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Abstract

In this paper, we present a protocol for dynamically main-
taining a degree-bounded delay sensitive spanning tree in a
decentralized way on overlay networks. The protocol aims
at repairing the spanning tree autonomously even if multi-
ple nodes’ leave operations or failures (disappearances) oc-
cur simultaneously or continuously in a specified period. It
also aims at maintaining the diameter (maximum delay) of the
tree as small as possible. The simulation results using ns-2
have shown that the protocol could keep reasonable diameters
compared with the existing centralized static algorithm even
if many nodes’ participations and disappearances occur fre-
quently.

1 Introduction

Recent innovation of the Internet has brought us sev-
eral interactive group applications such as multi-user video-
chatting/conference systems. Since those applications require
broadcast communi cation from every participant to the others,
some multicast infrastructure among those participants is de-
sired. For such a purpose, peer-to-peer multicast (referred to
as overlay multicast) is a reasonable solution where a span-
ning tree involving al active participants (i.e. peers, referred
to as nodes in this paper) of the application is constructed by
connecting those nodes via unicast channds.

Such an interactive group application is generaly delay-
sensitive. Therefore, minimizing the diameter (maximum de-
lay) on an overlay spanning tree is an important issue. Alsoin
overlay multicast, it is important to consider bandwidth con-
straints around nodes. Since overlay links through a node ac-
tually use the same network interface of the node, the traffic
amount of the node depends on its degree (the number of links
of the node on the tree). So the degree should not exceed the
capability limitation of the node.

In this paper, we present a protocol caled MODE

(Minimum-delay Overlay tree construction by DEcentralized
operation). MODE constructs a Degree-Bounded Minimum
Diameter Tree (DBMDT). The construction problem of DB-
MDT is known as NP-hard [1]. Therefore, Ref. [1] pro-
poses a heuristic algorithm called Compact Tree (CT) algo-
rithm which is similar with Prim’s minimum spanning tree al-
gorithm [2]. Since CT algorithm focuses on static and cen-
tralized construction of aDBMDT, it is not suitableto directly
adopt it to the DBMDT problem with nodes’ join or leave op-
erations (or failures) during asession. When some nodes leave
a session, such an algorithm may require many modifications
of the existing tree as well as much computation time in order
to obtain a new tree with asmaller diameter. This may largely
affect continuity of the session.

On the other hand, MODE aims at repairing the existing
spanning tree in a simple, fast and decentralized way when
at most £ nodes simultaneous or continuous disappearances
occur (k is a protocol parameter). It also aims at shortening
the diameter of the repaired tree. Our experimental results us-
ing ns-2 have shown that MODE could achieve similar diam-
eters with CT algorithm in small computation time and small
amount of contral traffic even though MODE is autonomous
and decentralized one.

This paper is organized as follows. Section 2 formulates
the DBMDT problem. In Section 3 and Section 4, our MODE
protocol is presented. Section 6 shows the experimental re-
sults and Section 7 summarizes the related work. Section 8
concludes the paper.

2 Prdiminaries
2.1 DBMDT Problem

Hereafter, we call the participant nodes of an overlay tree
simply nodes.

The definition of a Degree-Bounded Minimum Diameter
Tree (DBMDT) is given below. Let G = (V, E) denote a
given undirected complete graph where V' denotes a set of
nodes and F denotes a set of potential overlay links which



are unicast connections between nodes. Also let d,,q.(v) de-
note a degree bound (the maximum number of overlay links)
of eachnodev € V, and let ¢(7, j) denote the cost (delay in
this paper) of each overlay link (¢, j) € E. DBMDT isaspan-
ning tree T' of G where the diameter of 7" (the maximum cost
of the paths on 7T) is minimum and the degree of each node
v € V (denoted as d(v)) does not exceed d 4, (v). Hereafter,
dmaz 1S USEd to represent the maximum degree bound of all
the nodes (i.e. max,cv {dmaz(v)}).

2.2 MODE Protocol Overview

MODE provides a decentralized heuristic algorithm that
constructs a DBMDT, under nodes' participations and disap-
pearances. In MODE, two logica phases called a collection
phase and anormal phase are repeated alternately. The period
of the collection phase is very short (e.g. less than two sec-
ondsin our experimentsin Section 6) while that of the normal
phaseisrelatively long (e.g. one minute).

In anormal phase, MODE copes with nodes' two kinds of
operations, (i) join and (ii) leave/failure (referred to as disap-
pearance), in a decentralized way. We consider nodes' disap-
pearances as a good occasion to shorten the diameter of the
current tree. Therefore, whenever a disappearance happens,
the “center nodes” of the isolated sub-trees are re-connected.
Here, the center node of atreeis onewhichisthe closest to the
center of the diameter path. Also, the repair procedure should
be done quickly enough to prevent data delivery from being
suspended for a long time. For such a purpose, each node u
collects in the precedent collection phase the information of
sub-trees (such as their center nodes) which will be isolated
if a neighboring node v disappears. This collection is done
in a recursive (incremental) way. The collected sub-tree in-
formation is used for quick and efficient execution of repair
procedures in the normal phase. Also, we have made MODE
tolerant to at most & nodes' disappearancesin anormal phase.

2.3 Generic Assumptions

Nodes may disappear from atree at any timing. In order to
discuss the consistency of our protocol, we give the following
assumptions concerned with the disappearances of nodes.

G1. Any node's disappearance does not affect the physical
(underlying) network, and each node can immediately
detect its neighboring node’s disappearance.

G2. The initial node never disappears and each new node
which wants to join a tree knows the network address
(e.g. IP address) of this node.

This does not mean that the initial node plays a role of
a centralized node. It only works as a well-known node
required for new nodes' participations.

G3. A node's disappearance never occurs that loses any con-
trol message.

3 Collection Phase Protocol

For simplicity of discussion, we explain our collection
phase protocol without assuming any disappearance during
collection phases. To validate the protocol under some dis-
appearances, see Section 5.1.

3.1 Initiating Collection Phase

As we mentioned in the previous section, we assume that
the initial node never disappears (see assumption G2). This
node is called the root node. The root node starts a collection
phasefor every (regular) interval by broadcasting synchroniza-
tion messages on the current tree.

Recall that d,,., denotes the maximum degree bound of
all the nodes. When the root node (say node a) sends syn-
chronization messages to its neighboring nodes, it assigns a
node ID Otoitself and also assignsnode IDs 1,...,d(a) to those
neighboring nodes. Similarly, if a node v receives a synchro-
ni zation message from a neighboring node and if it knows that
node ID n is assigned to itself, it assigns node IDs starting
fromn X dmaz + 1 UptOn X dpa. + d(v) — 1 to therest of
its neighboring nodes when it sends messagesto them. Finally
all the nodes in the tree have unique node I Ds.

Note that these IDs are used to identify parent-child rela
tionship between neighboring nodes (a smaller ID indicates a
parent) as well as to deliver control messages on trees in nor-
mal phases.

3.2 Sub-treelnformation

For a pair of two adjacent nodes » and v, let T', ,, denote
the sub-tree rooted at node v and isolated by node v's disap-
pearance.

Each neighboring node v of node u collectsthe information
of all the sub-trees which will be isolated by node u’s future
disappearance. The sub-tree information of 7', ,, includes the
followings.

e v’'snetwork address (e.g. |P address) and node ID
e dia(T,,) : thediameter of T, ,,

e diaNode(T, ) : aset of (k + 1) nodes which are the
candidates of the center nodel. For each node » €
diaNode(T,), itsresidua degree d,cs(2) = dpmaz(2) —
d(z), network address and node ID are also included.

3.3 Collecting Sub-tree Information

A node enters a collection phase if it has received a syn-
chronization message from its parent and sent synchronization
messages to al its children.

A leaf node does not send synchronization messages. In-
stead, when it receives a synchronization message, it enters

1Having k + 1 candidates in each sub-tree means that there exists at least
one node in diaNode(Ty,» ) which isalive even if k nodes disappear.



a collection phase and sends a collection message to its par-
ent. Each non-leaf node in a collection phase acts as follows.
Whenever it receives collection messages from all the neigh-
boring nodes except one neighboring node (say ), it sends a
collection message to node . Each node u goes into a nor-
mal phaseif, for each its neighboring node v, u has received a
collection message from v and has sent a collection message
to v. This means that in a collection phase, 2(n — 1) collec-
tion messages are exchanged on the tree. We will explain how
information collection is done by those collection messages.

Each node v is responsible for calculating the sub-tree in-
formation of 7, , and includes the information into the col-
lection message from node v to node u. Due to the recur-
sive definition of sub-tree information presented in this sec-
tion, node v can calculate the sub-tree information of T, ,, if
it receives collection messages from all the neighboring nodes
(s wi, ..., wa(v)—1) EXCEPt u. For therecursive definition, we
introduce the following auxiliary parameters for each sub-tree
Tuv-

o depth(T,,,) : the maximum delay of T, ,, fromv.

e depthNode(T, ) : the node list of the maximum
delay path of T, , from v. For each node » €
depthNode(T, ), itsresidual degree d,es(2) = dmax —
d(z), network address and node ID are also included.

We first consider to definethem in arecursive way. Here“ @”
denotes the concatenation of node lists.

depth(Tu,v) = 1<j21<?()§)—1

{depth(To,w,;) + (v, wj)}
For w; which maximizes the above,
depthNode(Ty,,) = [v]QdepthNode(T), ;)

dia(T,,,) can aso be defined in arecursive way.

dia(Ty.) = dia(Ty ), jointdepth
1a(Tuw) 1§jrél¢?()5)—1{ 1a(Tyw, ), jointdepth}
where
jointdepth = 131,5131)((v)71{depth(Tv’w’) + (v, wy)

+depth(Ty,w,) + c(v,wy)}

Here, w, and w, denote two different nodes in
W1, ooy, Wa(v)—1-  The diameter of T, is the maximum
value of (i) the diameters of its sub-trees and (ii) the sum of
the two longest depths from node v.

Finally, diaNode(T, ) can be defined as follows.
diaNode(Ty, )
diaNode(Ty, ;) (if dia(Ty,w) = dia(Tyw;))

(k + 1) nodes near center node on “jointpathlist”
(if dia(Ty ) = jointdepth)

dia(Toa) 4
diaNode(To1)  [[6(1),26(2)]
depth(Tos) 3
_ depthNode(Tos) [[1(1),6(1),26(2),105(3)]
0,1~ dia(T12) 0
dia(Tss) 0 diaNode(T12) _ [[5(3)]
diaNode(Trs) |[5(3)] . [dia(Te) 3 /@
depth(Ts) 0 “. [diaNode(Tie)  [[6(1).26(2)]
depthNode(T1s) |5(3)

dia(T16) 3
diaNode(Tis) _|[6(1),26(2)]
depth(Tze) 2
\depthNode(Tn,e) [6(1).26(2),105(3)] @
/| dia(Te,25) [9)
/|diaNode(Tezs) [[25(3)]

dia(Ts.2s) 0 ;
diaNode(Tezs) |[25(3)] ]
depth(Te.25) 0
depthNode(Te.25)| 25(3)

K —

/ |dia(Te.26) 1

/ [diaNode(Te2s)  |[26(2),105(3)]
dia(Ts.26) 1
diaNode(Te2s)  |[26(2),105(3)]
depth(Te.26) 1
depthNode(Ts.2s) |[26(2),105(3)]

e dia(T26,105) 0
dia(T2s.105) 0 diaNode(T2s,105) [[105(3)]

“\..___|diaNode(Tzs10) |[105(3)]
depth(Tzs,105) 0
depthNode(T26.105)105(3)

- dmax(v)=4 (for all v), thus dmax=4

- k=1

- integer of each node denotes node ID

- integer following node ID denotes
residual degree of the node

Figure 1. Sub-tree Information Collection
where

jointpathlist
= reverse(depthNode(T, ., ))@[v]Qdepth Node(T ) .,

and “reverse” isthe reverse function of alist?. If the diameter
of T',, isthe same as that of a sub-tree T', ,,;, the correspond-
ing diaNode(T,,,) isthe same as that for T’ ,,;. On the other
hand, if the concatenation of two maximum delay paths from
v becomes T, ,,'s diameter path, we select (k + 1) candidate
nodes from the nodes on the new diameter path.

The collection message sent from v to « includes:

e the sub-tree information of 7', ,,
e depth(T, ) and depthNode(T, ) and
e the sub-tree information of 7', ,, for each w except w.

Therefore, after node u receives/sends collection messages
from/to al its neighboring nodes, node u knows each sub-tree
information of T, ,, where v is a neighbor of node v and w is
aneighboring of node v. Then it enters anormal phase.

3.4 Example

Fig. 1 shows how collection messages are exchanged. Ini-
tially, nodes 5, 25 and 105 send the information (and auxiliary
parameters) of the sub-trees T 5, T¢,25 and Ta6 105 respec-
tively, since they are the leaf nodes (here we omit the case for
leaf nodes 9 and 10). Node 26 receives the collection message
from node 105, cal cul ates the sub-tree information (and auxil-
iary parameters) of T 56 and sendsit to node 6, together with

2If diaNode(Ty,v) hasless than k + 1 nodes, node v selects the rest of
nodes from dia Node (T, w, ) a many as possible until dia Node (T, ) has
k + 1 nodes or no node isleft in any diaNode(Ty ., )-



the sub-tree information of T'26 105. |f Nnode 6 receives collec-
tion messages from nodes 25 and 26, it calculates the sub-tree
information (and auxiliary parameters) of 7'; ¢ and sendsit to
node 1 together with T’ 25 and T 26’S sub-treeinformation. If
node 1 receives the collection messages from nodes 5 and 6, it
calculates the sub-tree information (and auxiliary parameters)
of Tp,1 and send it to node O.

Similarly, node 1 receives the collection message from
node 0. If it receives the message, it calculates the sub-tree
information of T ; and T5,; and sends them to nodes 6 and
5, respectively. Since node 1 knows al the three sub-tree in-
formation of T 25, 1,26 and T5 1, it knows the required in-
formation for the repair procedure of node 6's disappearance.
Note that by exchanging those information, nodes 25 and 26
can also know the same information.

4 Normal Phase Protocol

This section presents DBMDT construction protocol which
consists of two procedures to process join and disappearance
of nodes in normal phases. We guarantee that a spanning tree
is maintained under at most £ nodes disappearances. We
make the following two assumptions concerned with normal
phases to make discussion simple. Later we try to relax these
two assumptions (see Section 5.2).

N1. For each (non-leaf) node v that disappears, there exists
at least one neighboring node which does not disappear
during the repair procedure of v's disappearance.

N2. Onceanodeis selected as arepair master or a candidate
node to connect to the repair master, it does not disappear
until it completes its task.

4.1 Join Procedure

The join procedure is simple. A new node which wants to
join the current tree T first asks the root node the possibility
to connect to it3. If it is possible, the new node connects to
the root node. If thereis no residual degree or if the delay be-
tween those nodes is greater than a certain threshold, the root
node lets the new node know the network address of a (ran-
domly selected) neighboring node. Then the new node asks
the neighboring node the possibility by the same procedure.
By iterating this procedure, this node can join the current tree.

The reason to take this approach is that we would like to
keep the procedure as simple as possible for fast processing
of join requests. Later we show that this join process does
not enlarge the diameters of trees, and is processed quickly
enough.

3Thisis because we assume that a new node only knows the root node as a
well-known node (see assumption G2). To avoid access concentration, several
well-known nodes may be assumed rather than a single node.

I repair master

O nodein diaNode

o node

< node which has disappeared

(@ (b)

Figure 2. Repair Procedure (single disappear-
ance)

4.2 Repair Procedurefor Single Disappearance

Let v denote a node which has disappeared, u dencte v's
parent and w; denote v's j-th child (1 < j < d(v) — 1) where
d(v) isthe current degree of node v. Also, let R(v) denotethe
repair procedure for node v’s disappearance. We first explain
R(v) without considering other disappearances, and then con-
sider them in the next section.

We illustrate the behavior of the repair procedure for asin-
gle (non-leaf) disappearancein Fig. 2. For node v’s disappear-
ance, its parent (node u) activates the repair procedure and se-
lects a node from diaNode (T, ,,) which is the closest to the
center node and has at least one residua degree. Thisnodeis
called the repair master. Node » sends the information of sub-
trees T, , and T, »; (1 < j < d(v) — 1) to the repair master
(seeFig. 2(a)). Using the node I D of the repair master, this de-
livery is done on the tree according to the a gorithmic routing
in Ref. [9]. For each sub-tree T',, ., (1 < j < d(v) — 1), the
repair master selects a node from diaNode (T, .,,) which also
resides near the center node and which has at least one resid-
ual degree. Then the repair master establishes an overlay link
to the node (Fig. 2(b)). Notethat if the residual degree of the
repair master is not enough to accommodate all the sub-trees,
the repair master delegates the repair of some sub-trees to its
neighboring nodes.

By this procedure, nodes near the “center” of the sub-trees
are connected, and the diameter of therepaired treeis expected
to be equal or smaller than before.

4.3 Repair Procedurefor Multiple Disappear ances

4.3.1 Additional Disappearance during Repair Proce-
dure

We first consider how another node v’’s disappearance and its
corresponding repair procedure R(v’) affect R(v). Node v’
can be either one of the followings; (1) v's parent, (2) a node
on the route from the parent v to repair master, including re-
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Figure 3. Disappearance of Node v’ during Repair Procedure R(v)

pair master, (3) a center node of a sub-tree, and (4) none of
the above nodes. For each case, we extend R(v) to make it
tolerant to the disappearance of v’. Notethat if v’ disappears
after v’ completesitsrolein R(v) in cases (1), (2) and (3), or
if " matches case (4), R(v) and R(v") can be regarded as two
independent procedures. See Section 4.3.2 for those cases.
[Case1: node v’ isthe parent of node v.]

We make R(v) tolerant to this case as follows. Assump-
tion N1 (given at the beginning of this section) ensures that
at least one child is being alive at that time. So whenever
node v disappears, we let each child of v check whether the
parent u of v is aive or not and also whether it is the e-
dest child (i.e. with the smallest ID) of the children of v
which are alive. Then the eldest child w, selects the alter-
native repair master from diaNode(T ., ) (Fig. 3(a). The
aternative repair master works as a repair master and con-
nects T, (1 < j < d(v) — 1) but leaves T, ,» unconnected
(Fig. 3(b)) Since R(v’) and R(v) are not concerned with
each other, R(v’) considers that the sub-tree T,/ ,, exists asiit
is. Therefore, R(v)'s alternative repair master is required to
connect only 7', o, (1 < j < d(v) —1).0

The above extension also makes R(v) tolerant to a se-
quence of disappearances of nodes v1, v, ... and vy, occurs

where v;_; isthe parent of v;. For the disappearance of v;, a

nodein the generation of v, 1 isalive (assumption N1) and ac-
tivates R(v;) on behalf of v;_;. This meansthat the sub-trees
rooted at the children of v; are connected. Since assumption
G2 ensures that there finally exists the root node which is a-
ways dive, the parent of v; aways exists. Consequently the
sequence of disappearances can be repaired.

[Case 2: node v’ isa node on theroute from the parent u
of v totherepair master, including therepair master.]

In this case, we let the node just before v’ be the alternative
repair master. For example, in Fig. 3(c), nodew), whichisthe
nodejust before node v’, becomes the alternative repair master
and thetreeisrepaired (Fig. 3(d)). O
[Case 3: v’ isthe center node of a sub-tree]

This is an easy case. Any T,, has k + 1 nodes in

diaNode(T, ,,). Otherwise T, ,, has only less than k + 1
nodes. Therefore, we let the repair master of R(v) select an-
other node from diaNode(T, .,). O

4.3.2 Additional Disappearance after Repair Procedure

Then we consider the case that R(v’) occurs after R(v).

After R(v) is completed, the isolated sub-trees are con-
nected using new overlay links. Thus R(v’) can repair the
tree as in the case of a single disappearance. What we should
consider hereisthat part of sub-tree information and node IDs
does not match the current tree topology after R(v). Note that
for each sub-tree information which R(v’) may use is can-
didates of center nodes where at least one node is still alive
under less than & disappearances. Even though they may not
be the “center” nodes now, there are still the candidates to re-
cover the connectivity. On the other hand, inconsistent node
IDs may lead to wrong routing in delivering a message to a
repair master and wrong decision of initiator of R(v’), which
affects the consistency of thetree.

To avoid such aproblem, Welet R(v’) never use new over-
lay links generated by R(v) (i.e, we let R(v’) only use the
original links which have existed since the beginning of the
normal phase). Two nodes connected by an original link still
keep node ID consistency, and if R(v’) faces missing node,
this can be regarded as the same cases as in the previous sec-
tion.

5 General Cases

In this section, we consider the cases where disappearances
occur in collection phases and where disappearancesin normal
phases do not follow the assumptions given at the beginning
of Section 4.

5.1 Disappearancein Collection Phase

In Section 3, we have assumed that no disappearance oc-
cursin any collection phase. However, even though a collec-
tion phase takes relatively short time, a few nodes may disap-
pear during the phase.
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Figure 4. Disappearance in Collection Phase

In essential, any node's disappearance results in isolated
sub-trees. We can consider two cases where (i) the nodesin an
isolated sub-tree (say t) have already received synchronization
messages and their node | Ds have been refreshed and (i) they
have not received the synchronization messages yet. In both
cases, we let exactly one of the nodesin ¢ re-join the tree T’
(see Fig. 4) in the same way as we will explain in Section
4.1 in order to restore ¢ to the current tree T'. Also we have
to make sure that thisisolationis in the collection phase since
any isolation in anormal phase will be dissolved by the repair
procedure.

In case (i), the nodes around the disappearances can de-
termine that the disappearances were in the collection phase
only if they had not completed al the collection messages’ ex-
changeyet at that time. Then theroot node of ¢ (determined by
the refreshed node I Ds) re-joinsthe tree. On the other hand, in
case (i), the nodesin ¢ cannot know whether thisisolation oc-
curred in the collection phase or in the previous normal phase.
Remember that the root node sends synchronization messages
at regular intervals. We assume that the others know the in-
tervas. If the isolation is dissolved by the repair procedure,
the synchronization messages arrive before the regular inter-
val has past. If not, each node in ¢ understandsthat it has been
isolated in the collection phase. Then the nodes in ¢ execute
acertain leader electionin ¢ (it is really simple because t isa
spanning tree) and the selected node re-joins thetree T'.

Note that for nodes' disappearances, we let new leaf nodes
initiate collection messages if they have not sent it yet so that
every node can know the end of the collection phase. However,
some information may be missing from collection messages.
Two cases are possible (see Fig. 4). In both cases, the nodes
inT and ¢t may not be able to recognize each other due to the
missing information. However, this situation is the same as
that in Section 4.3.2.

5.2 Reaxing Assumptionsin Normal Phases

If adisappearance v’ does not follow either one of assump-
tions N1 and N2, some isolated sub-trees may exist in R(v)
since some nodes that should play acertain rolein R(v) have
disappeared. In the collection phase, by using the synchro-
ni zation message timeout as we discussed in Section 5.1, such
isolation can be detected by the nodes in the sub-trees. How-
ever, in the normal phase, such isolation may be dissolved af-

ter the next collection phase and such along isolation may be
intolerable.

One possihility to avoid such a long isolation is that the
root (initial) node sends probe messages in every short period.
Then, the root nodes of the isolated sub-trees can recognize
their isolation, and they can re-join the current tree by asking
the root node. Some other solutions may be possible.

6 Performance Evaluation
6.1 Simulation Setup

We have implemented our MODE protocol on ns-2. In our
experiments, networks with about 400 physical nodes have
been generated and used as underlying networks. We have se-
lected 200 nodes as overlay participant nodes. The end-to-end
delay ranges from 80ms to 120ms (the average is 100ms).

Considering practical situations, we have prepared the fol-
lowing scenario that simulates areal-time session in collabora-
tive applications such as a video-based meeting or groupware.
Note that we set the interval between collection phases to 60
seconds. Also & (the maximum number of nodes which are
allowed to disappear in each normal phase) was set to 5 (2.5%
of the entire nodes). The degree bound was set to 5 for al the
nodes. Thescenarioisasfollows. (i) The session periodis 180
seconds. (ii) Each of 200 nodes joinsthe session only onceand
eventually leaves the session. (iii) Within the first 30 seconds,
about 60 nodes join the session. (iv) From 30 secondsto 140
seconds, additional joins are processed. Also some existing
nodes |eave the session. There are two collection phases at 60
seconds and 120 seconds. (v) After 140 seconds, no hodejoins
and about 40 nodes leave the session (consequently the num-
ber of disappearances in each normal phase greatly exceeds
k).

In Fig. 5 and Fig. 6, we have shown the number of
nodes on the tree at every second together with the numbers
of join/leave operations to make it facilitate to see the dynam-
ics of the metrics according to the scenario. Note that even
though the number of disappearances in each normal phase
greatly exceeds k in the scenario, no island was created in
MODE protocol in the experiments.

6.2 Implementation of Compact Tree Algorithm

As comparison, we have also implemented the centralized
algorithm presented in Ref. [1] (called CT algorithm) on ns-2.
The algorithm starts with the minimum delay (overlay) link as
the initial tree, and adds the rest of links one by one so that
we can minimize the diameter of the resulting tree using the
entire tree knowledge.

Since CT algorithm can construct a spanning tree with a
near optimal diameter value, we have used it as a benchmark
to see the optimality of diametersin our MODE protocol. We
have also used it to confirm the efficiency of MODE in term
of therepair costs. For such a purpose, we adopt the following
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implementation policy of CT algorithm to make it work with
nodes’ join/leave operations. (i) For anew node'sjoin, the op-
timal point (node) that minimizes the diameter of the resulting
tree is calculated using the entire tree knowledge. (ii) In case
of a node’'s disappearance, the entire tree is scraped and built
up again by CT agorithm so that we can obtain a near optimal
solution.

6.3 Experimental Results

[Diameter] We have measured the diameters of thetrees at
every one second. Theresult isshownin Fig. 5.

We can see that MODE could archive reasonable diame-
ters. The average diameter is only 1.09 times and in case
of maximum difference the diameter is still 1.25 times as
large as those in CT agorithm. In particular, throughout the
session, MODE could follow the dynamics of diameters in
CT agorithm. Considering the fact that CT algorithm opti-
mized the diameter for every node’s disappearance, we can say
that MODE could archive almost the optimal diameters even
though it is designed in an autonomous and decentralized pro-
tocol. Also we can see that as the number of node decreases,
the diameter became small at the end of the session.

Note that if we use not a total delay but a hop count as a
diameter, MODE could archive almost the same values as CT
algorithm. The diameter difference between MODE and CT
algorithm comes from the optimality of delays of links which
congtitute diameter paths. This means that the diameter differ-
ence may not become so large even in large-scal e networks.

[Repair Cost] Therepair costin MODE for arepair proce-
dureis the number of overlay links which are established and
disconnected during the procedure. On the other hand, the
cost in CT agorithm is the differential of two trees’ overlay
links before and after the disappearance. Since the repair pro-
cedurein CT algorithmis* scrap-and-build”, the cost becomes
large. Thereforeit may seem unfair to compareit with MODE.
However, we would like to see good balance of reasonable di-
ameters and low repair costs (thus quickly repair is possible).
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For such a purpose, we have compared the following items.

MODE | CT
total repair cost (through the scenario) 434 7283
# of repair procedures applied 149 149
average repair cost 29 48.9

Obviously, our protocol could archive low repair costs.

[Traffic] We have measured the control traffic amounts on
thetree. Theresult is shownin Fig. 6.

Due to small message complexity, MODE only required
about 1Kbytes/sec (8Kbps) in each collection phase (we can
see the two peaks around 60sec. and 120sec.). Even for a
series of join procedures, MODE needed small traffic amount
(see between Osec. to 60sec.). Totaly the traffic amount in
MODE protocol is very reasonable.

Note that in the underlying network, the traffic amount is
expected to be at most d,,.. (=5 in the experiments) times
as large as that on overlay trees, because the link stress (the
number of packet duplications on a physical link) around the
end hosts is d,,., due to the nature of the overlay network.
However, in our case, such avalueis still reasonable enough.

# of Nodes (on tree)



[Time for Procedure Execution] Finaly, we have mea-
sured the time required to execute the join/repair procedures.
Their distributions are shownin Fig. 7.

We can see that almost all join/repair procedures only re-
quired at most 0.7 or 0.8 seconds. The expected average values
of the join and repair procedures are 0.47 and 0.49 seconds,
respectively. From the results, we can say that the procedures
were processed quickly enough.

7 Reated Work

Most researches of application layer multicast pursue the
stability (i.e. fault-tolerance) and efficiency of overlay multi-
cast trees under the constraints of bandwidth and delay. For
example, HBM [3] mainly considers how to make backup
links in a centralized way for the failure of anode. ALMI [4]
proposes a centralized algorithm for constructing minimum
spanning trees. Yoid [5] is similar to ALMI, however, Yoid
together uses shared tree connection and mesh-like connec-
tion for robustness. Narada [6] considers mesh-like overlay
networks where a shortest path tree per source is constructed.
NICE [7] considers hierarchical topology where leaders orga-
nize their logica sub-domains.

Our MODE protocal isdifferent from the above approaches
in the following points. (1) Autonomous and decentralized
organization of trees. Most protocols take centralized ap-
proaches, and decentralized approaches are sometimes con-
sidered to be ineffective because they increase protocol com-
plexity. However, in our case, we show that decentralized in-
formation collection is very effective for our DBMDT prob-
lemwith dynamic join/leave activities, becauseit requiresvery
small amount of control traffic and simple operations. (2) Tree
optimization. Most approaches mainly focus on their proto-
col frameworks and do not consider the optimization of trees.
ALMI considers minimum spanning trees, but they are com-
puted in acentralized way using the entire knowledge. (3) Tol-
erance to multiple node failures. We consider multiple nodes
disappearances in a distributed environment and validate the
soundness.

Ref. [1] treatsthe DBMDT problem, however, aswe stated
in Section 1, only a centralized heuristic is presented. To our
best knowledge, a recent paper, Ref. [8], only presents a dis-
tributed protocol called OMNI to construct DBMDT. How-
ever, the approach of OMNI isvery different from our MODE
protocol. OMNI iterates|ocalized refinement operations based
on SA, while our refinement is globa and based on the col-
lected diameter information. Due to the nature of design,
OMNI seems to need less traffic than MODE but need more
local operations. It is interesting to see difference between
OMNI and MODE, and it is part of our ongoing work.

8 Concluding Remarks

In this paper, we have proposed an autonomous and decen-
tralized protocol called MODE for dynamically constructing a

degree-bounded delay sensitive multicast tree on overlay net-
workswhere simultaneous (continuous) join/leave activities of
nodes is considered.

We have not mentioned yet the complexity of MODE. In
a collection phase, (n — 1) synchronization messages and
2(n — 1) collection messages are delivered on the tree. Then
we look into the size of a collection message. The number
of sub-trees whose information is contained in the message is
at most d, .. The message also contains the depth informa:
tion, whose size dependsonlog,  ninaverageandn inthe
worst (but rare) case where n denotes the number of nodes.
Therefore, the message size complexity isO(n + k * dq.) iN
the worst case. We have shown that control traffic was about
8kbps in each collection phase under a hundred of nodes. Re-
garding time of a collection phase, broadcast of synchroniza-
tion messages takes the time of the diameter and exchange of
collection messages on a tree does also in the worst case, the
total time required for a collection phase is at most twice of
the time of the diameter. In our experiments, the diameter was
less than 1 second and therefore the collection phase period
was less than 2 seconds.

Implementing MODE in a real environment is part of our
future work.

References

[1] S.Shi, J. Turner and M. Waldvogel, “ Dimensioning Server Ac-
cess Bandwidth and Multicast Routing in Overlay Networks,”
Proc. of NOSSDAV’01, pp. 83-91, 2001.

[2] R. L. Graham and P. Hell, “On the History of the Minimum
Spanning Tree Problem,” IEEE Annals of the History of Com-
puting, Vol. 7, No. 1, pp. 43-57, 1985.

[3] V.Rocaand A. El-Sayed, “A Host-Based Multicast (HBM) So-
lution for Group Communications,” Proc. of IEEE ICN’01),
2001.

[4] D. Pendarakis, S. Shi, D. Verma and M. Waldvogel, “ALMI:
An Application Level Multicast Infrastructure,” Proc. of 3rd
USENIX Symp. on Internet Technologies and Systems (USITS),
pp. 49-60, 2001.

[5] P Francis, “Yoid: Extending the Internet Multicast Architec-
ture” Unrefereed Report, 2002. http://www.isi.edu/
div7/yoid/

[6] Y.-H. Chu, S. G. Rao and H. Zhang, “A Case for End System
Multicast,” Proc. of ACM SIGMETRICS, pp. 1-12, 2000.

[7] S. Banerjee, B. Bhattacharjee and C. Kommareddy, “Scalable
Application Layer Multicast,” Proc. of ACM SIGCOMM 2002,
pp. 205-217, 2002.

[8] S. Banerjee, C. Kommareddy, K. Kar, B. Bhattacharjee and S.
Khuller, “Construction of an Efficient Overlay Multicast Infras-
tructure for Real-time Applications,” Proc. of IEEE INFOCOM
2003, 2003.

[9] P. Huang and J. Heidemann, “Minimizing Routing State for
Light-Weight Network Simulation,” Proc. of Int. Symp. on
Modeling, Analysis and Simulation of Computer and Telecom-
munication Systems, 2001.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


