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Abstract— Many Internet multicast applications such as tele- the routing operations to spread the workload; and adafiimg
conferencing and remote diagnosis have Quality-of-Servic(QoS)  routing activity according to the current network conditand
requirements. It is a challenging task to build QoS constraied avoiding the area where traffic congestion occurs. QMRP [2]

multicast trees with high performance, high success ratiojow . o
overhead, and low system requirements. This paper presents is a protocol that exhibits a very good tradeoff between

new scalable QoS multicast routing protocol (SoMR) that has the routing overhead and the success probability. In addi-
very small communication overhead and requires no state ostde tion, QMRP has many of the good merits mentioned above.

the multicast tree. SOMR achieves the favorable tradeoff lveen  However, QMRP suffers from two probloms. Firstly, QMRP
routing performance and overhead by carefully selecting te  yengsits temporary state in the routers for each join reques

network sub-graph in which it conducts the search for a path It is highlv desired that th ¢ | intai
that can support the QoS requirement, and by auto-tuning the 't 'S NIGNly desired that the routers only maintain per group

selection according to the current network conditions. Itsearly- information but not per-group-per-join information. Sedty,
warning mechanism helps to detect and route around the real QMRP was designed for applications with nhon-additive QoS

bottlenecks in the network, which increases the chance of fiting  requirements such as bandwidth and buffer space. It lagks th
feasible paths for additive QoS requirements. SOMR minimies e chanism to handle additive QoS requirements such as delay
the system requirements; it relies only on the local state sted at While spanning join [3] and QoSMIC [5] do not have the
each router. The routing operations are completely decentlized. .
above problems, they have higher overhead and lower success
probability [2]. Hence, a further study for a scalable, édint
. INTRODUCTION QoS multicast routing protocol is under call.

Multicast is an efficient way to deliver content to a large This paper suggests a scalable QoS multicast routing pro-
group of receivers by using a tree structure embedded in toeol, SOMR, that shares the adaptive path-branching idea o
network. Given a QoS requirement such as bounded end-@MRP, but eliminates the temporary use of per-group-pier-jo
end delay, deasible multicast treés one that satisfies the re-routing state. In QMRP, each new member initiates a search
guirement. Afeasible tree brancfpath) is a path that connectstree, which grows towards the multicast tree. The searehisre
a new group member to a multicast tree and has the resoungesjoin state information. In SoMR, the multicast tree gsow
to support the required QoS. The task of QoS multicast rgutitowards the new members. The protocol does not require to
is to find feasible tree branches for new group members. shore any extra routing state other than the multicast tsedf i
survey in this research area can be found in [1]. Findidgnot only gets rid of per join routing state but also allows t
feasible tree branches is difficult in very large networkshsu dynamic aggregation of multiple join requests, where alsing
as the Internet because it is impractical to maintain théajlo tree branch may grow toward multiple new members. By
QoS state at any single node. A brute-force flooding algaritheliminating the search tree, SOMR removes the state machine
that searches all possible paths in the network guaranteesnt QMRP that governs the construction of the search tree, and
find a feasible branch if one exists. However, the excessitrerefore simplifies the implementation. SOMR uses a novel
overhead of full-scale flooding deems to be impractical fbr searly-warning (EW) mechanism that takes the additive matur
but small networks. Thus, for applications that require Qo& the delay requirement into account and attempts to iflenti
guarantees, recent research focuses on distributed asiltithe most appropriate point to explore alternative pathsdeio
routing algorithms that search a selected subset of theonktwto maximize the chance of success.
to find feasible tree branches for new group members [2], [3], The rest of the paper is organized as follows. Section Il
[4], [5]- presents our network model. Section Ill describes the mguti

A good QoS routing protocol achieves a favorable tradegffotocol. Analysis and simulation results are provided in
between the routing overhead and the ability of finding 8ection IV and Section V, respectively. Section VI draws the
feasible path (often quantified asiccess ratioor success conclusion.
probability). In addition, a good protocol exhibits or optimizes
other characteristics, such as minimizing the extra steta-i
mation the protocol maintains in the network; decentratizi We make the following assumptions about the network.

II. NETWORK MODEL



1) There exists an underlying unicast routing protoctlence, when an intermediate nodeeceives GROW, it knows
which can deliver a message between any two connectie in-tree delay from to 4, delay(FP;.;).
nodes in the network. A node knows the length (number Below we describe the actions thawill take after receiving
of hops) of the unicast routing path to any destinatio®GROW. First,7 does an EW (Early Warning) test to see
Many widely used unicast routing protocols such as RIFow likely the proceeding unicast path will satisfy the gela
and OSPF provide this information. requirementD. If the EW test passes, routing continues along
2) Every node maintains its up-to-date local state, suthe unicast path towards Otherwise,i attempts multi-path
as the delay of each outgoing link, which includes theuting which may result in multiple downstream paths to be
processing time, buffering delay, and link propagatioconstructed. Ley be the next hop on the unicast path. The
delay. Assume that once resources are committed, SUeW test accepts four parametef3, delay(P, ), delay(i, j),
delay can be assured during the lifetime of data comand !, which is the length of the unicast path froito the
munication. How to make resource reservation [6] amiew membet. The EW test is defined as follows.
what packet sche(_jullng algorithms are used [7] are out it delay(i, §) > (D — delay(P.))/l
of the scope of this paper. : ’
then warning

We assume that any new member is able to map a multicast  g|ge pass
group address to the root node of the tree on demand possibly
by a query/response Session Directory [8]. D — delay(P,,;) is the remaining slack of the delay re-

We define the notations in the following. Letandi be two quirement that further tree construction is allowed to have
on-tree nodes. The path in the multicast tree connecting thé — delay(Pr.i))/1 is the "fair share” of this slack for each
is called thein-tree path denoted byP; ;. The guaranteed link on the path fromi to ¢. The above EW test states that if the
delay bound of this path is called tfie-tree delay denoted dela)_/ of the link is Ia_rger than the_ fair share, a warning _skﬂlou
by delay(Py;). Let T be the set of on-tree nodes ancbe be triggered; otherwise, the test is passed_. More sopdistic
the root of the tree. A delay-constrained multicast treistias EW test can be used, but are not considered here. In our
that,Vi € T, delay(P,.;) < D. We require each on-tree nodeSimulation, the above EW test worked well. _
i to know delay(P, ;). In fact, our protocol makes sure that !f the EW test is passed, which means that the proceeding
any node joining the tree will have this value. path is likely to satisfy the QoS requirementdds link(z, j)

We assume that each link,j) can ensure certain delay'nto the multicast tree and forwards the GROW message to
bound (which might be infinity) for the Class of Service (CoSy1® Next hopj. If every intermediate node passes the EW test,
with which the multicast group is associated. This bound & féasible branch is established for the new member.

the link delay is denoted atelay(i, j). However, if the EW test warns that the proceeding path may
’ violate the QoS requirement, extra effort needs to be taken.
1. A NEW QOS MULTICAST ROUTING PROTOCOL Searching multiple downstream paths will increase the chan

of success. Namely, the tree construction needsdach out

We call i a branching point GROW messages are sent to a
SoMR consists of two phases. The first phase is similaubset of adjacent nodesthat satisfy the followingQoS test

to shortest path routing (SPR), in which a JOIN message . ,

is sent from the new member to the rootr along the Lfr]élﬁl?ay”(z,x) > D — delay(Pr.;)

unicast routing path. The JOIN message accumulates the path |

it traverses. It also accumulates the delay of the path in the clsepass

reverse direction. When the JOIN message reaches an on-&pparently,x can be the nodg¢that just failed the EW test, but

nodek, if the accumulated delay plus the in-tree delay from x should not be the adjacent node from which the GROW was

to £ does not violate the delay requirement, a feasible treeeviously sent ta. For the purpose of overhead reduction,

branch is detected, which is the traversed unicast path.w also might select only some of the nodes that pass the QoS

CONSTRUCTION message is then sent back along the pa#ist (see section IlI-C).

(source routing) to construct a tree branch connecting éwe n  If the QoS test is failed for every adjacent node, a BREAK

member. Since the new member joins the tree successfudly, thessage is sent back to trim the partially constructed tree

second phase will not be activated. branch. When a nodg receives a BREAK message from a
On the other hand, if the delay requirement is violated abdes, it first deletes link(k,¢) from the multicast tree, and

k, the JOIN message continues travelling to the rodtvhen then if k& becomes a leaf node and is not a member of the

the root receives the message, it starts the second phaish, winulticast group, it will delete itself from the multicase#

employs multi-path routing. The root sends GROW messagasd propagate the BREAK message to its parent node. As

to its neighbors. These GROW messages will then travel aloBREAK travels back ta-, the new tree branch is deleted.

the unicast routing paths towards the new member. As theyThere is a difference between the EW test and the QoS

travel, they try to construct new tree branches hop by hopcalotest. The EW test tries to make early guess on whether the

the way. Each GROW message carries the delay requiremprdceeding path is likely to satisfy the delay constraifit. |

D. It also accumulates the delay of the constructed tree hranit sees signs of trouble, it triggers branching to improve

A. Protocol Description



the chance of success. The QoS test is to check if theArriving at i, the GROW message has the in-tree delay of
delay constraint has already been violated. If it is, nohfeirt the new tree branchr(— a — b — ). ¢ knows the in-
construction will be done towards this direction. tree delay of the old tree branch (- ¢« — ¢ — ). The
At the beginning of the second routing phase, our protocBREAK message can be sent to tear down the new branch, in
requires the root to be a mandatory branching point (an Ewhich case the in-tree delay in the GROW message needs to
test is not necessary). Our simulations consistently staw tbe updated to equal that of the old tree branch. Or the BREAK
SoMR performs better this way. The reason is that an eartyessage can be sent to break the old branch based on certain
branching widens the search range and gives the subsequgnitmization criteria (e.g., the in-tree delay of the newarirh
tree construction more flexibility. is smaller), and in this case the in-tree delay storedregeds
Whenever a GROW message reachesa feasible tree to be updated.
branch is successfully established.may receive multiple
GROW messages from different branches. In this case, itssel@d Optimization

back BREAK messages to tear down all but the best branchyyhanever the EW test generates a warning at an interme-

t can use the inform_ation (delay, bottleneck bandwid_th,) eufjiate node, the node becomes a branching point and multiple
collected by the received GROW messages to determine whﬂ: branches may grow out from this node towards the new

branch should be kept. Therefore, although multiple GROWomper The number of branching points, if not restricted,
messages can grow multiple tree branches temporarily &r L, otentially be large, which will result in large routing

same new mgmber, only one branch will remain f’:\nd the othgferhead. We define two protocol parameters that are used to
extra ones will be detected and pruned automatically. restrict the number of constructed tree branches.

Although a single join can _resglt in multiple temporary tree Maximum Branching Level (MBLAn easy way to control
b.ranches, one !mportant point is tha matter how Many the number of branching points is to maintain an assertion:
simultaneous joins there areach node keeps only a mUIt'CaSBetween the root and any on-tree node, there are at most

entry (one per group), and it does not keep any infOrm""ti%'?anching points. In other words, the maximum number of
about a particular join like the state machine in QMRP. anching points is bounded @m—l(d_l)i whered is the
1=0 ’

the maximum memory consumed by a multicast group onsﬁ’aximum degree of a node. When- 2, Z?igl(d_l)i —m:

router is constant (an entry in the multicast routing tablewhend - Z?;Bl(d_ 1) - (@-0"TSeh a restricted

. . - .
independent of the number of simultaneous joins. version of SOMR is denoted as SOMR- This numberm is
B. Breaking loops called themaximum branching levefn illustration of SOMR-

As tree b h ructed t ds th 3 is given in Fig. 2. SOMR=n can be easily implemented by
s tree branches are constructed towards the new mem gmenting the GROW messages with a counter.

loops may form in the multicast tree. Fig. 1 gives one example ~. .. be imol 410 di b h
Before we provide a general solution to the looping problem Dlr.eCt'V'ty can be implemented to discourage tree ranches
rowing away from the new member When a GROW is

we need to study GROW messages more closely. Conmde&e%tt fromi to j, if the distance fromy to ¢ is not shorter

GROW message that constructs a tree branch along a uni‘fﬁgn the distance from to ¢, the counter for MBL is set to

path P to th.e new membe“ Some O.f the links dh may ero, indicating that there is no branching point allowed fo
be already in the multicast tree while the others are Nk

When a GROW message travels along a link that is alrea QI?/I:RrSV;mBerZ?Iac?\en Degree (MBD)A branching point
in the multicast tree, we assign a colorldfie to the GROW ximu ing Leg ' Ng pol

mesage. Winen a GROW message el ong a nk (I 1918 295 (v O et e, e an oo
is not in the multicast tree, we assigreento the message. i : : arg
with an additional parametemaximum branching degree
Only green-GROW messages may form loops, because greef:- o .
. . . ich specifies the maximum number of GROW messages that
GROW messages join new links to the tree while blue-GRO! : : )
are allowed to be sent by a branching point. If the maximum

messages follow existing tree links. ranching degree: is smaller than the node degree minus
The sender of a GROW message can determined the coqor 3 g deg 9

of the message as follows. When a nadgends a GROW to one; the node selects outgoing links (ba_sed on distance to
. R . . the new member or randomly) from which GROW has not
an adjacent nodg, if j is the parent or a child of in the

multicast tree,; marks the GROW to be blue; otherwise, ﬁr?lfg received, and sends GROW messages out along these

mark_s the GROW.tO be green. L We suggest both MDL and MBD to be implemented. With
Using the coloring scheme, loop detection is easy. Wh('nvl

. nDL = m and MBD =z, the maximum number of branching
an on-tree node receives a green-GROW message, a loopIs. .~ . RS
. : BOII’]tS is¥, x' = Z—==. Therefore, the overhead can be
formed. In Fig. 1, the on-tree nodedetects a loop when it controlled lb these tviol arameters
receives a green-GROW message frard BREAK message y P ’
IS S?m back to b'.‘eak the |00p, while the GROW messag%The BREAK messages will cut all but one branch. Hence, theliebe
continue constructing a tree branch towards the new memtz)ﬁ:,fy one tree branch connecting the new member eventually.

3The node should not send GROW to a link from which a GROW messag
1The green-GROW message will join this link to the multicaset has been received previously.
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Fig. 1. Break loops

the multicast tree. The worst case overhead of the treelsearc
is O(T). For a dense tree that populates the entire network,
o(T) = O(n).

Consider SOMRn with MBD = z. The maximum number
of branching points is=—=! (Section II-C). The maximum

number of branches isz2=1. Note thatz and m are
both small constants. The length of any branch is bounded
by O(2w). Therefore, the total number of messages sent is
bounded byO(x””;_‘llzw) = O(w) in the worst case. We
shall do a more detailed study on overhead in Section V by
simulation. What the above analysis tells us is that, as the
network size increases, the worst case overhead of spanning
join, QoSMIC, and SoMR increases in the ordermaf, n,
andw, respectively. For a perfect uniformly-connected network
. ) with every node degree bein§ w = O( ¢¥n). Among the
Due to the space limitation, we omit the proof of thgnree, SOMR is the least sensitive to the size of the network,

BT
By

Fig. 2. an example of SOMR-3

IV. ANALYSIS

following theorems. which means better scalability.
Theorem 1:SoMR never forms a persistent loop in the
multicast tree. V. SIMULATION
Theorem 2:SoMR never partitions the tree. Two performance metricsuccess ratimnd average mes-
Theorem 3:SoMR-+m terminates in finite time. sage overheacare defined as follows.
Theorem 4:Suppose the unicast routing paths are the short- -
est paths in terms of hops. For SOMR-a tree branch from success ratie- number of sucge_ssful joins
the root to a member is at mo8tn hops longer than the total number of join requests
shortest path. If the directivity is implemented, a treenista total number of messages sent

avg. msg. overhead

is at most two hop longer than the shortest path.

In the following, we compare the worst case overhead . .
of three protocols: spanning join, QoSMIC, and SoMR. T hen the message qverhead is calculated, sending a message
simplify the problem, we consider a network @funiformly over a path of hops is counted asmessages.

connected nodes. Let the diameter of the networRdbééops. Four multicast ro(;Jting prot(_)cpls ;/]vere s.imulatESPRh
Assume the number of nodes in theneighborhood of a SoMR-3Q0SMIG andspanning-joinsThe maximum branch-

node, NV, grows quadratically witht, i.e., A — ak?. Thus, ing degree of SOMR-3 is 5, i.e., a brar_mhing point can send
the diameter is given byw? — n. When the spanning join at most 5 GROW messages to its nelghbors_. For QoSMIC
protocol broadcasts in a neighborhood with a radius bbps, [5]. the !ocal search and the tree search are implemented as
the number of messages sentis?. Hence, in the worst Casesequentlal procedures; the tree search is executed onlg whe

the total number of messages sent in consecutive broadc '?s,local search fallle_rectlvny, local minima and_frac.tlc.)nal
choice [5] were also implemented. For spanning joins [3],

total number of join requests

are
(2 ) ) ) we implemented its directed flooding version, caltiickcted
5 (ak?) = 2@ F D) n@u+l) 50y spanning joing3].
=t 6 6 The major advantage of SOMR over QMRP [2] is that SOMR

The local search of QoSMIC broadcasts in a small neighbalees not maintain any per-group-per-join state infornmatio
hood with a constant radius. The message overhead of tNiste that the multicast tree is per-group information ansltba
part can be considered as a constant. Tebe the size of be there. QMRP needs to maintain the temporary search trees,
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Fig. 3. Power-Law topology, 600 nodes, 5% links saturated

which is per-group-per-join information. In this sectiomg higher than that of SPR, it worth mentioning that for join
do not compare SoMR with QMRP because SoMR is maintgquests SPR is able to find feasible paths, SOMR-3 behaves
designed for additive QoS requirements such as delay wherpst like SPR and thus has the same overhead. Only for join
QMRP was designed for non-additive QoS requirements sugguests SPR is unable to find feasible paths, SOMR-3 sends
as bandwidth. more control messages.

Our simulations were conducted on Power-Law network
topologies [9] with 600 nodes. In the simulation, five petsen VI. CoNncLusioN
of all links in the topology are randomly selectedsasurated ~ We presented SOMR, a new QoS multicast routing protocol
links, which refuse to accept more QoS traffic due to the ladRat has a favorable tradeoff between the communication
of resources. The delays of these links are thus considered®Yerhead and the success probability. It was shown that the
be infinite# When the unicast path has a link that is saturatédotocol overhead is lower then previously suggested proto
for QoS traffic, SPR will fail but the other protocols may Istil €ols, spanning join and QoSMIC, while its success probgbili
succeed because they explore more paths than the unicast isnBigher in most cases than other protocols (In some cases

In each simulation run, the delays of unsaturated link80SMIC has comparable success probability but with higher
are randomly generated in the range of [0, 200] units @verhead). The protocol maintains no state in the netwodk an
time. The root of the tree is randomly selected, and a del#prks with both additive and non-additive QoS requirements
requirement for the multicast tree is set. Then, the nodes in
the network start to join the tree in a random order; each _ .
node attempts once. Upon completion, the next simulation riH S*tgas?c?n:a';‘:oaé ﬂ%s'y'";‘féc;'ﬁithsrﬁg"’e;’ng”p’:g‘:g'cc(f}fégg“m%w%':ﬁ ?:ns_
starts. Two hundred simulation runs are conducted on each of yary/February 2000.
six randomly generated topologies. The average resultéssc [2] S. Chen, K. Nahrstedt, and Y. Shavitt, “A QoS-Aware Medt Routing

; ; ; ; Protocol,” IEEE JSAC vol. 18, no. 12, pp. 2580-2592, Dec. 2000.
rat!o/messagg Overhead) of all simulation runs ylelds ata d[3] K. Carlberg and J. Crowcroft, “Building Shared Trees fusia One-to-
pOIht in the figure. _ Many Joining Mechanism,Computer Communication Revigpp. 5-11,

Fig. 3 compare the success ratio and the message overheadanuary 1997. _ _ _ _ '
of the four routing protocols. The horizontal axis represen(#! |- Cidon, R. Rom, and ¥. Shavitt, "Multi-Path Routing Cémed with

. . . . Resource ReservationlEEE INFOCOM'97 pp. 92 — 100, April 1997.
different delay requirements of the multicast trees. Therég (5] m. Faloutsos, A. Banerjea, and R. Pankaj, “QoSMIC: Quatif Service

shows that the success ratio of SOMR-3 is better than those of sensitive Multicast Internet protoCol3IGCOMM'98 September 1998.

; i _ ; L. Zhang, S. Deering, D. Estrin, S. Shenker, and D. ZappdRSVP: A
QOSMIC and spa_nmng JoIns. Remarkably' SoMR-3 aChIeV@ New Resource ReSerVation ProtocdEEE Network September 1993.
_better success ratio at much lower message ove_rhead, as _Shﬁ}NH. Zhang, “Service Disciplines For Guaranteed PerfaroeaService in
in the right plot. When the delay requirement is small (i.e., Packet-Switching Networks Proceedings of the IEEEvol. 83, no. 10,
100), the spanning joins protocol has very large overhe% October 1995.

.. . Handley and V. Jacobson, “SDP: Session Directory Pait(draft 2.1),”
(more than 600 messages per join request). That is becauS€nternet Draft — Work in Progressebruary 1996.

the multicast tree is always small and most join requestdtres9] M. Faloutsos, P. Faloutsos, and C. Faloutsos, “On Pdwer-Relation-
in large scale flooding. Although the overhead of SOMR-3 is ShiPs of the Internet TopologyACM SIGCOMM 1999Aug. 1999.
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4Each link typically has a "quota” on the maximum amount ofotgses
allowed to be reserved for QoS traffic in order not to stane hist-effort
traffic. Once this quota is reached, the link refuses to aarepe QoS traffic.
It is then asaturated link Note that the delay of a saturated link is infinite
for new QoS traffic but is not infinite for the best-effort fraf While the
underlying unicast routing algorithm works on the besot#ftraffic, it may
select saturated links on its routing paths.



