the complexity of the shape of the neighborhood [1]. Third,
we will continue our research on the P2P mesh streaming system.
Some of the main research problems are: (1) how we can reduce the
switch delay since switching happens frequently; and (2) whether
the push-based method can be used in the mesh streaming system
to reduce the response time.
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