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Abstract

In general topology networks, routing from one node to an-
other over a tree embedded in the network is intuitively a
good strategy, since it typically results in a route length of
O(logn) links, being n the number of nodes in the network.
Routing from one node to another over a ring embedded
in the network would result in route length of O(n) links.
However, in group (many-to-many) multicast, the overall
number of links traversed by each packet, i.e., the networks
elements on which resources must be possibly reserved, is
typically O(N) for both tree and ring embedding, where N
is the size of the group. This paper focuses on the tree ver-
sus ring embedding for real-time group multicast in which
all packets should reach all the nodes in the group with a
bounded end-to-end delay. In this work, real-time proper-
ties are guaranteed by the deployment of time-driven pri-
ority in network nodes.

In order to have a better understanding of the non-trivial
problem of ring versus tree embedding, we consider the
following group multicast scenarios: () static - fixed subset
of active nodes, (i¢) dynamic - fixed number of active nodes
(i-e., the identity of active nodes is changing over time, but
its size remains constant), and (7i7) adaptive - the number
and identity of active nodes change over time.

Tree and ring embedding are compared using the fol-
lowing metrics: (i) end-to-end delay bound, (ii) overall
bandwidth allocated to the multicast group, and (iii) sig-
naling overhead for sharing the resources allocated to the
group. The results are interesting and counter-intuitive,
since, as shown, embedding a tree is not always the best
strategy. In particular, dynamic and adaptive multicast
on a tree require a protocol for updating state informa-
tion during operation of the group. Such a protocol is not
required on the ring where the circular topology, and im-
plicit token passing mechanisms are sufficient. Moreover,
the bandwidth allocation on the ring for the three multicast
scenarios is O(NV); while on a general tree it is O(N) for
the static multicast scenario and O(N?) for the dynamic
and adaptive multicast scenarios.
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1 Introduction

There are two commonly used routing methods for broad-
cast/multicast: (i) in general networks, packets are for-
warded to all the destinations over a tree embedded in
the network, and (i¢) in local area networks, packets are
forwarded over a ring or a bus. This work presents a sys-
tematic comparison of the two basic approaches for multi-
cast routing in the context of real-time multicast in general
networks. We do not deal with how to find the best ring
and tree embedding, which has been largely investigated.
Instead, given the embedding, our work focuses on deter-
mining which embedded structure has the most desirable
properties. The objective of this paper is to increase the
understanding of the real-time multicast problem, rather
than to provide a specific design for a specific network such
as the Internet.
The following are some definitions which are used through-

out this study.

Network. A connected undirected graph, where all links
are bi-directional. Each bi-directional link is consid-
ered as the union of two simplex unidirectional links.

Multicast group. A subset of N nodes of the network
which are collectively addressed for the reception of
packets sent by members of the multicast group.

Group multicast. An operation of many-to-many com-
munications in a multicast group.

Active node. A member of the multicast group which is
actually sending packets addressed to the group.
Tree embedding. The N member nodes of a multicast
group, connected via an undirected tree that is em-

bedded in the network.

Assumption 1 Ring embedding is an Euler Tour of the
same embedded tree. This is also referred to as ring-on-
tree.

The objective of the above assumption is to simplify the
discussion. In fact, the focus of this comparative study
is not on building and maintaining a multicast structure —
ring or tree — as the group size or network condition change,
but rather on resource allocation and deployment by active
group members. Since both tree and ring-on-tree have the
same underlying topology, as shown in Figure 1, finding
and maintaining them has comparable complexity. Conse-
quently, a ring-on-tree, with 2N — 1 nodes, is considered
here, even though a minimum size ring embedding could be
made by having a traveling salesman tour of the IV nodes.
Without loss of generality, in order to simplify the discus-
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Figure 1: Embedding of a Tree (b) over a General Topology
Network (a); Embedding of a ring as Ring-on-Tree or Euler
Tour on a Tree (¢) and as Traveling Salesman Tour (d).

sion, the network nodes which are not part of the multicast
group, in both tree embedding and ring embedding on a
tree, are ignored.

This work is further characterized by resources being
reserved to a multicast group as a whole, as opposed to
performing a specific reservation for each potential active
node. Moreover, it is assumed that bandwidth is not a free
commodity, and therefore, over allocation of bandwidth is
not a desirable solution. This is especially true for real-time
applications, such as voice and video, which have better
quality with more bandwidth and possibly involve costly
long haul links. Accordingly, time-driven priority is taken
into consideration as the underlying mechanism to guaran-
tee real-time delivery of packets under full network load.

Section 2 describes the basic operation principles of time-
driven priority which is used to control the flow of real-time
packets in the network and thus determines the framework
for the comparison. Section 3 analyzes real-time multicast
scenarios for the embedded ring-on-tree case, while Sec-
tion 4 analyzes the more complex case of the embedded
tree. Finally, Section 5 summarizes and discusses the out-
come of this comparative study.

1.1 Related Work on Asynchronous Packet
Multicasting

Within the Internet Engineering Task Force (IETF) con-
sensus has been found on multicast routing solutions that
involve embedding trees over the Internet. DVMRP (Dis-
tance Vector Multicast Routing Protocol) [28], PIM-DM
(Protocol Independent Multicast-Dense Mode) [1], and MO-
SPF (Multicast Open Shortest Path First) [14] route mul-
ticast packets on trees from each source to all the mem-
bers of a multicast group. The three protocols differ in
the way source specific trees are built. Both DVMRP and
PIM-DM perform selective flooding of packets and deploy
a pruning procedure initiated by leaf routers that do not
serve any member of the multicast group. MOSPF extends
the OSPF routing protocol to carry group membership in-
formation so that routers can perform source/destination
multicast routing, i.e., compute a tree from the source of a

mlticast packet {0 all the members of the muliicast group
tiy which the packet is addeessed. Being based on oan in-
tertor gateway protocol (IGP), MOSPF ecan he used only
within an Autonomouns System. Consequently, MOSPF de-
ployment over the Internet requires another multicast rout-
ing protocol, such as DVMRP and PIM, that can be used
across multiple Autonomons Systems|

Aceording to the CBT [Core Based Tree) [3, 4] approach
packets are routed aver shared teees,
shiared trees requires less computation in rooters sinee they
need to calculate only one tree per multicast group, iide-
pendently of the number of traffic sources. In CBT packets
from any source are routed to a node called core and then
from the core to each of the destinations. Thus, the sub-
tree rooted at the core is shared by multicast packets gen-
erated by all the sources of the same multicast group. Also
according to PIM-SM (Protocol Independent Multicast-
Sparse Mode) [7] routers forward packets to a node called
rendez-vous point and then from there to each member of
the multicast group. However, routers can choose to for-
ward packets from selected sources over a source specific
tree in order to optimize routing of the traffic generated by
such sources.

The IETF is working on scalable solutions for inter-
domain multicast routing. A possible approach consists
in connecting intra-domain multicast routing trees rather
than building multicast trees across multiple Autonomous
Systems.

Notwithstanding IETF’s focus on trees, using virtual
rings for many-to-many communications is simple and “nat-
ural”, since a message sent from one member of the group
travels around the ring until it comes back to the sender.
Virtual rings can be embedded over general topology net-
works, one virtual ring for each multicast group. In a pre-
vious work it has been shown that a virtual ring can be
instrumental in designing a reliable multicast protocol from
bursty sources [19]. A novel method for broadcasting and
multicasting over packet network was proposed in [20] .

Real-time group multicast with allocation of resources
to the group was addressed in depth by the Tenet Group
in the framework of the Tenet Project [8]. Multicast com-
munications are implemented through a set of independent
trees, each one rooted at a sender [9]. Quality of Service
(QoS) is guaranteed by giving priority to real-time traf-
fic over best-effort traffic, by performing rate control and
scheduling in network nodes, and by restricting access to
network resources through call admission control. When
resources are allocated on a link which belongs to multi-
ple trees used by a multicast group, a shared allocation is
performed [10]. Network nodes, based on the traffic charac-
terization provided by each source, allocate enough shared
resource to guarantee the required QoS to each flow. When
resource sharing is used, rate control and scheduling can be
performed per group (instead of per single flow), which is
an important scalable property.

A similar approach to real-time group multicast is pro-
posed by IETF’s Integrated Services Working Group in the
framework of the Integrated Services Internet [25]. As men-
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tioned above, multicast communications are implemented
through both source specific and shared trees. The Inte-
grated Services model encompasses two QoS control mod-
els: the Controlled-Load [29] service and the Guaranteed
QoS [24]. The first service model is not relevant to this
work, while the second aims at approximating the fluid
flow service model in each node by exploiting call admis-
sion control, policing at the edge of the network, scheduling
of reserved resources, and reshaping within nodes. Appli-
cations require the needed QoS using a setup mechanism,
e.g., the Resource reSerVation Protocol (RSVP) [30]. Since
reservations are soft state, applications must renew their
requests periodically and may change their QoS require-
ments. Reservation on links used by multiple senders of
the same multicast group can be made either individually
for each source, or globally. In the latter case, no mecha-
nism is foreseen to coordinate senders and avoid that the
instantaneous overall demand exceeds the allocated shared
amount.

The real-time multicast approaches presented above base
QoS assurance on packet scheduling mechanisms, such as
Packet Generalized Processor Sharing (PGPS) [21, 22] and
(WFQ) [6] that bound the packet delay by approximat-
ing the fluid flow service model. Such schemes guarantee
a bound on the queuing delay which is inversely propor-
tional to the connection (or session) rate, proportional to
the number of nodes traversed by that connection, and
proportional to the packet size.

In order to avoid the need for hard QoS guarantees,
mechanisms are being devised [23] to allow applications
to infer the service actually provided by the network in
order to react to its variations [26]. This approach takes
into consideration application adaptiveness, but can result
in uncontrolled quality.

Even though previous work on real-time group multi-
cast does exist, it did not focus on comparing ring-based
and tree-based routing. Analogously, previous work on the
comparison of rings and trees was not related to real-time
group communications. Moreover, our work assumes time-
driven priority as the underlying mechanism to guarantee
real-time delivery of packets under full network load. In
summary, the comparison of ring and tree embedding for
real-time group multicast with time-driven priority is novel.

2 Operation Principles and Com-
parison Measures

In this sort of study, clear comparison measures are needed
to obtain meaningful and insightful results. In order to pro-
vide a framework for the comparison, some specific opera-
tion principles should be defined. The context of this study
is time-driven priority, which is appealing since it provides
deterministic guarantees on end-to-end delay bounds and
bandwidth with no packet loss due to congestion. Thus, it
is possible to determine the quality of service as it will be
perceived by the applications.

2.1 Time-driven Priority Operation

Time-driven priority (TDP) [13] can support flows at both
constant bit rate (CBR) and variable bit rate (VBR) with
a certain degree of periodicity in their traffic!. However,
in this study it will be assumed that active nodes generate
CBR traffic. Note that TDP supports also “best effort”
traffic that is transmitted with lower priority and without
resource allocation.

A global common time reference is required to implement
TDP. This time reference can be provided by an external
global source like the global positioning system (GPS) [16],
or can be generated and distributed inside the network with
some in-band signaling, as proposed in [18, 17].

Some general concepts related to TDP are reported in
the following:

Time Frames. Using the global time reference nodes di-
vide time into time frames (TFs) of duration Ty. In
each TF one or more packets or ATM cells can be
transmitted (for example, if Ty = 125usec and the
transmission rate is 1Gb/sec, about 290 ATM cells
can be transmitted in every TF).

Time Cycle. k TFs are grouped in a time cycle which has
a duration k- Ty. The TFs in a cycle are numbered
from 0 to k — 1.

All arithmetic expressions involving TF numbers are
meant to be modulo k, e.g., if ¢ is a frame number,
then (i + 1) means (i + 1) mod k.

Active node transmission rate. It is determined by the
number of data units (e.g., bits, bytes, cells) that can
be sent in every time cycle, divided by the time cycle
duration k - T%.

TDP pacing conditions. The traffic over a route is said
to be TDP paced if the following two conditions are
true:

Condition 1: All packets that should be sent in TF i
by a node are in its output port before the beginning
of TF 1.

Condition 2: The delay between an output port of
one node and the output port of the next node is a
constant number of TFs.

Note that this constant delay includes the propagation
delay, routing delay, and switching time. Without loss of
generality in this work we assume the delay between the
output ports of neighboring nodes to be 1 TF.

Definition 1 Time-driven priority immediate forwarding.
Packets due at an output port by TF ¢ are sent out in TF
i+ 1.

Delivery of a packet from the source to the destination
traveling across E links takes 2F — 1 TFs, since 1 TF is
taken to travel on each of the E links (from an output
port to the next output port) and 1 TF is spent in the
output port of each of the E — 1 nodes (since the packet
is sent in the TF following the one in which it arrived at
the output port). In order to enable TDP immediate for-

LCompressed video is an example of such a traffic; see [12] for further
details on the transmission of MPEG compressed video using TDP.



warding the number of packets arriving at the output port
of a node during each TF must be controlled, i.e., sessions
must reserve resources (namely, TF fractions). Resource
reservation with TDP requires to find a schedule because
the TFs in which transmission time is reserved on each
link are uniquely determined by the reservation on the up-
stream link. The impossibility of reserving resources even
though they are available, but not during suitable TFs,
is called blocking. In order to simplify the exposition, we
assume that a TF can be used by only one active node.

Definition 2 Time frame allocation. A TF on a link is
reserved for transmission by a node or a group of nodes.

Assumption 2 Resource allocation. (7) Only one resource
allocation is done for each group multicast operation, which
means that no separate allocation is made for individual
active nodes. (i) The resource allocation does not change
during the multicast session.

Definition 3 Time frame assignment. At a certain point
in time, a TF reserved to a multicast group is said to be
assigned to the active node that is actually using it for
transmission.

2.2 Performance Measures

The multicast performance over rings and trees is com-
pared according to the following performance measures.

Definition 4 Network delay bound. The maximum delay
in TF's experienced by a packet sent from any active node
to any other member of the multicast group.

Definition 5 Resource allocated to a multicast group. The
number, B, of allocated TFs per time cycle.

As shown in Section 3, the amount of resources that
must be allocated for multicast transmission over a ring is
independent of the multicast method (static, dynamic or
adaptive - see Section 2.3). Thus, this amount of resources
is taken as a reference in the comparison of resource al-
location in the various cases. This leads to the following
definition.

Definition 6 Reservation ratio. The ratio between the
amount of TFs that must be allocated for a given embed-
ding (ring or tree) and multicast method, and the amount
of TFs needed for the transmission over a ring.

Definition 7 Updating state information or coordination
complezity. The amount of state information that is ex-
changed during the group multicast operation to coordi-
nate the usage of TFs among the active nodes.

Another possible comparison means is the schedulabil-
ity or, dually, the blocking probability achievable with the
given configuration. Even though a quantitative analysis of
blocking probability is outside the scope of this work, some
qualitative observations are made throughout the paper.

2.3 Methods of Real-time Group Multi-
cast

We consider the size of the multicast group and the num-
ber and identity of its active sources as parameters in this
comparison, since they affect the multicast performance.

Definition 8 Static Multicast. The number, N,, and
identity of active nodes is fixed during the multicast oper-
ation.

The broadcasting of an event is a typical case of static
multicast in which a number of destinations receive audio
and video feeds from one or more broadcasting sources (ac-
tive nodes). The sources remain the same throughout the
event and are constantly transmitting (i.e, active).

Definition 9 Dynamic Multicast.  The identity of the
active nodes changes over time, while their number, N, is
fixed.

Dynamic multicast takes place, for example, in a confer-
ence call that allows a fixed number of speakers and a large
number of listeners. The number of TF's each active node
can use is determined during the setup of the multicast
communication. Active nodes dynamically and fairly share
the B TFs allocated to the multicast group: each active
node uses b = B/N, TFs. The identity within a time cycle
of the TFs assigned to an active node are not necessarily
the same over the duration of the multicast session.

Definition 10 Adaptive Multicast.

(1) The number and identity of active nodes change over
time.

(74) The adaptiveness range is the minimum and maximum
number of TF's per time cycle (i.e., capacity) an active node
can use.

A typical scenario for adaptive multicast is a videocon-
ference with a fixed number of participants, wherein a vari-
able number of them is actively involved in a discussion.
As the number of speaker increases, each source must de-
crease the rate of its transmission, and vice versa. In this
study the adaptiveness range is [1, B], i.e., the number of
active nodes, varies in the interval 1 < N, < B.

3 Performance of Ring-on-Tree Em-
bedding

We start the discussion with the analysis of the ring embed-
ding, or virtual ring, since it is simpler and helps in under-
standing the issues tackled in this work. Packets travel over
the virtual ring-on-tree in one direction; since the number
of tree nodes is N, the virtual ring size (i.e., the number of
links constituting the ring) is 2(N — 1).

Resource allocation is the same for all three multicast
methods. Due to the uni-directionality of transmissions
over the ring, whenever an active node sends a packet it
is forwarded on all links of the ring. In order to allow N,
active nodes to transmit during b TFs, B = N, - b TFs
per time cycle must be allocated on each link, independent
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Figure 2: Sample Bandwidth Allocation for Static Multi-
cast.

of the instantaneous identity of the active nodes, and of
whether they change over time or not. Thus, the alloca-
tion of B TFs per link enables both static and dynamic
multicast. The same allocation is used also for the adap-
tive case; resources are allocated to the multicast group as
a whole and as the number of active nodes changes, each
active node uses from 1 (N, = B) to B (N, = 1) TFs.

Summarizing, the overall resource allocation on the net-
work for all the multicast methods is:

Rp =2B(N —1).

Rp is taken as the reference (denominator) for expressing
the reservation ratio p; pg = 1 for all the multicast meth-
ods over a ring.

In the following we discuss the delay bound, the distribu-
tion of state information and other specific issues for each
multicast method.

3.1 Static Multicast

When performing static multicast, the Rg TFs are allo-
cated on the ring as N, independent allocations of b TFs
since the active nodes are always the same. Given one
active node, b TFs are chosen on each link starting from
the source all around the ring. Figure 2 shows a sample
allocation of 1 TFs for each of two active nodes A and B.

In the graphic notation used throughout this paper, a
square represents the allocation of the TF identified by the
column, on the output link of the node labeling the row.
A continuous line square indicates that the TF is assigned
to active node A, while a dashed line square indicates that
the TF is assigned to active node B.

3.1.1 Network delay bound

Assuming that a schedule enabling TDP immediate for-
warding from the N, active nodes is found, the definition
of TDP immediate forwarding given in Section 2.1 pro-
vides the delay bound as 2F — 1, where F is the maximum
number of links crossed by a packet traveling between any
two members of the multicast group. Over a ring, such a
number is the ring size—which is 2(N — 1) for a ring-on-
tree—minus 1. Thus, the delay bound is given by

D3 =[2(2N —2) — 1]T} = (4N — 5)T}

If the ring was embedded in the network as a traveling
salesman tour of all the multicast group nodes, then the

=
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Figure 3: Sample Bandwidth Allocation for a Multicast
Group (a) and Forwarding of a Packet with the given Al-
location (b).

ring would be composed of N links and the delay bound
would be only (2N —3) - T}.

3.1.2 Updating State Information or Coordination
Complexity

The only state information needed in static multicast is the
identity of the TFs assigned to each active node. There is
no need for updating such state information during the
multicast operation since it remains unchanged.

3.2 Dynamic Multicast

The TF allocation cannot be done for each active node in-
dependently since the identity of the active nodes changes
over time. On the contrary, B TFs are allocated on each
link and any active node shall be able to use any of them
to transmit its packets. Figure 3(a) shows a sample reser-
vation of 1 TF on each link to a multicast group which
encompasses four members. Figure 3(b) shows an exam-
ple of dynamic multicast, in which a single (changing over
time) active node uses the TF allocated on its outgoing
link to send a packet. When B is the active node, it waits
until TF 2 and then sends the packet; it reaches the output
port of A by TF 7, as shown in Figure 3(b), in order to
be available for being forwarded by A during TF 0. The
packet then travels on the ring and gets back to node B by
TF 1 of the following time cycle. Then, B becomes passive
and C becomes active and transmits a packet in TF 4.

Since in general each node uses any of the TFs allo-
cated on its outgoing links, TDP immediate forwarding
should be performed for packets sent during any of the al-
located TFs on any pair of subsequent links in the virtual
ring. As shown in Section 3.2.1, depending on the rela-
tionship between the number of links and the dimension
of the time cycle, immediate forwarding may not be possi-
ble on the whole ring and one of the nodes, the buffering
node, performs immediate forwarding. This increases the
delay bound with respect to the static case as described in
Section 3.2.2.

Since when an active node needs to send a packet, it must
use one of the B TFs allocated to the multicast group on
its outgoing link, a coordination mechanism is needed to
ensure fair sharing of the allocated TF among the active
nodes. Transmission on a virtual ring enables exploitation
of well experimented, simple, and effective mechanisms, as



discussed in Section 3.2.3.

3.2.1 Buffering Node

With reference to Figure 3(a), TF 0 is reserved on node A’s
outgoing link, and in order to enable immediate forwarding
TFs must be reserved accordingly on all the other links
of the ring. Immediate forwarding is possible along the
whole ring because the network delay on all the links (in the
following called ring length) equals the length of the time
cycle. As a consequence, the packets transmitted during
the TF allocated on the link between D and A get to node
A by the TF before the one allocated on A’s outgoing link
(i.e., TF 0). If the ring latency (8 TFs) was not an integer
multiple of the time cycle (8 TFs), the TF allocated on
A’s incoming link would not fit to the TF allocated on the
outgoing link. As a consequence at least one of the nodes of
the ring (A in our example) could not perform immediate
forwarding.

Figure 4: Sample Bandwidth Allocation for a Multicast
Group (a) and Forwarding of a Packet Originated from B
on a Virtual Ring with Buffering Node A (b).

Figure 4(a) shows the allocation of 1 TF on the same
ring with a longer time cycle of £ = 10 TFs and Fig-
ure 4(b) shows the forwarding of packets. Node A receives
B’s packet by TF 7, but it has no TF reserved until TF 0
of the following time cycle; thus, node A buffers B’s packet
until the next TF reserved for its multicast group. For this
reason such a node is called a buffering node.

Definition 11 Buffering node. It is a node on a ring
which does not perform immediate forwarding, in order to
match the ring length and the time cycle duration.

Each ring may have a buffering node to adapt the length of
the ring to the size of the time cycle [2]. Since the buffering
node has particular buffer requirements, we assume that

Assumption 3 Only one buffering node is used on a vir-
tual ring.

It must be noted that due to the presence of the buffering
node, when more than one TF in each time cycle is reserved
for a multicast group, a station does not necessarily receive
back a packet by the same TF, (of the following time cycle)
in which it transmitted it.

3.2.2 Network Delay Bound

Due to the presence of the buffering node, the delay bound
for the multicast communication is larger than in the static

case. Namely, it is given by the length of the ring, plus the
maximum time spent in the buffering node. The maximum
buffering time depends on the distribution of the allocated
TFs inside the time cycle and on the relationship between
the ring length and the time cycle size. The delay bound
is given by:

DR = (4N — 5+ Dy)Ty,

where Dy € [0, k] is the maximum buffering time given in
terms of number of TFs and k is the size of the time cycle.

3.2.3 Updating State Information or Coordination
Complexity

Dynamic multicast requires only the number N, of active
nodes to be known to each node in the group, so that it
can devise its fair share of TFs it can use. This number
does not change during the multicast session.

The dynamic assignment of the TF's to the nodes can be
managed through implicit token passing. Thus, TF sharing
among the active nodes does not require the distribution

af state information during the multicast session. Simple
mechanisms Tor TT sharing in o dyvnamie multicast oper-
atlon over a virtual ring were proposed in [2]. Bach node

knows the identity of the TFs reserved to the multicast
group and the number of TFs, b, it can use for transinis-
sion. When it becomes active, it transmits during the first
b free TFs it identifies and continues transmitting during
these TFs as far as it remains active. A TF ¢ is said to be
a free TF if (i) it is reserved to the multicast group and
(i) no packets addressed to the multicast group get to the
output buffer by TF ¢ — 1. It is worth noting that there is
no need to signal state changes: a node becoming passive
simply stops transmitting, while a passive node waits to
become active until it “sees” free TFs on the ring.

3.3 Adaptive Multicast

Packet forwarding is performed in a way similar to dy-
namic multicast and a buffering node is used when needed
to match the ring length with the time cycle size. Thus, the
delay bound for multicast transmission depends on the ring
latency and on the buffering node delay (see Section 3.2.2),
ie.

D = DR = (4N =5+ Dy)Ty.

Updating State Information or Coordination Com-
plexity

As it is in dynamic multicast, adaptive multicast requires
each active node to know the number B/N, and the iden-
tity of the TFs it can use for transmission. The number N,
of active nodes changes during the operation of the mul-
ticast group and a protocol is needed to signal to all the
active nodes whenever a node becomes active or passive?.
Then, each source knows that it is allowed to transmit

2 Actually, through the implementation of an elaborate round-robin TF
allocation algorithm, the protocol for signaling node state changes can be
avoided. Nevertheless, as discussed in [2], this can result in decreased
efficiency in the usage of network resources.



Figure 5: Subtree Induced by Link DF.

during B/N, TFs and can identify the TFs assigned to
itself by the implicit token passing method described in
Section 3.2.3.

In adaptive multicast, the share of allocated TFs B/N,
cannot be always an integer number; [2] proposes a simple
algorithm to fairly and effectively assign the B mod N,
spare TFs. Each active node takes static possession of
| B/N,| TFs; the remaining TFs are periodically allocated
to all the active nodes through an implicit token passing
protocol that exploits circular nature of the ring.

4 Performance of Tree Embedding

4.1 Transmission on a Tree using Time-
driven Priority

The following definitions are used in the evaluation of tree
embedding performance:

Definition 12 Induced subtree. Given a unidirectional
link 7, the subtree consisting of all nodes reachable through
I as the first hop is the subtree induced by ! and it is indi-
cated as Tj.

Figure 5 shows the subtree (thick line) induced by link DF
(dashed line).

Deployment of TDP immediate forwarding requires a
specific relationship between the TF's allocated on the in-
coming link of a node and the choice of the TFs allocated
on all its outgoing links. If the set of b TFs T' = {t1,... ¢}
is allocated on the incoming link of a node, the TFs T" =
{t1+2,...ty+2} should be reserved on each outgoing link®.
Figure 6(a) shows a sample allocation of TFs on some of
the links of the tree depicted in that picture; the same line
pattern is used to draw the TFs correlated by the deploy-
ment of TDP immediate forwarding. A set of 3 TFs {0,3,7}
is allocated on the link between D and F; TFs {2,5,9} are
consequently allocated on F’s outgoing links, namely, those
directed to H, I, and L.

Definition 13 Tree schedule. Given a TF allocated for
transmission of node n over its outgoing link [, its tree
schedule is the collection of the TF's allocated on each link
of the subtree induced by I, chosen in a way that a packet
sent by node n in the given TF is delivered with TDP im-
mediate forwarding to all the nodes of the induced subtree.

Figure 6(b) shows the tree schedule of TF 1 on the outgoing
link of node I; the arrows wrapping numbers indicate the
direction of the link in which the TF allocation has been

3In Section 2.1 it is assumed that the delay from the output buffer of

the upstream node to the output buffers of the given node is 1 TF, thus,
the delay between two successive forwarding of a packet is 2 TFs.
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Figure 6: Scheduling of TFs on a Tree (a) and Sample Tree
Schedule Starting from Node I (b).

performed. Active nodes transmit during TFs for which a
tree schedule has been found, and the real-time properties
of the communication are guaranteed by TDP immediate
forwarding.

Network Delay Bound

For all three multicast methods the maximum delay over
the tree when TDP immediate forwarding is performed is
given by:

Dr =(2-H-1)Ty,

where H is the diameter of the tree (in terms of number of
links) which is on the order of log N (NN is the size of the
multicast group).

4.2 Static Multicast
4.2.1 Resource Allocation

There are N, active nodes, and each requires b TF's to be
allocated on its outgoing link(s) and a tree schedule to be
found for each of the b TFs. Thus, N, - b TFs are reserved
to the multicast group on each link and the total amount
of allocated TFs is given by:

R} =N,-b(N—-1)=B-(N-1). (1)

4.2.2 Reservation Ratio

The reservation ratio of static multicast over a tree is given
by:
o BE_BN-1 1
T Rr 2B(N-1) 2’

i.e., static multicast over a tree requires half the resources
required over a ring embedded on the same tree. This is due
to the fact that with ring-on-tree embedding each packet
is forwarded in both directions of each tree link.

4.2.3 Updating State Information or Coordination
Complexity

The only state information needed by an active (source)
node for static multicast operation is the identity of the
TFs it has been assigned on its outgoing link(s). This
state information is set when the node begins operation
and does not change over time; thus, no specific protocol
or mechanism is needed to update state information.



4.3 Dynamic Multicast

The total amount of communications resources needed de-
pends on the tree topology and the locations of the cur-
rently active nodes. Therefore, it is not possible to devise
a closed form expression for the minimum resource alloca-
tion needed for dynamic multicast operation over a general
tree - the state space is much too large, and the problem
is made harder by conflicting scheduling requirements. We
try to give an insight of the constraints that drive such a
resource reservation and provide lower and upper bounds
for the minimum resource allocation.

A lower bound for the allocation is first devised (Sec-
tion 4.3.1) as the minimum allocation that allows any pos-
sible set of N, active nodes to simultaneously transmit us-
ing reserved resources (i.e., during TFs allocated to the
multicast group).

Then, the requirement for TDP immediate forwarding
is brought in, thus raising the issue of scheduling over the
tree (Section 4.3.2). It is proven that dynamic multicast
with TDP immediate forwarding is not possible on every
tree with the lower bound allocation.

The dynamic assignment of allocated TF's to active nodes
is taken into consideration (Section 4.3.3); the lower bound
allocation proves not to allow dynamic assignment. More-
over, we show that it is not always possible to find a sched-
ule on every tree for any TF allocation which allows dy-
namic allocation. An upper bound on resource reservation
is given and it is proven to both allow dynamic assignment
and be schedulable on any tree. Then, the minimum allo-
cation enabling dynamic multicast over a core based tree is
given (Section 4.3.4). The section concludes by providing
the reservation ratio (Section 4.3.5) and the control com-
plexity (Section 4.3.6) for dynamic multicast over a tree.

4.3.1 Resource Allocation

A minimum number of TFs is allocated on each link to
enable the nodes to transmit using reserved resources, thus
obtaining a guaranteed service. b TF's are reserved on the
outgoing link of each leaf so that when the node becomes
active it can use them to transmit its packets. The TFs
reserved on the links departing from passive nodes are not
used, and the corresponding capacity can be exploited for
carrying best-effort traffic.

A generic node of the tree receives multicast packets from
its incoming links and forwards them on all the outgoing
links. Besides forwarding packets received on its incoming
links, a node must transmit its own ones with a guaranteed
service when it is active. Thus, depending on the number
of upstream nodes, more TFs are possibly allocated on its
outgoing links.

Theorem 1 Given a unidirectional link [/, the minimum
number of TFs that must be reserved to the multicast
group M on [ to provide guaranteed transmission of pack-
ets sent by N, active nodes during b TFs is given by b
times the minimum between (1) the total number of mul-
ticast members not contained in the subtree induced by [

Figure 7: Lower Bound on TFs Allocation on a Tree.

and (2) Ng, i.e.,
R, = min{|M\T,|, N, }b

Proof Long queuing delays and drop of packets to be forwarded
on link / can be avoided if the number of packets that the trans-
mitting node n can send on [ during each time cycle is equal to
or greater than the number of packets addressed to the multi-
cast group it receives from all the incoming links during the time
cycle. The delay experienced by packets in each node and the
buffer space required to store the packets from when they are
received, until they can be forwarded, depends on the schedul-
ing.

The number of multicast packets that n is expected to forward
on [ depends on the number of active nodes not contained in the
subtree induced by [. Since the set of active nodes changes over
time and any member of the group can be active, the maximum
number of active nodes not contained in the subtree induced
by l is |[M\T;|. In any case, the total number of active nodes
sending packets that traverse link [ cannot be larger than N,
the number of active nodes in the multicast group.

Since each node transmits during at most b TF's in each time
cycle, the maximum number of packets? that n can forward to
link ! during a time cycle is the minimum between b - N, and
b|M\T;|. O

The total TF allocation is given by:

RP in = Y _ min{|M\T}| - b, B} TFs, (2)
lEL

where L is the set of unidirectional links of the tree. RIT)’mm
is the lower bound on the allocation to perform dynamic
multicast over a tree with controlled delay and loss. Fig-
ure 7 shows a simple allocation of TFs assuming b = 3,
N, =3, N =8, and a time cycle of 10 TFs.

It is worth noting that if N >> N, (as it is likely in
large scale videoconferences), R% ~ N, -b= DB TFs, and
the total TF allocation on the tree is

R2, in~N-N,-b=N-B TFs. (3)

4.3.2 Scheduling

In order to enable TDP immediate forwarding for the mul-
ticast delivery, the order and identity of the allocated TFs,
i.e., the schedule, must be properly chosen along the time
axis.

Definition 14 Tree schedulable. A TF allocation to a
multicast group is tree schedulable if it is large enough to

4It is possible that during the time cycle in which the set of active
nodes changes both the node becoming passive and the new active node
transmit during the same b TFs. This results in more than b - N, pack-
ets sent to the multicast group. This situation is not considered in this
proof since it is exceptional and can be avoided by properly delaying the
beginning of the transmission of a newly active node.



Figure 8: Example of Tree on which the Lower Bound on
the TF Allocation is not Tree Schedulable (a); Tree Schedu-
lable TF Allocation on the same Topology (b).

allow, for each TF in the allocation, its tree schedule to be
also included in the allocation.

Note that a TF can be part of more than one tree schedule.
Moreover, tree schedulability is related to the size of the
allocation, i.e., the number of allocated TFs, and not to
their identity.

Tree schedulability is necessary to guarantee that when
an allocated TF is used for transmission of a packet, the
network will deliver the packet to all the members of the
multicast group using TDP immediate forwarding. How-
ever, tree schedulability is not enough to enable multicast
TDP immediate forwarding: the TFs must be chosen prop-
erly on the links. Note that the allocation given by Equa-
tion (1) is tree schedulable since it enables static multicast.

Theorem 2 The lower bound on the TF allocation R7,,;,,
(as given by Theorem 1) is not tree schedulable on every
tree.

Proof The proof is given by reduction ad absurdum, i.e., by show-
ing a negative example. Considering a multicast group with a
single active node (N, = 1) and a single TF per time cycle
needed by the active node for transmission (i.e., b = 1), only
one TF shall be allocated to the multicast group on each link.
Figure 8(a) shows a simple tree topology on which the minimum
TF allocation of 1 TF per link is not tree schedulable. A packet
sent during the TF allocated on link ED (i.e., TF 0) cannot be
forwarded on link DF using TDP immediate forwarding since
TF number 2 is not reserved to the multicast group on link DF.
In fact, TF 6 is allocated on link DF in order to allow TDP
immediate forwarding of packets sent during TF 4 on link BD
and TF 0 is reserved on link ED to enable packets to be TDP
immediate forwarded during TF 2 on link DB. O

In order for the allocation to be tree schedulable, two more
TF's should be reserved to the multicast group: TF 2 on
link DE and TF 2 on link DF, as shown in Figure 8(b).

4.3.3 Dynamic Assignment of TFs

In order to limit the amount of resources reserved to the
multicast group, the TFs allocated are dynamically as-
signed to the active nodes. Dynamic assignment is effective
if it is possible to assign the same TFs to different nodes
as the set of active nodes changes.

Definition 15 Dynamically assignable. A tree schedula-
ble allocation is dynamically assignable if (i) for any pos-
sible set of N, active nodes and (i) independently of the

tree topology, it is possible to assign to each active node
(1) b TF's on its outgoing links and (2) the tree schedule of
these b TF's, avoiding the same TF to be assigned to more
than one active node at the same time.

It should be noted that dynamic assignability, as well as
tree schedulability, is concerned only with the size of the
allocation, i.e., with the number of allocated TFs, and not
with the identity of TFs within each time cycle.

Dynamic assignability is necessary to enable dynamic
multicast and can require a larger TF allocation than tree
schedulability. Consider as an example the tree schedulable
allocation shown in Figure 9(a), which is not dynamically
assignable to two active nodes (N, = 2), for each one is
transmitted during one TF (b = 1). In fact, if nodes A and
D are active simultaneously, they should be both assigned
TF 4 on link BC since it is the tree schedule of the only
TF allocated on their outgoing links. Figure 9(b) shows
a dynamically assignable allocation for the same multicast
group which requires reserving two more TF's.

Figure 9: Example of Tree Schedulable, but not Dy-
namically Assignable Allocation (a); Sample Dynamically
Assignable Allocation (b).

The following corollary provides an upper bound on the
minimum allocation enabling dynamic multicast over a tree.

Corollary 1 The allocation
RE = N -b(N —1) TFs (4)

is tree schedulable and dynamically assignable.

Proof The corollary can be trivially proven by reducing the dy-
namic multicast of N, active nodes among N group members,
to static multicast of NV active nodes (since each node can be
potentially active). RL is thus obtained from Equation (1) with
N active nodes. O

Whenever the allocation R% is used, no advantage is taken
of the nature of the dynamic multicast, namely that no
more than N, nodes are active concurrently. The allocation
given by Corollary 1 is a loose bound on a tree schedulable
allocation. A tighter bound is devised in Section 4.3.4 for
a Core Based Tree.

4.3.4 Core Based Tree

A Core Base Tree (CBT) [5, 3, 4] is a shared, bi-directional
multicast tree on which each packet travels from the source
to a node called the core, and from the core to the destina-
tions. This makes tree schedulability easier to study and
less demanding from the resource allocation viewpoint. In
fact, the minimum TF allocation avoiding congestion in



Figure 10: Minimum TF Allocation on a Core Base Tree.

dynamic multicast on a CBT is tree schedulable, as proven
by Theorem 3 below. Intuitively, the CBT is simpler to
schedule since there is a single time reference point, which
is the core node, for packet forwarding from any source. In
other words, the tree schedules for TFs allocated on the
outgoing link of any source can be easily found starting
from the core node.

The minimum TF allocation on each link [ enabling guar-
anteed transmission from N, active nodes is the one given
by Theorem 1 for a generic tree. However, when applied
to a CBT, the number of active nodes not contained in the
subtree induced by each link directed from the core to the
leaves is 0 and Equation (2) can be re-written as

>

leL, core¢T)

REBT min = min{|M\Tj|b, B} + B(N —1) TFs,

where M is the multicast group, L is the set of unidirec-
tional links in the tree, and 7; is the set of nodes in the
subtree induced by the generic link [. Figure 10 shows the
minimum TF allocation on a CBT with core F, 3 active
nodes, and b = 2.

Theorem 3 The minimum TF allocation R gy s, is tree
schedulable on any CBT.

Proof Since each packet reaches the core before being forwarded
to the members of the multicast group, the core can be seen as a
static source of all the traffic addressed to the group. The total
amount of bandwidth allocated from the core for transmission
to the group is B TFs; hence the overall TF allocation is given
by B(N — 1), in accordance to Equation (1), which guarantees
tree schedulability from the core to the leaves. There is the
additional constraint that identity within the time cycle of the
B TFs must be the same on all the core’s outgoing links.
min{|M\T;|b, B} TFs are allocated on each link on the path
from the leaves to the core in a way such that their tree sched-
ule includes the B TFs reserved on the core’s outgoing links. It
is always possible to build this tree schedulable allocation start-
ing from the core (assuming that resources are available on the
links) because the path from the leaves to the core is a linear
one. Thus, given the set of TFs reserved on the core’s outgoing
link {to,...,tB—1}, the TFs {to —2,...,tp_1 — 2} are reserved
on the upstream link. In general, given a link which is h hops
from the core, the TFs {tg —2(h+1),...,tg—1 —2(h+1)} must
be allocated on it®. O

5The operations on TF numbers are made modulo the time cycle length
k.
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Figure 11: Tree Schedulable and Dynamically Assignable
Allocation on a Core Base Tree.

Theorem 4 The minimum TF allocation RE BT, min 1S DOt
dynamically assignable on any possible CBT.

Proof The proof can be given in a way similar to what is done for
general trees in Section 4.3.3 by showing a sample minimum al-
location which is not dynamically assignable. Figure 10 depicts
a minimum TF allocation for b = 2 and 3 active nodes; node N
and node M cannot be active at the same time, i.e., then the

allocation is not dynamically assignable. O
Theorem 5 The allocation
D
RCBT,upper - 2B(N - ].) TFS

is tree schedulable and dynamically assignable on any CBT.

Figure 11 shows a tree schedulable and dynamically assignable

TF allocation on a CBT with core F, b = 2, N, = 3, and
k = 10.

Proof Tree schedulability is assured by Theorem 3.

Dynamic assignability is guaranteed by the fact that given any
set of N, active nodes, each one can be uniquely assigned b
TFs, say {70,...,7p—1}, out of the B allocated on the core’s
outgoing links. The TFs assigned to an active node on the other
links are those which are either contained in the tree schedule of
{70,...,Tp—1}, or contain {70,...,7,—1} in their tree schedule.
[m]

Theorem 6 The allocation

REpr = B@N — N, — 1) TFs (5)

is tree schedulable and dynamically assignable on any Core
Based Tree having at least N, leaves.

Proof B TFs are allocated on each link from the core to the leaves
leading to an overall allocation of B(N — 1) TFs. Dynamic
assignability can be obtained by having N, leaves which are
assigned in a fixed manner N, different sets of b TFs. Given each
of these N, leaves, the TFs {70 —2(h+1),...,75—1 —2(h+1)}
are allocated on each link on the path from the leave to the core,
where h is the number of hops from the considered link to the
core. The allocation considered so far guarantees that the N,
leaves can be active concurrently.

In order to allow any other node n to become active at the same
time as N, — 1 of the above leaves, it must be possible to assign
to m any subset of the B TFs allocated on the core’s outgoing
links. Thus, B TFs must be reserved on the path from n to
the core in the way described in the proof of Theorem 3. As a
consequence, B TFs are allocated on each of the (N — 1) links
towards the core, with the exception of the outgoing links of the



N, given above; on those links only b TFs are reserved. Thus,
the total allocation is given by:

No-b+ B(N—1—Ng)+ B(N —1)=B(2N — N, — 1).
O

Figure 12 shows a minimum tree schedulable and dynami-
cally assignable TF allocation on a CBT with core F, b = 2,
N, =3, and k = 10.

4.3.5 Reservation Ratio

The reservation ratio is devised for the upper and lower
bounds of the resource allocation that enable TDP imme-
diate forwarding over a tree. The upper bound of the reser-
vation ratio is obtained from Equation (4) as

N -b(N —1)

N
2B(N —1)  2N,’

pr =

The upper bound of the reservation ratio is directly propor-
tional to the number of members in the multicast group.
If more than half of the members are active (N, > N/2),
the resource allocation on a tree is smaller than on a ring
(P2 < 1). Otherwise, when active nodes are less than half
of the members (N, > N/2), the ring may possibly require
less resources than the tree (p2 > 1). In essence, the tree
is the most effective structure if the subset of active nodes
is large.

p? shows that the upper bound on the reservation ratio
increases with the dimension of the group and suggests that
dynamic multicast is less expensive over a ring when the
multicast group is large. The lower bound on the allocation
for large groups R% min given in Equation (3) is used to
devise a lower bound on the reservation ratio

o N, -b(N —1)
T,min 2B(N—1)

1

=5
Thus, we can conclude that the relative cost (in terms of
allocated resources) of tree versus ring embedding for large
scale dynamic multicast depends on the topology of the
structure (and thus, finally, of the underlying network).

Considering dynamic multicast over a CBT, the upper
bound of the reservation ratio is devised from Equation (5)
as

D

B(2N — N, — 1) 2N — N, -1
PcBT = =

9B(N — 1) 2(N — 1)

Thus, dynamic multicast with N = N, over a CBT requires
half the resources required over a ring, for any possible
embedding of the ring as an Euler tour of the ring. As the
size of the group increases with respect to the number of
active nodes (N >> N, ), pBy, asymptotically approaches
1.

It is worth noticing that if the ring is embedded as a trav-
eling salesman tour among the members of the multicast
group, the size of the ring is half and thus the reservation
ratio is always greater than 1 (i.e., the ring requires less
resources than the CBT).
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Figure 12: Minimum Tree Schedulable and Dynamically
Assignable Allocation on a Core Base Tree.

4.3.6 Updating State Information or Coordination
Complexity

The state information needed to operate dynamic multi-
cast over a tree encompasses the identity of (1) the TFs
allocated to the multicast group on the outgoing links of
each node, and (2) the b TFs each active node is assigned
for the transmission of its data. The first piece of informa-
tion is distributed at the beginning of the operation of the
multicast group and is not changed over time. The second
one has to be updated each time the identity of the active
nodes changes. A signaling protocol must be used to al-
low nodes which change state (from active to passive and
vice versa) to notify all the other nodes and to enable the
distributed assignment of TFs.

In principle, the active nodes which do not change their
state do not need to change their TF assignment. In fact,
when a node becomes active, there is always another node
turning passive; the former could take over the TFs pre-
viously assigned to the latter. However, the TF allocation
that enables this way of operation may be larger than one
that requires the reconsideration of TF assignments to all
the nodes whenever two of them modify their status.

4.4 Adaptive Multicast

Since it is possible that only one node is active, each group
member must be enabled to transmit up to B TFs. Thus,
B TFs are allocated on every outgoing link of each group
member. The same number of TFs must be allocated also
on every incoming link and the total TF allocation is given
by R} in = 2B(N—1). Rf, ... is alower bound on the TF
allocation enabling adaptive multicast. A TF allocation
must be both dynamically assignable and tree schedulable
on any tree to enable adaptive multicast with guaranteed
quality of service.

Corollary 2 The allocation

= 2B(N — 1) TFs

A
RT,min

is not tree schedulable on every tree.



Figure 13: Minimum TF Allocation for Adaptive Multi-
cast.

Proof Figure 13 shows the minimum TF allocation on a sample
tree where N = 6 and B = 6; thus, 6 TFs are allocated on each
link for a total of 2-6(6 —1) = 60 TFs. The allocation is not tree
schedulable because not all the TFs allocated on link FD have
their tree schedules included in the allocation. The portion of
tree schedule on link DE is missing since the TFs reserved on
link DE are chosen in order to accommodate the tree schedule
of the TFs allocated on the links BD, AB and CB. O

A larger TF allocation (12 TFs more) is needed to guaran-
tee tree schedulability on the tree given in Figure 13.

Theorem 7 The allocation

RAgr=2-B-(N —1)TFs (6)
is tree schedulable on any CBT and dynamically assignable
for a variable number of active nodes, i.e., it enables adap-
tive multicast.

Proof Theorem 5 states that the above allocation (called RE
in that theorem) is dynamically assignable for a dynamic group
of N, active nodes. Since the number of allocated TFs does not
depend on the actual number of active nodes, the allocation is

dynamically assignable for any number of active nodes N, < N.
O

Corollary 3 The allocation

R4 =N-B-(N —1)TFs (7)

is tree schedulable on any tree and dynamically assignable
for a variable number of active nodes.

Proof Equation (7) is derived from Equation (4) assuming b = B,
i.e., Ng = 1. Thus, Corollary 1 assures tree schedulability and
dynamic assignability for dynamic multicast with 1 active node.
If Ny > 1, each active node is using less then B TFs. Since each
source could use any of the B reserved TFs on its outgoing link,
it chooses any b = B/N, of them to transmit its data. Tree
schedulability and dynamic assignability are maintained since
they do not depend on whether the number of active nodes
changes over time. O

4.4.1 Reservation Efficiency

The upper bound on the reservation ratio to perform adap-
tive multicast over a general topology tree can be devised
from Equation (7) as

N-B(N —1)

_N
2B(N —1) 2

pr =

CBT,upper
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p? shows that the upper bound of the reservation ratio for
adaptive multicast is directly proportional to the size of
group. Thus, the ring is more convenient than the tree in
terms of required resources, especially for large multicast
groups.

The reservation ratio over a CBT is pA g1 = 1, as devised
from Equation (6): the amount of resources required to
perform adaptive multicast over a CBT and a ring is the
same.

4.4.2 Updating State Information or Coordination
Complexity

Adaptive multicast requires the same state information as
dynamic multicast. The number of active nodes is chang-
ing over time, and thus, the TF assignment of each active
node changes whenever a node changes its status. A sig-
naling protocol must be used to allow nodes which change
status (from active to passive and vice versa) to notify all
the other active nodes and to coordinate the distributed
assignment, of TFs. Such a protocol is critical since the
correct set of TFs must be assigned to all the active nodes;
if any of the active nodes fails to get the state information
update, the operation of the whole multicast group may be
disrupted.

Moreover, as the number of active nodes IV, changes over
time, the fair share of resources reserved to the multicast
group (B/N,) can be a non-integer number of TFs. As
a consequence, to guarantee maximum fairness, the pro-
tocol should be able to assign |B/N,| TFs to each node
and alternately assign the remaining TFs to all the active
nodes. This requires the active nodes to exchange control
information when the set of active nodes is not changing.
Instead, as it was discussed in Section 3.3, sharing one TF
among multiple active nodes over a ring is simple.

5 Conclusions

This section first summarizes the main results and then
discusses some open issues.

5.1 Comparison Summary and Discussion

Real-time group multicast (many-to-many) with determin-
istic quality of service guarantees is a challenging problem.
In this paper we study this problem in the context of time-
driven priority with immediate forwarding. Specifically,
the main objective of this manuscript is to increase the un-
derstanding of the real-time multicast problem in two basic
network configurations: (i) tree embedding - the approach
popular on general networks, and (i) ring embedding -
the approach traditionally used in local area networks [EG
METANET]. The work focused on increasing the under-
standing of the tree versus ring embedding, rather than
attempting to provide a specific design for a specific net-
work, such as the Internet.

In order to provide a comprehensive evaluation of ring
versus tree embedding, the following multicast scenarios



Table 1: Sharing of State Information among Group Mem-
bers.

Ring Tree
Static Mcast None None
Dynamic Mcast None Identity of assigned TFs
R Number of | - Number of active nodes
Adaptive Mcast active nodes | - Identity of assigned TFs

were investigated: (i) static - fixed subset of active nodes,
(71) dynamic - fixed number of active nodes (i.e., the subset
of active nodes is changing over time, but its size remains
constant), and (i¢7) adaptive - the number and identity of
active nodes change over time. The results are interesting
and often counter-intuitive, since, despite of its lower net-
work delay, embedding a tree is not always the best strat-
egy. In particular, dynamic and adaptive group multicast
on a tree requires a signaling protocol for continuously up-
dating state information and coordinating the operation of
the group during the communication session and not only
during the setup phase. Such signaling protocol is not re-
quired on a ring where the circular topology with simple
implicit token passing is sufficient; these results are sum-
marized in Table 1. Moreover, as summarized in Table 2,
the bandwidth allocation on the ring for the above three
traffic scenario is O(N); on the tree it is O(N) only for
the static traffic scenario, while for dynamic and adaptive
multicast it is O(N?). Only if a core based tree is used,
then dynamic and adaptive multicast requires a bandwidth
allocation of O(N).

5.2 Open Issues and Challenges

As was mentioned in Section 2 a global common time refer-
ence is required to implement time-driven priority (TDP).
This used to be a major hurdle. However, today a global
common time reference has been established by the time-
of-day international standard that is called Coordinated
Universal Time or UTC (a.k.a. Greenwich Mean Time or
GMT). Specifically, time is measured by counting the os-
cillations of the cesium atom in multiple locations; in
fact, 9,192,631,770 oscillations of the cesium atom define
one UTC second. UTC is available everywhere around the
globe from several distribution systems, such as, GPS [16]
(USA satellites system), GLONASS [15] (Russian Feder-

munications satellites. UTC receivers from GPS are avail-
able from many vendors for a low price — for example,
the price of a one PPS (pulse per second) UTC clock,
with accuracy of 10-20 nanoseconds, is about $200. By
combining UTC from GPS with local Rubidium or Ce-
sium clocks it is possible to have a correct UTC (within
1 micro-second) without an external time reference from
GPS/GLONASS/Galileo for days (with Rubidium clocks)
and months (with Cesium clocks).

There are still a number of important open issues for
further study:

e The analysis in this paper focused on TDP with imme-
diate forwarding, which implies a strict scheduling in
the next time frame, namely, a data packet received in
time frame ¢ should be scheduled for transmission on
time frame ¢ + 1. However, a more flexible scheduling
called non-immediate forwarding can be used, see the
discussion and analysis in [12]. Non-immediate for-
warding is interesting since it may change the analysis
and results presented in this manuscript.

e How to handle network failures in order to minimize
the disruption to real-time group multicast. Specifi-
cally, to study network fault detection, diagnostic, and
recovery, while maintaining the integrity of each one
of the multicast groups.

e How to dynamically change the membership in the
real-time group multicast, namely, how to realize run-
time join and leave operations and how they affect
system performance. Such operations are not trivial
since they may require changes to the group topology.

e How to combine real-time group multicast with reli-
able group (many-to-many) multicat (e.g., with the
scheme described in [19]).
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“Time-Driven Priority” flow
In IEEFE

A Notation

The following notation has been used throughout the pa-
per.

CBT core based tree.
D§ network delay bound over the structure 3 implement-

ing the multicast method «. The structure can be
either a ring (8 = R), or a general topology tree
(8 =1T), or a core based tree (8 = CBT). The mul-
ticast method can be one of static (a = S), dynamic
(a = D), or adaptive (o = A).

D, maximum buffering time, expressed in number of time
frames, experienced by packets into the buffering node
on a ring used for dynamic and adaptive multicast.

h(n) the height, measured in number of links, of the sub-
tree rooted by n. In general h(n) = o(log N).

H = max,¢cp h(n) is the diameter of the tree.

k number of TF's in a time cycle.

L set of unidirectional links of a tree.

M as the set of nodes participating to the multicast group.

N as the number of members of the multicast group, i.e.,
the cardinality of M.

N, as the number of sources in the multicast group; these
are also said active nodes.

M, as the set of active nodes participating to the multicast
group.

B as the total number of TFs per time cycle that active
nodes of the multicast group M use for transmitting
their packets.

b as the number of TFs per time cycle assigned to a single
active node. Without loss of generality we consider
that active nodes fairly share the bandwidth allocated
to the multicast group and thus b = B/A.

RF Resource allocation over the structure 3 implementing
the multicast method a. The structure can be either
aring (8 = R), or a general topology tree (3 = T), or
a core based tree (3 = CBT). The multicast method
can be one of static (& = S), dynamic (o = D), or
adaptive (o = A).

p5 Reservation ratio over the structure 8 implementing
the multicast method «. The structure can be either
aring (8 = R), or a general topology tree (3 = T), or
a core based tree (3 = CBT). The multicast method
can be one of static (& = S), dynamic (o = D), or
adaptive (o = A).

TDP Time-Driven Priority.

TF Time Frame.

T} as the duration of a TF.

T; the set of links constituting the subtree induced by link
l.



