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Abstract

From a graph-thecretical perspective, the problem of
constructing multicast distribution paths, modeled as
‘steiner trees’, is NP-complete. So, many heuristics-based
algorithms are available to generate near-optimal trees.
Typically, an algorithm first assigns the edge costs for all
links, and then examines various candidate paths for in-
terconnecting a given set of nodes. This strategy does
not work well for the evolving multimedia application con-
figurations (such as audio-video and image distributions)
where it is often necessary to construct multiple distribu-
tion paths, viz., one per media data stream. This is be-
cause the overlapping of multiple tree segments over a com-
mon link forces the link cost to change, based on the de-
lay and bandwidth characteristics of data streams flowing
over these segments. Accordingly, algorithms that hitherto
have assumed non-varying link costs during various phases
of arun now need to take into account the variability of link
costs as candidate trees with different levels of path over-
lapping are examined in a given run. In other words, as an
algorithm runs by examining various paths, the link costs
change. The paper embarks on a study of heuristics-based
algorithms to tackle this ‘modified steiner tree’ problem.
The algorithms allow more cost-efficient routing of data
than feasible otherwise with a classical treatment of the
‘steiner tree’ problem.

Keywords: Multimedia distribution trees, ‘shortest
path’ routing, flow & QOS based link costs, ‘steiner tree’
computation, overlapping trees, heuristic tree algorithms.

1 Introduction

Multipoint routing of data is often realized by tree-
structured paths over switching nodes and inter-node links.
A tree-structured path consist of a root node where the
data of a source is made available, a set of intermediate
nodes that perform data routing, and one or more desti-
nations at leaf nodes of the tree that consume the data.
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The links connecting the nodes in a tree, i.e., edges of the
tree, should have enough bandwidth to support the data
rate of the source (e.g., a bandwidth of 2.5 mbps needed
for a link to carry compressed video data). The tree that
carries data, i.e., multicast tree, provides the basic network
capability for multi-destination data delivery, as required
by distributed applications (e.g., clients accessing a repli-
cated multimedia web server, users interacting with one
another in a conference session) [1]. See Figure 1.

From a graph-theoretical perspective, the multipoint
routing problem may be defined as follows. Let P(V,€)
be an undirected network consisting of nodes V intercon-
nected by communication links £, with a link cost assign-
ment function cefveee (say, based on bandwidth alloca-
tion). Given a set of nodes i C V that contain user enti-
ties, i.e., nodes representing data sources and destinations,
it is necessary to find a tree spanning the nodes I and links
£ such that U - u CVand Z Ce’ is @ minimum. Such a

Ve! EE

tree is called a minimum steiner tree for I in the topology
P [2]. Given a configuration, it may often be necessary
to construct multiple distribution paths: one-per-source,
for multicasting from multiple sources to a common set of
destinations (e.g., multimedia conferencing), and one-per-
streamn for multicasting multiple streams of data from a
source to a set of destinations (e.g., audio+video in digital
TV broadcast).

Combinatorics researchers have shown the steiner tree
(ST) problem to be NP-complete [3, 4]. Since then, many
heuristic-based algorithms have been proposed to generate
near-optimal trees [3, 6, 7). Typically, an algorithm first
assigns the edge costs for all links, and then examines vari-
ous candidate paths for interconnecting a given set of user
entities. From among these paths, the algorithm chooses
a path with the minimum cost. It is not guaranteed how-
ever that the algorithm exhaustively searches the space of
all possible paths. So there may exist paths that incur
less cost than the path declared as ‘cost-minimal’ by the
algorithm.

In this paper, we analyze the scope of the ST problem
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Figure 1: Tree-structured paths for multicasting

and solutions, in light of the evolving multimedia applica-
tions that require multipoint communications among users
and the network strategies that attempt to optimize the
consumption of underlying communication resources. As
we shall see, the emerging characteristics of multimedia ap-
plications and multi-service networks casts the ST problem
with a more complex model of link cost assignments than
what has been assumed in a hitherto classical treatment
of the problem.

It is possible that the trees generated for various
streams have some of their paths overlapping with one an-
other on a common link. An overlapping path depicts the
sharing of the underlying link resources, thereby influenc-
ing the overall link cost assignment, and hence the tree
generation itself. For instance, the fixed cost of using a
link (e.g., network tariff per unit of ‘connect time’) can
get amortized across the streams that share this link. Fur-
thermore, a statistical multiplexing of various data streams
flowing over the link is possible, which allows reducing the
per-stream resource allocations, particularly with bursty
data streams. For instance, video streams from 2 MPEG
sources can be supported with less bandwidth on a shared
tree than that possible if they are sent on separate trees.

ST algorithms previously have assumed constant link
costs during various phases of a given run. We however
believe that more efficient routing will result if one takes
into account the variability of link costs arising from the
sharing of links by multiple trees. So link cost variabil-
ity needs to be factored into ST algorithms, as candidate
trees with different levels of path overlapping are exam-
ined. The changing link costs may influence the overall
tree setup. Also, when a new source joins or when a re-
ceiver changes its bandwidth demand, the global cost op-
timality of the tree may be affected, possibly triggering a
tree reconfiguration.

0-7803-7018-8/01/$10.00 (C) 2001 IEEE

d-x, d-y, d-z, dv: Destination entities for data

P
nfu‘eeT‘1

— Direction of data flow

source s1 souree s2

(path P-))

(path PI)

destination d

destination d

——  Network links

1 Network node

x : Node where streams of
s1 and s2 are multiplexed

Path for Itiplexed data
— T aRr g
...... 2> Data path for s2
-==-3> Datapathforsl

Figure 2: ‘path sharing’ to reduce transport cost

Consider, as illustration, a channel set up for connect-
ing sources s; and s2 to a destination over the physical
topology, as shown in Figure 2. Suppose s: and sz gener-
ate bursty data flows with a per-hop bandwidth of 1 unit
(normalized), and that a 35% bandwidth gain is achievable
by multiplexing these streams over a shared link. If the
data of s; and s» are considered individually, the path P-I
consisting of 4 hops and 3 hops respectively will be set up
with a total bandwidth of 7 units (normalized). With link
sharing between these data taken into account, the path
P-II consisting of 5 hops and 4 hops respectively with an
overlap of 3 of their edges will be set up, requiring a total
bandwidth of 6.9 units. Consider an ST algorithm A that
finds these paths. Taking into account s; alone to start
with, A treats the 4-hop path of P-I as cost-minimal and
eliminates the path through the nodes p, t and u since it
contains 5 hops. When A next considers s, also, it needs
to re-evaluate the cost efficacy of the path through p, t
and u when shared by s; and s2. For doing so, A needs
to reduce the bandwidth allocation cost of the links p-to-t,
t-to-u, and u-to-d as apportioned to 81 from 1 unmit to 0.7
unit each (and so for s; also). With this changed link cost
assignment, this shared path does in fact turns out to be
more cost-minimal now.

The higher degree of cost optimality achievable in tree
constructions by taking into account the impact of path
sharing on link costs allows resource-efficient routing — in
a network-wide sense, particularly in the case of geograph-
ically distributed multimedia applications (such as remote
class rooms over Internet). The change of link costs with
respect to the degree of link sharing however presents a new
dimension to the complexity of ‘tree generation’ problems,
because of the need to compute the cost variability of each
link with respect to the number of flows sharing it (besides
computing a minimal path length)?. This complexity calls

lPor example, a link carrying 2 compressed video data
streams with a peak rate of 3 mbps each will need to allocate a
sustained bandwidth of 4.2 mbps.

2Even with using a weighted sum of tree edges, an ST al-
gorithm may take into account only the cost differences from
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for a re-examination of currently available ST algorithms
and a possible introduction of new heuristics and/or mod-
ification of existing heuristics. Our paper walks through
these problems and offers solutions.

The paper first develops a model of determining the cost
of multicast trees. The model factors in the topological
configuration of trees and the sharing of paths by various
data streams. Using the model, we then embark on a study
of heuristic-based algorithms to tackle the ‘modified steiner
tree’ problem.

2 ‘cost’ notions in multicast networks

We first present a canonical view of multicast functions
in the network that epitomizes the evolving multimedia
communication strategies. That the development of ‘short-
est tree’ algorithms has assumed an additional twist can
be seen through this view.

2.1 Macro-level parameters for tree setup

The physical topology of the underlying network
P(V,€) consists of a set of nodes V, connected with one
another through a set of links £€. The user entities, viz.,
sources and destinations of multimedia data, reside in dis-
tinct nodes ¢4 C V, and form the communication end-
points. If U; and Uy are the nodes containing data sources
and data destinations respectively, then U, Us C U. A
source can generate one or more data streams (e.g., a mul-
timedia workstation generating video and audio streams),
and a receiver may consume the data streams generated by
various sources. The tuple (Us,Uq,V, £) may be viewed as
prescribing a configuration, i.e., the placement of sources
and destinations relative to one another in physical topol-
ogy of the network.

When a link [ € € is included in a multicast tree 7, we
say that [ supports a path segment (/, 7). Since | may be
part of multiple trees 71,7z, -, the bandwidth capacity
of I — denoted as CAP(l) — is partitioned into chunks
b(1,71),b(l, T2), - - - as required by the data streams flowing
over these trees and allocated therein (e.g., a 45 mbps DS3
line carrying 3 MPEG-2 video streams of 2 mbps each).
An algorithmic constraint for determining whether I can
be included as part of a new multicast tree 7' is then:

b(1,T") < [CAP(l)—Zb(l, T:) —i.e., I should have enough

left-over bandwidth c:pacity to transport the data flowing
over 7. Thus, that I lies in the shortest path (in terms
of the number of hops) between a source and a receiver
does not imply that [ will be included as part of the tree
connecting them.

The cost of (I,7) is directly related to the amount of
bandwidth allocated by I to transport the data of T over

one link to another, but not the non-linear effects of bandwidth
sharing across flows in each link.
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1, as given by a relation:
¢c: B = 2 for ZCRT, 1)

where the cost of an incremental bandwidth allocation b
satisfies the condition:

[C(bz + Jb)l - C(bz)z] > [C(bl + Jb); - c(bl)g] for by > b;.
To satisfy this condition, ¢ may be drawn from a space
of ‘monotonic convex’ functions C, to represent a specific
policy implemented by the network. For simplicity, we
assume only the limiting case in this paper.

2.2 ‘steiner trees’ for multicast routing

The steiner tree for a configuration consisting of user
nodes I{ placed in a physical topology P(V, £) is an acyclic
graph G(£) connecting a set of nodes I/ through a set of
links £ such that Z c(b(e, -))e is a minimum, where £ce

. VeEE
andUd CUCY. _

Let L(z,y) C £ be a path consisting of a set of adjacent
links that connect a pair of nodes z,y € L7 Since G is
acyclic, there is exactly one L(x,y) for any given z and y.
A multicast path for carrying a data flow ¢ from a node p
to a set of receivers U, is then a subtree projected from G
with root at p and leaves at nodes /g, given as:

79 = |J Lp).

Yyeldy

To support the multicast flow of ¢ from p to Uy, a steiner
tree is first created to connect the nodes {p,U;} through
a set of nodes &/ and links £, , which is then projected into
a multicast distribution tree with root at and leaves
contained in Ug, where Uy C U C V and £€ C £. Note
that p need not be the same as the node u € U, where
the source that generates g resides (such as nodes 1 and
9 in Figure 1). In® PFigure 3, the multicast trees are

e = £ T8 = (€ — L(wa,w). The topological struc-
ture of a multicast path depends on the configuration pa-
rameter (Us,Uy,V,E) and the bandwidth cost parameter
{e(b(e))}vece. For the cases of {p,Ua} =V and |Ua| = 1,
the tree construction can be done in polynomial time —
such as Kruskal’s ‘minimum spanning tree’ (MST) algo-
rithm in the former case and Dijkstra's ‘shortest path’ al-
gorithm in the latter case [7]. Tree construction in other
cases is an NP-complete problem [3, 4]. So heuristic-based
algorithms are employed that construct close-to-optimal
trees. A variety of such algorithms have been studied else-
where [8, 9, 6, 10, 11].

3A word about the term ‘tree’, as used in this paper, is in
place here. ‘steiner tree’ is a graph-theoretic term referring
to an acyclic graph constructed over a network of nodes and
links, whereas ‘multicast tree’ is a (network) protocol-oriented
term referring to the data flow path from a source to a set of
receivers. This paper treats ‘multicast trees’ as graph-theoretic
projections derived from ‘steiner trees’.
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2.3 Cost incurred for multicast transport

A cost assignment policy allows mapping the flow-
specific resource allocations to a link cost, which may then
be used as input to network algorithms for computing
resource-efficient data paths.

A relation f € F maps the data rate of the streams
flowing along a tree edge (I, 7) to the bandwidth needs for
transporting these streams through the connection set up
over the link I:

f:r — B forr,BCR" (ie., positive real numbers), (2)

where r represents the data rate of the stream to flow along
(I, T) and f(r) is the required bandwidth allocation on /.
For example, when r is prescribed as ‘2 mbps average’ and
‘5 mbps peak’ with a loss tolerance of 5%, an allocation
policy may determine f(r) = 3.5 mbps (say). The function
f satisfies the ‘monotonicity’ and ‘boundedness’ condition:
F(r) < f(r +dr) < f(r) + f(dr) for ér > 0. The function
space F may represent a family of bandwidth allocation
policies implementable by the network.

The network-wide cost of transporting data over a tree
T, may then be estimated as:

tot_cost(7;) = Z e(f(ah, (3)

VLT

where f(q) is the required bandwidth allocation attributed
to q. If T?[1],--, TP[K] are the trees that can carry the
flow ¢ from a node p to a set of receivers, a tree 7P[i] is
cost minimal iff:

tot_cost(TP[]) < tot_cost(TFiD)|i=1, k-

Such a tree forms a minimum steiner tree for &/ in the
topology P [2]. How to find the steiner tree is a funda-
mental algorithmic problem in multicast routing.
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t1, £2, t3 : Nodes containing receivers

2.4 Current ‘steiner tree’ algorithms

To construct a tree 7.7, an algorithm may start by as-
signing edge costs as:  ¢(f(g)) VI € €. This requires
[ts| x |E| steps. The statically assigned link costs and the
placement of U/ in physical topology are used as input pa-
rameters to the algorithm.

Some of the algorithms are ‘shortest distance routing’
and ‘truncated MSTs’. In the ‘shortest distance routing’,
the least cost path from p to each w' € U, is determined,
and then all these paths are merged. In ‘truncated MSTs’,
a MST is first constructed for (V,£), and then, edges that
do not connect p to any of the nodes Uy are removed from
the MST.

Another method is to consider a set of networks, each of
which containing the nodes p and Uy, and a subset of the
nodes (V — Uy — {p}). The minimum of the MSTs for all
such networks may then be used as the cost-optimal multi-
cast tree. This method is computationally quite expensive
when [Us] < |V, as in the case of video distribution over
the Internet [12].

A common theme in these algorithms is that the edge
costs for all links are assigned before exploring various can-
didate trees. So, if the routing problem can be reduced
to a form that allows static assignment of link costs (or
weights), then the problem can be solved with the same
level of cost minimality achievable by a chosen algorithm*.

How the basic ‘steiner tree’ (ST) problem manifests it-
self from an algorithmic complexity standpoint in light of
the evolving multimedia applications is described next.

3 Topology overlap of multicast trees

When a ‘steiner tree’ is created with the intent of car-
rying data flows from multiple sources, the traffic interac-
tions between these flows makes the link cost assignment
(and hence the tree construction) more complex than the
case of carrying a single data flow®. In this section, we
provide a graph-theoretic treatment of this problem.

3.1 Sharing of multicast paths

Consider the path segments of 7,°* and 7Tg," carrying
the data flows, say, g, and g, respectively to a receiver
t € Uy. The shared path carrying the aggregation of gq
and g, denoted as T g4, (G), is said to consist of over-
lapping segments of the multicast trees rooted at merge
point node z and carrying the flows g, and g to the re-
ceiver t. Referring to Figure 3, the trees overlap on all the

4Constructing a tree with minimum number of edges is a
special case where the link weights are equal.

5Throughout this paper, the term ‘cost’ refers to the amount
of network resource allocation and transport overhead incurred
for a data flow through a multicast tree, and not to the run-time
overhead of an algorithm that computes a multicast tree. The
latter is referred to as ‘algorithmic complexity’ in the paper.
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links except L{xq,w). Such trees are supported in many
multicast protocols:  the ‘core-based tree’ [13], ‘protocol
independent multicast’ [14] and ‘multi-rooted tree’ {15].

The sharing of link resources between multicast trees
reduces the overall link cost assignment. For instance, the
fixed cost of using a link (e.g., network tariff per unit of
‘connect time') can get amortized across the streams that
share this link. Furthermore, effective ‘statistical sharing’
of resources across the various data streams flowing over a
path is possible with a knowledge of ‘traffic correlation’ be-
tween them. This allows reducing the per-stream resource
allocations, particularly when data is bursty.

For a given source-destination placement, the band-
width savings due to overlap of multicast trees for vari-
ous component flows may accrue if the trees have many
overlapping segments, do not contain significantly more
number of hops than the non-overlapping trees constructed
individually, and the per-hop bandwidth gains due to ‘sta-
tistical multiplexing’ are high. In other cases, it may be
more cost-effective to construct non-overlapping trees with
fewer hops. Referring to Figure 2, the cost-minimal path
P-1I has 5 hops each for s; and ss, whereas the path P-I
has only 4 hops. Thus with path-sharing across data flows,
cost minimality does not imply minimality of the number
of hops in the path of each flow®.

3.2 A model for reduction in edge costs

Suppose a new data stream g i8 injected into a
tree Tg(qr,- 51} that causes g. to flow along with
the on-going stream @®{g1,''',qrk-1} over a tree edge
(I, Tolar,~an_r})» Where & > 2. This flow aggregation
causes an increase in the bandwidth allocation on I, as’
governed by the condition:

f(@{qls"'aqk—l}) < f(@{fh,"',Qk—l,Qk}) < Zf(qt)

=1

The ‘weak additivity’ captures the bursty nature of data
flows, wherein the new g may share part, of the bandwidth
allocated for the on-going q1®- - - ®gx—1, thereby accrueing
bandwidth savings. Referring to the example illustrated in
Figure 2, f(q, ®q2) = 1.4 with 30% bandwidth savings due
to ‘statistical multiplexing’ of g1 and ¢ and with f(g:1) =1

6An example of analogy is the ‘ride-share’ by commuters
traveling to workplaces. Consider 2 commuters A and B trav-
eling to a workplace W. They may ride in separate cars to
a ‘park-and-ride’ lot R and travel therefrom in a single car to
W. In many cases, this car-sharing may be more cost-effective
than A and B riding in separate cars all the way up to W, even
though the total distance traveled to R and then on to W may
be higher for A and/or B. The cost-effectiveness stems from
amortization of fixed costs such as ‘highway tolls’, ‘car wear-
and-tear’ and ‘driver fatigueness’.

7For the purpose of algorithmic analysis, we assume (without
loss of generality) that each link in the topology has enough
bandwidth capacity available to satisfy any bandwidth request
that may arise due to flow aggregation.

0-7803-7018-8/01/$10.00 (C) 2001 IEEE

Bandwidkaeed attribated

Toawwsran { Peresireameod o ik bandwidth lloenion wer (7
fu® .3 48 gt)-fu8 B o) % 11
COST MODEL:
Poliy 4 {'tronglyadditive’ aflocation) A8 el
e i [prpoley 4 ~ ‘sromghyaddisiveallocaron]
frormalized) PN n>0

oy, FOIYB

mtg R

3
s, " (more and more

hS £ elyadditie’
Py D, P A
] S T N >
L S
[ A L 0 [ |
"
Number of detn sreams cureatly flowing [ D D

overapsih {17)
L

Figure 4: Link bandwidth allocation policies and a
simplistic cost assignment for OVTs

and f(g2) = 2. The transport costs to capture the path
overlapping between the & multicast trees may then be
stated as:

VIEE YeeCVfEF c(f(:©9:0--@aqu)hi <
c(fl@ @ - @ a1 + c(flge))] (4)

This cost reduction is not possible when a separate ‘net-
work connection’ needs to be maintained for each data
stream, as with non-overlapping path segments created on
a link.

A bandwidth allocation relation f is superimposed
upon by a cost assignment relation c that satisfies the con-
dition:

Vby1,bs € B [e(ba + db); — c(ba)1] = [c(b1 + db); — c(b1)i].

The simplest cost relation that satisfies the condition (4)
takes the form:  c¢(f(g))i = m + f(g) where m is a
constant depicting a fixed cost of setting up a ‘network
connection’ over the link ! to participate in the tree 7g.
Even in the limiting case of ‘strongly-additive’ bandwidth
allocation, as given by:  f(@{g1, g2+, as}) = Fla) +
f(g2) +--- + f(gx), the cost attributed to a flow ¢; arising
from an aggregation of the k flows may be given as

o(flg)) = T +Fl@)

Since m > 0, the cost of ¢; decreases with an increase in k.
This cost behavior has the same effect on a tree construc-
tion algorithm as a composite cost behavior superimposed
upon an arbitrary level of weak additivity in bandwidth
allocations.

Figure 4 illustrates the bandwidth savings arising from
a variety of flow aggregation policies and how our simpli-
fied model can realize the same cost variability effects on
the complexity aspects of any OVT algorithm.
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3.3 Cost reduction of overlapping trees

Let T, and 7, be the trees carrying the data flows g1
and ¢, separately to receivers Uy and rooted at the source
nodes s; and sz (€ U,), respectively. Refer to Figure 2.
Suppose an alternate set of two paths with some of their
segments overlapping one another is possible. Let 77 ..,
denote the overlapping part of these trees, rooted at a node
p and with leaves at Uy. We say p is a cost-feastble place-
ment iff:

LY clfl@)e+ Y. elfla))e+

Ye&L(s1,p) vteL(s2,p)
Z c(flgr @ q2))u) <
vue'r;’“ﬁq2
[ e(f@)w+ Y, elf(az)] ()
VvETH Ve Tyz

for some cost assignment policy ¢ on various links in a
path, where L(a,b) denotes the ‘shortest’ path between a
pair of nodes a and b. The® cost of a link ! attributed to a
flow, say g1, reduces from c(f(q1)); to

[e(f(g1 ©g2))i —c(f(g2)):] when gi starts sharing ! with go.
Accordingly, the cost comparison given by (5) requires an
enumeration of all possible shared trees as prescribed by
the cost-feasible placements of p under the policy ¢ € C.
The candidate paths to be examined by a routing algo-
rithm may then be given by

{L(s1,p) | L(s2,0) | T2 600 Ivo € woettion sattanfiods

where pset({si, s2},Ua, f,c) is the set of cost-feasible
placements. To determine pset, an algorithm needs in-
formation about various feasible levels of flow aggregation
of g1 and g2 (viz., ®{q1 },®{¢2}, ®{g1,2}) over each link
in the physical topology.

Suppose a source 83 needs to join the multicast session.
Two possibilities of bandwidth allocation arise: either to
have the path of g3 (generated by s3) overlap the existing
tree with an aggregated allocation or to create a separate
non-overlapping tree for gg with individual allocation. The
former case is possible if p continues to be a cost-feasible
placement with the additional bandwidth allocation for gs,
and the latter case is necessary if no cost-feasbile place-
ment can be found. In other words, if the incremental
cost of aggregating gs with q; @ g2 to send over the cur-
rent tree 7 o, turns out to be higher than the cost of
sending g3 over a separate tree, the algorithm creates this
non-overlapping tree for ¢qs. Before either case however,
the algorithm should establish the cost feasibility or oth-
erwise of p for the flow q; @ g2 ® gs. We are interested
in determining the algorithmic complexity involved in this
extra computation.

We now provide an algorithmic treatment of the ex-
tended steiner tree problem.

8Note that a cost-feasible placement of p may not exist in
some toplogies, such as ‘ring’.
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4 Dynamic link cost based algorithms

Consider  the  multicast routing of data
flows {gi}i=1,2,.,n. With a classical ST algorithm, link
costs are assigned at start of the algorithm run for each
flow q; as:  c(f(g:)s VI € £, and then alternate paths
are examined to determine a cost-minimal tree for ¢; (link
costs do not change during examination of various paths).
The trees so constructed for each ¢; are non-overlapping
trees (NVT). The NVTs however need not be cost-optimal
(in a global sense), since the algorithm does not take into
account link cost reductions that are feasible by overlap
of tree edges — c.f. relation (4). To overcome this lim-
itation, an OVT construction algorithm should compose
togetlier the N instances of NVT creations, as determined
by the cost reduction criteria due to topological overlap of
the multicast paths.

4.1 Modified steiner tree algorithms

Consider a classical ST algorithm A’ that generates
NVTs (by considering each source € U, separately). When
used for generating an OVT, A’ is faced with a possibil-
ity that link costs change as different candidate paths are
explored. In other words, when a given run of A’ explores
alternate candidate paths, the cost of paths considered
earlier in the run can change. The changeability of link
costs may require revalidation of the paths already consid-
ered as cost minimal, thereby influencing the generation
of final tree itself. Thus to achieve better cost optimal-
ity, A’ should be augmented with the functionality of re-
examining various cost-feasible paths in the presence of
link cost changes.

An OVT construction algorithm A should be able to
enumerate the changes in links costs as it sifts through
various candidate paths during a run. This requires in-
formation about what data flows can be aggregated over
each link. The flow aggregation information is not avail-
able to .A' since it merely considers the placement of U/
in the physical topology, without regard to which of them
are sources and which of them are receivers. Accordingly,
A needs to take into account the relative placement of U,
and Uy in the physical topology. Equipped with this ad-
ditional information, A can examine new candidate paths
carrying the aggregated data flows of various subsets of
sources € U, to the receivers Uy, in order to incrementally
estimate a cost-minimal subtree. A may then re-validate
the cost minimality of previously estimated subtrees in the
context of the new subtree. This may proceed until a tree
is found that connects all the nodes U, and Uy.

4.2 A general structure of OVT algorithm

We treat a run of A as consisting of multiple computa-
tional steps, with each step requiring a re-estimated link
cost assignment relative to the previous step that is used in
generating a tree. However, the continued cost minimality
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of a tree set up in the previous step is to be ascertained
with the re-estimated costs.

A general algorithmic rule for reassigning link costs is
to treat each edge in the current tree 7, as potentially
overlappable with an edge in a tree 7, to be set up in the
next step. The cost of each such link [ € £ (73) is then
determined from c(f(g @ ¢'))i — ¢(f(g)):, whereas the cost
of each remaining link ¢ € (€ — £(T;)) is set as c(f(q"))s
With this cost assignment, a ‘steiner tree’ is generated for
estimating the path Ty (using NVT algorithm). Because
of the condition:

VieEVceCVfeF
le(fla@a )i —c(f@n] < e(f@D (6)

the placement of T, is always gravitated towards that of 7,
(in comparison to the case of generating a 7, independent
of T4). Since 7, may span only a subset of the links that
were considered as potentially overlappable with 7y, the
links not in 7y are restored to the cost assignment c(f(g))-
Having generated T, we need to ascertain if 7, continues
to be the cost-minimal path in the presence of edge over-
lapping with 7. For this purpose, the algorithm assigns
acost of c(f(g®q )i —c(f(g'))i to all links [ € £(Ty) and
a cost of ¢(f(g)): to the remaining links ¢t € (£ — f(”l;:)).
With the new cost assignment, a ‘steiner tree’ 7,(new) is
computed for g. Now with 7;(new), a new ‘steiner tree’
Ty (new) is computed. These steps are repeated until the
new trees do not yield a cost reduction over the trees cre-
ated in the previous step.

4.3 Walk-through of a sample scenario

Figure 5 shows a sample scenario involving video dis-
tribution, to illustrate how path sharing can change link
costs, and hence influence tree setups. In the cost model
c(f(9)) = m + f(q), we assume m = 2 for all links ex-
cept X and m = 2.5 for the link X, and f(¢g) = 1. A
run of the tree setup algorithm .4 has three steps: I,
IT and III. In step-I, the algorithm first assigns a cost of
(2 + 1) units to each link in physical topology and gener-
ates a tree T; therefrom with 5 edges; the cost is 15. In
step-IT of the run, the algorithm considers a second flow
q’. The costs are assigned as (1 + 1) units for links in the
tree carrying ¢, to take into account the amortization of
m by a factor of 2 arising from potential edge overlapping
between Ty and Ty; for the remaining links, the link cost
assignment is (2 + 1) units. The tree generated 7, has 4
edges, with 3 of them overlapping with 7, yielding a total
cost of 9. The remaining two links are restored the cost
of 2+ 1 each. Because of the edge overlap, the cost of Ty
reduces to 12. To ascertain if Ty continues to be the cost-
minimal tree, the step-III of A reassigns the links cost of
the non-overlapping edge of 7, to 1+ 1 units, treating it
as potentially overlappable with a reconfigured 7,. Now
A finds that a new 7; with edge overlap on this link does
reduce the cost of 7y and Ty to 8 and 11.5 respectively
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Figure 5: Tree setup scenario, with changing link costs

(now ¢ is routed through link X, which was considered as
incurring more cost in step-I and step-IT).

4.4 Algorithmic complexity

A generalization of the above procedure for N data
flows (where N > 2) is embodied into .A, taking into
account the possible cost reductions due to various lev-
els of edge overlapping among the component trees for
{qlsQZ""an}‘

As can be seen, A may employ A’ as a building block,
augmented with the functionality of accommodating link
cost changes arising from path overlaps:

A®{g1, 02,5 a6}) = [A@{a, 5 e-1})
PATH OVERLAP
A'(gr)] for2<k <N

A@e{a}) = A(q):

A iteratively sifts through various possible levels of ‘path
overlapping’, computes the link cost assignment for cach
level of ‘overlap’, and compares the NVT cost with that
generated earlier.

The k! step of the OVT algorithm, namely
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k
A(e{a1,92,- -, qx}), causes 3 X ch‘. tree creations.

i=1
Therefore, the total number of tree creations during the
N k

entire run is 2(3 x chi). Thus the complexity of .4
k=2 i=1

is O(QY) steps, where @ > 1 (the actual value of Q de-
pends on V, £, Us and Ua. As can be seen, the number of
NVT creations in A is exponential over N, with each NVT
creation step being of polynomial complexity over |£] if the
underlying ‘steiner tree’ algorithm employs heuristics and
of non-polynomial complexity over |€| otherwise.

Summary

Overall, finding a OVT is related to the ‘steiner tree’ prob-
lem, but is complicated due to changing link costs. Since
the original ST problem is itself NP-complete, we need
heuristics that addresses both the problems together by
considering the topological parameters (Us,Uq,V,£) and
the cost assignment parameters (c, f).

5 Heuristics for OVT construction

The goal of this paper is more towards formulating an
extended form of the ‘steiner tree’ problem than coming up
with OVT algorithms with the least complexity. From this
perspective, our immediate interest is in presenting simple
heuristics (even if they are somewhat conservative) that
can bring out the benefits of our extended formulation of
the problem.

5.1 Problem-reduction to standard
‘steiner trees’

Basically, we transform the problem to one of generat-
ing standard ‘steiner trees’, and then apply the currently
available ST algorithms to solve this reduced version of the
problem. There are two reduction methods we apply to the
QVT problem, as described below (let Us = s1,---,sn and
Ug=dy, -, du).

Equal edge cost assignment (ECA)

Here, we assume the maximum sharing on each link.
The edge costs are set as c(f(D{g1, ' ,an})) VI€EE,
the rationale being that each link can potentially have
all the tree edges overlapping. This is an approxima-
tion, given that only a subset of the trees may actually
overlap their edges over a given link. With the above
cost assignment, a tree is created for the configuration set
{81,82,...,SN,dl,...,dM}.

Fixed merge point positioning (FMP)

Here, we assume the maximum sharing after a designated
merge point node and no sharing before this merge point.

0-7803-7018-8/01/$10.00 (C) 2001 IEEE

An OVT is rooted at a fixed center node Y to connect
all destinations di,...,ds. Distinct configuration sets
are identified: {8i, Y} im1,2,...,v and {Y,ds,...,dun}.
Separate NVTs are created for each {s;,¥} under a
link cost assignment of ¢(f(g:)i)|vice and a OVT is cre-
ated for {Y,di,...,dmu} under a link cost assignment of
c(f(&{qr, - an})i)lvice. The ‘center’-rooted tree is an
approximation, given that it is possible for non-overlapping
edges to cross-over each other at nodes other than Y, but
cannot overlap their edges until reaching Y.

Having reduced the OVT problem to a ‘steiner tree’
problem, we now need to apply heuristics-based algo-
rithms. Given a ‘steiner tree’ heuristics H, the ECA re-
duction allows applying H on a source-destination topo-
logical configuration with equal edge costs across all links
€ & based on a maximum estimate of the edge overlap,
whereas the FMP reduction allows applying H to distinct
configuration sets and superposing the resulting paths.

5.2 Algorithmic procedures

In the second step, two types of steiner tree heuristics
are studied: ‘MST-type’ that is based on constructing
‘minimum spanning trees’ on a global configuration (GLO)
and ‘construction-type’ that is based on incremental addi-
tion of sources and destinations to a current configura-
tion (INC) [5, 6]. The GLO heuristic employs Kruskal’s
algorithm on a fully-connected logical topology L(U,E"),
derived from P(V,€) by assigning the cost of each link
e € £ as a sum of the costs of component links in £ that
make up e. The INC procedure sets up a path to con-
nect a joining user u to a tree T (U, ) over the topology
PV - i, € — &), with link costs assigned based on the
data rate of 4 and/or the data rates of the streams cur-
rently flowing in 7, depending on whether u is a source
and/or destination respectively.

We are interested in determining the algorithmic com-
plexity involved in the above process, viz., the number of
time units spent and/or the number of interaction steps
invoked between nodes during algorithm execution. The
actual complexity may depend on the choice of heuristics
in the algorithm. However, for any given heuristic #, de-
termining the additional complexity that arises relative to
a basic ST algorithm incorporating H is our goal in this
paper. Towards this goal, we employ the GLO and INC
setup procedures as building blocks for realizing OVT al-
gorithms. See Figure 6 to illustrate context of GLO and
INC procedures in OVT setup algorithms.

Though the reduction methods proposed are somewhat
conservative, they still achieve overall cost reduction in
many cases (as shown in our simulation study later).

6 Simulation study

We have conducted extensive simulations of the GLO
and INC algorithms on various physical topologies. Re-
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Figure 6: Our problem reduction approach for algo-
rithmic construction of OVTs

sults of the simulation studies are discussed in this section.

6.1 Simulation procedures

We use ‘random graph’ technique to generate a physical
topology involving a large number of nodes (25-100 nodes)
and containing a source-destination configuration. Sim-
ulation parameters are the number of nodes in physical
topology and the placement of sources and destinations.
The cost functions we assumed are:  ¢(f(g;)) = (m +1)
for each ¢; and c¢(f(®{q:, **,a})) = m + k.1, where m
depicts a fixed cost.

The sequence of steps in the simulation procedure can
be briefed as below:

1. Generate the physical topology of network along with
the fixed cost of links;

2. Designate the placement of source entities (in distinct
nodes) and their per-hop flow costs;

3. Select a source-destination configuration involving a
given number of destination entities (placed in dis-
tinct nodes) and the source entities resulting from
step 2.

4. Do the following steps for the selected source-
destination configuration:

e Run GLO algorithm for each of NVTs,
OVT(ECA) and OVT(FMP);
s Compute the costs of multicast data paths set
up by GLO algorithm;
e Run INC algorithm for each of NVT,
OVT(ECA) and OVT(FMP);
— Start with one destination entity in the given
configuration;
— Run the algorithm for the joining of each ad-
ditional destination entity;
e Compute the costs of multicast data paths set
up by INC algorithm,;
5. Repeat steps 4-5 for different possible source-
destination configurations.
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6.2 Simulation results

The simulation program is run for large topologies con-
taining 25 nodes. See Figure 7 for the simulation results.
The simulated physical topology has 25 nodes, and the
application configuration has 5 sources.

The number of destinations is varied between 1 and
15. We examined 300 distinct placements of sources and
destinations in the physical topology (20 different place-
ments for a given number of destinations). We average the
costs for each number of destinations across the various
placements. From the plots of cost versus number of des-
tinations, we observe that as the number of destinations
increases, the costs incurred also increase (this is because
the number of hops in data paths increases).

The marginal increase in cost of OVTrca over NVT
with respect to topology size may be explained as follows.
For a given placement of destinations in physical topology,
let chs,n be the average size of tree across all possible
placements of sources s1,82,...,8n|v>2. The variation of
chs,n with respect to N may be given as:

O(N°1) for NVTs, where 0 < c1 < 1.0, depicting that
each NVT has at least one edge, and, in the extreme,
all NVTs have the same number of edges;

O((%)°?) in OVTgca, where R is the network-wide av-
erage number of edges overlapping on a link in the
OVT (1 < R< N), and c; < c2 < 1.0, depicting pos-
sible longer paths to destinations than with separate
NVTs;

O((L)%) in OVTrup, where (1 < R’ < R < N), and
¢ <cp, <10

Thus, the ratio of the number of paths to be created to
the number of alternate paths that can be explored is of-
ten lower for OVTs than for NVTs. So the GLO/INC
algorithm is more likely to pick up a ‘good’ OVT. Intu-
itively, as the physical topology size increases, the possible
number of alternate paths to be explored becomes higher,
and hence it is more likely for GLO/INC algorithm to find
lower cost OVT paths than NVT paths.

Overall, a main goal of this paper is to expose the algo-
rithmic issues in constructing OVTs, with specific relation-
ship to their computational complexity. The explanation
of simulation results in terms of algorithm-specifics should
be viewed in this context.

7 Conclusions

The multipoint routing problem has a new dimension
of complexity in the context of multimedia application en-
vironments (such as teleconferencing and interactive vir-
tual class rooms). The application types focused in this
paper consist of multiple media streams flowing through
tree-structured paths to a set of destinations. These trees
may overlap many of their edges on the intervening links,

IEEE INFOCOM 2001



Costs

GL. O-based algorithms

5 sources; 25 nodes; out_degres =3

1200 —

800 —

1unu+ e qm ==t

Costs

INC-based algorithms

5 sources; 25 nodes; out_degree =3

1400 [
1200
1000
s - e
D N L

400 —

208

Number of destinations

+ + + + + t + + + + + + + +
1 2 3 4 5 6 7 8 9 10 11 12 13 14

different media streams. A concrete solution in the form
of integrating flow & QOS based routing in current mul-
ticast protocols (such as CBT and PIM) is a larger and
open research issue.
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