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Abstract— In this work DIMRO, an efficient algorithm to build In source specific communications, multicast sessions may
source specific multicast trees, is presented. DIMRO aims at have a large number of receivers with heterogeneous reception
achieving a high traffic balance in the network in order to capacities. To accommodate this heterogeneityayering

avoid bandwidth bottlenecks and consequent network partitions, . .
one of the main causes for low network performance. To do schemean be used [6][7]. In a layering scheme, data transmis-

so, it computes multicast trees by dynamically selecting the Sion through the network takes place olagical channelsA

least loaded available paths, obtaining an optimal distribution sender can simultaneously transmit data on multiple channels
of network resources. Strictly integrated with the DiffServ  and a receiver can receive data from multiple channels. Each
Quality of Service (Q0S) approach, the proposed multirate native panne| has its own transmission rate, usually computed at the

multicast algorithm maps the QoS service requested by receivers d ide. R . bscribe to the | lativel
into the proper DiffServ class, so as to respect the expected QoSSen er side. Receivers subscribe 1o the layers cumulalively,

requirements. The results are a better leverage of the network receiving data at a cumulative rate.
bandwidth resources, an improved QoS perceived by multicast The proposed multicast algorithm is calleDiffServ-
group members, and time and resource saving due to its low Integrated Multicast algorithm for Internet Resource Opti-
computational complexity, as shown through extensive C++ based mization (DIMRO) and builds source rooted multicast trees
simulation campaign. - : for source specific applications. DIMRO takes into account the
Index Terms— Multirate Multicast, Mathematical Program- - . . . . .
ming/Optimization, DiffServ Networks. network link available bandwidth in order to avoid bandwidth
bottlenecks in the network. The idea is to keep low the average
link traffic utilization by fairly distributing data flows among
|. INTRODUCTION AND BACKGROUND those least loaded links. The DIMRO algorithm is integrated
N unicast transmissions the sender transmits data to a singlth the DiffServ Quality of Service (QoS) approach [8][9].
receiver and, if multiple receivers want to receive the sanidie QoS service requested by receivers, mapped into the
data content, the sender has to transmit multiple copies of dateaper DiffServ class, is taken into account in the multicast
In multicast transmission, differently, the sender transmits orfigee computation. DIMRO allows members with less stringent
one copy of data that is delivered to multiple receivers. One QOS requirements to reuse resources already exploited by
the most challenging objective in multicasting is to minimizenembers with more stringent QoS requirements. Simulation
the amount of network resources employed to compute argsults show a better leverage of the network bandwidth
setup multicast trees [1][2]. In multicast communication theesources, an improved QoS perceived by multicast group
routing problem is to find theninimum-weight tre¢hat spans members with respect to the performance of existing multicast
all the nodes in the multicast group [3][4]. algorithms, and a resource saving due to low computational
In source specifienulticast communications only one nodecomplexity which dramatically characterizes the algorithm.
in the multicast group sends data while all the other memberThe main innovative features in this work are:
nodes receive data. A tree that spans all member nodes is said seamlessly integration of DiffServ Quality of Service
multicast tree. Asource rootedree has the source node asroot  approach in the proposed multicast algorithms;
and is optimized for source specific multicast communications.. leverage of the network bandwidth resources and an
The classical optimization problem in multicast routing is  improved QoS perceived by multicast group members;
the Steiner tree problem in networkSPN) [5] whose objective  « low computational complexity which effectively leads to
is to find the least-cost tree connecting the source with the time and resource saving.
group of destinations with the minimum total cost over all The remainder of the paper is organized as follows.
links. If each destination has a bandwidth requirement, thenin Section Il DIMRO, the proposed multicast algorithm
the problem is to find thdeast-costtree that respects thefor source specific applications in both non-QoS-aware (ll-
bandwidth requirements on each path from the source to thg and QoS-aware (lI-B) networks is presented. In Section
receiver. Since both these two problems are NP-completidwe show numerical results through an extensive simulation
efficient algorithms to solve these problems in polynomial timeampaign ran on an ad-hoc C++ simulator. Finally, in Section
attain only approximate solution [4][5]. IV we conclude the paper.



II. DIMRO - DIFFSERV-INTEGRATED MULTICAST
ALGORITHM FOR INTERNET RESOURCEQOPTIMIZATION

DIMRO focuses on the problem of bandwidth bottlenecks,
one of the main reasons for low network performance. The
multicast source rooted tree is built by choosing those paths
that result least loaded to obtain a smooth load balancing in
order to achieve an optimal distribution of network resources
and thus maximize the number of constructed multicast trees.

A. DIMRO in non-QoS-aware networks

Let us consider a multirate multicast scenario where re-
ceivers ask for different rates [6][7]. iK' channels with
rate {wy,...,wgi} are used in the layering scheme, thEn
cumulative ratel,, ..., Lk are available.
The DIMRO algorithm proceeds as it follows.
Let s be the source node and let us suppose that the
multicast group is made up dff receivers.
o Step O
receivers are ordered from the highest rate to the lowest
one. At the end of this step we have an ordered set of
M receivers{ry,...,rp}, with demanded cumulative
ratesF, > Fy, > ... > Fy (Fj S {Ll,...,LK},
j=1,...,M). Receivers from; to r,; are connected
to the source node progressively. In this way, receiver
r; can reuse resources already exploited on paths from
the source to receivers,...,r;_1. These receivers,
in fact, ask for ratesF; > Fy, > ... > F;_1 > F;. Let
Spatn (s, 71) be the set of all feasible paths frosrto .
A path p(s, r) from sources to receiverry, is feasible
if by, > F for all its links, whereb,,, is the available
bandwidth in link (u, v).

o Stepkk=1,...,M:
the algorithm chooses the paftts, 7)) € Spain(s,7x)
that minimizes the following function:
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1) pus is the link (u, v) utilization and it is defined as:
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where B,,,, is the total bandwidth capacity of link
(u,v), Fy is the bandwidth exploited on linku, v)
by receiverr, and 8,, = b,, — F) is the residual
bandwidth of link (u, v).

2) The exponenty = o(|V|,|E|,F,B) ineq. 1 is a
function of the number of node¥|, the number of
links | E|, the average rat€' demanded by receivers
and the average network link bandwidth Accord-
ing to accurate empirical observations (described
hereafter) supported by extensive simulation results,
the exponenty in eq. 1 has been chosen as:

O‘(|V|7 |E|7F7§) =
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Coefficientsa, b, ¢ have been determined by solving
the following minimization problem of the quadratic
error between the exponent model in eq. 3 and the
experimental results:

N

min Z[ai—a(|V\i,\E|i7Fz‘,§i)]Q
=1
a€l0,3], be[0,+o0] (4)
Starting from a set of points T’ =

{(Vi,|Els, Fi, Bs), i = 1,...,N}, the optimum
exponenta; was experimentally obtained for each
point (|V|;, |E|:, Fi, B;) € T of the set.

The coefficienta. has been chosen belonging to
the interval [0, 3] after an accurate tuning of the
model. Optimal values af, b, ¢ of the minimization
problem (4) arexs = 3, b= 3.9 andc = 16.9.

Let us now come back to eq. 3 to justify why the
variable aggregationg/B and|E|/(|V|(]V]-1)),

are suitable to model the exponent in eq. 1.

By decreasing the value of, the length of paths
found by DIMRO is reduced because the difference
between the metric of loaded links and the metric of
unloaded links is reduced. It could be necessary to
reduce the length of paths used by the multicast tree
when the average rat€é demanded by the receivers
grows or when the average network bandwidih
decreases. In fact, the higher the valueffor the
lower the value ofB, the more resources on each
link are consumed by a single path. Thus, short
paths have to be preferred. Simulations show that
at the growing of the ratid”/B the value of the
optimal exponentr decreases exponentially.

As far as concern the number of nod&g and links

|E|, if |E| decreases, less paths are available and
the resource utilization becomes a more sensitive
issue. By increasing the value of the exponent
the difference between the metric of loaded links
and unloaded links increases. If the number of nodes
|V'| grows but the number of linkEZ| remains the
same, the exponent increases because the number
of paths decreases. Simulations show that at the
decreasing of the ratit|/(|]V|(]V| — 1)) the value

of the optimal exponent: grows exponentially.

The binary variable.,,, is equal to zero if linku, v)
already belongs to the tree, otherwise it is 1.

If the setS,qn(s,7x) is not empty, letp(s, ) be

the path from the source to the receiverr; that
minimizes the function in eq. 1. On each ligk, v)
belonging top(s, ry), if ay, = 0, the value of the
available bandwidth is not updated and uses those
bandwidth resources already exploited by a path
p(s,r;), with F; > Fy. Conversely, ifa,, # 0,
then new resources must be consumed and the new
value of the available bandwidth t§,, = b, — Fj.
Then the binary variable,,, is set to zero in order
not to consider the cost of link:, v) for those future
paths which will exploit it.




Let us point out that aStep kk = 1,..., M, the optimal consider a partitioned and ordered g&made up ofM
pathp(s, ) € Spatn(s, 1) can be found using a shortest path  receivers. Let; be the receivek in the subset?; with
algorithm (as Dijkstra or Bellman-Ford algorithm), where the  demanded raté’;. |R;| will stand for the cardinality of
length of each link in the network is set to: R;, andi will represents the associated service class.

aun if by, > F, e Stepjj=1,...,L:
duy = { A=puv)® = (5) DIMRO connects the source with all those receivers
o0 if buy < Fj OF (u,v) ¢ B asking for service classl;. At the beginning of these
DIMRO uses the Bellman-Ford algorithm which finds a span-  steps, the binary variables,, are set to 1 for each

ning tree of the shortest paths from the source nede all network link (u, v). For receiveni, k =1,...,|R;|, ayy
other nodes of the graph [10]. The patfs,n) from nodes are set to zero for all those links:, v) already used by
to noden, solution of eq. 1, is the one that minimizes the  receivers that ask for higher service class and higher or
function: equal rate them! . In fact, resources already exploited by
oy (6) the tree on these links could be usedywithout any
{(u,v)€p(s,n)} extra cost.

Computational complexity: if the number of receivers L€tbus(cli) be the a"a“abl‘i bandwidth of link:, v) for the
is M, the DIMRO algorithm builds the multicast tree byS€vICe classl;. A pathp(s, ;) from sources to a receiver
computing for as many a3/ times the spanning tree, using/ 2SKing for cumulative raté, is feasible ifbuy (cli) = F
the Bellman-Ford algorithm. Since the time complexity of thfr all i ali its links. D”\:'RO algorithm chooses that fea5|ble path
Bellman-Ford algorithm isO(|V|-|E|), then the computa- P(5;7%) from s to 7} that minimizes the function:
tional complexity of the algorithm i© (M - |V| - |E)|). i o

piexity g ( LD Hp(s, i)} = Z 1= o (N’
; ( puv(cli))
{(uw,v)ep(s,ri)}

B. DIMRO in DiffServ aware networks

p(57 Ti:) € Spath(sv Tlle) (8)

In this section the DIMRO algorithm is integrated in a Diff- o ) ,
Serv network. Let us consider a multirate multicast scenalti!€"€Spatn (s, 7},) is the set of all feasible paths froso 7.
where receivers ask for the same data content but differénPOnente is defined as in eq. 3 and the utilizatipn, (cl;)
rates and different qualities of service (QoS), mapped int the link (u, v) is calculated as follows:
the respective service class according to [8][9]. In particular Buo(cli) = [buy(cli) — F}]
DIMRO can build source rooted tree for both real time multi- Puv = Buy(cl;) ©)
cast communications, by adopting the Expedited Forwardin% ) ) . .
(EF) DiffServ service class, and non real time communicdlNere Bu.(cl) is the total bandwidth capacity of links, v)
tions, by adopting the Assured Forwarding (AS) DiffServ sef0r Service classl; and £y is the cumulative rate ofj..
vice class. DIMRO, integrated in a DiffServ network, allows a For €ach link(u, v) belonging to pathp(s, r},), if aw, =
receiver to reuse the bandwidth already exploited by receivérdhen the available bandwidth,,(cl;) is not updated and
asking for higher service classes without any extra cost for tH¢ Neéw path uses those resources already exploited by other
network. By building a path from the soureeto a receiver '€Ceivers. On the contrary,df,, 7 0, then new resources have
r, the DIMRO algorithm can reuse some sub-paths aIreaH%/be exploited and the new value of the avalllable bandW|dth
exploited by higher service class receivers. Thus receivet?€COMes,, (cli) = buy(cli) — Fy.. Then the binary variable
obtains abetterQoS and the network saves resources becaifse 'S S€t to zero. _ _
bandwidth already exploited by other receivers is reused for|N€ DIMRO algorithm determines the pafi(s, ;) by
receiverr.

using a modified shortest-path algorithm. Common shortest
DIMRO in a DiffServ network proceeds as it follows. path algorithms could choose one of those possible paths with
Step 0 zero cost froms to n, but p(s,r;) might not be correct. To

. . : : determine a correct path the algorithm proceeds as it follows.
receivers are ordered according to their service class an . . . fuahe .
tarting from nodes, the first link (%, v) belonging to

rate. L nsider m fM receivers. : . | .
ate. Let us consider a sét made up o ecelvers s,7%) with a,, # 0 is found. Among all those paths in

_ i (
I&gﬁngf d; d{gl; )r.éée’icvleLr}s bvshtezz isseihzf hsigrr:g(s:te S(;Iilsi(‘:’:{he tree exploiting a bandwidth equal or greater t#gnand
. ’ . passing through node, it is chosen the one which uses the
class andcly, is the lowest oneC'L is a subset OT al h(iaghest service class. Let us indicate this path with The
[81[9] néew pathp(s, ri) from s to r, is the concatenation of the sub-

path froms to nodeu, belonging to pathy;, and the sub-path

The set of receiversk is partitioned intoL = |CL| JO : -
subsets: from nodeu to r}, belonging top(s,r},).
L
R — U R; @ I1l. SIMULATION RESULTS
i=1 A. Random network model

SubsetR; is made up of those receivers asking for service To ensure a fairly evaluation of different routing algorithms,
classcl;, i = 1,..., L. Receivers in each subs&t, are a random network has been generated according to the Wax-
ordered from the highest rate to the lowest one. Let msan’s model [11][12].



In the Waxman’s model network, nodes are randomly dis=[ —__
tributed across a Cartesian coordinate grid. Links are adde| .
to the graph by considering all possible paitsv) of nodes ;
and by using the probability function:

d'lL’L)
Pe(u,v)ﬂ.exp( a~L) (10) 5
where P.(u,v) is the existence probability of a link between desia o) L
nodesu andw, d,, is the Euclidean distance between the node
u and the node, L is the maximum possible distance between
a pair of nOdeSa and@ are parameters belonging to the_rangﬁg. 1. DIMRO and OSTHRejection RatendNetwork Load in Network 1
(0,1]. A high « value increases the number of connections to
nodes further away, while a high value increases the node | ceovmmnn:
degree. i
Unlike the original Waxman’'s model, we suppose that each
link added to the network is bi-directional. The bandwidth™
capacity B,,,, of each link(u,v) is randomly generated usingé‘m
an uniform distribution with mean bandwidtB. The link
(u,v) bandwidth capacityB,, might be different from the
link (v,u) bandwidth capacityB,,,. P
In this work, two different one hundred node random® & % = 5 o wow oo
networks are generated. Network 1 uses 0.2 and( = 0.4, @) (b)
while Network 2 usesn = 0.3 and 8 = 0.6. Network 2
has a higher number of links than Network 1, according 'iqg. 2. DIMRO and OSTHRejection RatendNetwork Load in Network 2
the probability function (10). The average bandwidth in both
networks isB = 100M bps.

Number of Rejected Treds the number of requested
B. DIMRO Performance Evaluation source rooted trees that cannot be built because there
In this section DIMRO is compared to the optimal solution are not enough resources in the network.
of the Steiner tree problem when all link costs are equal to2) The Network Loadp is defined as:

one. If every links have a cost equal to one, thennti@mum- ) o

weight treethat spans all group members is the multicast D= Z{(wp)eB) oy (12)
tree that uses the least amount of network resources. The 2

minimum-weight tree is found by solving the flow formulation where E is the set of network links|E| its cardinality
of the Steiner tree problem proposed by Claus & Maculan [13]  and p,, is theLink Load of link (u,v), defined as:
and Wong [3]. We further implemented the ILP problem in Used Bandwidth of link (u,v)

AMPL [14] and solved it with the CPLEX [15] solver. Puv = (13)

Starting from a completely unloaded Waxman network [11], Bandwidth Capacity of link (u,v)

it is requested to build a fixed number of source rooted Fig. 1(a) shows that the DIMR®ejection Ratén Network
trees, theNumber of Requested Treddulticast groups are 1 is lower than theRejection Ratef the Optimal solution of
sequentially randomly generated. Multicast group membdhg Seiner Tree Roblem (OSTP) withe,, = 1. TheRejection
(source and receivers) are randomly chosen among netwBeis approximately the same until tiumber of Requested
nodes. The number of receivers for each multicast grodfeesis less than 2500. When tiéumber of Requested Trees
is uniformly distributed from 5 to 15 and the bandwidtfPvercomes this threshold, the DIMRO algorithm has a lower
request of each receiver is uniformly distributed from 0.1 tBejection RateBoth DIMRO and OSTHRejection Rategrow
2 Mbps. For each simulation several runs have been donedfothe growing of theNumber of Requested Treégcause
ensure a sufficient small trust region and short 95% confideri@ same bottlenecks occur. These bottlenecks depend on the
intervals. network topology and cannot be avoided, but the DIMRO
To evaluate the performance of DIMRO and the optimdtejection Rates lower because bottlenecks occur later. Fig.

solution of the Steiner tree problem with unitary costs in theb) shows that the DIMRMNetwork Loadis lightly lower
different simulated scenarios, we will use two metrics, tH@an the OSTRNetwork Loaduntil the Rejection Rates the

Rejection Ratend theNetwork Load same. Then, since DIMRO rejects less treesNegswork Load

1) The Rejection Ratés defined as: is higher than the OSTP one.
. Network 2 has a higher number of links than Network 1,
Number of Rejected Trees (11) according to the probability function (10) and the used network
Number of Requested Trees parameters. In this second type of network, the DIMRO
where theNumber of Requested Treieghe total number Rejection Ratés significantly lower than the OSTRejection
of source rooted trees sequentially generated, while tRate(Fig. 2(a)). This is because leasavoidablebottlenecks

Rejection Rate=
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Fig. 3. DIMRO Network Load of DiffServ classes

Load decreases with the service class. In particular, the lowest
service clas9 has the lowesNetwork LoadbecauseD class
receivers can reuse bandwidth already exploited by all other
receivers. DiffServ integrated DIMRO performs better than its
non QoS-aware version, and this gets evident at the growing of
the number of receivers. Fig. 3 shows that for 30 receivers the
Network Loadfor service classe®, C' and D is significantly
lower then theNetwork Loadrelative to these service classes
when DIMRO is not DiffServ integrated (theetwork Load

is reduced respectively by 23%, 33% and 40%).

IV. CONCLUSIONS

The presented multicast algorithm aims to effectively avoid
bandwidth bottlenecks and to achieve an efficient distribu-
tion of link loads in the source routed tree computation.

exist. Anunavoidablebottleneck is a bottleneck that dependseamlessly integrated into the DiffServ Quality of Service
on the network topology and not on the algorithm used #pproach, DIMRO efficiently manages to address the net-
the network. For example, if only one path exists betwe&fork partition problem, one of the main reason for low
two nodes, all communications between this two nodes mysdrformance in a network, thus increasing the number of
use this path. Since Network 2 has a higher number of linkgulticast communications, as it has been described and tested
the number of possible paths from two nodes grows, andiit an integrated DiffServ aware network through extensive
is easier for the DIMRO algorithm to avoid bottlenecks. AC++ based simulations. The simulation results show a better
lower Network Load(Fig. 1(b) and Fig. 2(b)) with a higher |everage of the network bandwidth resources, an improved
Rejection Ratg(Fig. 1(a) and Fig. 2(a)) proves that OSTR)0S perceived by multicast group members with respect to the
does not use efficiently network resources. In fact, bottlenegksrformance of existing multicast algorithms, and a time and
degrade network performances and not all available resourégSource saving due to low computational complexity which

can be exploited.

C. DiffServ DIMRO Performance Evaluation

dramatically characterizes the algorithm.
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