Optimizing State Allocation for Multicast
Communications'

De-Nian Yang and Wanjiun Liao®
Department of Electrical Engineering
Naticnal Taiwan University
Taipei, Taiwan
wjliao{@ee.ee ntu.edu, tw

Abstrace—In  this paper, we propose a new forwarding
mechanism for IP multicast based on Explicit Multicast (Xcast).
Compared with traditional IP multicast, our mechanism achieves
a more fexible allocation of multicast forwarding states among
routers. Previous works only focus on reducing the number of
routers which store the forwarding states, ignoring the
distribution of forwarding states among routers. The number of
forwarding states stored in each router may be unbalanced. In
this paper, we formulate the assignment of the routers with
forwarding states as two optimization problems. The first one is
to minimize the number of routers with the forwarding states in
each multicast tree. The second one is to minimize the maximum
number of forwarding states stored in a router. We design
several algorithms for both problems. We prove that our
algorithms can find the optimal solution to the first problem. By
simulation, we also show that our algorithms perform well in the
second problem. Moreover, we prove that assigning all branching
routers as the only routers with the forwarding states is a special
case in our mechanism. Due to higher flexibility, we show that
our mechanism use fewer forwarding states, and the distribution
of forwarding states is more balanced.
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L. INTRODUCTION

Multicast is an efficient way for point-to-multipoint and
multipoint—to-multipoint  communications [1]. Traditional
multicast schemes are based on the host group model [2] and
the multicast routing protocols [3-6]. This approach associates
a multicast group with a class-D IP address. Each group uses
the address as the destination address of data packets. In order
to guarantee the global uniqueness of each class-D address,
multicast addresses have to be allocated dynamically ({7].
Different from the traditional scheme, source-specific multicast
[8] treats a one-to-many connection as a multicast channel
Each multicast channel is associated with a channe! identifier
which includes the sender’s address and a class-D address. The
class-D address is allocated by the sender. Therefore, it is not
required to be globally unique.

Both the traditional multicast scheme and source-specific
multicast use a shortest path tree to carry multicast data. The
routing of the shortest path tree is the union of the shortest
paths from the root to all receivers or from all receivers fo the
root. For point-to-multipoint communication, the root is the
sender, and the tree is called a source-based tree. For

multipoint-to-multipoint communication, the root is a router
which is called the core in CBT [5] or the RP in PIM-SM [6],
and the tree is called a shared tree. Each sender first sends the
data to the root, and then the root relays the data to all
receivers.

For traditional multicast schemes or source-specific
muiticast, each router in a shortest path tree has to maintain a
forwarding state for the group or channel. The state specifies
the adjacent routers which are in the multicast tree, and the 1D
of the forwarding state is & group address or a channel
identifier. Multiple forwarding states can be aggregated into
one state if their IDs are contiguous and their next-hop routers
are the same. The ID of the aggregating state is the common
prefix of the IDs of the aggregated forwarding states.
Compared with unicast forwarding states, it is more difficult to
aggregate multicast forwarding states [9-20]. The reason is that
the ID of a unicast forwarding state is the destination IP
address of data packets, and the destination IP address is
allocated according to its geographical location, Receivers with
the same prefix tend to reside in the same geographical area.
For a router outside the area, the forwarding state
corresponding to these addresses can be aggregated since the
nexi-hop router in the forwarding states tends to be the same.
However, for multicast forwarding states, the class-D addresses
are allocated dynamically or by the sender. Besides, the parent
router and the child routers of the groups with contigucus IDs
may be totally different. Therefore, it is more difficult to
aggregate multicast forwarding states. As there are a larger
number of multicast groups or channels, routers may not have
enough memory to maintain all forwarding states [9].
Moreover, a router may take a long time to find the forwarding
state when it receives a data packet.

Several approaches [9-20] have been proposed to reduce
the number of multicast forwarding states stored in a router.
The first approach [9-12] uses a single multicast tree to deliver
data of multiple multicast groups with similar receivers. A
receiver may receive undesired data from a multicast group in
which it does not join. Hence, the multicast tree has to be
chosen carefully in order to reduce the amount of undesired
data, In the second approach [13-18], only the branching
routers of a multicast tree maintain the forwarding states. A
branching router is a router which connects to at least three
adjacent routers in the multicast tree. A multicast packet is not
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duplicated on the path from a branching router to its nearest
downstream branching router. Therefore, it is sent via unicast
between these two routers, and intermediate routers on the path
maintain no forwarding state of the multicast tree.

The third approach, Explicit Multicast (Xcast) {19], uses
the unicast forwarding table to forward multicast data. It does
not require any router in a multicast tree to maintain a multicast
forwarding state. [t includes the addresses of all receivers of a
multicast group in the header of each data packet. When a
router in the tree receives a data packet, it first checks the next-
hop router of each recesver, duplicates the packet if necessary,
and then sends each packet to a next-hop router. The header of
each duplicated packet contains only the receivers in the sub-
tree rooted at the next-hop router. Although multicast routing
protocols and multicast forwarding states are not required this
approach is not suitable for groups with many receivers since
the size of the header and the packet processing delay in a
router grows as the number of receivers increases [19].
Therefore, Xcast is scalable in terms of the number of small
groups but is not scalable in terms of the number of receivers in
a group. On the contrary, traditional IP multicast is scalable in
terms of the number of receivers in a group but is not scalable
in terms of the number of small groups. Therefore, it is
believed that both mechanisms are orthogonal and are used for
different scenarios {19]. In reality, however, the number of
receivers in a group may vary with time since a host can join or
leave a group at any time. In other words, a mechanism chosen
by a group initially may not be suitable later. Switching to
another mechanism may cause service disruption, especially
when the shortest path trees used by the two mechanisms are
different’. Therefore, we need a multicast forwarding scheme
scalable in terms of both the number of receivers and the
number of groups. ‘

Previous works only focus on reducing the number of
forwarding states in all routers. However, so far, as we know,
there 1s no related work on the distribution of forwarding states
among different routers, Previous research [15] analyzed the
distribution of multicast forwarding states and showed that the
forwarding states were concentrated in backbone routers since
they are used by more multicast trees. Moreover, they found
that routers with larger degree, i.e., more adjacent routers or
hosts, tend to have more forwarding states. It is reasonable
since they are more likely to act as branching routers of a
multicast tree. Therefore, the distribution of forwarding states
among routers is not balanced. Some routers may not have
enough memory to store the forwarding states, but others are
under-utilized and can store more forwarding states.

In this paper, we propose a new multicast forwarding
mechanism with resource optimization using Xcast. When a
group has only a few receivers, no router in the tree maintains
the forwarding state. As the number of receiver grows, some
routers are chosen dynamically to store the forwarding states.
As the number of receiver decreases, some of these routers
abandon the forwarding states. For each downstream interface,
the forwarding state records the addresses of a set of

* Xcast uses a forward shortest path tree, and some traditional IP multicast
routing protocols such as PIM-SM and CBT use a reverse shortest path tree.
The routing of the two trees may be different if the network is asymmetric,
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O Router without the
forwarding state

o Router with the
forwarding state

D Receiver

1 forwards data to (4, 5), (6, 7}
4 forwards data to (8), (9), (10)
5 forwards data to (11).(15, 16)
6 forwards data to (14), (17, 18)

Figure 1. Example of our mechansim. The nodes within a bracket are
the destinations of a Xcast datagram.

downstream routers that also store the forwarding states of the
group. When a router with the forwarding state receives a data
packet, it duplicates the packet to each downstream interface
and substitutes the destination addresses in the header with the
addresses of the downstream routers stored m the forwarding
state. The router then delivers the packet via Xcast to the
downstream routers. Fig. 1 is an example of our mechanism.
Node 1 is the root of the multicast tree. Assume nodes 1, 4, 5,
and 6 have the forwarding states of this tree. Fig. 1 also lists the
downstream routers stored in the forwarding state of each
router. Not all branching routers have to store the forwarding
states. Our mechanism is orthogonal to the first approach
which uses a single multicast tree to carry data of multiple
groups and can be integrated together.

Compared with the second approach, cur mechanism can
assign the forwarding states more flexibly among routers.
Since not all branching routers have to store the forwarding
states. Moreover, non-branching reuters can alse maintain the
forwarding states. In order to assign the forwarding states
cfficiently, we formulate two optimization problems. For each
multicast tree, the first problem, denoted P, is to minimize the
number of routers storing the forwarding states. The second
problem, denoted P2, is to minimize the maximum number of
forwarding states stored in a router. We design several
algorithms and conduct simulation for both problems. We also
discuss related issues such as the implementation of our
algorithms and the dynamic group membership,

The rest of this paper is summarized as follows. In section
II, we address the problem description and defimition. In
section III, we present the algorithms to minimize the number
of routers with forwarding states in each multicast tree. We
prove that our algorithms can find the optimal solution. In
section IV, we formulate the problem which minimizes the
maximum number of forwarding states maintained in a router
as an integer linear programming (ILP) problem and present
our algorithms. In section V, our numerical results are shown.
In section VI, several related issues are discussed, Finally, we
conclude this paper in section VIL

II. PROBLEM DESCRIPTION

In this paper, the network is modeled as a connected
directed graph G(V, A) where V" and 4 are the set of vertices
and arcs. Each vertex is either a host or a multicast router. Each
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arc corresponds to a point-to-point link. A multi-access hnk
can be represented as multiple arcs. A multicast tree is a
forward shortest path tree. Data are delivered unidirectionally
from the root of the tree to each receiver. For point-to-
multipoint communication, the root is the sender. For
multipoint-to-multipoint communication, the root is a relay
node, like an RP in PIM-SM or a session relaying server in
EXPRESS [21]. We assume each receiver of a group is a host
connected to a Designated Router (DR). Therefore, each
recelver must be a leaf node of the multicast tree, and all leaf
nodes of a multicast tree are the receivers. For each multicast
tree, a vertex m is upstream to another vertex n if m 15 on the
shortest path from the root to n. In this case, » is also regarded
downstream to s In this paper, vertex and node are used
interchangeably.

For each multicast group, a set of multicast routers 1s
selected to maintain the forwarding states of the group.
Multicast data are sent between these routers via Xcast. For
each group, a multicast router d storing the forwarding state of
a group is a state node of the multicast iree. The nearest state
node # which is upsiream to d is the upstream state node of d.
In this case, d is a downstream state node of u. All intermediate
nedes on the path from # to d are stateless nodes. Each receiver
is a downstream receiver of its upstream state node. A state
node may have more than one downstream state node and
downstream receiver from each interface. In Fig. 1, for
example, nodes 1, 4, 5, and 6 are state nodes of the multicast
tree. Nodes 4 and 5 are the downstream state nodes of node 1
from the downstream interface to node 2. Node 15 and 16 are
the downstream receivers of nede 5 from the interface of to
node 12. Node 1 is the upstream state node of node 6.

When the number of downstream: state nodes and
downstream receivers from an interface increases, the header of
each data packet contains more destination addresses. Each
statcless node has to look up more addresses in the unicast
forwarding table. For each state node, therefore, we regard the
maximum number of destinaticns from each downstream
interface as a constraint. A destination is either a downstream
state nede or a downstream receiver. In other words, from each
downstream interface, a state node can have at most &

destinations, & 2 1. The root is a state node. Each leaf node, i.e.

receiver, of a multicast tree is not a state node since it does not
deliver data to any other node. The input parameters of a state
assignment problem are listed as follows.

T the set of multicast trees;

t a multicast tree, fe T

i, the parent node of m in multicast tree £,

c the set of child nodes of m in multicast tree £
7 the root of multicast tree f;

R the set of receivers in multicast tree 7.

The decision variables are listed as follows.

o, a binary variable; node m is a state node intif o’ =1,
otherwise, o7, =0.

0-7803-8355-9/04/$20.00 ©2004 IEEE.
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i, the upstream state node of 7 in multicast tree f;

D the set of destinations of m from all downstream
interfaces in multicast tree r,

D:,  the set of destinations of m from the downstream
interface to 7 in multicast tree 1,

7. (jy  the total number of state nodes in the sub-tree rooted

at node m if p/, has j destinations from the
downstream interfacetom, 1< j< & ;

Vi the minimum number of state nodes in multicast
tree £, the objective value of P1,

Ve the maximum namber of forwarding states maintained
in a router, 0< v, <|7]; the objective value of P2.

III. MINIMIZING THE NUMBER OF STATE NODES IN EACH
MULTICAST TREE

In this section, we propose two algorithms which can find
the optimal sohmion, i¢., the minimum number of state nodes
in a multicast tree. The first one is a dynamic programming
algorithm. It first finds the minimum number of state nodes in a
multicast tree from the leaves to the root and then assigns the
state nodes from the root to the leaves. The second one is a
distributed greedy algorithm. Each state node independently
determines if it can remove its forwarding state or move the
forwarding state to its parcnt node, The advantage of the first
algorithm is that it can find the optimal assignment rapidly. The
advantage of the second algorithm is that it can be
implemented as a distributed asynchronous protocol.

A.  Dynamic programming algorithn

Fig. 2 is the dynamic programming algorithm, which is
denoted P1_dp. In step 2, it first calculates () from the
corresponding values of its child nodes 7,(;) , re C;,. Variable
7,,(j) is chosen in the way such that the number of state nodes
in the sub-tree rooted at m is minimized. For j =1 and lc;l >1,
T, (j) represents the case that m is a state node. For other

scenarios, 7. (/) represent the case the m is a stateless node.
The oot is not considered since we assuime it must be a state
node. After the minimum mumber of state nodes in the
multicast tree is obtained, the algorithm then assigns the state
nodes of the multicast trec. In step 3, ;. is the number of

destinations of p], from the downstream interface to m in the

assignment obtained from our algorithm. Tabie I is an example
of the algorithm with the multicast tree in Fig. 1. The resultant
assignment of state nodes is the same as Fig. 1. The following
lemma and theorems prove that the algorithm can find the
optimal solution. Please note that the optimal assignment may
not be unique.

Lemma 3.1 There exists an optimal solution such that
T Cmopt V= T Umee ) F101ds fOr node m, YmeV, —{r}, where



Given: atree f withnode V, V¥ andarc 4, c A4, 5.
Find: v, and o’,, me¥,.
Algorithm:
1. [Initialization.
i=1
(e { 1<j<5” meR,.
Number all nodes from node 1 to |[,|by the breadth
first search algorithm.

2.  Find the minimum number of state nodes.

form from [V,[ 102, me R,,
(1), if [Cy|=LneC,
LD+ - 1 e b |
1+”§“:g}g}{fﬁ(1)}, if fci[>1

for j, from2to &,

if{j,,;ne_c;,,lsj,sJ,Zj,=jm}=¢,t11en

porz3
T(Jnd o)
else
2, (j) ¢, min {Zf‘u. = J...},"
{ et 15, <8] =
end if’
end for;
end for,

Vi 1+ ; min {7,050}

3. Find the optimal assignment of state nodes.
i, e arg min {4 (7, )} me
form from2to |, me R,,
if |C;|=1 and j; =1, then
ol <0, «1lnelCl;
elseif|C‘1>1 and j =1, then
0, <1, j, «arg minlz(j,)),neCL;

155,568
else
G, <0,
{fem m m‘g}{ 2 =;,,,},
end if,
end for.

Figure 2. The dynamic programming algorithm (P1_dp).

I 1S the number of destinations of pl. from the

downstreant interface to m in the opfimal solution, and
Tryope (mee} 1S the total number of state nodes in the sub-tree

rooted at node m if p, has j,. destinations from the
downstream interface to m in the optimal solution
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TABLE 1. AN EXAMPLE OF THE DYNAMIC PROGRAMMING
ALGORITHM WITH 6 =2
m
4 5 6 12 ] 13
Z() 3 2 1 1 1 1
7(2) 2 1] |1} 1]0] 0

Proof: The lemma is proved by induction.
1. For each node n whose child nodes are all receivers, j,,,

must be equal to 1 or |C;| . If |Ci|=1, J,, =1 and
rfl,ap(any)zr:l(Jn,op)=0 n >5 ¥ jn,aﬂ:I an'd
T ) =T n) =1 - I 1<[CE|<6 and =1,
T o) = Tolpg)=1 . If 1<|C'|<§ and j,,, =|C:

T Cnept) = Talno )= 0 .

2. For each node m whose child nodes are receivers or the
nodes in step 1, if 7,,(j, ) > 7h (/o) » MOde m has a
child node # with 7,(j, .,)>7, ., (J, ) it contradicts step
1. Inequality 7},(J,,.n) <%0 (Jn..) does not hold since it
implies 7, (/) is not an optimal solution. Therefore,
TGt ) = Tongn e ) -

3. For all the other node m which is not the root or leaves,
Ty (ot )™ Tomege i ope) €A1 be proved in a way similar to
step 2. a

Theorem 3.2 The above dynamic programming algorithm can
Jind the minimum number of stafe nodes in the mulficast tree
and an optimal assignment of state nodes.

Proof: The minimum number of state nodes in the multicast
tree ¢ is as follows.

min =14 E mapt {Jope) -

With Lemma 1,
Vain =14 2 0 (g -
nell

Moreover, the following equation must hold, or v, is not the
optimmal solution.

gt = arglrsr;i;}r,"(jn LreCl.

The assignment of state nodes generated by our dynamic
programming algorithm is feasible, and the total number of
state nodes is equal to the optimal value. Therefore, the
assignment is an optimal assignment. [

Corollary 3.3 If 6 =1, the root and the branching nodes, i.e.,
the nodes with more than one child node, are the only state
nodes in the optimal solution.

Proof: In the optimal solution, if any branching node does not
have a forwarding state, its upstream state node must have
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more than one destination from the downstream interface. It
implies the solution is infeasible. For any non-branching node,
if it has a forwarding state, the stale can be removed. It implies
the solution is not optimal.

0

From this corollary, it shows that the assignment that uses
only the branching nodes to store forwarding states is a special
case of our mechanism.

Corollary 3.4 Given two problems P, and P, with the same
tree but different &, say, 6, and 8,, if 6, 2 8,, the optimal
solutions corresponding to 8, and 3,, say, v, and v,, must
satisfy v, Sv,.

Proof: Since v, is a feasible solution to P1, and both problems
are the minimization problems, v, provides an upper bound to
v, . Therefore, v, <v, must hold. O

Theorem 3.5 The time complexity is 0(]K]x4“‘s")’ﬂ).

Proof: In step 2, for each node, the number of elements in set

-1 -1
{j"meq"lsj"s‘s’z-:""zj} is (C;f—l]zo{[(a—l)/z}}
=O(4“"")”1) Therefore,  the complexity is
oy, | x4l #y ]

In section V, we show that a small & is sufficient to obtain
good solutions. Therefore, the time complexity is dominated
by V|-

time

B. Distributed greedy algorithm

Although the above dynamic programming algorithm can
find the optimal assignment rapidly, it is not suitable to be
implemented as a protocol since it induces large overhead
when a receiver joins or leaves a multicast tree. Each node on
the path from the root to the receiver has to update 7*,(7), and

some stateless nodes have to cache the information. In this
section, we propose a distributed greedy algorithm, which is
denoted P1_greedy. The algorithm is more suitable to be
implemented as a protocol. At any instant, cach state node
independently checks if it can remove the forwarding state or
move the state to its parent node. The algorithm is a greedy
algorithm because the former operation reduces the mumber of
state nodes, and the latter operation makes the allocation of
state nodes more compact such that more state nodes can
become stateless later. The algorithm stops when all state
nodes can no longer perform the above two operations. In this
algorithm, each node does not need to know the topology of the
whole multicast tree. It has to know only the identities of its
upstream state node, parent node, child nrodes, and destinations
from all downstream interfaces. The operations of different
state nodes are asynchronous. We assume that at most one state
node removes or moves its forwarding state at any instant.

0-7803-8355-9/04/$20.00 ©2004 IEEE.
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Given: atree f withnode V, cV andarc 4, c A4, §.
Find: v, and o), meV,.
Algorithm;
1. Initialization.
oL L, LmeV,—R ~fr};
gl «Lxl «0;
g, «0,x «0meR, .
2, While 3meV¥, -R, ~{r} such that ¥, =1,
if |D;_,,]+|D;,|-1sa,men
a,«0, x, «0;
selneDl , Vld);
else if o’, =0 and |[d4[<5, then
o, <0, 2 «0; 0';,_4—1, x;;(—l;
x, < Lnelr, UD:,A._P" U{ u;_};

else x, «0;
end if;
end while.
3 v e Yo,
ey

Figure 3. The distributed greedy algorithm to minimize the number of state
nodes in a multicast tree (P1_greedy).

Fig. 3 is the distributed greedy algorithm. The auxiliary
variable x/, is a binary varable to represent whether node m
has to check if it can remove or move its forwarding state. The
algorithm stops when x!, =0, Yme ¥V, . Fig. 4 is an example
using the multicast tree in Fig. 1. It shows that only removing
the forwarding states can not find the optimal solution. In Fig.
4 (d), nodes 3 and 13 cannot remove its forwarding states.
However, after node 13 moves its forwarding state to node 6,
the forwarding statc of node 3 can be removed. Although the
algorithm does not specify the sequence of the nodes which
remove or move the forwarding states, the following lemmas
and theorem prove that the algorithm can find the optimal
solution for arbitrary sequence of nodes.

Lemma 3.6 Given an optimal assignment 8, Jor any feasible
assignment S which is not optimal, there is a sequence of
operations on S~ and S such that another optimal assignment
can be obtained. Each operation corresponds to a node which
removes its forwarding state or moves the stafe to its parent
node.

Proof: We prove this lemma by introducing an algorithm with
a sequence of operations on S° and S. After the algorithm
stops, §” and S are tdentical, and both are optimal. Let ¢, and
o, denotc the assignment of $° and S at node m. The
following is the details of the algorithm.

1. Number all nodes from 1 to |} by the breadth first
search algorithm.
2. Formfrom || to 2, m is not a receiver



(d) Node 6 removes its forwarding state.

(b} Node 12 removes its forwarding atate.

{e) Node 13 moves its forwarding state to node 6.

(c) Node 2 removes its forwarding state.

(f) Node 3 removes its forwarding state.

Figure 4. An example of the distributed greedy algorithm P1_greedy with §=2.

if 6,=0 and o, =1,then o, « 0, 0, «1,;

e

elseif o, =1 and g, =0,then 7, <0, o, «I;
end if;
end for.

In step 2, the algorithm maintains feasibility of both
solutions in each iteration. The algorithm compares node » in
S and 5°. If m 15 a state node in only S or 7, say, S, m
removes its forwarding state when the parent node is a state
node, or moves the forwarding state to its parent node when the
~ parent node is stateless. The state nodes in the sub-tree rooted

at m in both assignments must be identical since afl nodes in
the sub-tree have been compared. At the end of each iteration,

the upstream state node of m in another assignment, say, 87, is

identical or upstream to the upstream state node of m in S
Therefore, S’ is feasible since S’ is also feasible. After the
algorithm stops, the state nodes in both assignments are the
same. Since the number of state nodes in S is not increased,

§” is still an optimal assignment. Therefore, S is also an
optimal assignment.

Lemma 3.7 If no state node can remove its forwarding state or
move the state to its parent node, the assignment is optimal.

Proof: We assume that the assignment is not optimal. Since it
is a feasible assignment, an optimal assignment can be obtained
after a sequence of operations on the assignment according to

0-7803-8355-9/04/$20.00 ©2004 [EEE,

lemma 3.6. It contradicts that no state node can remove or
move its forwarding state.

Theorem 3.8 The distributed greedy algorithm can find an

optimal assignment with O(]I/j]z) operations.

Proof: According to lemma 3.6, since the assignment at the
end of cach iteration is feasible, there exists a sequence of
operations which leads to an optimal solution. Since there are
at most |V state nodes, and a forwarding state can be removed

once and moved upstream at most || times, there are at most
O(|V,|2) operations before the algorithm stops. According to

lemma 3.7, an optimal solution is obtained when the algorithm
stops. Therefore, the algorithm can find an optimal assignment

with O(|If:|2) operations.

IV. MINIMIZING THE MAXIMUM NUMBER OF FORWARDING
STATES IN A ROUTER

In this section, we consider the problem of optimizing the
assignment of state nodes among multiple multicast groups.
Although the algorithms proposed in last section can minimize
the total number of forwarding statcs maintained in all routers,
the distribution of forwarding states among routers is not
balanced. Since it is more difficult to aggregate multicast
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forwarding states, some routers may not have enough memory
to store all forwarding states, but others are under-utilized and
capable of storing more forwarding states. In this section,
therefore, we regard minimizing the maximmm number of
forwarding states in a router as the objective of the
optimization problem. With the objective, a ronter with too
many states will move some states to other routers in order to
reduce the objective value. Therefore, the distribution of
forwarding states among routers can be more balanced. Note
that we can also nse minimizing the maximum memory usage
of a router as the objective function, where the memory usage
of a router is the number of forwarding states stored in the
router over the maximum number of forwarding states that the
router ¢an have.

We model the optimization problem as an Integer Linear
Programming (ILP) problem. We design two algorithms to
solve this problem. The first one is based on Lagrangean
relaxation on the proposed ILP formulation. It decomposes the
problem into multiple sub-problems. Each sub-problem is to
assign the state nodes in a single multicast tree, similar to PI.
The second algorithm is based on the distributed greedy
algorithm described in last section

A.  Integer linear programming
The objective function is as follows.

minimize v, .

The problem is subject to the following constraints.

dpllns(l—a,’,)xc‘)',Vt,VneV,, (1)
Yo +d, <d, +a, x|q| x& Yt YmeV ~{r}—R,, 3}
s,

> 0L SV, TmeV (3)

rmeV,
oL =0Vt.VYmeR,, @
oL=1v1, &)
d‘; L =LVLYmeR,, ©)
where o, is an auxiliary integer variable. In the above

consuai_nts, a;+d;w represents the number of destinations of
p. from the downstream interface to #. If ¢/ =0, constraint (1)
enforces that 4, must be no more than & . If o, =1,
constraint (1) enforces that d;:,.. =0 . The summation in the left

hand side of constraint (2) is the total number of destinations of
m from all downstream interfaces. Constraint (2) states that if
m is not a state node in 7, 4/, must be equal to or larger than
the mumber of destinations of m from all downstream interfaces.
If m is a state node in ¢, constraint (2) always holds. Constraint
(3) guarantees that v, must be no less than the number of

forwarding states stored in each router. Constraint (4) enforces
that all receivers of ¢ are stateless nodes. Constraint (5) states
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that the root of £ is a state node. Constraint (6) guarantees that
each receiver in 7 must have an upstream state node.

B.  Lagrangean relaxation

Although standard algorithms for HLP, such as branch-and-
bound and cutting-plane algonthens, can find the optimal
solution, the computational time grows exponentially for large
problems [22]. Therefore, we design an algorithm using
Lagrangean relaxation on the ILP formulation. Although the
algorithm cannot obtain the optimal solution, it can find a good
solution in reasonable time. The algorithmn first finds a feasible
solution, and then improves the solution iteratively. It
decomposes the original problem into multiple sub-problems.
In each sub-problem, cach node is associated with a cost, i.c.,
the Lagrange multiplier. Each sub-problem is to assign the state
nodes of a single multicast tree such that the total cost of all
state nodes in the tree is minimized.

We decompose the original problem in the following way.
We relax constraint (3), and the new objective function is as
follows,

WHTHIIZE V,p + ) 20, x[ > o'f”—-vm],
mel el
where u, is the Lagrange muitiplicr of node m, u, 20.meV .
The above objective function is the same as follows.

minimize {I-Zum)xvm +Y > u, x4, .
el t omel;

With the objective function, we decompose the original
problem into multiple sub-problems. Each sub-problem is
associated with a multicast tree with the following objective
function.

minimize Z u, X0, .
e,

Therefore, each sub-problem is to minimize the total cost of
all state nodes in multicast tree 1, where #,, corresponds to the
cost of node m. In the beginning of each iteration, we use the
sub-gradient algorithm [22] with the results in last iteration to
find the Lagrange multipliers of all nodes. The Lagrange
multipliers first determine the optimal v, in the iteration®,
Then the multiplicrs are given as input parameters for all sub-
problems. Each sub-problem is solved by the proposed
dynamic programming algorithm Pl dp with some
modifications’. Intuitively, a node with more forwarding states

‘F 1-Yu, 20, v, «0; otherwise v, « [T'|.Inthe Lagrangean
el

relaxatton problem, v, does not represent the maximum number of

forwarding states in a router since constraint (3) is relaxed.

* In the Lagrangean relaxation problem, 7,( ) represents the total cost of

state nodes in the sub-tree rooted at m if p), has j destinations from the

downstream interface to m. Variable !, represents the minimum cost of

multicast tree ¢, namely, the optimal value of the sub-problem, Some
assignments in step 2 of P1_dp are changed as follows.



in last iteration induces a larger Lagrange multiplier in this
section. Therefore, less mmiticast tree wili use the node as a
state node. Since the soluiion of each sub-problem is also a
feasible solution to P2, the solution of our algorithm is the
assignment whose maximum number of forwarding state is
minimal among all iterations

C. Distributed greedy algorithm

The methods based on ILP and Lagrangean relaxation
require centralized computation and can not be implemented as
a distributed protocol. Here we propose a distributed algorithm,
P2_preedy, which is modified from the distributed greedy
algorithm in section III. The algorithm is based on the
following observations.

®  The number of state nodes in a multicast trec must be
reduced in order to minimize the number of forwarding
states maintained in a node.

®  In order to balance the distribution of forwarding states, a
state node should move its forwarding state to the node
with the least number of forwarding states.

Based on the above two observations, cach state node first
checks if it can remove its forwarding state. If it can not
remove the state, it tries to move the forwarding state to the

upstream stateless node with the least number of forwarding

states. The upstream stateless node may not be the parent node.
The algorithm is summarized in Fig. 5. In the next section, we
show that the algorithm can obtain close-to-optimal solutions
in our simulation results.

V. SIMULATION

In this section, we show the simulation results of the above
two optimization problems with the proposed algorithms. We
first use small flat graphs with the Waxman distribution [23] as
the network topologies to test the performance of our
algorithms in graphs with different characteristics. In order to
test our algorithm in more realistic networks, we also use large
graphs with the power-law distribution generated by Inet [24].
The simulation parameters are listed as follows.
® QGraph characteristic. We use (@¢=02,8=02) .

(@=025p=025) , and (@=03,8=03) as the
parameters of the Waxman distribution in the flat graphs.
The graphs with larger @ and § have larger node

degree and smaller graph diameter J25). Therefore, the
height of a multicast tree in the graph is smaller, and a
node has more child nodes in a multicast tree.

®  Group size. The group size is the number of receivers in

a multicast group.

% (1) 4, +minfu,,u,}, if [Ch|=LneC;

AT leenl i Lo
w3 min{n (O} if feif>

where & is the downstream state node of m from the interface to A, moreover,

Vi 1t + %lma{rjl(j")}.
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Given: a set of multicast trees 7', cach tree re T with node
ViV andarc 4, c4, 6.
Find: v .and o), te TomeV,.
Algorithm:
1. Initialization.
ol 1Lx «1teT,meV,—-R -},
ol —1,x e 01el;
o, «0,x, «0teT meR,.
2. While dmeV,—R,—{r}.te T suchthat x =1
if DL ,|+|Dh|-1<4, then
oL «0,x <0,
x, e—],VnED,’,_’mu{u;};
else let P denote the set of nodes on the path from
u, tom,
if Jke P such that o, =0 and
D, .| +|Ds|-1< 6, then

jeagminy oy ;

el

0,0, xh, «0; 6«1, &, e1;
x;(—l,neD}uD:‘yju{u;};
else x!, «0;
end if;
end if,
end while.
L v e max Yo,
ey eV,

Figure 5. The distributed greedy algorithm to minimize the maximum
number of forwarding states in a router (P2_greedy).

® The maximum nmumber of destinations from a
downstream interface, & . When §=1, all branching
nodes are the only state nodes.

®  Distribution of receivers. We use the affinity and
disaffinity model in [26] to describe the distribution of
receivers in a multicast group. The distribution of
receivers is correlated with the topology of a multicast
tree. With positive affinity index, receivers tend to cluster
together, and the distribution is suitable for applications
such as local news and traffic reports. With negative
affinity index, the receivers tend to spread out, and the
distribution is proper for applications such as video
conferencing. When affinity index is zero, all receivers
are chosen yniformly over all nodes.

Figs. 6, 7. and 8 are the optimal solutions to the problem
which minimizes the number of siate nodes in each multicast
tree, ie, P1. The network has 100 nodes and 100 multicast
trees. The simulation results are averaged over 100 samples.
Fig. 6 is the total number of state nodes in all multicast trees
versus different & with different group sizes. The mumber of
state nodes in a multicast tree decreases as J increases. A
multicast group with larger group size has more state nodes,
Fig. 6 also shows that a small & is sufficient to eliminate over



50% forwarding states. Fig. 7 is the percentage of nodes with
the forwarding states in a multicast tree versus different group
sizes with different affinity indices. With larger group size,
more nodes in a multicast tree have to maintain forwarding
states. With larger affinity index, receivers tend to cluster
together, so fewer nodes in a multicast tree have to maintain
forwarding states. As the group size approaches 100, the results
of different affinity indices converge since most nodes in the
network have receivers of a mwlticast tree. Fig. 8 is the
percentage of nodes with forwarding states in a multicast tree
versus different group sizes with different parameters in
Waxman distribution. For graphs with larger o and &, each

state node has more child nodes and can serve more receivers,
so a smaller percentage of nodes has to maintain forwarnding
states

Figs. 9 and 10 focus on the problem of minimizing the
maximum number of forwarding states maintained in a router,
i.e., P2. In addition to this performance metrics, we also
measure the standard deviation of the number of forwarding
states maintained in all nodes. We use P2_greedy algorithm to
solve this problem. Fig. 9 shows that the distribution of
forwarding states is more balanced as & increases. When
d=1, nodes with higher degree tend to be used by more
multicast trees as branching nodes, and they have to maintain a
large nnmber of forwarding states. With 6 >1, the standard
deviation decreases since our algorithm can remove the
forwarding states or move them to nearby non-branching nodes
with less forwarding states. Fig. 10 shows the distribution of
forwarding states is more balanced for graphs with larger o
and £ due to higher connectivity.

Fig. 11 compares the performance of different algorithms.
In Fig. 11 (a), we nse P2_greedy to solve P1, The group size is
70, and the affinity index is zero. It shows that results are very
close to the optimal solutions of P1. In Fig. 11 (b), we compare
the performance of our proposed algorithms with the optimal
solutions in P2. The optimal solutions are obtained by solving
ILP using CPLEX [27]. Due to the computational time of
solving ILP, we usc a smaller network with 30 nodes and 20
groups. It shows that the results of P2_greedy are close to the
optimal solutions. The results of P1_greedy and Lagrangean
relaxation are also shown. From Fig 11, it shows that
P2_greedy performs well in both problems.

Fig. 12 is the results of two problems using the graphs with
power-law distribution. Each graph has 3500 nodes, and the
simulation contains 1000 multicast trees. The two problems are
solved by P1_greedy and P2_greedy. With a small & , it shows
that the both the mumber of forwarding states in a multicast tree
and the standard deviation can be reduced over 50%.

VI. DISCUSSION

The choice of § is important in our algorithm. Although
the number and the distribution of forwarding states are better
for a larger § , it takes more time to forward a packet in each
statcless node since the state node has to look up more
addresses when a data packet arrives. However, the end-to-end
forwarding time may not increase compared with {raditional IP
multicast which uses only the branching routers to store the
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Figure 6. Comparison of the total number of state nodes in all
multicast trees with different group sizes, affinity index = (.
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Figure 7. Compatison of the percentage of nodes with the forwarding
states in a multicast tree with different affinity indices, 6=2 .
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Figure 8. Comparison of the percentage of nodes with the forwarding
states in a mullicast tree with different (2, £) in Waxman distribution,

&=2, affinity index = 0.

forwarding states due to the following reasons. First, in an end-
to-end path, much fewer nodes have to lock up multicast
forwarding states. To look up a multicast forwarding state
using a multicast address or a channel identifier takes much
more time than a unicast address since multicast forwarding
states are hard to be aggregated and need an exact-match
algorithm for address look-up. Second, the forwarding speed of
Xcast can be improved by writing bitmaps [19], Xcast to
unicast [19), and hierarchical encoding of destination addresses
[20]. Third, in this paper, we assume & is the same for all
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Figure 9. Comparison of the distribution of forwarding states with different group sizes, affinity index = 0.
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Figure 10. Comparison of the distribution of forwarding states with differemt (&, #) in Waxman distribution, & =2, affinity tndex = 0.

routers. It can be extended that each router can have different
& according to its forwarding speed.

The distributed greedy algorithm P2_greedy is suitable to
be implemented as a protocol due to the following reasons.
First, the algorithm is distributed and asynchronous. Each state
node operates independently and only use information stored in
the node and neighbor nodes. Second, the algorithm is much
simpler than others. Third, as shown in the last section, the
algorithm obtains very good solutions to both optimization
problems. Fourth, it can support the dymamic group
membership easily. When a teceiver joins or leaves a multicast
tree, its upstream state node adds or removes the receiver’s
address in the forwarding state. The assignment of forwarding
state may need to be adjusted. The upstream state node may
remove of move its forwarding state to adapt to the new
muiticast tree. On the contrary, the upstream state node may
create a new state node on the path downstream to the receiver
if the mumber of destinations from the downstream interface to
the receiver exceeds § . Compared with the distributed greedy
aigorithm, P! dp is not suitable to be implemented as a
protocol due to high overhead of handling the dynamic group
membership. All nodes on the path from the root to the receiver
 have to calculate 7,,(5), and the stateless nodes on the path

have to cache the information temporarily. The protocol design
based on P2_greedy is on-going.
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In this paper, we propose a new multicast forwarding
mechanism with resource optimization based on Xcast. With
our algorithms, a set of routers in each multicast tree is
adaptively chosen to maintain forwarding states. Multicast
packets are sent between these routers via Xcast. The
assignment of the forwarding states at routers in a mmlticast
tree is formulated as two optirization problems. The first one
is to minimize the number of ruters which maintain the
forwarding states in each multicast tree. The sccond one is to
minimize the maximum number of forwarding states stored in
a router. Several algorithms for both problems are proposed.
We prove that our algorithms can find the optimal solution to
the first problem. By simulation, we also show that the solution
to the second problem is close to the optimal solution. We
prove that the approach which assigns all branching routers as
the only routers with forwarding staies is a special case in our
mechanism. We show that our mechanism uses less forwarding
states, and the distribution of forwarding states is more
balanced. More flexible and efficient allocation of multicast
forwarding states among routers can be achieved by our
algorithms compared with traditional IP multicast.

CONCLUSION
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