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Abstract— Although initially proposed as the deployable al-
ternative to IP multicast, overlay multicast actually offers us
great flexibilities on QoS-aware resource allocation for network
applications. For example, in overlay multicast streaming, (1)
the streaming rate of each client can be diversified to better
accommodate network heterogeneity, through various end-to-
end streaming adaptation techniques; and (2) one can freely
organize the overlay session by rearranging the multicast tree,
for the purpose of better resource utilization and fairness among
all clients. The goal of this paper, is to find the max-min rate
allocation in overlay multicast, which is pareto-optimal in terms
of network resource utilization, and max-min fair. We approach
this goal in two steps. First, we present a distributed algorithm,
which is able to return the max-min rate allocation for any given
overlay multicast tree. Second, we study the problem of finding
the optimal tree, whose max-min rate allocation is optimal among
all trees. After proving its NP-hardness, we propose a heuristic
algorithm of overlay multicast tree construction. A variation
of the heuristic is also designed to handle the dynamic client
join/departure. Both of them have approximation bound of 1/2
to the optimal value. Experimental results show that they achieve
high average throughput, almost saturate link utilization, and
consistent min-favorability.

I. INTRODUCTION

form an overlay multicast tre€ rooted at servef. Each tree
edge connecting two end hosts corresponds to their unicast
path underneath.

First, the streaming rate of each client can be diversified,
which better accommodates network heterogeneity. For exam-
ple, ho can have a lower rate than, if hy's access link has
lower capacity. This is also achievable in IP multicast through
layered streaming[2][3]. In overlay multicast, however, besides
the layered approach[4], all end-to-end streaming adaptation
techniques (frame dropping, transcoding[5], etc.) can be ap-
plied, as all data relays happen via unicast. Such a flexibility
enables the rate control in a much finer granularity than the
layered approach.

Second, one can freely organize the overlay multicast ses-
sion by rearranging the overlay multicast tree. For example,
we can modify the tred” in Fig. 1 (a) by lettingh; and ho
switch their positions, ifis’s access link has higher capacity
than hy. In this way, h3 can have a better chance to receive
the stream at a higher rate from its parent.

The purpose of this work, is to study how we can utilize
the above flexibilities to achieve optimal network resource

Although initially proposed as a deployable alternative tdtilization, while maintaining certain fairness among all end
IP multicast, overlay multicast[1] actually revolutionizes th80Sts. Formally, given an overlay multicast session, our goal
way multicast-based applications can be built. In IP multicads, to find its max-min rate allocation, which is pareto-optimal
except for nodes at the edge, the network is composed ifterms of network resource utilization, and max-min fair.

routers, whose task is no more than forwarding packets.

\¥e choose this model mainly because it is best suitable for

contrast, each node in the overlay network is an intelligent eR§terogeneous network environment, which we envision to be
host. This offers us great flexibilities on QoS-aware resoure case for overlay network. When one faces the choice to
allocation in the overlay network, in order to better utilizdncrease the streaming rate of either but only one of two

network resource, meanwhile achieving certain fairness.

(b) Unicast Connections

(a) Multicast Tree

Fig. 1. Overlay-based Streaming Multicast

We illustrate such flexibilities via an example of overlay-

based streaming multicast. As shown in Fig.M,end hosts

end hosts, choosing the low-end host can greatly enhance
its streaming quality, hence its user’s satisfaction. Otherwise,
increasing the already high streaming rate for the high-end host
can also enhance its user’s satisfaction but the improvement
will not be equally significant. Therefore, choosing max-min

fairness can help maximize the overall satisfaction of all users.

However, achieving max-min resource allocation in overlay
multicast is not a trivial task. The solution space to this
problem is illustrated in Fig. 2. The “Max-min” axis represents
the degree of max-min optimality of a rate allocatioAlong
the “Rate Allocation” axis, we can see that for any given
overlay multicast tree, there exists a unique max-min rate

1Two rate allocation vectors can be comparable, whose details can be found
in Sec. Ill-A.
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Fig. 2. Solution Space to Max-min Rate Allocation as a single node. The network topology is thus simplified as

a star topology

. . . S Now we define the capacity vecter = (cs,cq,...,cn),
allocation, which has the highest degree of optimality. Alon\%’/herecS is the access Iin[I)< ca;))/acity of the( sSer\zs‘:;rci is]:h)e

the “Multicast Tree” axis, we can see there exists a unique . ; )

. . -access link capacity ok;(i = 1,...,N). For any host, the

optimal tree among all trees, whose max-min rate allocation : :

: o L . sum of rates of all streams to and from it cannot exceed its

has the highest degree of optimality, which is the unique . . . :

i . ) access link capacity. Formally, it must satisfy that
optimal point of the entire space.

We explore this solution space in two steps. First, we present Z z; < cg Q)
an max-min rate allocation algorithm for any given overlay S—h;
multicast tree. The algorithm incurs very limited network Ty + Z z; < cp 2)
measurement and messaging overhead, converges in only one ho o hs

iteration, and guarantees to return max-min rate gllocatlon.which we refer to asnetwork constraint It can also be
Second, we study the problem of finding the optimal tr . . .

i .eI%rmallzed in the following way.
and prove it to be NP-hard. We then propose a heuristic
algorithm of tree construction. A variation of the heuristic A-xz<c )
is also designed to handle the dynamic client join/departure.A is a (N + 1)
Both of them have approximation bound of 1/2, i.e., they ) )
are guaranteed to construct a multicast tree, whose max-min Ay = { 1oifl= Z_Or hi — hi
rate allocation has the minimum receiving rate at least 1/2 of 0 otherwise
the same value returned by the optimal tree. Experimentally,Moreover, if h;, — h;, thenz, > z;, i.e., as the child of
our algorithms greatly outperform this bound. Experimental,, h,’s streaming rate cannot exceed its parent. We refer to
results also show that under heterogeneous network envirgaeh a constraint agata constraint Note that if S — h;, this
ments, different multicast session scales, and dynamic clieole does not apply ta;, sincesS is the root of the tree. We
joins/leaves, the algorithm consistently achieves high averaggfine aiV x N matrix B to formalize the data constraint.

x N matrix, such that

throughput, almost saturate link utilization, and consistent 1 if by — Ry
min-favorability. . _ By =¢ 1 if i =k andh;’s parent is notS
The rest of the paper is organized as follows. Sec. Il presents 0 otherwise

the network model. Sec. Il presents the problem formulation. hen it t satisfy that
Sec. IV presents the algorithms. Sec. V presents experimentaT en it must satisfy tha
results. Finally, we review related works in Sec. VI and B-x<0 4

conclude in Sec. VI. We collect above notations into Tab. Il. In the example by

Il. OVERLAY NETWORK MODEL Fig. 3, there are 4 clientsM = 4). Hence, Inequality (3)
becomes

We consider an overlay network consisting of sergeaind 110 0 3
N clients, denoted ag{ = {hi,...,hn}. We then define 10 1 1 z1 4.9
the rate vectotc = (z1,...,xn), Wherez; is the streaming 010 0 T2 | 9
rate ofh;(i = 1,..., N). For two end host&;, andh;, if hy 00 1 0 CE I P
relays the stream th;, thenhy, is h;’s parent,h; is h’s child, 00 0 1 T4 1
denoted ag;, — h;. For example, in Fig. 1k, — hs. )

In this paper, we assume that the bottleneck of a unicast"€quality (4) becomes
path only happens at either access link of its two end hosts, 0 0 0 O 1
as shown in Fig. 3. Our assumption is based on the observation 0 0 0 O 2 | ¢
that the backbone links of today’s Internet are usually over- -1 0 1 0 3 |
provisioned[6][7]. In this way, we can view the cloud in Fig. 3 -1 0 0 1 T4



gmat'on gg::gtr'on Definiton 4 (Pareto optimality). A rate vector

H=1{hi,i=1,...,N} End Hosts x* = (xf,9 = 1...N) is Pareto optima) if V&, z > z*,

= (x;,i=1,...,N) Streaming Rate of; thenz = =*.

c=(cg,ci,i=1,...,N) | Capacity ofS andh;’s Access Link

ikihh fk'ﬁst':ﬁe",i‘;?g;fg,; Proposition 1. A max-min rate vector* is Pareto optimal.

ANL1XN Network Constraint Matrix

Brxn Data Constraint Matrix Proof: If z* is the max-min rate vector, then for any

TABLE | ordered vectoee, * >,, x. This means that there exists no

NOTATIONS IN SEC. || vectorx > x*, which establishes the result. [ |

To this end, we formulate the optimal rate allocation of an
overlay network as follows, where Inequality (6) and (7) are
the network and data constraints of the overlay network.

Throughout this paper, we will use this example to illustrate

our algorithms. max,,, T (5)
I1l. PROBLEM FORMULATION subjectto A-z<c (6)
A. Goal: Optimal and Fair Resource Allocation B-x<0 (7)

In this work, we consider the problem of fair resourcg  solution Space
allocation in an overlay network while resource utilization T hi timal and fair rate allocati th i
is simultaneously maximized. We first introduce max-min, a 0 achieve optimal and fair rate aflocation, there are two

c

commonly accepted fairness model. Consider the rate ve gpensions in the solution space along which we can explore:
2z = (25,0 = 1...N). We sayz is orderedif it satisfies that rate allocation and overlay multicast tree construction. First, if
=(z;,i=1...N).

2 < 2i01(1 < i < N)2 We have the following definitions the overlay multicast tree is given,.max—min alloqation goallcan
and proposition, whose details can be found in [3]. be achieved thrqugh rate allocation -among dlﬁerent unicast
flows. Second, different overlay multicast trees will result in
different max-min rate allocations. Further, there exists one
overlay multicast tree, whose max-min rate allocation is min-
favorable to the max-min rate allocations of all the other trees.
1) Rate Allocation: First, when an overlay multicast tree
T is given, the network and data constraint matricgl’)

Min-favorability is similar to alphabetizing two text stringsandB(T) are determined. Thus the problem can be stated as
of the same length. Let; represent théth character of the follows.

first string, andx; theith character of the second string. Then R(T) : max x 8)
x >, ' iff x =2z’ or an alphabetization placas beforex. "

Definition 1 (Min-favorability) : Letx = (z1,...,zy) and
x' = (z),...,2)) be two ordered vectors. We say>,, «’
(x is min-favorableto «’) if no ¢ exists such that! > x;,

or for anyi wherez; > z;, there is somg < i wherex’; < z;.

subjectto A(T) -z <c
Definiton 2 (Max-min): An ordered vectorz* is a B(T)-z<0
max-min rate vector, if for any ordered vector * >,, x. over x>0

We denote a max-min rate vector a5 = max,, {x}. _ .
2) Overlay Multicast Tree ConstructiorFurther, let7 be

The definition of max-min rate vector states that is the set containing all multicast tree configurations. By Cayley’s
min-favorable than any other rate vectors. This means ttBeorem [8],|7| = (N +1)"~'. For any treel’ € 7, solving
a rate allocation vectoz* is max-min fair if the streaming R(7") will give a max-min rate allocatiox”(7"). Among these
rate z; can not be improved without decreasing the rate §hax-min rate allocations, there exits one ti#ec 7, whose
any other flowz;, wherej < i. Roughly, the definition states Max-min rate allocationz*(7*) is the most min-favorable
that the max-min fair allocation gives the most poorly treatednong all trees inZ7. This problem can be formulated as
user (i.e., the user who receives the lowest rate) the Iargfé%l{OWS-
possible share, while not wasting any network resources.

Further, we show that max-min rate allocation is Pareto T: m_aXm r ©)
optimal in resource utilization. subjectto A(T) -z <c
B(T)- <0
Definition 3: For two rate vectorsc and x/, > «/, if over x>0
andonly ifforalli =1... N, z; > af. TeT

2If not otherwise specified, a vector is assumed to be ordered thereafter inTheor(_am I P_rObIe_mT IS Np'har_d'
this paper. Proof is provided in the Appendix 1.



IV. RESOURCEALLOCATION ALGORITHMS their receiving rates as their own access link capacities, i.e.,
A. A Max-Min Rate Allocation Algorithm z3 = c3 = 2.5 andzy = ¢4 = 1, and send the rate report

. . messages th; (Fig. 4 (a)). Upon receiving messages fram
We present a distributed algorithm to Probl®xI"), shown Coo P . ; ;
in Tab. II. The algorithm is distributed, in that it only dependandh4’ h, firstinitializes the available bandwidth on its access

on exchange ofRate Reportand Rate Updatemessages fink as ¢ : a = 42 Since there W'." be .3 streams_ going
. : . throughh,’s access linkh, equally dividesc into 3 portions,
between parent and children nodes in the tree. The algorithm™ "7 » and see if it is a feasible allocation for all the 3

starts from the leaf nodes, which report their initial streaming[re_a7’

rates to their parents. Upon collecting adite reportsfrom ms. It turns out that, = 1 < 472 which indicates that
P - P 9 P h@’s access link is the bottleneck. In this case,determines

its children, the parent node then calculates its own streami . :
: I'srate as 1, and allocates the corresponding bandwidth from
rate, and sends the rate report further up, until the sesver. . , . . :
. . ) . ., its own link. Now, h;'s available bandwidth subsides to=
is reached.S then adjusts the streaming rates of its children - . . p
— x4 = 3.2. Thenh; equally dividesc into 2 portions,5 =

. . . C
accqrdmg the network constra!nt, apd n9t|f|es the-m. quﬁﬁ, and see if is a feasible allocation for the rest streams. Since
receiving therate update each child adjusts its streaming rate

. . . 1. Il ¢ amount of bandwidth i.e. =
then sends the rate update further to its children. This proc kg > 1.6, 7 allocates; a lou tof ba d dt t%’ €., 23 .
. o . -6, and declares the residual bandwidth as its own streaming
is repeated until it reaches all leaf nodes. The algorithm on . o ;
. . ) rate, i.e.,v; = 1.6. Note that this is the maximum ratg can
needs one such iteration to return the max-min rate allocation . . R . .
N possibly have, sincé;’s link is already fully utilized at this

point. Increasinge; will inevitably reducexs or x4, which is

End Host iy, (b, hasM childrenhy, ..., has) already smaller than or equal 1q.
Now h; sends rate report message to its pargntogether

1 %m no children {7 — 0) with it_s s_ibling nodehs (Fig. 4 (_b)_).hg initiali_zes_xg_ == 2,
2 Tk — Ck since it is also a leaf node. Similar tq, S first initializes the
3 Report Rater;, to its Parent available bandwidth on its link as = cg = 3. Since S will
On Receiving Rate Reports; from hi(i = 1,..., M) st.r(.aam to_ both of itg children through its own I_ink, it eq.ually
1 " Sorthy, ..., hay such thate; < ... < aza divides c into 2 portions,5 = 1.5, and see if it is a feasible
2 cecp allocation for h; and hy. Since bothz; and z, are greater
i \’Naeli < Mand e > tha_n_ 1.5,S adjusts them such thaty = x5 = 1._5. Finally, S
5 cec—m; notifies h; and h, about the updated rates (Fig. 4 (c)).
6 ie—it1 Upon receiving the rate update messagesandh. adjusts
[ e s their own rates accordinglyh; further sends the message
g Wh;?ich down to its childrenhs and h, (Fig. 4 (d)) to ensure that the
10 /;_H 1 data constraint is not violated. As a resuit, adjust its own
11 zp ¢ rate from 1.6 to 1.5, so that; will be no greater than:,
12 Report Ratery, to y’s Parent the rate ofhs's parent. The algorithm finishes when all leaf
On Receiving Rate Update,, from its Parent nodes are done with the stream rate adjustment. The final
1 for hi(i=1,..., M) rate vector ist = (1,1.5,1.5,1.5).
2 x; < min(z;, )
3 Update Rater; to h;

Theorem 2 The Algorithm in Tab. Il returns the max-min
Server S (S hasM childrenhy, ..., har) rate allocation.

Proof is provided in the Appendix 2. The salient features
of our algorithm is as follows.

On Receiving Rate Reports; from h;(: = 1,..., M)

1 Sorthy,...,hp suchthatr; < ... <zxp

2 cecp 1) The message exchange (rate report/update) happens ex-

i \i/vmelz‘ < Mand —t— > o actly once between each parent/child pair. Therefore,

5 e MA1—i =™ the messaging overhead %V, N being the number

6 ie—i+1 of clients.

(O v es e 2) Since the message exchange can happen in parallel

g Wha':'?ich among sibling nodes, the algorithm takes timext -

10 i1 height(T)), t being the longest messaging delay among

11 for hi(i=1,..., M) all unicast connections in the tree.

12 Update Rates; 10 hy 3) Each end host only needs to measure the available
TABLE I bandwidth of its own access link.

MAX-MIN RATE ALLOCATION ALGORITHM i X L
B. A Multicast Tree Construction Heuristic
Given the NP-hardness of finding the optimal multicast
We illustrate our algorithm using the sample topology itree (ProblemT), we propose a tree construction heuristic
Fig. 3. At the beginning, the leaf nodés and h, initialize as shown in Tab. Ill.
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r=1.25

(a) h1 Joins (b)hs Joins (c)h2 Joins (d)h4 Joins

Fig. 5. Sample lllustrating the Tree Construction Algorithm

1 % order of their access link capacity; is chosen as the first

2 SortH = {h1,...,hy}, such one to join the tree (Fig. 5 (a)). Then the server’s bottleneck
thate, > ... > cen bandwidth isrs = cg/2 = 1.5, hy's bottleneck bandwidth is

3 m—es r1 = ¢1/2 = 2.1. Therefore ), is grayed, which means that it

Tree Construction is chosen as the parent, which the next joining ndde will

g fOFhi =1toN A . attach to. After joining the tree (Fig. 5 (b)hs's bottleneck

0 ifkT;;rrgkmam k=1, i=1) bandwidth isr; = c¢3/2 = 1.25, and rg is unchanged,

7 SetS ash;'s Parent r1 = c¢/3 =14 andry = 2/2 = 1. Now S turns out to

8 else , be the one with the greatest bottleneck bandwidth. In Fig. 5

io Tsft%kuahsihis Parent (c), ho attaches itself ta5, which makesrs = 1, r; = 1.4,

11 TS ey ro = 1 andrg = 1.25. Finally, h4 joins the tree by attaching

12 for j=1toi to hy, and results in the final rate vector, identical with the

13 i n;il final result in Fig. 4. Note that in this example, the final tree in

TABLE III Fig. 5 (d) is the optimal tre&™ defined in Sec. IlI-B. However,
MULTICAST TREE CONSTRUGTIONHEURISTIC our heuristic does not guarantee to return the optimal tree

every time. More analysis results on this issue can be found
in Sec. V.

During the tree construction, the serv8ralways keeps

The principle of our heuristic is as follows. (1) We alwaydrack of which node in the existing tree has the greatest
stream from high-end node to low-end node. Forma"yl“f bottleneck bandwidth. Therefore, each time a new node joins
is the child of iy, i.e., h — h;, then it must satisfy that the tree, it first contacts the server, which in turns tells it
¢; < c. Each end host joins the tree in the order of its accew&lich node to choose as parent. In each iteration only the
link capacity: the one with the greatest capacity joins first. (#pttleneck bandwidths of the new node and its parent node
Each time when a new hoét joins, it attaches itself to the are updated. These two nodes need to report to the server.
tree node with the greatest bottleneck bandwidhfor host The total messaging overhead of the tree constructidnis
hi), Which is the ratio oft;'s access link capacity and, +1, Note that the tree construction and rate allocation algorithms
n; being the number of unicast routes routed throtigh link. ~ are independent form each other. Each time a new node joins
By doing this, we try to maximize the minimum receiving ratéhe tree, it can start the max-min rate allocation algorithm in
in the tree.

We illustrate our heuristic using the sample topology in Theorem 3 The minimum receiving rate of the tree con-
Fig. 3. Initially, h, thoroughh, are sorted by the descendingstructed by the algorithm in Tab. 11l is at Iea§lof the optimal

Tab. 1l by sending rate report to its parent.



value. Now using the same example in Fig. 6, we illustrate
Experimentally, this algorithm greatly outperforms this agiow the enhanced algorithm works. We follow the same

proximation bound, which will be shown in Sec. V. client joining order as in Fig. 6 (b). Fig. 7 (a) shows
the tree afterhy, and hs joins. At this point, both hs
C. Dynamic Client Joins/Leaves and S have bottleneck bandwidth of 1. Whehs joins,

The tree construction algorithm in Tab. Il requires nodes {h randomly choosesr, to attach to. Sincery < ¢, hg
join the tree in the sorted order of their access link capacitie¥Viiches withh, (Fig. 7 (b)). After a round of max-min
However, in practice, a client may join or leave the multicaggt® allocation, both; and S have the greatest bottleneck
session at any time. It is highly expensive to always decompd@dwidth, andh, chooses to attach t; (Fig. 7 (c)). Since
the old tree and construct a new one from scratch when sufgh< ¢3 < ¢1, hu first switches withhs, then with ;. The

an event happens. Moreover, doing so may frequently distfB tree is shown in Fig. 7 (d), whose rate allocation is
existing clients in the multicast session. x = (1,1.25,1.25,2), a result better than the one in Fig. 6 (b).

Theorem 4 The minimum receiving rate of the tree con-
structed by the dynamic algorithm is at Ie%sof the optimal
value.

@ @ However, the price for the better performance is that the
oo X! enhanced algorithm forces some existing tree nodes to switch
their parents. We will explore this tradeoff in Sec. V.

x,:. V. EXPERIMENTAL RESULTS

We first test the tree construction heuristic in Tab. Il
how close its resulted tree approximates the optimal tree.
Fig. 6. Multicast Trees Resulted from Different Client Joining Orders We compare the result of our algorithm with two types of

optimal trees: (1) theMax-min Tree the one that generates
We modify the original algorithm to accommodate thesthe most min-favorable rate allocation, i.e. the max-min al-
practical issues, but still following the same principle: alwayl®cation, and (2)Max-Throughput Treethe one that returns
streaming from high-end node to low-end node. In the modhe greatest aggregate rates of all clients, i.e., the maximum
fied algorithm, each time a new no#lgjoins, it only considers overall throughput For a multicast group ofV clients, we
the set containing the servérand all tree nodes whose linkrepeat the same experiment for 100 times. Each time, the link
capacities are greater than From this set)h; chooses the capacities of the server and all clients are uniformly distributed
one with the greatest bottleneck bandwidth as its parert; If between 1 and 5. We analyze our result through the following
leaves, each of its children rejoins the tree the same kyay metrics.
does. « Hit Ratio records how many times our algorithm returns
By this algorithm, different client joining orders may result one of the optimal trees.
in totally different multicast trees. Fig. 6 illustrates such a , Minimum Rate indicates how max-min fair a rate alloca-
difference, using the same example in Fig. 5. When clients join  tion is. Apparently, a min-favorable rate allocation results
the tree in the descending order of their link capacities, the in a higher minimum rate than other ones.
optimal tree is formed, as shown in Fig. 6 (a). However, if this Average Throughput is the average rates of all clients.
order is reversed, we get a different tree with much degraded, Link Utilization measures the percentage of overall link
streaming rates. This is because every time a new client joins, capacities that can be maximally utilized by a tree.
all the existing tree nodes have smaller link capacities than itsp ;e to the NP-hardness of the problem, the two optimal

own. Therefore, it can only choose to stregm from the servgtes can only be found in an exhaustive search. By Cayley's
S. Eventu_ally, _the_access link cﬂ‘_becomes highly congested.theorem' givenV clients, there existéN + 1)N-! different

To avoid this k'“”d of suboptimal r_eSL,"lt' we enhance OYfees[g], which makes the exhaustive search prohibitively
algorithm with the “parent-child switching” method. Each timgypensive wheV exceeds 10. Therefore, we are only able to
a new node; joins, it attaches itself to the tree node with thgyresent the results comparison in the case of small multicast
greatest bottleneck bandwidth, say. If h’s link capacity groups, whereV < 10. Although it remains unknown exactly
is less thamh,'s capacity, i.e..cx < c¢;, thenh; switches its oy close it performs to the optimal results whanfurther
position withh;. Note thath; and’,, not only exchange their jhcreases, our algorithm continues to be steady in terms of

positions, but also exchange their children, if any. After thigyerage throughput and min-favorability, and remains high link
h; further checks whether the link capacity of its new pare'&%mpacity utilization.

is less thar;, and continues to switch if the answer is yes. Fig g shows that the ratio of our heuristic returning the

This process is repeated until's new parent has greater link,4x_min tree continues to drop frobd0% to less thard% as
capacity thare;, or the rootS is reached. Ifh; leaves, each

of its children rejoins the tree the same waydoes. 3In some cases, these two optimal trees can be the same one.

(a)hlﬂhgﬁhzﬂhzl (b)h4*>h2*>h3*>h1
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(@) ha and hz Joins (b)hs Joins and Switches with, (c) h1 Joins and Switches withs, hs  (d) Final Result

Fig. 7. Sample lllustrating Parent-Child Switching

100

' ' ' Ma;(-min L

90 1 Max-Throughput ---<-- 7

80 F Coincidence Ratio ---%--- |

70 F O\ 4

o 60 *;i i
€ 50| SN i
< g0t N i

X
30 Nl x i
\ ~se-m N
20 - N 4
10 F TN J
0 L L L L (.
2 3 4 5 6 7 8 9

number of clients (N)

Fig. 8. Hit Ratio

N increases to 8. The ratio of returning the max-throughput
tree is consistently higher but also quickly drops. The third
curve, “coincidence ratio”, indicates the number of times the
two optimal trees are actually one. This curve drops quickly
from 80%to 0% as N increases to 8. The explanation for the
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above results is straightforward: as the number of possible 1F
trees explosively increases when we enlalgeit is less and
less likely for a tree to meet both optimal goals. It also seems
that the principle of our heuristic (always streaming from
the high-end client to the low-end client) is more suitable to
achieve the goal of high overall throughput than the goal of
max-min fairness. However, in the following results, we show

that our algorithm is actually well-balanced between these two
goals. overall throughput. Fig. 11 (a) shows that the max-throughput

In Fig. 9 (a), max-min tree has the highest minimum rat&’€e has the best link utilization, which remains steady around
indicating that it always achieves the fairest rate allocatiod0% when N goes over 5. The max-min tree has the worst
The max-throughput tree, on the other hand, is the most unféffiization, which never goes ov&5%. The utilization of our
one. The curve of our heuristic lies stable in between thefguristic lies in between them, and climbs to alm@g#. In
Moreover, Fig. 9 (b) shows that a¥ increases, it decreasedig- 11 (b), the curve remains steady around this point, and
slowly at decelerating pace from 1.14 to 1. never exceeds the range &% and92%.

In Fig. 10 (a), we find out that the average throughput of Now we examine the performance of our algorithm on
the two optimal trees are in fact very close, where the mastealing with dynamic client joins/leaves. The simulation runs
throughput tree performs slightly better than the max-min tref®r a time period, in which 100 clients join, then leave the
Also, similar to Fig. 9 (a), the curve of our heuristic lies irmulticast session. As shown in Fig. 12, the session size
between the two of them. Fig. 10 (b) shows the same patt&@eps changing along the time. For the same node join/leave
as what appears in Fig. 9 (a), which implies that the algorithe@guence, we repeat our experiment for 100 times. Each time,
can continue to construct the tree whose performance is cldége link capacities of the server and clients are uniformly
to the optimal one whev becomes large. distributed between 1 and 5.

This conjecture is further confirmed by our observation on As one can see from Fig. 13, the algorithm enhanced with
link utilization. Obviously, higher link utilization means highemparent-child switching technique consistently yields higher and
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more steady average throughput than the one without it. Also
in Fig. 14, the link utilization ratio of the enhanced algorithm
is always aroun®3%, only within 10% less than the same
ratio we have measured for the static algorithm (Fig. 11 (b)).
In contrast, the link utilization of the algorithm without parent-
child switching is almost5% less on average. Fig. 15 further
shows that the algorithm with parent-child switching is more
min-favorable than the one without.

Finally, we note that for the enhanced algorithm, each time
when a node joins, or rejoins due to its parent’s leaving, the
average number of nodes affected by parent-child switching,
i.e., the ones which switch positions with the joining node,
and their children which have to switch parents0is83, an
overhead we consider bearable.

Based on the results presented in this section, we conclude
that under heterogeneous network environments, different mul-
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"Without Switching —— " Now we review related works on optimal multicast tree

1gp  WithSwiehing === construction, which can be considered as a routing problem.

16 | The objective of a routing algorithm can be diversified, such as
g 14 d shortest delay, minimum cost, etc. The objective of our work
é 12 i, - and those others we will review shortly, is to maximize the
- AN throughput, a crucial factor for bandwidth-sensitive applica-

os | | tions.
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Fig. 15. Minimum Rate (Dynamic Node Joins/Leaves)

ticast session scales, and dynamic client joins/leaves, our al-
gorithm consistently achieves high average throughput, almost
saturate link utilization, and consistent min-favorability.

(a) Multicast Routing (b) Unicast Routing
VI. RELATED WORKS

We first review related works on optimal rate alloca-
tion. This problem has been explored in the context of

unicast[9][10] and IP multicast[11][12]. In these works, the. As shown in F'g' 16 a cpmmqnly used ne.two.rk mode_l IS a
) . o simple graph with unidirectional links. Each link is associated
optimal rate allocation is the one that maximizes the ag-

gregated utilities of all receiversi(i = 1,...,N), subject Qith a positive weight as its capacity. We consider a single

: . . ulticast session with a sour@eand a set of receivers, and no
to various constraints, such as network capacity. Here, t . ) ) ; o
. S ' : . ; other traffic. Then the optimal routing problem is to maximize
receiver utility is defined as a function &f’s streaming rate

: the overall receiving rates of all receivers. If we assume the
x;, denotedU;(x;). The function value can be understood as_- . . . X

) . ) ) . .~existence of IP multicast, i.e., all nodes in the picture are
the perceived quality, user satisfaction, etc. Meanwhile, variods

. o . . “capable of replicating and forking data, then the problem
fairness objectives can be achieved wtig() takes certain . : :
forms[13][1{)]. Especially, whed; (z;) — —(?)logx-)”‘ max- becomes to find thenaximum bottleneck tre@ig. 16 (a)),

min allocation can be achievéd which can be solved by a variation of Dijkstra’s algorithm[8].

In our previous work[14], we used the utility-based ap- However, in the case of overlay multicast, where only end
P ' Y pmodes are capable of replicating and forking data (Fig. 16 (b)),

E\r/(;?g; 2&?:;585 sot:reggglzlvzrg fgfr n?gﬁlzrgzl gztfeol?;lv?lg?tlon {He problem becomes to find routes for a set of unicast connec-
tions, such that their overall flow rates are maximized. Cohen
N et al.[16] showed that in the case of uni-rate multicast, where
maxe, Z Ui(x;) (10)  all receivers must have identical receiving rates, this problem is
i=1 NP-hard. Wang et al.[17] studied the optimal routing problem
for a set of independent unicast connections, and also proved
B-x<0 it to be NP-hard. In this paper, we study this problem in
over x>0 the context of multi-rate multicast, and show that even on
) o the simplest star topology finding the optimal tree is still
By non-linear optimization theory, we attacked Problefyp_hard. Kim et al.[7] proposed an optimal tree construction
(10) by solving its dual[15]. A distributed algorithm wasy|qqrithm, but based on the following assumptions. First, only
proposed, vyhere feach receiver adjusts its own streaming € access link of an end host can be possibly congested.
by exchanging “price” signals with each other. We proved thafacong, the access link has incoming and outgoing bandwidths
the algorithm flnfilly converg(_as.to the optimal point, where th@at do not affect each other. Finally, given two holstsand
aggregated utilities are maximized. _ hj, if h; has greater incoming bandwidth, thégis average
Obviously, finding max-min rate allocation (Problem (8},ihound bandwidth to each of its children must also be
in Sec. llI-B) is only a special case of Problem (10). Thgreater than that of; (fair contribution).
contribution of this paper, then, is a light-weight distributed Gy e, the difficulty of optimal routing in overlay multicast,
max-min rate allocation algorithm built on a simplified; hecomes important to study what is a good heuristic to

,bUt v_vell-accepted netw_ork assumption. It only need; O®nstruct a multicast tree. We consider our proposed algorithm
iteration to converge, which saves considerable messaging and

measurement overhead, compared to the old algonthm n [14]5In a star topology, when the two ends of a unicast connection are

determined, its route is unique. In this case, the optimal routing problem
boils down to finding the optimal data relaying sequence, i.e., the optimal
4In fact, this function infinitely approximates max-min fairnessxas- co.  overlay tree.

Fig. 16. Routing Problem

subjectto A-x <c¢



as an initial work, and will focus our future study along this VIIl. APPENDIX1: PROOF OFTHEOREM1

track. Proof: It only suffices to show that a special case of the

problem can be reduced into a well-known NP problem.
VIl. CONCLUSION Consider a star topology witN +1 clients, shown in Fig. 17

. . (b). It is sorted such that; < ... < ¢y < cny1. Also,
A fundamental challenge of overlay multicast is how te~~

J— — . Cs (7 — .
achieve the max-min rate allocation for all clients, whic nij:clsga;a ?rj:{[;ée?scﬁ"hzn;oiligs & (fzma ;ﬁ.b.p;ti]r\;)él'ar;lwluﬁ?cast
maX|m§1IIy gtll|zes the petwork resource, wh|Ie_ maintaining. .o e < 7 with the max-min rate allocation, i.e(T°) >,
max-min fairness. In this paper, we address this challenge n(T | T €T andT #T°).

two steps. First, we propose a distributed algorithm, whic

returns max-min rate allocation for any overlay multicast tree.
Second, we study how to find the optimal multicast tree, which
returns the optimal max-min rate allocation among all trees.
After proving the NP-hardness of this problem, we propose
a heuristic algorithm of overlay multicast tree construction.

A variation of the heuristic is also designed to handle the g \ G,

dynamic client join/departure. Both of them are guaranteed
to construct a multicast tree, whose max-min rate allocation
has the minimum receiving rate at least 1/2 of the same value
returned by the optimal tree. Experimental results show that G,
our algorithms are able to construct multicast tree with high (&) Multicast Tree (b) Unicast Connections
average throughput, sufficient link utilization, and consistent
min-favorability.

Fig. 17. Proof of Theorem 2
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We first consider the case whén’s link is fully utilized. the access bandwidths of all client nodes along the path are in
If h; is a leaf node, then it already hits the maximum rate descending order. For example, in Fig. 7 (c), wheroins the
can get. Otherwise, increasing will decrease the rate of its tree, the path order i§ — hs — ho — hy. After switching,
children, which is already smaller or equal g it becomesS — hy — hs — ho, Sincec; > c3 > co. Since
If h;'s link is not fully utilized, thenz; is the maximum h3 is replaced byh; andcs < ¢1, the receiving rates of all
amongh;’'s siblings’ rates, and equals to the rate of its parentz’s subtrees before switching (if there is any) will not be
say hy,. (1) If hy's link is fully utilized, then increasings; decreased. Similarly, sinde, is replaced byhs andc, < cs,
will force h, to decreaser;’s sibling’s rate, which is already the receiving rates of alks’s subtrees before switching (if
smaller or equal tar;, or decrease its own rate,, which there is any) will not be decreased. Howeverjs replaced by
is against the data constraint, i.e;, < z,. (2) If h,'s linkis ko andc; < ¢;. Nevertheless, before switchinky,’s receiving
not fully utilized either, then similar te;, =, is the maximum rate was constrained by,’s access bandwidth anfd, was a
amongh,’s siblings’ rates, and equals to the ratehgfs parent leaf node. Therefore, whém, takesh,’s position, its receiving
hy . b,y faces the same dilemma As in case (1), ifh,’s link  rate will not be less thah;’s receiving rate before switching.
is fully utilized. In summary, this procedure is repeated as weWe again use induction to prove our theorem. Let us
further go up the tree, until some node is met, whose link turdenotec,,;, as the minimum access bandwidth of all nodes
out to be the bottleneck, which is guaranteed by our algorith@ttached to the tree so far, ahg,;, as the node whose access
m bandwidth isc,,;,. We assume the joining orderhs, . .., hy,
but not necessarily sorted based on their access bandwidths.
When onlyh, is attached to the treéy, is h,,;,, Which is a
Proof: Suppose IP multicast is available in the staeaf node. Then the minimum receiving ratenisn{cs, cnin },
topology in Fig. 17 (b). Then the streaming rate allocatioand the bottleneck bandwidth is at le&sg=. Now suppose
is (min{cg,cn}, ..., min{cg, c1}), assuming that the nodesn nodes are already attached to the tree, and the current
are sorted by the descending order of their access bandwidtinimum receiving rate is at Ieaﬁ‘w. Also, hopin
i.e., ey <en-—1... < c1. Such a rate allocation is obviouslymust be a leaf node due to parent-child switching, implying
superior than the optimal rate allocation in the overlay multthat the bottleneck bandwidth is at ledgg=. Therefore, when
cast setting. However, the following rate allocation is feasibk new nodeh,,.,, attaches to the tree, its receiving rate is
in overlay multicastz: = (mm{C;’CN},...,mm{gs’cl}), which at Ieastw. If chy1 < cmin, then according
can be achieved by forming a chain from the ser$eto to our definition,c,,;, will be updated as.in, < cpi1. If
hi, ha, ..., then finally tohy. This means that there alwaysc,, .1 > ¢, there are two cases. (1) I, is attached
exists a rate allocation, whose approximation ratio to the h,,;,, then after parent-child switching,,;, will still be
optimal allocation is strictly more than 1/2. Therefore, we onlg leaf node. (2) Otherwisé,,.;, Will stay as a leaf node.
need to show that the tree constructed by the algorithm Adso as we have proved, parent-switching does not decrease
Tab. Il is able to return a rate allocatia#n >, . the minimum receiving rate. Now we can conclude that after
To prove this, we use induction. When the first nodg, ., joins the tree, the following are still true: the minimum
h, attaches to the serve$, the current minimum rate is receiving rate is at Ieaﬁw, andh,,:, is a leaf node,
min{cg, ¢1}, and the maximum bottleneck bandwidth of thémplying that the bottleneck bandwidth is at ledsg=. From
current tree is at least, which means that the next nodethe proof of Theorem 3 we can see that the rate allocation
ho can attach toh; and share at least half df;’s access of the tree is at least as min-favorable s [ |
bandwidth, which is greater tha%. Now suppose» nodes
are already attached to the tree, and the current minimum
rate is greater than or equal f@m‘{;ﬂ Since h,, is the
last one attached, it must be a leaf node. Thus its bottleneck
bandwidth is%-, which gives a lower bound to the maximum
bottleneck bandwidth offered to the next nddg, 1, which is
greater than*. Therefore, during each stageof the tree
construction, its bottleneck bandwidth is at least halfcpf
the minimum access bandwidth of all nodes attached to the
tree, which means that the minimum receiving rate for the next
joining noden,, 1 is at Ieastc"%. Thus, the rate allocation
of the tree is at least as min-favorable &s [ ]

X. APPENDIX3: PROOF OFTHEOREM 3

Xl. APPENDIX4: PROOF OFTHEOREM4

Proof: We first show that parent-child switching always
improves the rate allocation of the existing tree. Note that in
the algorithm, after the new node first attaches to the tree, it
climbs up the tree along the path from the root to itself, until



