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A dynamic multicast routing satisfying multiple QoS

constraints

By Debasish Chakraborty,* Goutam Chakraborty and Norio Shiratori

In this paper we propose a QoS-based routing algorithm for dynamic
multicasting. The complexity of the problem can be reduced to a simple
shortest path problem by applying a Weighted Fair Queuing (WFQ)
service discipline. Using a modified Bellman—Ford algorithm, the proposed
routing builds a multicast tree, where a node is added to the existing
multicast tree without re-routing and satisfying QoS constraints. With
user defined life-time of connection this heuristic algorthm builds
multicast tree which is near optimum over the whole duration of session.
Simulation results show that tree costs are nearly as good as other
dynamic multicast routings that does not consider QoS. Copyright © 2003

John Wiley & Sons, Ltd.

Infroduction

ith recent developments in trans-
W mission and computing technologies,
distributed multimedia applications,
such as video conferencing and video on demand
have now become possible and will be widely
used in the near future. Such applications transmit
information which usually have different traffic
characteristics and various QoS performance
requirements, similar to real-time communication.
The received data is meaningless, if some of the
QoS constraints are not satisfied. To achieve
performance guarantees it has to achieve resource
reservation and excise network control.**
Usually a connection-oriented route is preferred
because of its simplicity for reserving resources.
The route will be fixed before connecting the call
and will be continued until the end of the session.
Thus, while finding the route, not only must all of
the required QoS constraints be satisfied, but also
it is important to allocate the resources effectively,

so that the success of subsequent calls is high. The
QoS routing problem has been proved to be NP-
complete.”

Routing algorithms which are currently
employed in networks are either Dijkstra or
Bellman-Ford shortest path (SP) algorithms. A
routing metric for the SP problem is only a single
QoS parameter, usually the number of hops or
the average path delay. Though Dijkstra or
Bellman-Ford algorithms are optimal and run in
polynomial time, they could not find the routes
that satisfy multiple QoS constraints such as
bandwidth, delay, delay jitter and loss probability,
which are required by multimedia applications.

In a packet switch network multicast refers to the
delivery of packets from a single source (sender) to
multiple destinations (receivers). The receivers are
said to be members of a multicast (MC) group and
they may be collectively addressed.” The group
membership is said to be dynamic when a receiver
may join or leave the group at any instant of time
during the session."> A multicast routing scheme is
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responsible for determining the packet delivery
path from the sender to all receivers, typically a
sub-tree of the network topology (the multicast
tree). The routing scheme must dynamically
reconstruct the delivery tree when membership
changes. Heuristics to construct trees of low
overall cost have been developed in references 1,
2,19 and 28.

The minimization of tree cost has traditionally
been formulated as the Steiner minimal tree
(SMT)** problem. The SMT problem has been well
studied from a purely graph theoretical point of
view and a good survey can be found in references
29 and 16. The existing optimal solutions and
many of the heuristics are impractical for use on
Internet. We have proposed an algorithm, efficient
and suitable for practical applications, for forming
an optimum MC tree from a selected parent node
joining every newly requested participant nodes
in a MC session. While joining the existing MC
tree, our algorithm will try to find a suitable route
that can satisfy the various QoS requirements of
that application, with a least-cost path, if such a
path exists.

Different QoS based routing problems are
discussed in references 11, 12 and 30. In Parekh’s
paper” it is shown that when the Weighted Fair
Queuing (WFQ) service discipline is used, we can
formulate an upper bound for end-to-end delay,
bandwidth, delay jitter and buffer space require-
ments for loss-free transmission. For the point-to-
point QoS-based routing problem it has been used
in references 5 and 20 to reduce complexity. In the
proposed algorithm we used a similar approach
to take care of all QoS requirements. In addition,
depending on the duration of connection for dif-
ferent participants, we modify the cost of the links
constituting the multicast tree. This is to encour-
age new connection paths to use existing links of
the multicast tree prudently and thereby optimize
resource utilization.

We abbreviate our algorithm for the Multiple
QoS constrained Dynamic Multicast Routing
algorithm as MQ-DMR. MQ-DMR can success-
fully find the route that can satisfy required QoS
constraints, if such a path exists. At the same time,
it could effectively distribute traffic throughout the
network while adding a new node to the existing
multicast tree. This is because we search for a
path with low cost, where cost is considered as
the inverse of available bandwidth. Our previous
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work on this issue has been published in reference
7.

The rest of the paper is organized as follows. In
the next section we define the dynamic multicast
routing and QoS requirements. In the third section
we present how the complexity of QoS routing can
be reduced by using expressions derived from
service discipline. In the fourth section we describe
the proposed algorithm. In the fifth section the
simulation setup is described and comparisons of
results with other algorithms are reported and
discussed. Concluding remarks are given in the
sixth section. In the Appendix, the pseudocode for
our algorithm is given.

I n many practical applications
participants in the multicast (MC) group
change.

Background

—Dynamic Multicast Groups—

In many practical applications participants in the
multicast (MC) group change. During running of a
session new receivers join or old ones leave. A MC
algorithm should be able to allow for changes in the
MC group without disrupting communications
between the source and the existing members of the
MC group.® Heuristic algorithms such as KMB
(Kou, Markowsky, Berman)"” do not meet this
requirement. In this algorithm, any change in the
MC group membership would require us to recom-
pute the complete MC tree. Changes in the MC tree
would cause disruption to communication for
existing members. Though the other two familiar
dynamic MC routing, Greedy® and Naive algo-
rithms,’® could successfully add new nodes without
any rerouting, none of them can provide any direc-
tion to take care of the delay or hop-count or any
other QoS requirements of an application.

In the Naive algorithm, a new node joins the
multicast group with the shortest path from the
source every time. This is the simplest but it pro-
duces a very high tree cost. In the Greedy algo-
rithm, the new node joins with the shortest path to
the nearest node that is in the multicast tree. One
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of the basic problems with the Greedy algorithm
is that it does not consider the duration for which
a node is connected in the multicast group. So, the
route which is optimal at a particular time may
become non-optimal after some time. Many nodes
that remain connected in the tree have in fact
already left the session. They have to stay as
Steiner nodes. (The nodes that stay between two
active multicast nodes, but do not take active
part are called Steiner nodes.) This makes the total
tree cost high, though the number of multicast
members may have reduced.

We have also implemented the Least-hop-path
algorithm. This tries to find the path between a
source to a new destination with the shortest hop
length. So, it will always satisfy the hop-constraints
if there are any, but the resultant tree cost for
this algorithm is higher than for other single
constrained algorithms, as it is not considering
tree link-costs.

—QoS-based Multicast Routing
Problem—

We simply assume that a communication
network can be modeled as a direct connected
graph G =(V, E). Here V represents the set of nodes,
which could be routers, servers or switches, and E
represents the set of edges or links of the network.
h(e)=h(u,v)=1, cle) =c(u,v),d(e) =d(u,v), ble) =b(u,
), j(e) = j(u, v), I(e) = I(u, v) are the hop, cost, delay,
available bandwidth, jitter and loss functions of
link e, connecting directly the nodes u and v. The
link cost function is a measure of links load, as we

. 1 .
consider c(e) = P S € V as a subset of vertices of
e

V. The QoS constraint dynamic multicast problem
is to find a route for a newly joining node, such that
the route satisfies multiple QoS requirements,
while effectively using the existing links of the MC
tree, and distributes the traffic uniformly. This leads
to proper resource management and improved
success rate for subsequent calls.

In the dynamic version of the multipoint
problem, we start with a network and consider a
sequence of requests R; where each R; is a duple
(d, t). Here d € V is the node to be added and t is
the duration of time for which the connection is
requested. The problem is to find a sequence of
routes satisfying the QoS constraints connecting
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the newly joining nodes to the MC tree, such that
the overall cost of the tree for the whole duration
of the session is minimized.

Here, we have made an important assumption
that every connection request is tagged with the
required time duration. In fact, recently it was
felt that advance resource reservation should come
with the required time duration, because blocking
a resource for an unknown period could lead to
extremely difficult situations for resource manage-
ment.”> Moreover, if the network resources has to
be paid for, it is very natural to think in this way.
Finally, without this duration available at the time
of joining it is impossible to design dynamic MC
routing, which could optimize the tree cost for the
whole duration of the session and also would not
use rerouting. The algorithm for the near optimal
solution given in reference 19 uses total re-routing
every time there is a member change. If the new
member is not among the existing Steiner nodes,
the configuration of the optimum tree with the
new MC member can be totally different from the
previous one.

When a new destination node d joins the multi-
cast tree, the problem is to find a route from the
source node to the destination node d, P(s, d) = (s, j,
k,...1, d), such that (i) it would use the existing
multicast links wisely to minimize the increase in
traffic in the network and distribute the traffic
to balance the load throughout the network by
choosing least cost (least loaded) links, and (ii) it
would satisfy all the required QoS constraints, from
source to destination. How we accomplished these
two objectives will be clear later. Let us first discuss
the QoS constraints and the optimization objectives.

For the path P we define the following:

HPy=Y he) M
eeP
CPy=Y ce© 2
eeP
BP) = Mineirgum(b(e)) 2 Apandwidih ©)
DP) = d©) <Ay, (4)
eeP
JPY=Y j©) <A, (5)
eeP
LPy=T]re =0-A4) ©)
eeP
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Here, H(P), C(P), B(P), D(P), J(P) and L(P) are
the number of hops, cost, bottleneck bandwidth,
delay, jitter, and loss on the path P(s, d) respec-
tively, where s is the source and d is the destina-
tion node. The QoS constraints are symbolized
by A with respective suffixes. These constraints
as defined in equations (3), (4), (5) and (6) are to be
satisfied. We don’t need to optimize them, i.e. we
don’t need to find the widest bandwidth path or
the path with least delay or delay jitter. The
constraints only specify the bounds.

Equations (1) and (2) are usually the optimiza-
tion functions of QoS-based routing problem. We
need to find the path (satisfying QoS constraints),
such that total cost along the path is minimized.
Hop and cost may sometimes be contradictory as
the minimum-hop route will not necessarily
minimize the cost. For point-to-point connection,
in general, the minimum-hop route should be the
primary criterion of route selection. If there is more
than one minimum-hop QoS satisfying route, the
least cost one is selected. But in the multicast
situation, as we need to encourage routes using
an existing multicast tree, longer hop routes (still
satisfying QoS constraints) with less cost are to
be explored. Only then will the new nodes be
connected via the existing MC tree.

The loss probability of link e is symbolized as
Ie), and therefore the probability of successful
transmission on link e is I'(e) = 1 — I(e). The proba-
bility of successful transmission for the whole path
could then be expressed as in equation (7). We will
consider the guaranteed service class of the
integrated service model on the Internet>” which
is the deterministic guaranteed service. The loss
probability would be zero, i.e. we need to ensure
that there will be no queuing loss (loss-free con-
straint). Thus we redefine the loss probability
constraint (equation (6)) to be the buffer space
constraint. Every node or switch along the selected
route must have enough buffer space, where f(e) =
flu, v). fle) and A}, is the amount of available
buffer and required buffer space for no queuing
loss at node v for the incoming link e from node u
respectively.

Ve=WUWeP, f©)2Af @

All the above discussions are with respect to
point-to-point routing. And the same conditions
are valid for routes for source to different destina-
tion in multicast routing.
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Service Disciplines for QoS-
based Routing Algorithm and
Complexity Reduction

In this section we briefly describe an overview
of the WFQ service discipline, the QoS bounds
from which will be used in our routing algorithm.
Finding a route that satisfies multiple QoS con-
straints, as already mentioned, is a NP-complete
problem.” However, the proof has been done
without any assumptions of the dependency of
routing on service discipline. For any guaranteed
communication, some service discipline has to
be employed, and be using it is possible to find
some QoS-bound expressions. Thus one important
design issue for the QoS-based routing algorithm
is to exploit those expressions derived from the
service discipline.

The guaranteed service class of the Integrated
Service model on the Internet’” is based on
Weighted Fair Queuing (WFQ).” It can be used to
provide a tight upper bound on the end-to-end
jitter and ensure that no packet is lost due to non-
availability of a buffer at each switch and assum-
ing no failure of network components. Table 1
shows the expressions to calculate such bounds
and buffer space requirement (for no queuing loss)
of a flow g, for which the traffic characteristic is in
the form (0, p,, Sh.).”> Here o, is the token bucket
size or maximum burst size, p, is the token gener-
ation rate of the leaky bucket, S}, is the maximum
packet size of the requested flow g respectively.
1, is the guaranteed rate for the connection or
the amount of bandwidth to be reserved for the
requested flow q(r, = p,). S,. is the maximum
packet size allowed in the network. Ri(e) and pdi(e)
are the total bandwidth (link capacity) and propa-
gation delay of link e which is the ith hop on the
route traversed by the connection. H is the number
of hops of the route.

End-to-end jitter bound 0g +HSFax
rCI
buffer space at n" switch Oq+ NShax

Table 1. End-to-end delay-jitter bound, and
buffer space requirement of the Weighted Fair
Queuing (WFQ) service discipline
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he QoS routing problem has been proved
to be NP-complete.

—Complexity Reduction—

The QoS routing problem has been proved to be
NP-complete.” However, when there are two QoS
constraints to satisfy, which are either additive or
multiplicative, and if the value of at least one of
them is the same on every link, we can find a QoS-
constrained route satisfying both the constraints
by the Bellman-Ford algorithm in polynomial
time. Bellman-Ford (BF) is a breadth-first search
algorithm which proceeds by searching the short-
est-path route by increasing the number of the
hop-count. This hop-count can be considered as
one of the additive constraints where every link
has the value of 1. The idea of complexity reduc-
tion stems from the fact that it is possible to (i) map
path constraint to link constraint, and (ii) express QoS
constraints in terms of the number of hops, i.e. the
maximum allowed number of hops in the route.
We can then map the different constraints to delay
constraint and number of hops, and thus reduce
the complexity of the problem to that of shortest-
path routing. By employing WFQ as the service
discipline, we can do the complexity reductions
(by using the expressions in Table 1), when QoS
constraints are bandwidth, delay, jitter, and loss-
free. The complexity reduction procedure is as
follows:

* Delay constraint: Link delay is composed
of queuing, transmission, and propagation
delay. Queuing delay of the path is the func-
tion of the number of hops H. We define a link-
delay function, D which assigns a non-negative
weight to each link in the network. The value
D(I) associated with link / € E is a measure of
the delay that packets experience on that
link, including the queuing, transmission and
propagation components.

The delay of each link is different. So, we
have to find a path that can satisfy the delay
constraint of the application. That means the
summation of the total link-delay should be
less than or equal to the required delay
constraint.
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We will first find H,,.,. Then we will calcu-

late the minimum delay path within H,,,,. If it
cannot satisfy the delay requirement, then
there is no path. If available, then within the
H,.. hop length, we will calculate both the
delay and cost of those possible paths. These
two computations can be done simultane-
ously. The least-cost path that can satisfy the
delay will be selected as the desired route to
connect the new node.
Bandwidth constraint: Because bandwidth is
a link constraint, we can simply eliminate all
links in the network which cannot satisfy
the bandwidth constraint. Before running the
algorithm, we assign infinite cost to those
links.

oo if ) < Apanawidth (8)

ce) = \
{c(e) otherwise

Thus bandwidth constraint is mapped to link
cost.

Delay jitter constraint: Delay jitter is clearly
a function of the number of hops of the route
(see Table 1). Before running the BF algo-
rithm, the maximum hop path which will still
satisfy delay jitter can be calculated as shown
in equation (9). By setting this value to be the
maximum number of iteration in the BF
algorithm, which is the maximum number of
hops, we can ensure that the route will have
lower delay jitter than the required jitter
constraint:

" Attor T — O,
jitter _ | Zjitter q (¢
i =| e | ®

Thus the delay jitter is mapped to the
maximum allowed number of hops in the
route.

Loss-free or buffer space constraint: This
constraint is a special case when loss proba-
bility equals to zero. It can be satisfied if there
is enough buffer space available at all
nodes along the established route. For WFQ,
depending on the position of the particular
switch from the source node (henceforth we
will use the term hop-count), the required
buffer size at that node to ensure no packet
loss could be determined from Table 1. We see
that the required buffer size increases with
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this hop-count. Without loss of generality,
we assume that each node has its associated
buffer corresponding to every incoming link.
We can say that a link ¢ has enough buffer if
its hop-count is less than or equal to 1(e),.
defined by the following equation (10), where
fle) is the buffer size corresponding to link e.
Thus, if m(e),. is the maximum allowed
hop-count of link e, loss-free transmission
is ensured. In the Bellman-Ford algorithm
the number of iterations is the same as the
number of hops at that particular stage of
searching. So the hop-count of every link is
same in a particular iteration, and equal to
that iteration number. The algorithm would
search up to the ith iteration only, where i <
m(e) . We assume that the source node has
enough buffer space (= o, + Sa).

fe)- o4
Sq

max

m(e)mox:\‘ J—.L e=UVv)eE 0

Thus we can map the buffer space constraint to
a link constraint.

QoS-based Dynamic Multicast
(MQ-DMR) Routing Algorithm

In the last section we explained how to reduce
the complexity of the QoS routing problem by
using QoS bound expressions for a WFQ service
discipline. There are two distinct objectives of
the proposed algorithm: (1) how to use part of the
existing MC tree while connecting a new partici-
pant, so that the traffic over the network is mini-
mized over the whole session period; (2) how
to connect a new node to the source so that QoS
requirements are met? Before explaining how the
above two objectives are accomplished, we will
outline the assumptions we made. Finally we will
present a correctness and complexity analysis of
the MQ-DMR algorithm.

—Assumptions—

We are considering a full-connected, single
source, flat network. The cost is different for dif-
ferent links between the nodes in the network,
where cost is considered as the reverse of the avail-
able bandwidth (mentioned earlier).

Copyright © 2003 John Wiley & Sons, Ltd.
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Delay of a particular application is fixed, Ay,
for every participants in the session. We assume
that the topology of the network will remain
unchanged, and no failure will occur during the
MC session.

Every node or switch has its limit of buffer size,
which does not change during the session.

We also assume that the delay constraint could
be translated to the maximum number of hops. Or
in other words the delay per hop is same. This is
a common assumption and the basis is already
explained in the previous section. Thus, for a given
Ageiy, We can calculate the maximum number of
hops allowed.

We will assume that a participation request is
always accompanied with the duration of connec-
tion. If not the duration of connection will be
assumed until the end of the session, by default. It
is reasonable to assume this in a situation where
cost is involved according to the duration of
participation.

—Informal Description of MQ-DMR—

In addition to satisfying QoS constraints, the
aim of the algorithm is to minimize the total traffic
in the network for the whole duration of running
the MC session. When we need to connect a new
destination, we should use the existing MC tree as
part of the route from the source, so as to minimize
the extra traffic. But if it is done in a greedy way,
i.e. to connect the new node to the nearest one in
the existing multicast tree, the cost over the whole
session period may be high. In the MC tree, there
could be many links whose life-time is much
shorter than that required by the new participant.
If those nodes are used as Steiner nodes, they
would be unnecessarily blocked for longer periods
resulting in higher cost at the end of the session.
We proposed a new way of dynamically assigning
cost of a link that incorporates the time duration
for which it would be in use, so that at the end of
the session the overall cost of the MC tree is
minimized. This could only be possible when the
participants declare the approximate duration
for which they would like to be connected. Details
of this cost calculation appear in the subsequent
sections.

The basic routing algorithm in MQ-DMR is
similar to that of the Bellman—Ford (BF) shortest-
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path algorithm. We have the specific source node
and the existing MC tree. The cost of the links
which constitute the MC tree are lower compared
to the yet unused links. Among those already
in the MC tree, the cost of the links which
have a longer life-time is less than those with a
shorter life-time. MQ-DMR, like the BF algorithm,
in the first iteration will find one-hop least-
cost paths to all destinations. As the optimization
criterion is the minimum cost, the tendency
would be to select links already in use in the MC
tree, and links with large available band-width.
In the second iteration it tries two-hops least-cost
paths, and continues to higher iterations with
longer hops. The algorithm terminates after H,.
number of iteration steps are tried. Then the
least-cost path from source to destination is
selected. Here we always try a higher iteration
with a longer hop to find a path with less
cost and still satisfying the constraint (delay and
delay jitter). This is because a path using the
existing links of the MC tree may have a longer
hop length, but would be more economical. The
way we define the cost of the links, both outside
the existing MC tree and inside it, the least-cost
route will ensure optimum use of network band-
width resources when more of the existing tree is
used.

While we go to higher iterations of the BF algo-
rithm, we will neglect those links unsuitable to
satisfy QoS requirements, as explained in the pre-
vious section. From the allowable delay, Aeiay, W
can calculate the maximum number of hops from
source to destination, say Hia. From the delay
jitter constraint, A, we can have the upper
bound of hop count, Hji¥, as already shown in
equation (9). For loss-free transmission at any iter-
ation if the buffer size to the particular node for
that iteration level is insufficient (as described by
equation (10)) then that link is discarded. The cost
of those links with insufficient bandwidth are con-
sidered as infinity and thereby discarded. Thus the
maximum number of iterations, H,,,,, for which the
BF algorithm is run, is the minimum of H;4¥ and
HJi%, and could be easily calculated a priori. If the
destination could not be reached in H,,,, iterations,
we declare that there exists no such route
from source to destination satisfying all QoS
constraints.

The detail of the joining and deleting of MC
nodes is described in the following subsection,
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where the cost of links constituting the existing
MC tree is explained.

—Joining and Deleting Destination
Nodes—

Add new node to the tree—The session will
begin only with the source node. Connection
request from destination node z comes to source
node s in the form Reqlz, T,,], where T, is the ter-
mination time. The earliest arrived node will be the
first to join the source node, by the shortest path
(Bellman—Ford algorithm) to form the initial multi-
cast tree. With every link we associate a pair [w, tag],
where w is the link-cost and tag is a time stamp. The
effective cost (c) of a link is derived from w and the
duration of time the link remains in the multicast
tree. The tag represents the time the link will have
to be connected to the multicast tree. It is further
explained later in this section, and in the Appendix.

The departure time of the joining node will be
the tag for all the links from the source to the
newly joined node. This tag represent the remain-
ing time of the links forming the path from the
source to the requested node. The tag for links not
in the multicast tree is set to zero. The tag-values
of the nodes and links will be reduced as time
passes, unless there is any update due to the estab-
lishment of a new route involving them.

When the next new node sends a connection
request to the source node, the different link costs
of the network, both in the existing multicast tree
and outside it, will be calculated according to the
new node’s remaining time with respect to the
existing links’ tag-value, at that time instant. Effec-
tive cost (c) will be calculated for every link
according to the following rule:

Link-cost calculation: Suppose link e with
actual cost C, connects node u and v. If T,,, is the
new node’s staying time and T, is the termination
tag of the link between (1, v), the link-cost:

1. between two nodes u and v, forming a link,
which is outside the existing multicast tree: C,
X (T )

2. between two nodes, forming a link in the
existing multicast tree, with T, > Tj: C, X (T yero
- T])

3. between two nodes, forming a link in the
existing multicast tree, but T,., < T;: consid-
ered as zero.
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Once a route is found, the time stamps of all inter-
mediate links with fewer termination time stamps
than T, would be updated to T .

Figure 1 shows that, when a new node (node d)
arrives with a time-tag of 7(seven) as a staying time,
every link of the network will be updated accord-
ing to the Link-cost Calculation, mentioned above.
Two values are attached with every link, shown as
o — B. The o value is the original cost (w) of the
link, and the 8 value is the effective cost calculated
according to the Link-cost Calculation algorithm, for
example the link between a and S whose time tag
value is zero, as (@ — S) belongs to ‘Category 1’
(being an outside link of the existing multicast
tree). The original cost of link (2 — S) was ‘4" and
new node’s staying time is ‘7’. So the effective cost
of link (@ — S) is now (4 x (7 — 0) = 28), as shown
in Figure 1. As a link between (f — b) belongs to
‘Category 2/, the effective cost of link (f — b) will
be its original cost (2) multiplied by the difference
of staying time of that link and new node’s staying
time, i.e. (7 — 5 = 2). Thus the effective cost will be
(2 x (7 = 5) =4). Similarly as the link between (e —
b) belongs to ‘Category 3’, so the 8 value of that
link will be zero. This is because the time tag of this
link is greater than that of new node’s staying time
(as 8 > 7). So the effective cost of this link will be the
original cost of this link, multiplied by zero, which
is zero. The node e and the subsequent link (e — /)
has to stay connected in the tree irrespective of
whether node d joins through it or not. In line 10

new_node

Q\\\\\ T="7

3->21

8

Figure 1. Recalculation of link-weight, at the time
of the new node’s arrival
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of the pseudo-algorithm this effective cost is
calculated.

With the complexity reduction technique just
explained, the path found from source to destina-
tion satisfies all QoS constraints. The cost of the
path will be minimized, as we will try to find the
minimum cost path within the allowable hop-
length. The link cost calculation which takes care
of the time the link remains connected would
produce a nearly optimum minimum cost tree. As
we consider the cost as the inverse of available
bandwidth, by minimizing cost of the multicast
tree we can minimize the overall traffic utilization.

Deletion of nodes—When the departure time
of a node is equal to the current global time, that
node is supposed to leave the group. The deletion
is initiated by deletion request from the receiving
node.

When the deleted node is a leaf node, it can be
deleted instantaneously. Links and nodes in that
route can also be deleted recursively, until a node
is reached that has a time-tag more than the deleted
node. In other words, when the time-tag value of
the nodes and links become zero, they will be
deleted. Nodes and links with a time-tag value
greater than zero will remain in the tree. For any
internal node, even when its duration of connec-
tion ends, it may not leave, as it may be acting as
a Steiner node for other links. Because these nodes’
time-tag had been updated according to the
node attached through it, their time-tag value has
changed from their initial value.

After the node is deleted from the spanning tree,
the corresponding time-tags for those links will
also be erased from the tag-table and will get its
initial value of zero. For details of node deletion
procedure please see lines 32 to 39 of the
pseudocode.

—Correctness and Complexity
Analysis—

Theorem 1: When service discipline used in the
network is WFQ, and QoS constraints are bandwidth,
delay, jitter and loss-free, MQ-DMR could always con-
struct a route which satisfies such QoS constraints, if
there exists one.

Proof: The proof is straightforward. Any links
which do not have enough bandwidth available
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will be eliminated before running the algorithm. A
route found by MQ-DMR will not contain such
unsatisfiable links.

Delay jitter of a route solely depends on the
number of hops of the route. The maximum
allowable value is computed before running
the algorithm using equation (9) to guarantee that
the delay jitter is satisfied. MQ-DMR will search
the path for which the maximum number of
hops is limited by the number of iterations (H,.).
By setting this number less than the restricted
maximum number of hops imposed by the
delay jitter when the route is found, it would
automatically ensure that jitter constraint is
satisfied.

The loss-free constraint requires that any switch
node in the route needs to have enough buffer
space, to ensure no queuing loss of packet at its
incoming link. We have already explained how the
maximum allowable hop-count (im(e),.,) could be
calculated for every link depending on its avail-
able buffer size. Because the Bellman-Ford algo-
rithm searches all possible i hops shortest path
from i — 1 hops shortest path, at the ith iteration,
any links with m(e),.. less than the iteration
number will be eliminated. This would ensure
loss-free communication.

In our MQ-DMR, searching continues until
reaching maximum allowable hop-count. If we fail
to find one, it is safe to say that no such path exists.

Thus MQ-DMR can find a route that satisfies
bandwidth, delay, delay jitter and buffer space
constraints, if there exists one, for WFQ service
discipline.

Theorem 2: The worst case computation time of
MQ-DMR is the same as original Bellman—Ford algo-
rithm, i.e. of the order of OCIE| - H,,,), where |E| is
the number of links in the network, and H,,, is the
maximum number of iterations of the Bellman—Ford
algorithm.

Simulation Results and Analysis

The communication network used in our exper-
iments are optical fiber, full duplex and directed,
with homogeneous link capacity bandwidth of
155.52Mbps (OC3). Random networks of 100
nodes are generated by modifying the program
described in reference 28. Nodes of all these net-
works were so connected that the degree of each
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329

node is at least 2, and the average node degree is
4, which is close to the average node degree of
current networks.* In every experiment, we ini-
tialize the background traffic in each link with
random values from 5 to 150 Mbps.

Video traffic was simulated with a flow specifi-
cation of (Guideo, Poideor Sre”) = (108,00, 1.5MbPS, S,00),
where S, is equal to the size of an ATM cell, 53
bytes. In our simulations, for every routing algo-
rithm, we restrict the bandwidth reservation to 1.5
Mbps, which is the token rate of the requested
traffic. The buffer space for each incoming link at
a node is randomly selected between 4.6kb and
128 kb. Thus with this flow specification and ini-
tialization, all the links will satisfy the bandwidth
constraint. Any node could be chosen as the source
node.

In each network, we select node 1 as the source
node. The number of destination nodes is varied.
For a fixed number of nodes in a network a dif-
ferent set of destination nodes has been used,
using different arrival and departure times for
those destination nodes.

We have implemented Greedy” and Naive
multicast routing®, and DMG® and the simple
Least-Hop algorithm for comparison. DMG
works similar to the proposed MQ-DMR, but
without satisfying QoS constraints and searches
the shortest path based on Dijkstra’s shortest-path
algorithm.

We have shown the simulation results of 100
nodes network here. Comparison has been shown
with other dynamic multicast routing algorithms,
along with our previously proposed algorithm
DMG.® Though all these three algorithms are
unconstrained algorithms, the results shows that
MQ-DMR performance is still comparable, even
after satisfying different QoS constraints. Obvi-
ously the performance of MQ-DMR depends upon
the strictness of the different QoS requirements. A
very relaxed QoS constraint application MQ-DMR
will perform as well as DMG and better than other
unconstrained algorithms.

—Average Tree Cost—

The average tree cost for the whole duration of
a session has been observed with several different
joining-and-leaving request sets, with different
delay constraints (in msec). Figures 2 and 3 show
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comparison of tree cost

800 . .

Tree Cost

100 f—rrrrrrrrrrere e e ...........

DMG ----- S -----

Time (Session Duration)

Figure 2. 100 nodes random net, with maximum possible number of destinations set at 30 nodes

tree cost per time instant and their corresponding
cumulative value for a 100-node network. Here the
delay/hop is considered constant with a value of
2ms. Different values of delay constraint from 8 ms
to 14ms are used, and the corresponding tree costs
during the session were simulated.

We have only considered those situations when
the rejection rate is zero, meaning every request of
connection to the existing multicast tree is possi-
ble. If we increase the allowable delay further to
such a level that no more relaxation is possible,
then MQ-DMR will perform as well as DMG. At
that stage it is not possible to minimize the tree
cost with further relaxation of delay constraint or
increasing hops. There resultant cost of MQ-DMR
in Figures 2 and 3 is higher than most other uncon-
strained algorithms. This is because the strictness
which has been used for this particular experiment
restricts the allowable hop length of the MQ-DMR
algorithm. Any further relaxation will reduce the

Copyright © 2003 John Wiley & Sons, Ltd.

tree cost, but may violate the pre-defined QoS
constraints.

The success rate, i.e., how often the algorithm
could find a route that can satisfy all the QoS con-
straints, is shown in Figure 5. Keeping the delay
jitter constraint the same, we have observed the
success rate varying the delay constraint and for
different network sizes.

t is obvious that the stricter the
constraints, the lower will be the success
rate.

It is obvious that the stricter the constraints, the
lower will be the success rate. When the QoS con-
straints are relaxed, at some point the success rate
reaches 100%, meaning it could always find a path
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comparison of tree cost
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Figure 3. Corresponding cumulative tree cost

that satisfies multiple QoS constraints. As is
obvious, this delay constraint value is lower for
smaller networks. For a 25-nodes network it is
8ms, wheres for a 100-node network the delay
value is 12ms. Any further relaxation of the delay
constraint will gradually reduce the cost of the
tree, as the algorithm will then try to find a less
costlier path with a longer hop length, if available.

—Average Number of Hops—

These experiments were done with the same
network topology but with different sets of arrival
and departure nodes and their corresponding
duration of staying time. We have considered only
those situations, for MQ-DMR, when there is no
rejection of connection request due to unavailabil-
ity of route, satisfying multiple QoS. Figure 6
shows the comparison of mean hop-length per

Copyright © 2003 John Wiley & Sons, Ltd.

destination node for different algorithms. For
the constrained algorithm MQ-DMR both strict
and relaxed delay constraint situations were
simulated.

Simulation results shows that MQ-DMR
performs quite close to Shortest Path or Naive
multicast algorithms. It actually produces fewer
hop-length paths from source to an individual des-
tination, in case the delay constraint is very strict.
In those cases, the total cumulative cost becomes a
little higher. Even when the delay constraint (i.e.
the allowable maximum hops) is relaxed, and thus
facilitates searching for a much less costly tree for
the duration of the session, the individual hop dis-
tance from source to destination does not increase
greatly. On the average hop distance remains
almost the same as that of the shortest path (SP)
algorithm.

Table 2 shows the average number of hop length
when hop-length is measured at the instant of con-
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Corresponding tree cost

Algorithm name Average number of hops
Greedy 5.29
Naive 3.47
DMG 4.61
Least Hop 1.43
Me-DMR 1.04

408.12
362.18
341.67
445.37
373.96

Table 2. Average number of hops

Corresponding tree cost

Algorithm name Number of failures
Greedy 13.82
Naive 6.52
DMG 11.10
Least Hop 0.74
Ma-DMR NONE

408.12
362.18
341.67
445.37
373.96

Table 3. Number of failures to find a path

nection for individual nodes for different uncon-
strained algorithms. Least-Hop always performs
way ahead of other unconstrained algorithms in
hop-count, though MQ-DMR performs better than
the Least-Hop algorithm. For the same reason the
number of failures for the Least-Hop algorithm is
much lower than for others, though it produces at
unacceptably high tree cost.

—Number of Failures—

For unconstrained dynamic multicast routing,
the route that has been constructed to join a new
node may not satisfy the multiple QoS require-
ments of an application. This we have defined as
‘failure’. We observed the average number of such
failures for the unconstrained routing algorithms,
with a 100-node network and a fixed number of
maximum destination nodes (Table 3).

We found that the number of failures for Greedy
and DMG is much higher than for Naive and
Least-Hop algorithms. It is obvious for the Least-
Hop algorithm to have the least number of fail-
ures, as hop count is directly related to constraint.
Simulation results show (Figures 2 and 3) that our
MQ-DMR not only satisfies multiple QoS require-
ments, the resultant tree cost for MQ-DMR is much
less than that of the Least-Hop algorithm and even
less than the Greedy algorithm. In fact further

Copyright © 2003 John Wiley & Sons, Ltd.

relaxation of QoS requirements can even reduce
the tree cost.

ynamic multicast routing satisfying

QoS constraints required for
multimedia transmission is an important
problem.

Conclusion

Dynamic multicast routing satisfying various
QoS constraints required for multimedia (MM)
transmission is an important problem. While
finding such routes from source to destination is
important, it is also important to see that the use
of network resources is optimized. We achieved
this dual goal through our MQ-DMR algorithm.
MQ-DMR used a unique way of cost calculation
for the links constituting the existing MC tree. The
links which will remain connected to the MC tree
for longer periods will have less cost. Therefore
they will be used more to connect newer destina-
tions, to minimize the overall bandwidth use of
the network. For MM communication we need to
support resource reservation. If we use the WFQ
strategy, then we know some upper bound hop
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length for delay jitter constraint and loss-free com-
munication. We used those expressions to find the
route from source to destination that satisfies all
the required QoS constraints. Different simula-
tions show that though MQ-DMR searches QoS
satisfied routes, it is almost as efficient as other
algorithms.
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Appendix: MQ-DMR Pseudo-
code

Input:

A directed weighted graph G=(V, E, w). v € V rep-
resents a node in the network, and e(u, v) € E rep-
resents the direct link e, from node u to v.

s : source node.

Set of Connection Req < z;, Tf”f >: Request from node
z; for connection until Tm]_.

Disconnection Req < z;> : Disconnection request
from node z;.

w : E € R : Link Cost.

tag : E € R : Link time-tag.

Thus associated with every link there is a pair < w,
tag >.

c: E € R : Effective link cost ¢ = w x (duration of
connection).

d[h][v] : The least-cost minimum-hop path esti-
mate from s to v.

alh][v] : List of nodes for shortest path from s to v
(excluding s and including v) of h-hop length.
P(v) : Is the minimum hop shortest path from e to
.

Output:
P(s, z) : Series of nodes describing least-cost
minimum-hop path from s to z;.

INITIALIZE(G, s)
01 for each hop =0 to H,ux
02 for each predecessor p=1to N

03 for eachnoden=1t0 N
04 do d[h][n] <

04 do tag[plln] « NIL
05 do n{h][v][p] < NIL
06 ifn==s

07 dlh][vllp] < 0

RELAX(h, v)
08 forv=1toN
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09 foru=1to N
10 if dh]lv] > dlh — 1[ul + wu, v) X V(T —

tag(u, v))

11 then d[h][v] <« d[h — 11[u] + w(u, v) x
Y(T,, — tag(u, v))

12 alhllv] « ah —1]u]l ® v

where nlh — 1][u] @ v is the list obtained by adding
v to the end of n[h — 1][u] and W(x) = x for x 20
= 0 otherwise

EXTRACT MIN(v)

13 d[0][v] =

14 forh =1 to H,,.

15 if d[h][v] < d[h - 1][v]
16 hop < h

17 dmin — d[h][v]

18 heh+1)
19  Plz] « nlhopllz]
be stored at z */

20 return d,,
connection REQ(z, T,.,)

21 INITIALIZE(G, s)

22 forh=1toH,,

23  RELAX(h)

24 EXTRACT MIN(z)

25 n«1

26 u<«s

27 while(P[z][n] # NULL)

is reached */

28 if (tag(u, Plz][n]) < T,

/* Path P(z) from s to z will

/* until destination z

29 tag(u, Plzl[n]) < T,
30 u < P[z][n]
31 ne«—n+1

deletion._ REQ(z)

/* disconnection initiated by node < z > to source */
32 ne1

33 u<«s

34 while (P[z][n] # NULL)

z is reached */

35 if (tag(u, Plz][n]) < T,,)

/* until destination

36 release the link e(u, P[z][n]) from multi-
cast tree

37 tag(u, Plz][n]) « O

38 u < P[z][n]

39 ne—n+1
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