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Abstract —A study on the proxy placement for server-based multicast is presented in this paper.
Server-based multicast is an approach implementing the multicast function with proxy servers. It has
many advantages compared to the IP multicast. Many routing algorithms have been proposed to build an
overlay network when proxy locations have been determined. On the other hand, the problem of where to
place proxies has not been extensively studied yet. The goals of proxy placement can be minimization of
delay time, minimization of bandwidth consumption, or minimization of both. These performance metrics
have been studied in this paper and a number of algorithms are proposed for multicast proxy placement.
A performance study is also presented.

1 Introduction

Multicast is an important technique that can distribute popular contents to many users with minimal band-
width consumption. Multicast is able to remove the hot spots from networks when many users access the
same content, especially live contents. Multicast is also used to distribute popular data to many users.
IP multicast has been researched and developed for more than a decade [8, 9], but it has not been widely
deployed [11]. As an alternative to the IP multicasting, the rapid development of server-based multicasting
technologies has increased greatly over the last couple of years [5, 6, 14, 26, 22]. Server-based multicast
challenges the traditional IP multicast by moving up the multicast support from the network layer onto the
application layer based on only unicast IP service. It potentially provides better solutions to scalability,
flexibility, heterogeneous support, and efficiency for various enabling applications. Server-based multicast
can also work across both space and time by using proxy servers as caches [30].

A general approach to implement server-based multicast is to build an overlay network. Many routing
algorithms have been proposed for multicast tree building [5, 6, 14, 12, 22, 13]. Some of them proposed to
minimize the delay time between the source and the clients [5]; others proposed to minimize the bandwidth
consumption [6]. Also, it has been proposed that the bandwidth between the original server and the end-
user should not be sacrificed when minimizing the bandwidth consumption [14]. In fact, delay time and
bandwidth consumption are both important considerations for multicast. Bandwidth consumption is the
prime concern when multicast is used. On the other hand, delay should not increase too much since
multicast is often used for real-time applications. Balance between these two metrics is essential for the



best design of the server-based multicast. Comparison studies show that the shortest-path tree generates
the smallest delay, Steiner minimal tree generates the lowest bandwidth consumption, and the core-based
tree falls in between the two extremes [28, 27, 10]. However, no metric exists that includes both criteria,
delay and bandwidth consumption. In this paper, we will define a hybrid optimal tree that optimizes their
trade-off.

The routing algorithms assume that the locations of proxies are known and fixed. The problem of
where to place these proxies has not been extensively studied yet. In fact, the proxy placement is much
more important than the routing problem. Without an advanced placement method, routing cannot be
effective. Currently, the cache/mirror/CDN proxy/replica placement problem [21, 23, 20, 16, 15] has been
extensively studied, however, few addressesntidticast proxy placement (MPBRYyoblem. Despite the
fact that the multicast proxy placement and the cache proxy placement share some similarities, the two
problems have different assumptions, so the cache proxy placement technique is not applicable to the
MPP problem. The cache proxy placement problem assumes that contents are cached in the cache proxies
and can be accessed at different times. The MPP problem assumes that the content is distributed to many
users at the same time. The delay time in a cache network depends on the distance between the client and
its nearest cache proxy that stores the desired content; whereas, in a multicast network, it depends on the
distance between the client and the source.

In this paper, our goal is to develop the methodology and algorithms for multicast proxy placement. In
particular, we formulate the MPP problem and its performance metrics, as well as its association with the
multicast proxy routing (MPRproblem. We introduce a number of multicast proxy placement algorithms
for optimal proxy placement. Experiments are conducted for the performance of MPP algorithms, which
increases our understanding of the MPP problem. Guidelines are given for general proxy placement. The
results obtained from this work are also applicable to Mbone router placement.

The remainder of this paper is organized as follows. Section 2 formulates the MPR and MPP prob-
lems and introduces the performance metrics. An example illustrates why proxy placement is important.
Underlying routing algorithms are presented in Section 3. Section 4 presents four groups of MPP algo-
rithms: routing-independent, routing-aware, greedy, and local search. Experimental results are presented
in Section 5. Section 6 discusses related works, and Section 7 concludes the paper.

2 Problem Formulation

The server-based multicast is implemented as an overlay network. An overlay network consists of a set of
proxies placed on a substrate network. The substrate network is a collection of routers connected by links.
Then a multicast tree of proxies is built with a routing algorithm. The multicast tree can be single-sourced



or multi-sourced. In this paper, we only consider the single-sourced multicast tree.

From the perspective of a client, the delay time is the main concern. On the other hand, the cost in
terms of total bandwidth consumption is a main indication of network efficiency from a network provider’s
point of view. Thus, the quality of a multicast tree can be judged by two measures: the delay and the cost.
The delay of a multicast tree is evaluated in terms of the end-to-end delay between the source and the client.
The cost of a multicast tree is the sum of bandwidth consumption of all links. Bandwidth consumption
measures the usage of network resources. The more hops a message travels, the more resources that are
consumed.

We first present a model of the substrate network and the overlay network before the objective functions
are defined. The substrate network is represented by an undirected3jramisisting of a set dfl nodes
S={ng,ny,...,nny}. Each node has a weighi) to represent the number of clients concentrated at npde
There is one source nodey € S. The distance of link; j of the substrate network between nodeand
nj is denoted as

e, j) = e(jii) = 0 if there is no linkl; j between nodes; andn;
) =80 = r(lij) otherwiser(l;;) is afinite constant preassigned to link

The parameter(l; ;) can be interpreted as delay, cost, hop count, etc.

A multicast proxy is a duplication engine that is able to duplicate the incoming data stream for multiple
output links. A multicast overlay network consists of a se® pfoxies{ p1, pz, ..., pp} plus the source node
ns. These proxies are to be placedRmodes. All nodes with proxies placed plus the source npdee
called themulticast nodesThus, there ar®+ 1 multicast nodes with the duplication capability. A routing
algorithm connects the multicast nodes onto a multicast tree based on some criteria, such as minimal delay,
minimal bandwidth consumption, or a combination of them. A non-multicast node is routed to a proxy
according to the same criteria. More specifically, a multicastMeean be defined byX,P,Y }. Here,
X is a mapping function of proxy placement

X(i) = 1 if o =ngoraproxy is placed ai
~ | 0 otherwise
P is a function for each node to know its immediate parent multicast node in the tree:

p(i) =k if x(k) = 1 andng delivers the stream tq by using a unicast connection

andY defines which real links are used whegy, delivers the stream tg by using a unicast connection,

. | 1 iflyyis used for path fronmp(i) to n;
y(i, V) _{ 0 otherwise

First, we define two basic metrics, the total delay and the total bandwidth consumption. For eaoh node



the end-to-end delay from the source nogdéo n; is

dl

A

~

N N

A (i) = w(i) - (d'+d") = w(i) - ( zl zle(u,v) -y(i,u,v) +dy(p(i))) 1)
u=1v= ‘,—d”

where,d' is the delay from multicast nodg,;, to noden;, andd” is the delay from source node to
Npi)- The total delay of a multicast tree is the sum of delays between the source and every clients along
the multicast tred\! .
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For noden;, the bandwidth consumption of delivering one stream from its parent multicasiedis
N N
cu(i) = e(u,v) -y(i,u,v). 3)
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To calculate the bandwidth consumption for a non-multicast mpde(i) streams are duplicated from its
parent multicast noday,;), wherew(i) is the number of clients concentrated at nogleFor a multicast
noden;, only one stream is sent from its parent multicast nogg. We useb, to compute the bandwidth
consumption,

bﬁﬂ(i):{ cl) ifxi)=1 b&(i):{ w(i)-cu(i) if x()=0 @

0 otherwise 0 otherwise

The total bandwidth consumption of multicast data distribution is defined as

N N N
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Note thate(u,v) used in Equations 1 and 3 can be replaced with different variables(as/) and
e (u,Vv), wheree; (u,v) means the delay of link,, ande,(u,v) means the bandwidth consumption via link
lyy. For simplicity, we treat them the same in this paper.

Both D,, andB,, depend on the routing algorithm used to construct the multicastMre@chieving
minimal delay and reducing bandwidth consumption are usually contradictory to each other. It has been
known that the Minimal Spanning Tree (MST) minimizes the bandwidth consumption, but involves a
longer delay than that of the Shortest Path Tree (SPT). On the other hand, SPT minimizes the delay, but
consumes more bandwidth than the MST routing. In order to optimize the both metrics simultaneously,
we define a new metric, the delay-bandwidth-consumpiiddy, as follows

DB, =Dy x By (6)



Here, the product db,, andB,, is used to construct the hybrid metfdB,, instead of a summation of the
two, sinceD,, andB,, are different units and their values are difficult to compare. In the situation where
either one is to be emphasized more than the other, we can raise its impact by utilizing a weighted power.

In general, a multicast trdd defined by{ X,P,Y } is relevant to both the proxy placement and routing
as described in the following table:

\ M ={X,P,Y} \
Proxy Placement X
Routing P andY

Therefore, the problem can be formulated as

e PROBLEM 1. Given the proxy placemeit, design a routing algorithni\ ; to construct the multicast
tree,P andY , subject to minimizindd,,, B, or DB,

e PROBLEM 2. By limiting the number of proxies? = zi’\‘zlx(i) —1, to be placeddesign a placement
algorithm A, to generate a mapping functiofl, subject to optimizingD,,, By, or DB, with a
routing algorithmA

Two design problems have been formulated for a multicast overlay network, the multicast proxy routing
(MPR) algorithm and the multicast proxy placement (MPP) algorithm, together with three important per-
formance metricsD,,, By, andDB,,. Solving RRoBLEM 2 usually is more difficult than ROBLEM 1.

Based on performance metrics to be targeted, an optimal solutiordsl®EM 2 may inevitablely fall into

the class of NP-complete problems. As an example, should there exist a polynomial solutksiceR

2 with optimalB,, as its objective function, it would be reducible to the well-knomwimimum k-median
problem that had been proved to be NP-complete [17]. In some cases, preference can be given to the
co-design betweend®BLEM 1 and RROBLEM 2, which is called the routing-aware placement algorithm

in this paper.

To illustrate both RoBLEM 1 and RROBLEM 2, a small sample grapG sample1iS given in Figure 1
with N = 10 andng = 0.

Example 1.a For PROBLEM 1, a proxy placemerX; is given as

i [o[1[2[3[4]5]6]7[8]09
x() [1[1[1]1]0[0[0[0[0]0O

Assume that three different routing algorithnfsz,, Ar,, andAz;, are applied. The resultant multicast
trees are shown in Table 1. as well as their corresponding mé&jc8,,, andDB,,. Among themM;
and M, are graphically illustrated in Figure 2. As the result clearly indicates, algorthmpminimizes
D, algorithmA ¢, minimizesB,,, and algorithmA ; minimizesDB,,. To target RoBLEM 1, for a given
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Figure 1:n;, w(i), ande(i, j) of a sample grap® sample1

i 0 1 2 3 4 5 6 7 8 9 D, | By | DB,
ml-] 0 [1]o0olo| 11213
Y1 | - | logslas |12 [log | loa | 115 | lie | 127 | l1g | 39

Mq | dqp || - 4 12| 6 4 | 15| 6 12 | 11| 7 79 | 27 | 2133
by || - 4 2 6 4 3 2 2 3 1
ml-] 0 [ 1] 2]0|1]2]2]3]3
Yo || - | logslas | 112 [ 123 [ log | 115 | l26 | 127 | 138 | 39

My | dy || - 4 12 | 8 4 | 15| 7 14| 18| 9 91 | 21| 1911
by || - 4 2 2 4 3 1 2 2 1
ml-] 0 [ 1] 2]0|1]212]1]3
Y3 || - | log,lax | la2 | 123 [loa | lis | loe | 127 | lig | 39

Mz | d3 || - 4 12 | 8 4 | 15| 7 14| 11| 9 84 | 22 | 1848
bs || - 4 2 2 4 3 1 2 3 1

Table 1:M3, M, andMj3 of G sagmplerwith X1 = {no, n1,nz, N3}

placemeniX;, based on metrics used for optimization, a routing algorithm can be selected to construct a
multicast tree. For example, if the delay is a crucial issue for a particular application, routing algorithm
Az should be applied.

Example 1.b For PROBLEM 2, the number of proxied?, is limited to 3; various placement algo-
rithms can be used to generate differ&nt. Assume a placement algorithA,, results inX; shown in
Example 1.a; another placement algoritAm, results in a different placemeit as shown below,

i [o[1[2[3[4]5]6]7[8]09
x() [1[1]0[1]0[0[1[0]|0]0

Again, apply routing algorithm#é ,, Ag,, andA ;; onto placemenk,. The resultant multicast trees are
shown in Table 2. Among them, the resultant multicast trbesandMs, from two placement algorithms,
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A., and A;,, with the same routing algorithmA ; are shown in Figure 3. In order to compare two
placement algorithmsA ,, and A .,, the metrics of the six different multicast trees are summerized in
Table 3. Obviously, placement algorithfn,, is a better choice compared Aa.,. In general, generation

(@ Ari— M]_ with X]_

Figure 2: Multicast tree routing fds samplel

w=2

w=3

(b) AR2 — M2 with X]_

w=1

2

2
1
1
w=1

w=2

i 1 2 3 4 5 6 7 8 9 D. | By | DBy
p1 0 1 0 0 1 1 1 1 3
Y1 loa,la1 | 112 | loz | loa | l1s | 116 | 112,127 | 118 | I39

M, | di 4 12 6 4 | 15| 6 14 11| 7 79 | 33 | 2607
b1 4 4 6 4 3 2 6 3 1
p2 0 1 1 0 1 1 1 3 3
Y2 loa,la1 | 112 | 112,123 | loa | 115 | 116 | 112,127 | 118 | 139

Ms | d» 4 12 6.5 4 | 15| 6 14 15 | 75| 84 | 28.5| 2394
b, 4 4 2.5 4 3 2 6 2 1
D3 0o | 1] 1 |o]1]|1] 1 |[1]3
Y3 loa,la1 | 12 | 12,123 | loa | lus | 126 | 112,127 | 118 | 139

Me | da 4 12 6.5 4 15| 6 14 11 | 7.5 80 | 29.5| 2360
bs 4 4 2.5 4 3 2 6 3 1

of a good multicast tree demands both appropriate placement and routing algorithms. Routing algorithms
play an important role, but without an appropriate placement, routing algorithms alone will not be able to

Table 2:M4, Ms, andMs of Gsample1with X2 = {no,ng, N, ne}

produce good performance.




Ap1:>X1 AP2:>X2
AR1—>M1‘AR2—>M2‘AR3—>M3 AR1—>M4‘AR2—>M5‘AR3—>M6

Du 79 91 84 79 84 80
Bu 27 21 22 33 28.5 29.5
DB, 2133 1911 1848 2607 2394 2360

Table 3:Dy, By, andD B, of Gsampie1with X; andX;

(a) AR3 — M3 with X]_ (b) AR3 — M6 with Xz

Figure 3: Multicast proxy placement f€@sample1
3 Underlying Routing Algorithms

Given a placemenX, a routing algorithmA ; will build a multicast treeM optimized toward certain
metrics. Based on the targeted metrics, these multicast trees can be classified into the following three
categories.

3.1 Shortest Path Tree (SPT) —M g.; minimizing D,

In a M g,r, every noden; € S connects to the sourag through the shortest path. If the shortest path of

a node to the source includes some proxies, the node is connected to the nearest proxy along the path;
otherwise it is connected to the source direchlys.r minimizes the delay,, (i) from ng to every noden;,
respectively, which turns out to optimize the total deldy. Thus, regardless of placemefit the metric

D,, remains the same since the shortest paths for every node will not change. Figure 4 shows the routing
algorithmA 1. In step 1, We use the Dijkstra’s algorithm to construct a single-sdvkge and retain its
complexity asO(N?). In step 2, théM .+ tree has been traversed to estabRghandY,,. Since every link

on theM ¢ tree will be visited at modi times and the number links d¥ <+ is in order ofN, the time



Function: givenX, generatd®,, andY,,

Objective: minimizeD,,

step 1) Apply the Dijkstra’s algorithm to the entire grapto generate a single-source SPT with:
sp(i) representing the shortest path betwagandns
nextNodeOnSP{I) representing the next node on the shortest path towgrds

step 2) for each node excludingng, letk; =i
do ky; =nextNodeOnSP{K;);

y(i, ki, ko) =1,
Ky = ko;
while (x(k2) 2 1)
p(i) = ka;

p(s) =s;

Figure 4: Routing AlgorithmA g1 for M gy minimizing D,

spent in step 2 is withi®(N?) too.

3.2 Minimal Spanning Tree (MST) — M ,s; minimizing B,,

The Minimal Spanning Tree (MST) is a minimal-cost tree connecting every node in a graph. However,
the fact that there exist some non-multicast nodes changes the presumption that a MST can always lead to
minimal cost. The objective here is to minimiBg, which consists of two parts, as shown in Equations 4

and 5:

e b, (i) for all multicast nodes with(i) = 1

e by (i) for all non-multicast nodes witk(i) = 0

Figure 5 shows the routing algorithAs;. In order to minimizeB,,, a subgraph with all multicast nodes

is constructed by utilizing the shortest path among them. In step 1, for simplicity, an all-pair SPT is
constructed with a complexity @(N3). In reality, step 2 needs all-pair SPT among all multicast nodes
and step 5 needB single-pair SPT, including all non-multicast nodes, sourced at each multicast node.
Step 2 constructs the subgraph and step 3 applies the Prim’s algorithm on this subgraph to find the MST
with a complexity ofO(P?) [1]. In this way, the first party, (i), can be minimized. The commonly used
Steiner Minimal Tree (SMT) does not work in this case since any included non-multicast nodes cannot
replicate the traffic. In step 4, the MST tree has been traversed to estBplshdY,, for all multicast
nodes. In step 5, to minimize the second pHti), all non-multicast nodes are directed to the nearest
multicast nodes, which guarantees leading to optigfjéi). Among all five steps in Figure 5, step 1 has

the dominate complexity, which determines the complexity of the routing algorithD{N3).
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Function: givenX, generatd®,, andY,,
Objective: minimizeB,,
step 1) apply the Dijkstra’s algorithm to the entire grépho generate all-pair SPTs with:
sp(i, j) =sp(j,i) representing the shortest path betwagandn;
nextNodeONnSPTi, j) representing the next node on the shortest path tomard
step 2) construct a subgrafhwith
all nodes withx(i) = 1
usesp(i, j) as the virtual link cost(i, j) betweem; andn;, wherex(i) = x(j) =1
step 3) apply the Prim’s algorithm to the subgrdplo generate a MST with
p(i) = j if v(i,j) isincluded in MST towardss
nextNodeOnMSTi) representing the next node on the path in MST towagds
step 4) for each node with x(i) = 1 excludingng, letk; =i
do ky =nextNodeOnMSTk;);
y(i ki, ko) = 1,
ki = ko;
while (x(ko2) # 1)
p(s) =s,
step 5) for each node with x(i) =0, letk; =i
let p(i) = q be a multicast node such the(i,q) < sp(i, j), wherex(q) = x(j) =1
do ky; =nextNodeOnSP{K;,q);
y(i ki, ko) = 1;
Ky = ko;
while (k2 # Q)

Figure 5: Routing AlgorithnA s for M ,sr minimizing By,

3.3 Hybrid Optimal Tree (HOT) — M,,o,; minimizing DB,

The Hybrid Optimal Tree (HOT)minimizesDB,,, a compromise between SPT and MST. Many applica-
tions can promote this newly defined metd8,,. For example, realtime video multicast streaming can
tolerate neither long delay nor high bandwidth consumption. Two algorithms are used here to generate the

multicast treeéM ,,or. The first one is the Prim-Dijkstra’s algorithm.

Prim-Dijkstra’s (P-D) algorithm A, — The Prim-Dijkstra’s algorithm [18] can be used to find the
M ,or tree. It builds a tree by starting at a node and bringing in nodes by picking the one with the
best labelMINy(a x dist(ns, pk) + dist(pk, ni)), where 0< a < 1 is a constant used to parameterize
the calculation. The complexity of Prim-Dijkstra’s algorittfnp., is O(N?) and details are described

in [18].

Since the P-D algorithr\ . is unable to guarantee a mininlaB,, value and a parameter needs to

be adjusted, we use a greedy algorithm to directly minimizdxBg, value.
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Direct-DB (DDB) algorithm A,; — DDB routes proxies one by one as shown in Figure 6, starting from
the nearest proxy to the source. The first proxy connects to the source through the shortest path. The
following proxies connect to the source or a placed proxy, whichever mininb®g. After the
multicast tree is established, each non-multicast node connects to the multicast node that generates
the smallesDB ,, value. The complexity of this algorithm ®(PN?). This algorithm generates a
tree that balances delay and cost requirements.

Function: givenX, generatd®,, andY),
Objective: minimizeDB,,
step 1) apply the Dijkstra’s algorithm to the entire grépho generate all-pair SPTs with:
sp(i, j) =sp(j,i) representing the shortest path betwagandn;
nextNodeOnSPTi, j) representing the next node on the shortest path tomard
step 2) sort all multicast nodes in ascending order of length of their shortest path towards
resetmarki] = false for alln; andmark{s| = true
step 3) establish an init routing with all following the SPT towardss and compute the init valueBcyr
step 4) for each multicast noaewith x(i) = 1, marKi] = false, according to their oder sorted by step 2
let p(i) = q be an already-routed multicast node such gzan(i,q) > gain(i, j),
wheremarkg] = mark j] = true
gain(i, j) = DBcur— DBnew letk; =i
do kp = nextNodeOnSP{K,,q);
y(i ki, ko) = 1;
Ky = ko;
while (k2 # Q)
updateDBcyr
p(s) =s,
step 5) for each node with x(i) =0, letk; =i
let p(i) = q be a multicast node such theg(i,q) < sp(i, j), wherex(q) = x(j) =1
do ky =nextNodeOnSP{K,q);
y(i ki, ko) = 1,
ki = ko;
while (k2 # Q)

Figure 6: Routing AlgorithmA yp5 for M ,or minimizing DB,

In summary, the design of routing algorithms has been motivated by various performance metrics.
Depending on characteristics of applications, the selection of the right routing algorithm is crucial to
overall success in performance. Usually, routing algorithms are applied, after the placement of proxies is
known, to construct the multicast tree. Sometimes, routing algorithms can be used to help the decision of
proxy placement, as discussed in the following section. In any case, construction of multicast tree cannot
be completed without good design and implementation of routing algorithms. Building synergy between
routing and placement is even more important.

11



4  Proxy Placement Algorithms

A MPP algorithm finds the optimal locations for proxies. The objective functions can be minimizing
D, By, or DB,. Here, the placement algorithms are presented in four categories: routing-independent,
routing-aware, greedy, and local search.

4.1 Routing-independent algorithms

The routing-independent placement algorithms do not rely on routing information. Routing is performed
only after the proxies are placed. Four algorithms are presented here. Random and Max-degree placement
algorithms are for arbitrary topology, and Strategic and Advanced Strategic Placement (ASP) algorithms
are for the Internet topology.

Random. The random algorithm randomly choode$ocations amondN — 1 nodes (excludings) to
place proxies. Its complexity ©(N).

Max-Degree. The max-degree algorithm placBgproxies to the nodes with the highest node degrees.
The complexity of this algorithm i©(N logN) due to sorting of nodes.

Strategic. The strategic placement selects strategically important nodes to place the proxies. In the
Internet topology, proxies are placed to the transit nodes first, then the stub nodes as described
in [14]. Ties are broken randomly. The complexity of this algorithr@®i{).

Advanced Strategic Placement (ASP)The ASP algorithm is also for the Internet topology. First,
we select the transit nodes in the order of the number of stub nodes connected to it. Then, we
select the stub nodes that are connected to transit nodes directly in the order of the number of stub
nodes connected to it. Finally, other stub nodes are selected in the order of the node degree. The
complexity of this algorithm i©(N logN).

4.2 Routing-aware algorithms

Routing-aware placement algorithms find a better placement by utilizing the routing information. First, a
routing algorithmA ; is applied to build a multicast tréd ., by assuming all nodes are multicast nodes.
Then, placement is performed based on this multicast tree. Two routing-aware algorithms are presented,
Max-Traffic and Max-Traffic-Distance (Max-TD). We U@’routing to represent the complexity of the
routing algorithm to build the multicast tree.

For a given multicast treM 7, traffic T of a node is defined as traffic passing through the node plus
the traffic terminated at the node by assuming the source node is only one multicast noaé¢.alhode
is more than 1, the node istaanching node The number of branching nod€s< N — 1. If the number
of proxies to be place® = Q, there is no repeated traffic on every link, and the bandwidth consumption
is minimal. WhenP < Q, the following algorithms select nodes to pldeeroxies.

12



Function: for a routing algorithmAg, generate placemet
Placement priority: nodes with Max-Traffic
step 1) Letx(i) =1 foralli, applyAg to generate ¢ ; with
nextNodeOnTree(i,p(i)) representing the path towangs
step 2) Let(i) =0 foralli
step 3) For each;, letk; =i,kz = p(i) andt(i) =t(i) +w(i)
do ky =nextNodeOnTregk;, ks)
t(kz) = t(ka) + w(i)
ki =ko, if ko = k3,k3 = p(kg)
while (ky # )
step 4) Sort all nodes in ascending ordet(of
step 5) Letx(i) =0 for alli, andx(s) =1
For the firstP node in order lek(i) = 1

Figure 7: Placement Algorithm: Max-Traffic

Function: for a routing algorithmAg, generate placemet

Placement priority: nodes with Max-TD

step 1) Lewx(i) =1 for alli, applyAg to generate ¥ ; with
nextNodeOnTree(i,p(i)) representing the path towaxgs

step 2) Letx(i) =0 foralli, andx(s) =1

step3) Fok=0toP,lett(i) =0 for alli

step 4) For each;, letk, =i
do kp = nextNodeOnTregks, p(i))

t(k2) =t(k2) +1if x(i) =1
X =

t(ka) = t(ka) +w(i) if x(i) =0
ki =ko
while (k» # p(i))
step 5) find a nod¢ such that(j) «d(j) > t(u) «d(u), wherex(j) =x(u) =0

step 6) letx(j) =1

Figure 8: Placement Algorithm: Max-TD
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Max-Traffic. The traffic is computed for each node based on routinlylig: as shown in Figure 7.
The proxies are placed at the tBdocations with the most concentrated traffic. Its complexity is
O(N1ogN) + Orquting

Max-Traffic-Distance (Max-TD). TD is the product of the node traffic and the distance between the
noden; and its parent multicast nodeg,;). As shown in Figure 8, the first proxy is placed to the
node with the highest D. Then the value of(i) is recomputed for each non-multicast node and
the next proxy is placed to the node with the highE8L This process continues uni proxies
are placed. Here, the traffic via nodewill be recomputed to reflect traffic saving from the newly
placed proxies. In addition, delai(i) is multiplying tot(i) to decide which node to place the next
proxy. The complexity of this algorithm ©(N?) + Orouting-

4.3 Greedy algorithm

The greedy algorithm can be used to obtain a near-optimal solution, although its complexity is usually
high. Especially when an exhaustive search for the optimal solution is not feasible, it can be used as a
measure of how other non-greedy algorithms perform.

Greedy. Supposé® proxies are to be placed. We choose one location at a time. In the first iteration, we
presume a proxy to be placed on each oflthe 1 locations and evaluate their objective functions,
respectively. The location that yields the best value of the objective function is selected to place
the first proxy. In the second iteration, we search for the next best location that, considering both
the source and the proxies already placed, yields the smallest value of the objective function. This
process continues until &M proxies are placed. Its complexity@N?) x Orouting-

4.4 Local search algorithm

Local search was one of the early techniques for combinatorial optimization. It has been applied to solve
NP-hard optimization problems [25]. The principle of local search is to refine a given initial solution point
in the solution space by searching through the neighborhood of the solution point. We can apply the local
search technigue to refine the proxy placement solution.

Local search. Any of the above algorithms can be used to generate an initial solution. A randomly
selected proxy is removed and then placed to a randomly selected non-multicast node. If the initial
solution is improved, the proxy remains in the new location. Otherwise, the proxy is restored back
to its original location. This process repeats Btimes. The complexity of the local search is
B> O(N) for SPT tree and® x Oyqting for other type of trees since the multicast tree needs to be
rebuilt for each search. HerB,is a constant.
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Example 2. To illustrate various MPP algorithms, another sample g&gg}np|ezis shown in Figure 9
with N = 15, which is generated by the Georgia Tech Internetwork Topology Generator (GT-ITM) [2].
The graph generated by GT-ITM with the transit-stub model closely resembles the Internet hierarchy.
Here, we assume that the node weiglft) is set to 1. Nodesp andn, are transit nodes. Node sets
(N4, Ns, Ng, N7, Ng), (N9, N10,M1), (N12,M3,N14), (N1,N3) are four stubs. Links, 14 andlg are transit-stub
links. Link l49 is a stub-stub link. The source is at nage The numbers listed on links are tef, j).
The exhaustive search of an optimal solution can easily be obtained. The routing alg&sithimused in
this example, subject to minimizingB,,. The results of various MPP algorithms are compared with the
optimal solution. Figure 10 shows the proxy placement generated by the Random, Max-degree, Strategic,
ASP, Max-traffic, Max-TD, and Greedy algorithms. The optimal solution by exhaustive search is also
shown which is the same as the one generated by Greedy. Table 4 shows thB getandwidth con-
sumptionB,,, and delay-bandwidth-consumpti@hB,, of these MPP algorithms. The Random placement
has the highedD,, andB,, values. The Max-Degree placement shows a lower delay and bandwidth con-
sumption, in which non-multicast nodhg; is connected to multicast noahg instead of nodeg, resulting
in a lowerDB,, value. It is the same in the strategic placement. ASP exhibits the smallest delay but its
B\ value is higher than that of the Max-Traffic, Max-TD and Greedy algorithms. The Max-Traffic and
Max-TD algorithms generate the same placement in this small graph. The Greedy algorithm generates the
same tree as the optimal placement. Both of them exhibit the smBIgtvalue, which is the objective
function of routing algorithmA,,; used here.

Figure 9: Sample grapBsample2for MPP algorithms.
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(b) Max-Degree

(a) Random

(d) ASP

(c) Strategic

(f) Greedy and Optimal

(e) Max-Traffic and Max-TD

Figure 10: Different placements f@sample2
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Table 4:Dy,, By, andDB,, of Ggagmpieofor MPP algorithms

[ MPP Algorithms | Dy | By | DBy, |

Random 276 | 161 | 44436
Max-Degree 266 | 154 | 40964
Strategic 280 | 149 | 41720
ASP 254 | 154 | 39116

Max-Traffic, Max-TD || 256 | 134 | 34304
Greedy, Optimal 264 | 128 | 33792

5 Experimental Results

In this section, placement algorithms with different routing strategies are evaluated. The network graphs
are generated by the Georgia Tech Internetwork Topology Generator (GT-ITM) [2]. The transit-stub model

is analogous to the current Internet backbone transit networks and local networks. We construct ten dif-
ferent graphs, each consisting of 200 nodes. Each graph is made up of eight transit-domain nodes. The
average number of stub domains attached per transit node is three. Each stub domain has eight nodes. The
delay of edges is between 1 to 100, with an average of 20. Shown in each figure below, all the results are
averaged over the ten graphs. In each instance, a random node is assigned as the source, which remains
the same for different placement and routing algorithms. The number of proxies ranges from 1 to 40.

5.1 Routing algorithms

We first evaluate multicast trees built by various routing algorithms, in terms of three performance metrics
Dy, By, andDB,,. We select two MPP algorithms, Random and Greedy, to generate the placement for
this experiment. Four routing algorithms, SPT, MST, P-D, and DDB, are evaluated. AmongNhem,

is designed to optimiz®,,, M,,sr to optimizeB,,, andM,or associated with P-D or DDB is designed to
optimizeDB,,.

For comparison, the relative values of the performance are defined here:
D= DM/DIPM

B= BM/BIPM
Dy x By,
Diew X Bipu
where, IPM stands for the traditional IP multicast tree, which is commonly used as a reference point for

comparison. Due to the SPT-oriented routing algorithm used in IP multiPast,is the minimal value

DB = =DxB
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among all possibl®,,. Then, following the same routing, every node acts as an IP multicast router leading

Figure 11 illustrates D, B, and DB for the given Random and Greedy placements, respectively. It can
be seen that graphs in the right column generally show better performance compared to ones in the left
column. Evidently, the Greedy placement on the right has produced a better placement than the Random
placement on the left. With a good placement, the difference between four routing algorithms, SPT,
SMT, P-D, and DDB, is not significant. The difference of the DB value is within 8%. Given a Random
placement, good routing algorithms can help to some extent. As shown in Figure 11(e), overall, SPT
has minimal delay and highest bandwidth consumption. MST consumes the least bandwidth but has the
highest delay. DDB exhibits a much better performance than SPT. The difference of the DB value can be
as large as 100%. DDB is the best and its DB value is always the lowest, especially when dealing with
the Random placement. However, it is the slowest among the four routing algorithms since it recomputes
the metric every iteration. P-D performs slightly worse than DDB; its bandwidth consumption is similar
to DDB, but its delay is longer.

Considering delay only, SPT is obviously superior to the others by its definition. And itis independent
as to where proxies are placed. Other routings exhibit increased delay in general, however, the increase
in delay should be kept minimal when reducing the bandwidth consumption. An inappropriate placement,
such as the Random placement shown in the left column, together with MST routing algorithms can lead to
a 34% to 70% increase in the total delay. For details, graphs in Figure 12 show the cumulative distribution
of delay D when 20 proxies are placed. The horizontal axis represents a given value of delay D and
the vertical axis represents the percentage of individual nodes for which the delay D value was less than
this value. DDB and MST behave substantially differently in terms of the total delay. For MST, more
than 90% of the nodes have less than 15% delay increase with the Greedy placement, but most nodes have
more than 50% delay increase with the Random placement. MST certainly cannot tolerate an inappropriate
placement. In contrast, the DDB algorithm is better, where with the Greedy placement, more than 90%
of the nodes have less than a 4% delay increase; and with the Random placement more than 90% of the
nodes have less than a 25% delay increase.

SPT results in a higher bandwidth consumption, particularly for the Random placement, where it
consumes up to 140% more bandwidth than MST does. The bandwidth consumption of DDB is only
slightly higher than MST.

In Figure 13, all routing algorithms are compared with reference to the best case, Greedy placement
with DDB routing. Here, the relative performance is defined as the DB value divided by the best DB value
across all routing and placement algorithms with the same number of proxies placed. The error-bars in
Figure 13 correspond to the minimum, maximum, and average, respectively, of the relative performance
of the corresponding routing algorithms. An evident observation is that with a good placement, such as
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Greedy, all four routing algorithms perform well. With an inappropriate placement, such as Random, the
performance of different routing algorithms is substantially divergent and much worse. Hence, the proxy
placement has essential importance.

5.2 Placement Algorithms

In this section, the multicast trees resulting from various placement algorithms are compared. After the
placement is generated, two routing algorithms, SPT and DDB, are used to construct the multicast trees.
The resultant D, B, and DB metrics are shown in Figure 14.

The delay for SPT routing is invariant, so only the delay for DDB is shown in Figure 14(a). The delay
of the Random placement is much worse than others. The multicast trees resulting from the Max-Traffic
and ASP placement algorithms show the lowest delay. These placement algorithms, except the Random
placement, have delay increases of no more than 4% on average. Figure 14(b) shows the cumulative
distribution of delay D when 20 proxies are placed. The horizontal axis represents a given value of delay
D and the vertical axis represents the percentage of individual nodes for which the delay D value was less
than this value. The placement algorithms other than Random have delay increases of no more than 10%.

Figures 14(c) and (d) show the bandwidth consumption. Most placement algorithms significantly
reduce the bandwidth consumption when the first five proxies are placed. The bandwidth consumption with
five proxies is about two times that of 40 proxies. The Random placement with SPT routing shows large
bandwidth consumption. The Max-Traffic placement algorithm requires higher bandwidth consumption
when the number of proxies is small, and it outperforms the Max-Degree placement algorithm as more
proxies are placed. The Strategic placement and ASP are the same with eight proxies since there are eight
transit nodes in the graphs. For other numbers of proxies, ASP outperforms the Strategy placement. The
Max-TD placement is exactly the same as Greedy with the SPT routing since the SPT tree is invariant for
different numbers of proxies. It is very close to Greedy with the DDB routing, though.

The DB results are illustrated in Figures 14(e) and (f). Since the delay does not significantly change
for most placement algorithms, these curves are similar to ones for bandwidth consumption. The Greedy
placement produces the best performance, as expected. The Random placement does not produce satis-
factory results when SPT routing is used. However, DDB routing can improve the performance of the
Random placement, but the DB value of the Random placement is about 100% larger than that of the
Greedy placement. Again, the DB value of Max-TD is very close to that of the Greedy algorithm. Since
Max-TD is faster, it can serve in place of the Greedy algorithm. In Figure 15, all placement algorithms are
compared with reference to the best case, Greedy placement with DDB routing. Here, the relative perfor-
mance is defined as the DB value divided by the best DB value across all routing and placement algorithms
with the same number of proxies placed. Except the Random placement, SPT and DDB perform roughly
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the same, once again concluding that the placement is important.
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Figure 16: Gain with Proxy Placement.

The benefit of placing proxies can be measured bygtia, which is defined as the DB value with
no proxy placed divided by the DB value wikhproxies placed. Figure 16 illustrates the gain of various
placement algorithms with SPT and DDB routing. The gain of Random is very low, especially for the
SPT routing. The popular Strategic placement performs well for a few proxies, but not as good as other
placement algorithms for more proxies. Greedy and Max-TD produce the highest gains.
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Local Search

The Greedy placement algorithm produces satisfactory results but with high complexity. Max-TD can
produce good performance with moderate complexity. Max-Degree, Max-Traffic, Strategic and ASP are
fast, but their performance is not as good as Max-TD and Greedy. Random placement is not satisfactory.
However, with low-complexity local search, their performance can be significantly improved. Figure 17
shows the improvement of Random, Max-Degree, and Max-Traffic with local search. An improvement of
12% to 37% can be obtained in 300 iterations. The local search algorithm has been applied to Greedy and
Max-TD. Almost no improvement has been observed, possibly due to the fact that their placement is quite
close to optimal.

DB

14 %WWM

0 50 100 150 200 250 300
Number of Iterations

Figure 17: Local search for Random, Max-Degree, and Max-Traffic.

Low-connectivity and high-connectivity

In order to study how connectivity of graphs impacts the performance of routing and placement algo-
rithms, ten additional graphs were generated with high-connectivity compared to the regular ten graphs
with low-connectivity. There are more links in transit and stub domains, between transit and stub domains,
and among stub domains in this group of high-connectivity graphs. The graph generation is controlled by
four parameters, that is, the number of transit-stub edges, the number of stub-stub edges|tecof
transit domain, and the value of stub domain, which are shown in Table 5. The number of transit-stub
edges is the number of extra links connected between transit nodes and stub nodes. The number of stub-
stub edges is the number of extra links connected between different stub domaiesvalbe, between 0
and 1, controls the connectivity in a transit or stub domain.

Figure 18 compares the low-connectivity and high-connectivity graphs. The low-connectivity graphs
have higher delay and higher bandwidth consumption. This is because in a high-connectivity graph, more
paths from the source to destination nodes are available and shorter paths can be selected. In addition,
various placement algorithms on high-connectivity graphs diverge from each other in terms of their DB
values compared to the other case. Since alternative paths provide more chances for better routing, a good
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Table 5: Parameters for graph generation

[ | Low-connectivity | High-connectivity |

# of transit-stub edges 0 5
# of stub-stub edges 0 10
o value of transit domairn 0.2 0.6
o value of stub domain 0.2 0.4
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Figure 18: Comparison of Two Groups of Graphs.

algorithm is able to select the best places for proxies.

Repeated traffic

Figure 19 shows the repeated traffic. Reduction of repeated traffic is important for “hot spot” elimi-
nation. With five proxies, the repeated traffic is reduced to 40% for Greedy placement with DDB routing,

and with 40 proxies, it is reduced to 7%. There is no repeated traffic when 110 proxies are placed, which
is not shown in the figure.

In summary, proxy placement is crucial to the system performance. Random placement is not accept-
able, though a good routing algorithm can help. The Greedy algorithm is the best, and Max-TD is very
close to Greedy. DDB routing balances well the requirements of low delay and low bandwidth consump-
tion. With a good proxy placement, the increase of delay and bandwidth consumption by DDB is within a
few percents compared to that generated by SPT and MST, respectively. A combination of Max-TD place-
ment and DDB routing is able to produce satisfactory performance. Compared to the popular combination
of Strategic placement and SPT routing, a 70% gain in performance can be achieved.
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6 Related Work

Server-based multicast can solve many problems. Compared to the IP multicast, server-based multicast
can handle heterogeneous networks and clients. Server-based multicast is able to adapt to different band-
width and solves the congestion control problem. Retransmission can be handled locally for reliable
multicast. Server-based multicast can also work across both space and time by using proxy servers as
caches [31, 32, 29]. Existing works on the server-based multicast use strategic placement and various
routing algorithms to build multicast trees [5, 6, 14, 22]. A comparison study showed that these routing
algorithms normally involve a 200% to 300% longer delay than IP multicast [33]. Many of them are unable

to reduce the bandwidth consumption to minimal. Their bandwidth consumption is several times larger
than that given by the Minimal Spanning Tree and in certain situation even larger than that of unicast. This
paper has investigated both routing and placement problems in a systematic approach. Various algorithms
and their system integration are discussed and evaluated to illustrate their performance impacts. These
results can be valuable references for other server-based multicast overlay network. Moreover, with power
of localization, the application of near-optimal algorithms on both routing and placement becomes feasible
[4,19].

Formulation and evaluation of the Multicast Proxy Placement (MPP) problem is a focal point of this
paper, which to our knowledge is the first work formulating the MPP problem. recently, another work [24]
considered the server placement problem in overlay networks. However, the objective function in the work
is to minimize the number of proxies that cover the entire network with a bounded delay from clients to a
proxy. The delay from the source to proxies is unbounded, therefore, there could be a long delay between
the source and clients. Furthermore, the bandwidth requirement was not considered in the work.

Work in [23, 21, 20, 16, 15] studied the problem of placing cache replicas or proxies in the network.
[23] formulated it as the two well-studied problems: the facility location problem [7] and-thedian
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problem [3]. Now, we use the same gra@fgampblin Figure 1 to show the difference between cache
proxy placement and multicast proxy placement. The cache placement problem can be modeled as the
minimumk-median problem [23]. Its objective function is the system cost

C= iW(ni) x d(ni,c(n;, P)),

wherew(n;) is the node weight representing the traffic generated by ngakn;, n;) is the length of the
shortest path fromm; to nj, andc(n;,P) is the proxy in the proxy seR that is closest toy. Figure 20(a)

w=1 w=2
‘ w=1
w=2 . 1
1 1 1

w=3 w=2 w=1
w=2

(a) Optimal cache proxy placement (b) Optimal multicast proxy placement

Figure 20: Placement of Cache Proxy and Multicast Proxy.

shows optimal cache proxy placement for three proxies. The proxies are placed tonodeandn; and

the system cost = 13. On the other hand, the optimal multicast proxy placement that generates smallest
bandwidth consumption is shown in Figure 20(b). The proxies are placed to nnaesandn, and the

total bandwidth consumptioB = 20. Note thatC = 14 when proxies are placed to nodesn,, and

ng. On the other hand = 21 when proxies are placed to nodgsn,, andnz as shown in Figure 2(b).

The MPP problem has a different objective function from that of the cache proxy placement problem.
First, a multicast tree must be built among the multicast nodes. Second, the non-multicast nodes are not
necessarily connected to the nearest multicast node except that for the MST tree. It cannot be modeled by
the minimumk-median problem.

7 Conclusion

This paper addressed the multicast proxy placement problem. The problem has been formulated and
objectives are presented. Based on the performance metrics, a number of routing and placement algorithms
have been presented. The performance study showed that the proxy placement is more crucial than routing
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in terms of their impact on performance. The Greedy algorithm produces the best solution among these
placement algorithms and Max-TD is close to optimal.

An open problem is distributed decision on the proxy placement. Distributed versions of presented

algorithms, which we are currently working on, may produce near-optimal results. Yet another direction
is to adapt the localization approach. With the power of localization, optimal decision within a zone under
single administration may result in global optimization in a federation of zones.
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