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Abstract. Multicast delivery saves bandwidth and offers logical ad-
dressing capabilities to the applications. The receivers of a multicast
group need to differentiate cells sent by different sources. This demulti-
plexing requirement can be satisfied in an ATM environment using mul-
tiple dedicated point-to-multipoint virtual channel connections (VCs),
but with certain shortcomings. This paper discusses an alternative rese-
quencing model to solve this problem. It scales well in large networks.
Three resequencing methods are are developed and simulation results
reported. The strategy is useful for applications spanning large regions
where it is desirable to mix streams of cells from different bursty sources
onto the same virtual channel. *
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1 Introduction

It is important for future ATM networks to have multicast capability, as they will
support such applications as teleconferencing and information distribution ser-
vices. Applications based on multicast have two major advantages over unicast:
logical addressing and bandwidth savings [Deering]. With logical addressing, an
application uses a single multicast group address to send and receive data. It is
not necessary for senders and receivers to know the number or location of group
members. Multicast provides significant savings in bandwidth because the sender
transfers only a single copy of the data. Data cells are not replicated until they
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reach a branching point in the multicast delivery tree, at a location closer to the
destinations.

The results of research and experimental implementations of multicast in
IP networks have demonstrated the benefits of supporting multicast in public
data networks [RFC1112] [MOSPF]. Although it would be desirable to adopt
the implementation approaches successfully used in IP networks, the differences
between an ATM network and a conventional packet switched network make it
difficult to directly map multicast models for IP into ATM networks.

In IP networks, for a multicast group having N senders, N multicast delivery
trees are established, each tree delivering packets from a source to all desti-
nations in one-to-many fashion. Each IP packet carries a source address and
a destination (i.e. multicast group) address in its header [RFC1112]. To route
multicast packets both destination address and source addresses are used for
lookup in the routing table. A receiver uses the source address field of the IP
header to distinguish packets from different senders. Thus multicast packets can
be arbitrarily intermixed with each other on the forwarding path.

ATM, however, is a connection oriented technology, in which connections
must be explicitly setup before data can be transferred. An ATM connection
can be viewed as a cached route [LLR], in the sense that each cell carries only
a small routing tag — the virtual path identifier and virtual channel identifier
(VPI/VCI). Unfortunately, if cells from different sources are multiplexed onto
the same virtual channel, they will carry the same routing tag, or VPI/VCI,
upon arrival at a receiver. There is not a straightforward way to distinguish cells
sent from different sources. This is often referred to as the cell demultiplexing
problem. Although several solutions have been proposed, they have shortcomings
and, most importantly, they do not scale well.

This work proposes a solution that both solves the cell demultiplexing prob-
lem and scales well. The following section describes currently proposed solutions
to ATM multicasting and discusses their shortcomings. The third section devel-
ops the proposed resequencer model. In section four, simulation results for the
performance of several different methods of resequencing are presented.

2 Strategies for Implementing Multicast in ATM

The cell demultiplexing problem can be avoided if one VPI/VCI is used for
each source. In this case, each multicast VPI/VCI is a one-to-many connection
representing one multicast tree and is independent from other VPI/VCI’s. Each
tree can be optimized according to some criterion such as least delay or least
cost.

The VPI is an 8-bit field in the cell header. If it is used to identify a multicast
group, it restricts the number of multicast connections to even less than the
number available with VCI’s. In addition, VP switching may be used to bundle
large number of VC connections, or to separate VCs of differing quality of service
classes. Therefore, we assume that the VP will not be available for use as a
multicast tree identifier. For the remainder of this discussion we refer to the use



Fig. 1. One-vc-per-source multicast model

The one-ve-per-source strategy is compatible with the current IP multicast
models [RFC1112], provided that the switch signaling mechanisms have access
to the installed IP multicast routing tables [LLR]. The scheme is useful for (a)
applications with small numbers of sources; (b) local multicast groups where
there is not a shortage of VCs relative to the demand; and (c¢) applications
where all sources continuously transmit (e.g., video).

However this scheme uses a large number of VCIs and therefore does not
scale well to networks with many nodes and large numbers of long-lived multicast
groups.

In particular, the scheme has a number of limitations. The number of vir-
tual channels is too limited to accomodate a sizable number of large, long-lived
groups. Furthermore, if bandwidth is reserved or allocated on a per VC ba-
sis, the large number of VCs resulting from a multcast group will quickly use
up the available bandwidth. Similarly, In the public network, if the cost of cell
switching depends on the number of virtual channels, the additional VCs used
in per-source-VC will be a costly disadvantage. In addition, since each sender
defines a tree, when a new receiver joins a group, it must be added to all existing
trees.

It is important for ATM multicast to scale to large size. Applications involv-
ing hundreds, or even thousands, of end users globally are not too far distant.
Thus it is desirable to explore alternatives in which the number of available VCs
in a switch or host interface is not an upper bound on the number of sources an
application can support.

Recently several models have been proposed for ATM multicast, aimed at
solving the VC depletion problem, and achieving high throughput and scalability
[BGD] [GRELYL] [SBO] [KPP]. One proposal [GRELYL] is for all sources in



a multicast group to share one virtual channel, and to use collision detection
techniques, such as Aloha, to avoid intermixing cells from different sources. The
CRC will detect when a cell is out of order, i.e., not from the same sender, and
the sender retransmits. In this scheme, the common virtual channel is treated as
a shared media, similar to an ethernet cable, with some of the same advantages
and disadvantages ethernet has. The scheme is useable for local, low bandwidth
and non real-time applications.

In another scheme [BGD], an identifier in the ATM payload field is used to
distinguish cells from different sources. It is not clear how simple or complex
the procedures for negotiating unique identifiers among sources would be. This
scheme was developed for AAL4 in which there is a MID (multiplexing ID) field
in the cell information header. However, currently many developers of ATM
plan to use AAL5 [SEAL] which does not have such a demultiplexing field in the
header. In any case, the width of the MID field, which is 10 bits, puts a limit on
the number of sources allowed in a group. Another cost is that the host interface
is required to have additional demultiplexing hardware.

3 The Resequencer Solution to Multicast

The scheme we introduce solves the VCI depletion and bandwidth allocation
problems without requiring specialized bandwidth allocation schemes for certain
common cases of multicast. The traffic classes for which this approach is well
suited are: (a) transmission per source is not continuous, (b) small to modest
size PDUs, (c¢) large multicast groups. First we describe the basic resequencing
strategy, followed by several extensions and refinements to the basic idea. Next
we present a group tree model which extends the scheme to a larger network.

3.1 Resequencers

To achieve better bandwidth sharing without complicating the VC-based re-
source management mechanisms, and to avoid the VC availability dilemma, cells
from different sources are multiplexed onto a single VC. A designated source in
the group is elected as a resequencer. All other sources send their multicast ATM
cells to the designated resequencer, which buffers incoming cells from each source
before all cells of a PDU are received. After the last cell of a PDU has been re-
ceived, the resequencer forwards all cells of that PDU onto a single outgoing VC,
without interleaving it with cells from other sources.

Note that the outgoing VC of the resequencer is a point-to-multipoint con-
nection. Cells are duplicated at the branching point(s) and the order of cells is
preserved across all links in this one-to-many connection. If a sender is also a
receiver, there is a branch of the one-to-many VC leading back to the sender.

Although this single resequencer scheme provides the benefits of multicast, it
has several problems. The processor and link speed of the source designated as
a resequencer could become a bottleneck. Choosing the resequencer is complex,



and there may be situations where no ideal selection of designated resequencer
exists. This scheme is best when all senders are close to the resequencer.

To extend the scheme to accommodate the case where members are spread
over different regions, and each region has many members, members in each
region elect a source to act as a resequencer for local senders. A one-to-many
VC is created for each resequencer which delivers cells to all other resequencers
of the group, and cells are therefore delivered to all receivers. The number of
VCs required is now reduced to the number of participating regions, instead of
the number of sources (N one-to-many VCs for N resequencers).

To make the scheme more efficient, resequencing can be done in switches
instead of in hosts. Normally switches sustain higher aggregate cell rates. To
participate in multicast, the host only needs to know the address of its nearest
multicast resequencer. In a local area ATM, the location of a multicast rese-
quencer can be either statically assigned, or dynamicaly discovered, so that the
native nodes are kept updated about the available multicast servers. To avoid
long call setup latency, the resequencer information can be cached in the host.
This approach eliminates the necessity of going through a decision process to
choose a host resequencer.

3.2 Multicast Group Trees

Our final refinement of this approach is to further reduce the number of VCs
maintained for a group. We do this by building a group tree instead of per-
source (or per-source-region) rooted trees. Connections among the resequencers
are bidirectional. A resequencer serializes all cells destined for a common group
and duplicates them onto the appropriate outgoing ports with correct VPI/VClIs
— some lead to other resequencers, some go to local members. Figure 2 depicts
a group tree of resequencers and receivers. The group tree is a delivery path in
common for cells from all sources. As Figure 2 shows, each source establishes a
point-to-point connection to its resequencer and sends cells towards a multicast
group along that connection, as if it were a unicast destination.

Either point-to-point or point-to-multipoint connections can be used to dis-
tribute cells from a resequencer to its local receiving members, depending on
support from the local network. If a member is both a sender and a receiver, a
bidirectional point-to-point connection is used. The connections between s2, s3
and Resequencer M2 in fig 2 are such examples. To reduce the bandwidth used
in local multicast cell delivery, local switches must support point-to-multipoint
connections. The connection between resequencer M3 and r0, rl and r2 in fig 2
is such a point-to-multipoint connection, where r0, rl and r2 are all receivers
4 Note also that there may be many “pure” ATM switches between any two
resequencers, and between any resequencer and its local members. The paths
drawn in figure 2 are logical channels.

* Note that it is not suggested to replace the reverse channels of s2 s3 and s4 with a
single point-to-multipoint connection, unless the senders don’t care if they receive
duplicated cells looped back by resequencer M2.



Fig. 2. The resequencer and group multicast tree model

3.3 Discussion

The resequencer approach requires algorithms different from those used for IP
multicast to compute the group multicast tree. The tree will not be optimal
in terms of shortest path or least delay. However, suboptimal solutions should
suffice for a number of applications [KPP] [CBT].

Since this resequencer and group tree model can be built upon one-to-one
and one-to-many virtual channel connections, it can coexist with the one-ve-per-
source model. An application can choose one of the two models. For example,
video applications where sources transmit continuously may choose to use the
one-ve-per-source model, whereas video conferencing with compressed streams
and multiple changing sources may choose the resequencer approach. The re-
sequencer and group tree model is also flexible in that it works both with and
without point-to-multipoint virtual channels. The difference is in the bandwidth
savings of the local cell delivery paths. This approach turns out to be especially
well suited for voice conference applications, where one bandwidth allocation for
the whole multicast group may be sufficient and is independent of the number
of sources. In an audio conference, it is unusual to have multiple simultaneous
transmitters. Usually only one or two persons speak at a time, as is consistent
with higher level human protocols.

In order to setup and maintain the group tree, a higher layer protocol —
either a network layer protocol or a call control level protocol, is needed. Differ-



ent protocols may be appropriate for this purpose. One possibility is to adapt
Deering’s host membership protocol and multicast tree setup protocols [Deering].

The resequencer and group tree multicast model has a nice scaling property.
Only one virtual channel is needed for each receiver to receive cells from all
sources. When a new member (be it a sender or a receiver or both) joins, it only
needs to do the setup necessary to reach a resequencer already in the group. The
operations of join and leave are inherently local, growing a branch or chopping
off a branch does not have to involve a distant part of the tree.

Two performance parameters, maximum throughput and delay, will be used
to assess the resequencer and group tree model, and will determine the range of
applications of this model. Different implementation methods result in different
maximum throughputs ranging from tens of megabits per second to that ap-
proaching the maximum unicast rate. We will show in the next section that as
the needs for higher speed multicast service appear, there are ways to increase
the maximum throughput without changing the end system.

4 Three Approaches to Resequencing

In the resequencer and group tree model, resequencers are the crucial compo-
nents that determine performance. We describe three different schemes for re-
sequencing cell streams from different sources: in software at the network layer;
in hardware; and an optimized hardware scheme. The performance of these ap-
proaches is evaluated with respect to throughput, delay and delay jitter.

Software Resequencing Multicast cells from the same source can be reassem-
bled at the resequencer in the same way that signaling messages are reassem-
bled. An ATM switch with signaling capability has associated CPU and memory
to process and forward signaling messages [Q.93B]. Similarly for resequencing
of multicast cells, the reassembled PDUs are passed to the control processor,
which makes routing decisions by inspecting the address field in the header of
the PDU. The forwarding process is shown in figure 4(a). The route lookup and
PDU forwarding are done in software, similar to a datagram router.

To examine performance, as shown in figure 4(b), the cell forwarding delay
can be decomposed into three parts: (1) the delay to collect cells of the PDU;
(2) the delay due to the route lookup algorithm; and (3) transmission delay.
> We observe that the cell collection time and transmission time of consecutive
PDUs can be overlapped. Therefore, route lookup is the dominant factor affecting
throughput.

With certain optimizations in the implementation, the software forwarding
scheme can achieve high throughput. Consider a switch equipped with a 50
MIPS processor. Assume its multicast routing table has 1000 entries and it

® PDU queuing delay needs not be considered here, if we assume no congestion.



Fig. 3. Software PDU forwarding

takes about 1000 instructions to forward one PDUS. The per PDU route lookup
and forwarding time will be ~20 ps. For 256-byte PDU, this corresponds to a
maximum throughput of 100 Mbps, if the cell collection times and transmission
times of consecutive PDUs are completely overlapped.

The delay experienced by each individual PDU depends on a number of fac-
tors. In the one-ve-per-source model, a PDU is not reassembled until reaching an
end host. Using the software resequencing method, a PDU has to be reassembled
in every resequencer it passes. The additional delay is the sum of cell collection
delays and routing delays the PDU experienced in all resequencers along its
path. The PDU cell collection delay depends on the PDU size and link speed.

Figure 4 shows the PDU cell collection delay under different link speeds and
PDU sizes. Multimedia applications with delay jitter or other real-time require-
ments tend to use small packet sizes, between 128 to 256 bytes. Even with larger
PDU sizes (1000 Bytes) and slower link speed (155Mbps), the worst case aggre-
gate reassembly and routing delay in the above example can still be less than

6 This is a rough estimation. If the operating system in ATM switches are better
designed for communication protocol processing, the number of instructions would
be smaller.



~7.Tms, if less than 100 resequencers are involved in the longest path.
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Fig.4. PDU reassembly delay

Thus the performance of the software resequencing method, in terms of speed
and delay, is good for applications requiring less than 100Mbps and involving less
than thousands of regions — provided the longest path of the multicast group
tree has less than a few hundred resequencers.

Hardware Resequencing When higher throughput is required, we propose
a method using hardware support in the switch. Instead of a software route
lookup, multicast cells can be forwarded directly by hardware switch fabrics
using mechanisms similar to that used for forwarding point-to-point connection
cells. Incoming VCs carrying multicast cells are treated separately from those for
normal point-to-point connections; they are queued in buffers, neither forwarded
nor reassembled. The switch monitors the End of Packet (EoP) cell. When the
EoP cell arrives, the hardware dumps all cells in that PDU back-to-back onto
outgoing links.

Hardware resequencing requires extra buffers and buffer management mech-
anisms in the resequencing switch hardware. The amount of buffer required
depends on a variety of factors, including the PDU size, traffic characteristics,
congestion control algorithms, etc. We can estimate the number of buffers re-
quired by a resequencer in the restricted case assuming no congestion and that
sources obey negotiated resource allocations. In this case, a switch has sufficient
bandwidth to carry the incoming traffic, and the queue size for each incoming
VC should not grow beyond 2 PDUs. More buffer space is needed only when
there is congestion. If the maximum number of active multicast groups is N, the



maximum number of active source streams coming in to a resequencer for each
active group is S, and the maximum PDU size used by all multicast sources is
P, the maximum amount of buffer required in a resequencer is 2 x N x § x P.

Optimized Hardware Cell Forwarding The third method is an optimiza-
tion of the second. When the resequencer receives the first cell of a PDU from
a source, if there are no cells from other sources queued or being forwarded,
it directly forwards all cells on the outgoing links without queuing them first,
until it forwards the End of Packet cell. During the forwarding action, if cells
from other sources arrive (i.e., on other incoming links), they will be queued and
processed according to either the software or hardware resequencing method.

To reduce delay variance, after an EOP cell has been sent, the switch should
try to process queued cells before processing newly-arriving cells. These latter
cells are queued.

This optimized scheme is particularly suited for certain applications, such as
voice conferences, where normally only one or very few participants are actively
transmitting to the group at the same time. Both queuing time and route lookup
time for the preferred groups are eliminated. This scheme achieves almost the
same cell delivery throughput and delay as one-ve-per-source method, however
it uses only a single VC for the whole group. This method is less suitable for
groups with many members simultaneously transmitting data at a constant rate
to the group.

5 Simulation Studies

Since this model is targeted towards applications with real-time constraints, we
have built an event driven simulator to study the cell forwarding delays and
delay jitters. End-to-end delay and variance are dependant on per switch delays
and other parameters. We simulate and measure the switches under different
traffic conditions and with each of the resequencing methods described.

The simulator uses a queuing model to characterize the behaviors of different
buffers in a switch. The input queues buffer incoming cells; the PDU queue is
used by the software resequencer to save reassembled PDU’s before route-lookup;
the output queues store outgoing cells when the cell arrival rate is larger than
the link speed. For simplicity, a FIFO algorithm is used to schedule the resources
whenever competition occurs. The link speed, link delay, network connectivity,
software PDU forwarding speed, end-to-end route, and multicast group informa-
tion etc. are entered by the user and stored statically.

A simple traffic model has been used to approximate Audio/Video style traffic
sources in the simulations. The traffic model assumes that each source generates
data at a constant rate, and every t seconds, a PDU is ready to send. Then the
PDU is chopped into ATM cells and sent onto the network at the link speed,
while at the same time the application (slower than the network) is generating
data for the next PDU. The source stops generating data after sending several



PDU’s and stays silent for a randomly selected period of time. Then it starts
sending again.

A link during the interval between delivery of two consecutive PDUs is like
a vacuum. This partially explains why in the following simulation, even when
the total active sending time of all the relatively slow members of the group
exceeds 100%, the delay caused by resequencing different PDU’s in collision is
not very significant. Of course, there is a chance that the number of collisions can
be larger if the slow sources together with the link delay make different PDU’s
frequently arrive at a resequencer at the same time.

A fully connected 17-node network (including 11 hosts and 6 switches) was
constructed. A total of 10 multicast groups were created. The resequencer switch
located at the network bottleneck location was setup for measurements. Figure 5
shows the distributions of the cell delays across that switch. The same traffic
sources are used for the three runs with different resequencing methods. The
measured path has four sources sending to the same group and whose percent-
age of time actively sending are 80%, 50%, 50%, 30%. Although the source rates
are below the saturation point, they do collide inside the resequencer and get
queued and reordered on exits. The tails of the curves are caused by the queu-
ing delays. The horizontal distance between the Hardware resequencing curve
and the software resequencing curve reflects the route look up delay (20 us).
The horizontal distance between the optimized and the hardware resequencing
curves reflects the cell collection time (related to link speed and PDU size). The
differences in heights of the three curves depict the fact that the more time a
PDU spends in a resequencer, the more chance it may collide with another PDU.
The widths of the delay distribution curves shows the jitter the cell experienced.

Most of the sources simulated use 20-cell PDUs, except for one that uses
smaller 9-cell PDU, and one that uses larger 30-cell PDUs. With larger PDU
sizes, the curves in the picture will move horizontally. Curves 1 and 2 will move
towards the right, indicating larger cell collection delay, and more chances of
collision would occur. The lines at the measured resequencer are heavily utilized

at 50% to 90% of available bandwidth.

6 Conclusion

We have introduced a resequencer and group tree multicast model for multicast
over ATM networks and the traffic classes for which this approach is well suited.
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