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Abstract—IP multicast confronts a severe scalability problem when there  ing State aggregation at routers [20, 22]. Thaler and Handley
e erge amber of mlicasigoups n e pevwor due o ste rposen - analyze the aggregatabilty o forvarding state in [22] using an
lem is exacerbated, since there are potentiall;} enormous multicast groups mput/output filter moqel' Radoslavov et al. propose_ aIgonthms
crossing backbone domains. To improve the state scalability of multicast 10 aggregate forwarding state and study the bandwidth-memory
in backbone domains, in this paper, we propose a scalable protocol, called  tradeoff with simulations in [20]. However, these state aggrega-
BEAM (Bi-dirEctional Aggregated Multicast), which uses the conceptof ag- o schemes attempt to aggregate routing state after the distri-
gregated multicast [11]. BEAM is a distributed protocol using bi-directional . .
trees. Itis simple and easy to implement. Through simulations, we showthat PUtion trees ha\_/e b_een established, and _they tend to Chang? the
BEAM can greatly improve state scalability with very low overhead: upto  state format maintained at routers, which is generally not desired
8852 state and tree setup (";‘Srde'")f(‘gier;itﬁqngt‘ge overhead reductionwithless than -y many service providers [7]. Furthermore, the state aggregata-

‘ : bility of this type of schemes heavily depends on multicast ad-
dress allocation. It should be noted that all the above mentioned

I. INTRODUCTION schemes or architectures are dedicated to solve the state explo-

Compared with multiple unicast, IP multicast is efficient for SION iSSu€ without examining the control explosion one.
data delivering from one to many or many to many points. It To improve the state scalability of IP multicast, we have pro-
uses a tree delivery structure with data only duplicated at branciRS€d @ novel scheme, calledgregated multicasfll]. Ag-
ing nodes. However, conventional IP multicast routing protocoldregated multicast targets intra-domain multicast provisioning
confront a severe scalability problem when there are large nuni the transit domain, especially the backbone domain. In this

bers of multicast groups ongoing in the networks. This is mainiy>cNeéme, multiple multicast groups are aggregated at incoming
due to two issues: edge routers to share a single distribution tree (which is called

1. State explosion: each router needs to maintain separ?]?g aggregated trepand de-aggregated at outgoing edge routers.

states for individual groups (or group/sources). Large number&) thiS Way, core routers need to keep state only per aggregated
of groups mean large amount of state to be maintained at routeltg?e instead of per group. This can significantly reduce the total

; - ; mber of trees in the network and thus reduce forwarding state.
}/(\;r;\llsgrgﬁgslates into large memory requirement and slow paCk%us, aggregated multicast solves both the state and control ex-

2. Control explosion: conventional IP multicast proto- plosion issues. The trade-off is that this approach may waste
cols establish and maintain a multicast tree per-group or pe§e_xtra bandwidth to deliver multicast data to non—group-m_ember
group/source. Large numbers of groups mean large numbers %(r)des. In our earlier work [11, 12], we introduced the basic con-

L ept of aggregated multicast, and gave an analysis of the trade-
trees to set up and maintain. Consequently, the number of qorréﬁpbetwe%%l agggregation and ban dg\]/vi dth waste );t scheme level.
ig(r)nnedm? gi\ig eet:: IDloaolned maintenance control messages will bIn'this paper, we propose a distributed aggregated multicast pro-

In thi 9 thp Ki d f labili bl . ferred tocol using bi-directional trees to improve the state scalability
n this paper, this kind of scaabllity problem IS referre 854t multicast in backbone domains, which we daildirEctional

“state scalability problem”. In backbone networks, the stateAgglregated Multicast protocol (BEAMVe design the detailed

o e o e e o BEAM protocl L simple and easyto mplement Thrgh
Y . L group 91 ; " ‘Simulations, we show that BEAM can obtain significant multi-
backbone domain is typically a concentration point of the globa]

) . ast state and tree management overhead reduction while only
network, and its performance greatly influences the global ne‘htroducing very low overhead
work’s performance. Hence, the efficiency of inter-domain mul- :

ticast routina miaht be dearaded tremendously if a convention The remainder of this paper is organized as follows. Section Il
i g might 9 L y ives an overview for inter-domain multicast routing and aggre-
multicast protocol is employed as it is in backbone network

when there are a large number of concurrent active multica ated multicast respectively. Section Il describes the architec-
groups 9 ure and protocol design of BEAM in detail. Then in Section IV,

. we provide a performance evaluation of BEAM through simula-
The state scalability problem has prompted some recent r P b g

search in forwarding state reduction. Some architectures aim ‘t?gons. And finally, Section V concludes our work.
completely eliminate multicast state at routers using application Il. BACKGROUND

level multicast [13, 5, 18], which pushes the complexity to the . . .
end-points. These solutions might be good alternatives for smaff®: INtér-domain Multicast Routing

scale multicast applications; however, it is difficult for them to  The Internet consists of numerous domains (or Autonomous
scale up to support multicast applications with millions of groupSystems (AS)). Domains may be connected as service
members like Internet TV, since they need to discover and mairprovider/customers in a hierarchical manner or connected as
tain all or most group members. Some schemes attempt to redupeering neighbors, or both. Normally a domain is controlled
forwarding state at non-branched routers [23, 21, 6], but thepy a single entity and can run an intra-domain multicast rout-
mainly target networks with a large number of sparse groupsng protocol of its choice, such as DVMRP [17], PIM-DM [9],
Some other schemes try to achieve state reduction by forwardAOSPF [16], PIM-SM [4], CBT [4], etc. An inter-domain mul-



Multicast Groups Aggregated Trees following two aspects:

GID Members TID  Tree Links 1. It can reduce the required multicast state. Core routers don’t

&  ADE 7 T, A-B,B-C.B-E.CD need to maintain state for individual groups; instead, they only

g A D,E/ maintain forwarding state for a smaller number of aggregated
AE trees. Thus, it solves the state explosion issue.

&,
2. It can reduce the management overhead for the distribution
trees. First, there are fewer trees that exchange refresh messages.
Second, tree maintenance can be a much less frequent process
than in conventional multicast, since an aggregated tree has a
longer life span. This is an unique advantage compared with
other state reduction schemes, such as [23], [20], [22], [21], and
E [6], etc. In other words, aggregated multicast provides a solution

(& &g to the control explosion issue.

In aggregated multicast, we need to match groups to aggre-
gated trees. The group-tree matching problem hides several sub-
tleties. The set of the group members and the tree leaves are not

ticast routing protocol is deployed at border routers of a domaiglways identical. A match is perfectfor a group, if all the tree
to construct multicast trees connecting to other domains. A bol€aves have group members. A match may alsolbaky match
der router capable of multicast communicates with its peer(s) iff there are leaves of the tree that do not have group members. In
other domain(s) via inter-domain multicast protocols and router@ther words, we send data to parts of the tree that is not received
in its own via intra-domain protocols, and forwards multicast?y anyone. A disadvantage of the leaky match is that some band-
packets across the domain boundary. width is wasted to deliver data to nodes jthat are not members_; for
Currently there are two prominent inter-domain multicast pro{h€ group. Namely, we trade off bandwidth for state scalability.
tocol suits: MBGP/PIM-SM/MSDP and MASC/BGMP [3, 15]. N an aggregated multicast protocol, a logical entity is required
MBGP/PIM-SM/MSDP is a short-term solution: MSDP (Multj- {0 conduct group-tree maiching, and it can be implemented in a
cast Source Discovery Protocol) is responsible for detecting th@iStributed or centralized way. We refer this logical entityras
existence of active sources in all peer domains; PIM-SM is usefflanager
to establish a multicast tree between domains which have grou
members; while MBGP determines the next hop information be-ﬂl' B I-DIRECTIONAL AGGREGATEDMULTICAST (BEAM)
cause a join message needs to know the best reverse path towarth this section, we describe our proposed protocol: BEAM
the source. This protocol set is built on existing protocols, angBi-dirEctional Aggregated Multicast), which is designed to im-
thus easy to implement. However, due to its scalability probprove the mutlicast state scalability of the target backbone do-
lem caused by MSDP message flooding and many other issuasain. The goal of our design is to achieve simplicity and easy
[3], it only acts as an intermediate solution. MASC/BGMP isimplementation while significantly improve state scalability with
considered as a long-term solution, which tries to build a truédow overhead. We starts with an overview of BEAM and then
inter-domain routing protocol. The key idea of BGMP is to con-give a more detailed description of the protocol.
struct bi-directional core-based trees between domains, having a
single root domain for each multicast group. This protocol relieA. An Overview
on the belief that inter-domain dependencies can be avoided by
using a strict address allocation. MASC is used to allocate ado'n
dress between domains which guarantees that address collisio&ﬁ
are immediately resolved. In MASC/BGMP architecture, eac
domain can deploy any multicast routing protocol according t
its own choice.

D
X & gl)Groups 2,88 share‘one
aggregated tree Tj. Tjjis a

perfect match for g and g .
But it is a leaky match for g,

Fig. 1. lllustration of aggregated multicast

BEAM is targeted at single backbone domains. It can be built
top of any inter-domain multicast routing architecture, and its
y required information from the inter-domain multicast rout-
r?ng protocol is group membership, that is, what edge routers are
nembers of a multicast group (MASC/BGMP provides this in-
formation naturally).

The backbone domain which implements BEAM as the intra-
domain multicast routing protocol is calledBEAM domain

Aggregated multicast [11] is a scheme proposed to improvBEAM uses the aggregated multicast concept, that is, multiple
multicast state scalability. The key idea is to force multicasgroups are forced to share a single aggregated tree. Each aggre-
groups to share a single distribution tree. This enforcement takemted tree is assigned a multicast address, which is unique in the
place at the edge routers of the network. Data packets froBEAM domain and transparent to other domains. Data packets
different groups are multiplexed on the same distribution treeare encapsulated at incoming edge routers, transmitted on aggre-
called aggregated tree Each data packet of each group is en-gated trees, and decapsulated at outgoing edge routers.
capsulated and travels on the aggregated tree. This way, routersTo accommodate any type of group request: single source or
in the middle of the network, namely core routers, need to keemultiple source, BEAM adopts a core-based multicast routing
state only per aggregated tree, which are much less in numbapproach. Each aggregated tree is associated with a core. In ad-
than the groups they are servicing. Of course, edge routers dftion, to simplify the address allocation of aggregated multicast,
the network need to maintain sufficient information to multiplexwe borrow the idea of Simple Multicast [19], that is, each aggre-
and demultiplex groups in and from aggregated trees. Fig. 1 ilgated multicast is identified by a combination of the IP address of
lustrates the basic idea of aggregated multicast. its core and a multicast address (D class). In this way, the address

Aggregated multicast improves the state scalability from thessignment of aggregated trees can be totally controlled by the

B. Aggregated Multicast



Group-Tree Mapping Table group is identified by a class D address), each of which has a

Trees | Groups “native” tree(co, To(G;)) (a native tree of a group exactly cov-
©T)| sz Aggregated Tree (¢, T,) ers the group members with no'data delivered to non-m.ember
L B nodes, and it can be computed directly by a multicast routing al-

’ E Encapsulation/ gorithm, for example, PIM-SM or CBT). With the assumption

Decapsulation that all multicast groups have same bandwidth requesguae
D(g,.g) age bandwidth wastefor (cq, T') is defined as:

n x C((co,T)) — Y11 C(co, To(Gy)))

6((co,T)) = =
Encapsulation/ Ericapsulation/ (( 0 )) Zi:l C( (007 T (Gl ) )) (l)
Decapsulation A - ‘Decapsulation n x C((co,T))
(g 8) = n ' -1,
o (&) >t Cl(eo, To(Gi))

Fig. 2. A big picture of BEAM, where router B is a cor&f, groupsgo andg: ;
share the bi-directional aggregated tfes, T ) Where,C’('(co,T)) is the cost of tre€(cy, T') (total cost of all
(co, T')'s links). Intuitively, §((co, T')) reflects the amount of ex-
tra bandwidth wasted to carry multicast traffic using the shared

cores, and it is independent of the address allocation of multicagggregated treg, ') in percentage. _
groups. It should be noted that, in this paper, we mainly discuss !t should be noted that, to compute the average bandwidth
multicast groups of ASM (Any-Source Multicast) [8], where aWaste using function (1), the tree manager module has to know
group is identified solely by a class D address. In fact, aggrethe tree (including aggregated trees and native trees) topology
gated multicast can also help to improve the state scalability dhformation, which adds more complexity to the protocol. We
SSM [14], which is out of the scope of this paper though. propose arestimated bandwidth wastefunction that will take:

To improve the state scalability in a further step, the aggrelnto account only the group member and tree leaf information,
gated trees in BEAM are designed to be bi-directional. The rawhich is defined as

tionale behind this is, whenever a bi-directional tree covers the n x |leaf((co, T))|

members of a group, it can be used for packet delivering for the Oest((co, T)) = == . -1

group, without being checked for transmission direction (which 2i= [teaf((co, To(Gi)))l )
is necessary for unidirectional trees however). In this way, more _ nx|leaf((co,T))| 1

groups can share a single tree, which means more state reduction - S |Gl o

and fewer aggregated trees.

Similar to PIM-SM/CBT, BEAM uses the bootstrap mecha-whereleaf((co,T)) is the leaf set of treécy, T'), and|S| is the
nism [10] to advertise the set of possible cores within the BEAMcardinality of setS. We use this function as an approximation of
domain. When an edge router receives a join message for a grothe real bandwidth waste on the aggregated frggl’), though
G, it can determine a core using a hash function (which is reit will overestimate the waste, since we assume each level of in-
ferred asgroup-to-core hashing functign This core is referred tree nodes has the same waste as the tree leaf nodes (at the lowest
as the default core, for the groupG. After receiving a request level of the delivery tree). In the real implementation, we can de-
from G relayed by the corresponding edge routgmill find or ~ termine good control thresholds which reflect the real bandwidth
establish a proper aggregated tree for gréup waste, as will be demonstrated in our simulation study.

In a nutshell, the underlying multicast routing protocol of _ ) _ _
BEAM is CBT with core-based addressing (which is actually aB-1 A Group-Tree Matching Algorithm with Member Dynamics

S|mpI|f|ed version.of Slmple M_ulticast). And the qores Condyct To conduct group-tree matching based on function (2), each
group-tree matching. A big picture of BEAM is illustrated in core needs to maintain a group table (with member information
Fig. 2. for each group), a tree table (with leaf information for each tree)
In BEAM, the multicast rOUting prOtOCOl for ConStrUCting and and a group-tree mapp"']g table. When a cgreeceives a join
maintaining aggregated trees has existed, which we will not deyr leave message of a grotp(suppose; is the default core of
scribe in any further Qetall. In the following section, we will G), it conducts a group-tree matching algorithm as follows: (
present the new machinery needed for group-tree matching. s the given estimated bandwidth waste threshold)
(1a) If G becomes empty (the last member leaves), delete the
corresponding entry in the group table. dfs delivery aggre-
In a corecy, to match groups to aggregated trees, the tregated tree becomes idle, the tree will be detached and the group-
manager module (defined in Section Il) needs to maintain groupee mapping table is updated.
and tree information and manipulate a group-tree matching algo- (1b) If G is new (the first member joins), insert a new entry to
rithm. In this section, we present a simple algorithm with smalthe group table and go to step 2.
additional control overhead. (1c) If G is neither new nor empty, updatgs member infor-
First, we define a bandwidth waste function. As we said, leakynation, and check if's aggregated tree can still cover the whole
match introduces bandwidth waste while leads to more state amptoup and the estimated bandwidth waste of the tree is less than
tree management overhead reduction. This trade-off is alloweld. If any of the conditions is not satisfied, go to step 2.
by BEAM. Assume an aggregated trée,T") (an aggregated (2) Check if any existing tree can covét. If yes, for any
tree is identified by a combination of its code’s IP address and &ee (cy, 7") which can cover groujgs, compute the bandwidth
class D address) is used by groupgs 1 < i < n (a multicast wasted.;((co,T)) according to (2). 8.4 ((co,T)) < by, then

B. Group-Tree Matching in Cores



(co,T) is a candidate. Among all candidates, choose the ongthm, which might cause tree switch or core switch, as will be
with minimum bandwidth waste as the delivery tree orand  described in the next sections.

the corresponding tables are updated. If there is no existing tree

which can cover grougr, a new tree will be established using F. Tree Switch

the underlying multicast routing protocol. When the membership of a grodp is changed, its original

In the above algorithm, for each group, we only consider th% :

e ' o X ggregated treég, T") might not be able to cover the group
trees within its default core,. To achieve better aggregation, guain i this ceajge, t)he tree switch procedure (in the same core)
we design a new functionality: core switch, where a group’s Coreyiqgered. Firste, finds or establishes an appropriate tree for
can be changed. If there are no existing trees to cover a groyp "y (., 77), then it utilizes a multicast messageTREE-

G in its default core, an existing tree in another core instead of %WITCI—(d (co, T")) through the multicast treéro, T) to no-

new established tree in its default core can be used for the datti?y all the other members of groug to join (co, 7”) and leave

delivery of groupG. In this way, more groups will share a sin- . T ; ;
) / . . 0, T). The member routers of grou@ might triggerM-JOIN
gle delivery tree. However, this benefit does not come withou, M-LEAVEmessages if needed.

any overhead: the additional communication between cores IS
needed. In the performance evaluation section, we will examine

the trade-off between the gain and overhead of core switch. _ Examples of member join, member leave, and tree switch are
illustrated in Fig. 3.

C. Edge Routers in BEAM

Edge routers are possible members of multicast groups(TJ
Whenever an edge router joins a group, it needs to know the In the above section, tree switch is constrained in one core. To
address of the corresponding delivery tree so that it can encalgt more groups share one single tree, BEAM allows core switch.
sulate the data packets correctly. As we know, each edge routerDuring the member dynamics of a grodj its original ag-
might participate in multiple groups, which leads to the necesgregated tre¢c,, 7') might become too big or too small, as will
sity to maintain a group-tree mapping table in each edge route¢ause tree switch iny. If there is no appropriate tree f@# in
Of course, only the information of groups participated and corthe corecy, ¢, will query other cores by sending out a multicast
responding aggregated trees needs to keep. messagB-CORE-SWITCH-RE@, G's member list) through

a predefined bi-directional multicast trée..,., Tvore), Which

We have discussed the main component of BEAM: group-treSONNects all cores (wherg,,. acts as the “super core” of the this
matching and the functionalities of cores and edge routers. Ii-directional tree). Upon receiving tii CORE-SWITCH-REQ
the following, we define the messages and describe each phd5&SSage, each core activates its tree manager module, and checks
of the protocol in more detail If there is a good tree to cover grodp If yes, a unicast mes-

" / ! . .

To facilitate our description, we divide the protocol messageS29€B-CORE-SWITCH-ACKG, (¢, "), bandwidth waste) is
into two types: M-type and B-type. The underlying multicastSeNt back ta,. From the received treeg, selects the one with
routing messages are M-Type, suchMsJOIN and M-LEAVE smallest bandwidth waste, sdy,’, 7"") as the delivery tree for
And the messages used to help matching groups to trees dre Similarly, this will trigger a tree switch Brocﬂedure by sending
B-Type, which includesB-JOIN, B-JOIN-ACK B-LEAVE B- amqltlcast messag}TREE—SWITCIéG, (¢",T")) through the
TREE-SWITCH B-CORE-SWITCH-REQB-CORE-SWITCH- multicast tregcy, T') to notify all the other members of groudp

ACK, B-CORE-CHANGEB-SEND and B-SEND-ACK These to jOin (C”, T”) and |eave(Co, T) At the same timegy needs
decord the new core” for further requests of groug. For

messages are mainly transport level messages between e&@( | h A .
routers and cores, and their functionalities will be shown in th&x@mple, when a new member routejoins groupG, it sends

. Core Switch

followina sections. aB-JOIN message t@>'s default corec,. Since the core of/
g is switched,co will send a messagB-CORE-CHANGHZ, ¢”')
D. Member Join back tor, which will activate anotheB-JOIN message te”.

. - Fig. 4 illustrates the core switch procedure through an example.
When an edge routerreceives a request to join grogpfrom g P g P

outside domains, it first uses the group-to-core hashing functio
to getG’s default corecy, it then sends a messaBeJOIN(G)

to ¢o. co Will trigger its tree manager module to find or establish A non-member node wants to deliver data to grou. It first

an appropriate aggregated tree, @}, 7). It should be noted initiates aB-SENOIG) message td:’s default coreco, which
that this join message might activate tree switch or core switchill respond with a message-SEND-ACKG, (¢',T')), where

if the existing tree could not cover group. Thenc, will send (¢, T') is the delivery tree fo6: and it is possible that'is notc,
back a messagg-JOIN-ACKG, (¢, T)) tor. If r has notjoined ~ because of core switch. Whersends data, it first encapsulates
the delivery treg(¢’, T), it will graft to the tree by sendingl-  the data packets with the address(df T'), then unicasts them

A. Non-Member Sending

JOIN(, T). toward¢’. The data packets will be intercepted by any in-tree
router or received by the core, then are transmitted along the bi-
E. Member Leave directional tred¢’, T).

When an edge routerwants to leave grou@, it sends a mes-
sageB-LEAVHG) to its default corery. This action will trig-
ger anM-LEAVE message when detects that there is no other In this section, we mainly examine the following performance
group mapped t@'s aggregated tree. On receiving of tBe  issues of BEAM protocol through simulations (which are con-
LEAVE messageg, manipulates the group-tree matching algo-ducted in NS2 [2]).

IV. PERFORMANCEEVALUATION
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(b)

Trees | Groups 1: B-JOIN
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Fig. 3. (a) Initial state: groupo uses tregco, 74 ); (b) Member join: groupy; starts with memberd, D, E and groupgo andg; share the treéco, 71 ); (c) Member
leave: groupy terminates with memberd, D, E; (d) Tree switch: based on (b), a new membgjoins groupg:, andg: switches from(cg, 71) to (co, T2).

1. To what extent BEAM can improve state scalability. A. Simulation Environment
2. The trade-off between the gain and overhead of core switch. . .
3. How the bandwidth waste is estimated. In our simulations, we use a network abstracted from a real

We compare BEAM to CBT with core-based addressin etwork topology, Abilene backbone '[1]. This abs'gracted net-
(which is referred a#1-CBTin this section). The difference be- WOTK has12 core routers, and each is attached with an edge
tween these two protocols is that the latter has no functionalitjPuter- Thus, there are totalij routers in the target network.
of group-tree matching, and each group uses a delivery tree. We T0 generate multicast groups more realistically, we use one of
define the following three metrics to reflect state scalability. ~ Our previous group models developed in [12]: the random node-

State Reduction Ratio (SRR)Since multicast state in edge Weighted model. In this model, each node is assigned a weight,
routers can not be reduced in any state reduction scheme, Wélich is the probability of the node to participate in multicast
only consider state in core routers, which is referredrassit ~ groups. In the target network, core routers will not be members

state Then SRR is defined as for any multicast group and thus are assigned wefghtAny
‘ T i BEAM other_edge router is as_S|gned a weigltor 0.8 according to the
SRR=1- # of transit state eniries of (3) real-time traffic on its links connected to the corresponding core

# of transit state entries of M-CBT routers. The rationale behind this is, for a router, more traffic
Tree Setup Overhead Reduction Ratio (TSORRYhe num-  means more participation in the network communication, thus
ber of M-JOIN messages is a measurement of tree setup ovehere is higher probability for it to join a multicast group.
head. Thus we define TSORR as In our simulation network, we assume that any core router can
# of M-JOINmessages of BEAM be a core. The group-to-core hashing function we use is simply
TSORR=1- # of M-JOIN messages of M-CBT (4 a Modulon function from a group ID to a core ID. We also as-

Tree Maintenance Overhead Reduction Ratio (TMORR) sume multicast group requests arrive as a Poisson process with

; arrival rate\, and groups’ life time has an exponential distribu-
The measurement of tree maintenance overhead depends on ht?% with average:~*. Then, at steady state, the average number

to keep multicast state: hard state or soft state. Though the ugs groups isN = A/u. In our simulation experiments, we fix

derlying multicast routing protocol of BEAM is closer to CBT g :
. X : ’ the group average life time a80s, and change the group arrival
BEAM does not exclude PIM-SM like semi-state maintenance; ,io"in order to get different number of groups. We run the simu-

Atthis stage, we approximately use the number of multicast reggy; ¢ 410005, and collect performance data after steady state
as a metric for tree maintenance overhead. Hence, we def'rilfreached (aftet00s in our scenario)

TMORR as i BEAM The group-tree matching algorithm for BEAM used in our ex-
# of mu “?aSt trees of 5)  periments is described in Section I11-B.1. Note that this algo-
# of multicast trees o fM-CBT rithm considers the estimated bandwidth waste instead of real

TMORR=1-—
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2 bth increases, the number of core switch messages decreases. As

Trees | Groups Trees | Groups is consistent with our intuition: a group has higher probability to
stay and use an existing tree at its current core if more bandwidth
CT) | g €T | g waste is sacrificed.

State Reduction Ratio (SRR)

BEAM with core switch, bth=0.1 —-m-
BEAM with core switch, bth=0. 2 --&

i i i i i
1500 2000 2500 3000 3500
Average number of concurrent active groups

1: B-LEAVE 2

2: B-CORE-SWITCH-REQ Trees | Groups Fig. 5. State Reduction Ratio (SRR) vs average number of groups.
3: B-CORE-SWITCH-ACK
4: B-TREE-SWITCH (€, T) | g8 ; i
e oA Fig. 6 and Fig. 7 plot the results for TSORR (Tree Setup Over-

head Reduction Ratio) and TMORR (Tree Maintenance Over-
head Reduction Ratio) vs the average number of concurrent ac-
tive groups respectively. These two figures show very similar
trends to Fig. 5: more overhead reduction ratio when there are
more concurrent groups and more bandwidth are wasted. When
we compare BEAM without core switch to BEAM with core
switch, we draw the same conclusions as above also.

(g(]’gl) T T T T T

(b)

Fig. 4. (a) Before core switch: group uses treéco, T ) while groupg; uses
tree(c1,T2); (b) Core switch procedure: when memketeaves grougyo,
go switches from coreg to ¢; and shares the trée;, 75) with groupgs .

bandWIdth WaSte' BEAM wi/o core switch, bth=0.
BEAM w/o core switch, bth=0..
BEAM with core switch bth=
! H BEAM with core switch bth=0.
0.2 |- B - B R RREEE EERREER BEAM with core switch, bth=0.:

Tree Setup Overhead Reduction Ratio (TSORR)
o
@
T

B. Results and Analysis

In our experiments, we vary the estimated bandwidth waste 1500 R oo 1ot acte e 8500
threshold (denoted dsth) from 0 to 0.2 for BEAM. To inves-
tiga'[e the trade-off involved in core switch, we also run BEAMFig. 6. Tree Setup Overhead Reduction Ratio (TSORR) vs average number of
when core switch is not allowed. groups.

Fig. 5 shows the results for SRR (State Reduction Ratio) vs the
average number of concurrent active groups. For all the curves
in Fig. 5, we can see that the state reduction ratio increases sig-
nificantly when the number of groups grows: the more groups
become active, the more state reduction we expect. We also ob-
serve that, when the estimated bandwidth waste threshold (bth)
is lifted, more state reduction is achieved, as verifies the trade-off
between state reduction and bandwidth waste. Moreover, given
any bth, the state reduction ratio for BEAM with core switch is
much higher than that for BEAM without core switch. For ex-
ample, when the average number of group¥s0 andbth = 0 ‘ ‘ ! : ‘
(that is, no bandwidth waste), the state reduction ratio7i% A 2000 500 3oloo 00
when core switch is allowed, while it is onii1% when there fverage number of conaurrent e groups
is no core switch. As we mentioned before, this gain does natig. 7. Tree Maintenance Overhead Reduction Ratio (TMORR) vs average num-
come without any cost: core switch needs additional control mes- ber of groups.
sages for the communication between cores, sudd-@ORE-

SWITCH-RE@ndB-CORE-SWITCH-ACHKnhessages. The con-  One concern about core switch is load concentration: since
trol overhead depends on many factors, including possible cogroups tend to be switched to their most suitable cores, will the
placement, group-to-core hashing function, and bandwidth wastead be concentrated on some cores? We use the relative stan-
threshold. From our experiments, we can observe that, when tliard deviation (which is equal to the standard deviation divided

BEAM w/o core swltch bth 0 —07 H
BEAM w/o core switch, bt H

Tree Maintenance Overhead Reduction Ratio (TMORR)




by the average) of link loads to measure the load concentratioscales well with the number of groups: the more groups come,

In our experiments, we assume every group has the same baride more state and tree management overhead reduction. Finally,

width requirement. Fig. 8 illustrates the corresponding results BEAM does not cause worse load concentration compared with

We can see that, when there is core switch, the load concentratidf-CBT.

is no worse than the case without core switch. This is because Future Work We would continue our work in the following

the groups tend to concentrate on their default cores even if theto directions:

is no core switch. Another observation is that, when bth is in- 1. Evaluate the performance of BEAM in various scenario pa-

creased, the load concentration is leveraged. As is not a surprigameters, such as network topologies, group models and group-

link loads are more evenly distributed since more bandwidth ar®-core hashing functions, etc.

wasted on some links which have smaller loads. 2. Improve load balancing of BEAM. In our current proto-
col design, there is no explicit load balancing control. However,

'  rwosoeemd S f BEAM potentially has the ability to balance load since it allows

BEAM o Coro S, b0 -5 communication between cores. And this can also help to de-

crease the effect of the group-to-core hashing function on load
concentration.

04 e - - BEAM with core switch, bt
BEAM with core switch, bt
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