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ABSTRACT

. Multicast Packet Switching
— Scheduling, Contention Resolution, Modeling, and Architecture

Xing Chen, Ph.D.
Concordia University, 1992

This dissertation offers a discussion of various aspects of multicast packet switch-
ing. It emphasizes the issues of call scheduling disciplines, contention resolution algo-
rithms, mathematical analysis and switch architecture. We review three call scheduling
disciplines, one-shot, SS call splitting, WS call splitting. and propose a novel scheme —-
revision scheduling, which would give an indication of the best delay-throughput perfor-
mance under input port queueing. We discuss the contention resolution algorithms by
first introducing some well known schemes then proposing two novel algorithms, a cyclic
priority access scheme with its combinational logic implementation and a neural network
based algorithm. The former features high speed operation, and is compact, reliable and
growable. The latter provides higher throughput and lower delay and demonstrates a
potential of optimal scheduling. We present some analytic tools of traffic theory for the
multicast switching system. We discuss the mathematical analysis of both the random
selection policy and the cyclic-priority input access scheme for one shot discipline.
Then, we introduce a general unified mathematical model for both one-shot and WS call
splitting input access disciplines, by using the matrix-geometric technique. We summar-
ize some proposed multicast packet switches, then propose a shared buffer memory
switch structure with maximum queue and minimum allocation, where a shared buffer
pool and a reserved buffer pool are allocated for switching and buffering the packets. We
estimate the size of buffer memory required for certain packet loss probability under both
balanced and unbalanced traffic pattern. The proposed switch accommodates multicast-

ing and priorities and has the modular growth capability.
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1. INTRODUCTION -

1.1. BACKGROUND

The information age had been characterized as a time of exploding demand for communica-
tions applications of all kinds. Thesz new demands create both great opportunities and difficult
challenges for suppliers of telecommunications services and equipment. Most attention currently
centers on Integrated Services Digital Network (ISDN). It is in the environment of changing user
needs, intelligent digital communication technologies, and declining costs that many of the

world’s telecommunications networks have begun to deploy ISDN.

Work on ISDN, or narrowband ISDN, has resulted in a standard for a digital line interface,
comprising two 64Kb/s circuit switched channels for voice and bulk data and a 16 Kb/s packet
switched channel for data and control information. But, the only integration possible is at the
level of physical packaging. It has become clear that these transfer modes can not efficientiy

mect the requirements for faster enhanced communications or multi-media communications.

An information transport network of next generation should be able to provide connections
in a wide range of bandwidth. Application. such as telemetry require just a few bits per second.
while video may require 100Mb/s or more. An information transport network should be able to
handle such extremes, as well as everything in between. New technology. most notably fiber
optics. has brought the broadband ISDN (BISDN) closer to reality. For example, using single-
mode fibers and single-wavelength lasers, data rate equal to 4Gb/s over 100 km without repeaters
has been achieved. While fiber optics technology provides the necessary bandwidth for transmis-
sion purposes, the creation of a network that can provide high bandwidth services to the users
remains a challenge. The bottleneck comes primarily from switching, which will carry all appli-
cations in an integrated fashion and offer the desired flexibility to handle the wide diversity of

data rate and latency requirement resulting from the integration of services.

The Asynchronous Transfer Mode (ATM) was proposed for BISDN to meet these require-
ments by combining the high-speed capability of the circuit mode and the flexibility of the packet
mode. ATM specifies fixed-size packets comprising 48 bytes of data and 5 bytes of control infor-

mation each. Many line speeds are also specified, with nominal rates equal to 155.52Mb/s
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(required for digitized HDTV). and 622.08Mb/s. The various architectures for such fast packet

switches have been reported and were surveyed in [1].

In BISDN, the services will be very diversified. Such diversity of services demands not
only point-to-point communications but also multipoint communications. Therefore, ATM
switching networks, the essential component in the network, should be able to provide the multi-
cast function. The term multicast would appear to be derived from the term broadcast and means
concurrent data transmission to a restricted set of recipients. We shall use the term unicast to

indicate the point-to-point connection.

The idea of multicast first appeared in the early 1980s. It was expected to make point-to-
multipoint communication less complex. lead to greater concurrency and decrease network load.
This would benefit a wide range of applications: resource location in the presence of multiple
servers; updates of, and information retrieval from, replicated databases; replicated procedure
cells; majority voting systems; distributed parallel computation; routing table dissemination; dis-
tributed games; commercial television distribution; voice or video teleconferencing; and clock
synchronization. So far. multicast has still not become a standard facility, but is very much ahve

as a research topic.

1.2. MULTICAST PACKET SWITCHING

Multipoint connections could be accomplished by creating multiple copies of the packet at
the source node. each destined to one of the desired destinations, and routing the copics indepen-
dently. Altemnatively, multicast routing may be achieved by requiring the switches in the net-
work to have the capability to replicate a packet at several of their output ports, according to
information provided for that purpose, thus reaching the multiple destinations from a single
packet originating at the source. This mode of operation results in lower traffic throughout the

network and gives birth to the ATM multicast packet switch design.

1.2.1. Addressing of a Multicast Packet
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Addressing is one of the key functionality for multicasting communication. A multicast
address is the most general form of an address. Common special cases are unicast and broadcast
addresses. Whereas the latter may be realized comparably easily in almost all types of networks.

multicast addressing turns out to be quite tricky.

In ATM, all information is conveyed through the network in fixed-size packets. Figure 1.1
shows the ATM packet format, as currently conceived by CCITT 1990 Recommendation 1.361
[2][3]. When a packet arrives at the input of the switch node, a destination address relevant to
local routing inside the switch is derived, based on its header information (mainly VCI). For a
multicast packet, it is impracticable to carmry all the addresses of the destinations to which the
packet is sent, resulting in too much overhead on the multicast packet. An easier way would be
that multicast packet only carries a multicast group address (or a multicast channel number) to
indicate the subset of destinations. A simple table look-up is usually used to decode the addresses
in the multicasting operation. Multicast group addresses need to be integrated into present

addressing standards. and be assigned, maintained and managed.

1.2.2. Multicast Packet Switch Fundamentals

The function of a multicast packet switch is to transmit an arriving multicast packet to a set
of destinations. Furthermore. it must be flexible enough to support unicast and broadcast connec-
tions as special cases. Like unicast switches, the NxN multicast switch? architecture has N input
ports (or input lines, or input links) where the traffic arrives and N output ports (or output lines, or

output links) where the traffic leaves as shown in Figure 1.2.

The multicasting operation usually comprises two sequential steps: the arriving packet is
replicated and the copies of the packet are routed to a set of output ports (Figure 1.3), while in
some cases, these two steps are completed simultaneously. In this dissertation, we address the

arriving traffic as the packet, and the leaving traffic as the copy without exception even for uni-

+ Itis not necessary that the number of input ports equals to the number of output ports. The
nonsquare NIXNQ switch, with larger fan-out than fan-in (NO2NI), would be appropnate in
some practical applications.
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1 2 3 4 5 6 7
1 GFC (4) VPI 4)
2 VYPI (4) VCI (4)
3 VCI{8)
4 VCI (4) PT (2) Res
5 HEC(®)
6
User information
(48x8)
53
byte
VCI  Virtual Channel Identifier
VPI  Virtwal Path Identifier
CLP Cell Loss Priority
GFC Generic Flow Control
PT  Payload Type
HEC Header Error Control
Res Reserved
Figure 1.1. ATM packet format

cast connections.

bit

In a multicast packet switch, there are two reasons for buffering. One is that the required

total bandwidth exceeds the capacity of the switch, that is the total number of destination

requests exceeds the number of output ports. The other is that the required bandwidth for a par-

ticular output line exceeds the capacity of the single output line. that is multiple packets request
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Figurc 1.3. An example of multicast switch

the same output port simultaneously. Buffering or queueing provides the means to regulate the

traffic and prevent the packet loss.

1.2.3. Definition of Throughput

In unicast switching, the throughput is defined as the average number of packets being
transmitted through the switch node per input/output per time slot, or as the utility of each output
line. The saturated throughput is defined as the throughput when all the input queues are 100%

full, or as the throughput when packet delay goes up rapidly.

As to the multicast switch, we have two possible definitions. One is the average number of
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copies being transmitted to output ports per output line per time slot. namely copy’s throughput
Since the generated copies are for different output ports. the saturated copy's throughput is
greater than that of the unicast switch. Another definition is the average number of packets being
taken from input port queues per input line per time slot, namely packet's throughput, which 1s

much lower than that of the unicast switch because each packet may generate several copics.

In this dissertation. we shall only use the latter. packet's throughput. simply called
throughput. Because the most interesting value of throughput is the saturated throughput, rather
than the evolution of the throughput with the change of packet arrival rate, we shall evaluate the
switch by showing only the delay-throughput performance, from which the saturaied throughput

can be read explicitly.

1.3. INTERESTING ISSUES

Multicasting does not only bring promising services, but also raises new research topics
which do not arise in unicast switches. The output port conflicts when muluiple packets request
the same output port concurrently is present in both unicast and multicast cases. Therefore,
queueing is required in order to avoid packet loss, in any type of switch structure. In most cases,

the queue is located either at the input or at the output of the switch.

If we assume that the switch fabric runs at the same speed as the input and output lines,
only one packet can be accepted by any given output linc during a time slot, and other packets
addressed to the same output must queue on the input lines. Under this assumption, it has been
shown that a unicast switch has a maximum throughput of 58.6% of switch capacity, regardiess
of the contention resolution mechanism [4}(5]{6]. However, in the multicast switch, we may con-
sider several different service disciplines in terms of scheduling the transmission of the copies of
the packet. Such a topic of call scheduling does not arise in unicast switches. We will sce that
different call scheduling discipline leads to different delay-throughput performance. Furthermore,
the delay-throughput performance can be improved by introducing an optimal contention resolu-
tion algorithm. Also, the exact mathematical analysis becomes more difficult because of header-

of-line (HOL) destination coupling and lack of a model to describe the copy distribution of the



1. INTRODUCTION - 8-

HOL packet.

In contrast, if the NxN switch fabric runs N times as fast as the inputs and outputs or has N
parallel paths so that any incoming packet is able to pass through the switch within a time slot.
then an output queueing is required instead of input queueing. In this context, the existing traffic
theory for unicast switching can be applied to multicast switching just by considering multicast-
ing traffic arrival process. Issues such as call scheduling, contention resolution are not present in
output port queueing scheme. Therefore. our interest tends to packet loss probability due to the

finite buffer resources for output queueing.

As far as the switch architecture is concemed. in point-to-point communication networks. a
switching system is able to connect any incoming channel to any outgoing channel. To support
multipoint connections, a switching system must be able to connect any incoming channel to any
subset of 1ts outgoing channels. Therefore, an extra network is needed, such as copy network in a
banyan-based space-division multicast packet switch [7}. multicast module and multicast bus in

knockout switch [8] and multicasting controller in shared buffer memory switch (9].

1.4. OUTLINE

The intent of this dissentation is to offer a discussion of various aspects of multicast packet
switching. The next three chapters emphasize the issues related to the multicast packet switch
with input po-1 queueing: call scheduling disciplines. contention resolution algorithms. and
mathematical analysis. Then, we spend one chapter to discuss the multicast packet switch archi-

tecture both with input queueing and output queueing.

Chapter 2 reviews three call scheduling disciplines, one-shot, SS call splitting and WS call
splitting. and proposes a novel scheme — revision scheduling. Ry comparison, revision schedul-
ing is most preferred as far as the delay-throughput performance is concemed. Taking into
account complexity of implementation as well as performance, each of the four categories does
not seem to have distinctive superiority over the others. There is a trade-off between the perfor-

mance and switch structure complexity.



1. INTRODUCTION -9.

Chapter 3 discusses contention resolution algorithms by first introducing some well known
schemes. After that, we propose two novel algorithms, a cyclic pionty access scheme with its
combinational logic implementation and a neural network based algonthm. The combinational
logic scheme features simple and high speed operation, in comparison with the other methods
such as the three-phase algorithr: {4] and the ring-reservation algorithm {6]. It is compact, reh-
able and growable. The neural network based aigorithm provides higher throughput and lower

delay and demonstrates a potential optimal scheduling.

Chapter 4 presents some analytic tools of traffic theory for the input port queue of the mulu-
cast switching system. In this chapter, we discuss the mathematical analysis of both the random
selection policy and the cyclic-priority input access scheme for one-shot discipline. Then, we
summarize two analytic models for WS call splitting discipline by Hayes and Hui, respectively.
Finally. we introduce a general unified mathematical model for both the one-shot and the WS call
splitting input access disciplines. by using matrix-geometric techniques. These results could
serve to model the multicast pachet switch and to predict the onset of congestion in the system
Although this chapter is devoted to the multicast switch, the analytic model can also be apphed

to other queueing problems.

In Chapter 5, we first summarize some proposed multicast packet switches, including the
banyan-based space-division switch, the knockout switch, the shift switch and the shared buffer
memory switch. Then we propose a shared buffer memory switch structure with maximum queuc
and minimum allocation, where a shared buffer pool and a reserved buffer pool are handled for
switching and buffering the packets. We estimate the size of buffer memory required for cenam
packet loss probability under both balanced and unbalanced traffic pattem. The proposed switch

accommodates multicasting and priorities and has the modular growth capability.

Finally, concluding remarks and directions for future research are given in Chapter 6.
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2.1. INTRODUCTION

We assume that the switch fabric runs at the same speed as the input and output lines, only
one packet can be forwarded to any given output line during a time siot. and other packets
addressed to the same output must queue at the input ports. Blocking is present in unicast
switches and is compounded in multicast switches, i.e. two or more input ports seek to send
copies to the same output port in the same time slot. Unlike the unicast switch with saturated
throughput 58.6% due to HOL blocking. the multicast switch does not have such a limit, in fact.
the throughput of the multicast switch is the function of copy distribution of the packet as well as
the traffic arrival rate. Not only that, under the assumption of input port queueing, we may con-
sider the switch performance for several different service disciplines in terms of scheduling the

transmission of the copies of the packet in case of output contention at the input ports.

A number of service disciplines were proposed and summarized in [1]. Of these the most
mteresting are the following three. One-shot scheduling requires all the copies of the same
packet to be transmitted in the same time slot. Strict-sense (SS) call splitting and wide-sense
(WS) call splitting allow the transmission of the packet to be split over several time slots. SS
specifies that each packet can send at most one copy to the destination per time slot; WS does not
carry this restriction. In this chapter, a novel scheme. revision scheduling, is proposed to mitigate
the HOL blocking effect by sequentially combining the one-shot scheduling and WS call splitting
discipline, which may give an indication of the best perforrnance under the assumption of input
port queucing.

For simplicity, we may use a matrix to describe the call scheduling problem. Suppose there
is a matrix where each row and each column correspond to the input line and output line of the
switch. respectively. The elements 1's stand for the copies of the HOL packets. In the transmis-
sion request matrix, /,, = 1 denotes the HOL packet at input i seeks to send a copy to output j. In
the casc of multicasting switching, each row may contain two or more 1's rather than only one 1
as in the unicast case. Since an output port may take only one packet in a time slot, each column

has at most once 1 being selected. Of course, one of them must be selected if there is at least one
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in the column. Obviously, there are a number of choices to fulfill this requirement. The criteria

for the four considered disciplines are set up with respect to the rows of the matrix:

1)  One-shot scheduling: the 1°s at the same row must be all selected or all ignored simultane-

ously,
2) SScall splitting: at most one 1-element can be selected from each row.
3) WS call splitting: no restriction on rows.

4) Revision scheduling: a sequential combination of a one-shot scheduling and a WS call split-

ting discipline.

Following are some examples for these disciplines,

11001
01000
000 O
01100
00110

Transmission request matrix
(1: copy request)

06000 $1001
01000 06000
00040 00060
01100 01600
00110 00110
One -shot §S call splitting
(M (2)
®100¢ 60000
06000 01000
000¢0 000¢0
01600 01100
00110 V010
WS call splitting Revision scheduling
(3) @

Call scheduling disciplines
(¢: accepted request 1: rejected request)

These scheduling schemes have their own advantages and disadvantages, based on delay-

throughput performance and implementation consideration. This chapter introduces schematic
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structures for each category of scheduling. The complexity of several implementations is

addressed. The simulations were carried out for the comparison of performance.

The remainder of the chapter is organized as follows. Section 2.2 describes four call
scheduling schemes and their implementation considerations. A performance comparison by
simulation for these four schemes is presented in Section 2.3. Section 2.4 contains the conclusicn

of the chapter.

2.2. SCHEDULING AND ITS IMPLEMENTATION CONSIDERATIONS

Previous studies showed that the delay-throughput performance of the unicast switch does
not depend on the way of selecting winning packet from the conflicting packets. However, in the
case of multicast switching, our results show that a different call scheduling discipline does pro-
vide different performance. In particular, we will show that simple revision scheduling achieves
the best performance ameng the all concemed. Here, we are going to define these scheduling dis-

ciplines.

2.2.1. One-shot Scheduling

In the case of the one-shot scheduling. all copies of the same packet must be switched in
the same slot. If 5i ieast one copy los=s the contention for an output port, the whole packet must
wail in a queue and try again in the next slot. This strategy favors the packet with less copies.
The packet with more copies will be blecked more often than that with less copies, because of

simultancous output contention.

The one-shot discipline can be implemented by a serial combination of an input buffer
memory. a copy network (2] and « routing network, as depicted in Figure 2.1. A ceniralized con-
troller is used to regulate the input traffic. Copy requests of the multicast packet will be con-
sidered before these packets enter the copy network. Any selected packet should pass through
the switch within a single slot; accordingly. no buffer is needed between the copy network and
routing network. Two implementation examples of this scheme are the cyclic-priority input

access scheme and the neural network based scheme.



2. MULTICASTING SCHEDULING -1

h
.

Centralized
Controller
] ——» 7} i = ——n > ]
2 . B Copy Routing =2
: : Network Network :
N —s TIT— —s — N

Figure 2.1. Concept of one-shot scheduling

The cyclic-priority input access scheme is a derivative of ihe token passing ring. and is a
simple input access scheme to handle the contention resolution problem. Instead of token ring
passing, the cyclic-priority input access scheme can be implemented by a simple combinational

logic circuit which will be described in Section 3.2.

The neural network based contention resolution mechanism allows us to select. from all
HOL packets in input queues. a particular set of packets as inputs of copy network. which
ensures contenticn-free access to output ports and maximizes packet throughput. The detailed

discussion will be seen in Section 3.3.2.

2.2.2. SS Call Splitting

A contrasting discipline under consideration is SS call splitting scheduling. In the case of
the one-shot discipline, even if only one copy loses the contention, the whole packet (all its
copies) is blocked. Obviously, this degrades the utilization of the output lines and suggests that
we can transmit copies independently. But, each input can send at most one copy into the switch
fabric per time slot, assuming that there is only one line connecting each input pont and the
switch fabric. The packet with residual copies continues to contend for output ports in the fol-

lowing slots until all of its copies have been transmitted. Obviously, at least C slots are needed 10,
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Figure 2.2. A switch fabric for SS call splitting scheduling

transmit a packet if it has C copies.

As mentioned in Chapter 1. a multicast packet only carries a multicast channel number
(MCN) to indicate the subset of destinations, rather than carry all individual destinations of the
copies resulting in too much overhead on the multicast packet. A simple table look-up is usually
used to decode the addresses in multicasting operation. Therefore, it is difficult to relabel the
multicast packet with residual number of copies in order to prevent both the reduplication and
ignorance of the destinations. One way of implementing this is that the copies of a packet are
served in a prescribed order [1] so that the switch only sees one copy of a packet at a time and

operates as in unicast fashion. The another implementation is to reproduce the HOL packet
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before the splitting transmission so that the switch is able to see all the copies of the HOL packet
simultaneously. This scheme is functionally shown in Figure 2.2. The multicasting operation is
implemented in each input queue by shifting the HOL packet into a set of paralle! buffers
corresponding to its multicast destinations, as depicted in Figure 2.3. MCN is taken as the pri-
mary key of the multicasting table. Each cell of the table consists of N bits to indicate the
corresponding destinations by 1's. The destination addresses of the copies are au’~matically
added to the messages in the individual buffers. A centralized controller to select contention-free
copies will be discussed in Section 3.2. No special copy network is neceded. When all the buffers

are cleared. the next packet will be shifted in.

Multicast Table

data |MCN -A
packet format > > 1

input queue
B e
HOL
packet

—-&——. ot N

copy’s
buffer

Figure 2.3. Mulucasting operation
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Again, an optimal selection policy is sought. We will use neural-network-based input

access method to deal with this problem in Section 3.3.4.

HOL packet

copy's
packet buffers
queueing

Asbiter e ]

Arbiter  ——

YYTYYY

N— Arbiter e N

Figure 2.4. Concept of WS call splitting scheduling

2.2.3. WS Call Splitting

SS call splitting results in throughput degradation in light traffic case. Although there may
be a case that only one active input line and all the output lines are free for that packet, only one
copy can be accepted at a time, so that the utility of the output line is not sufficient. Thus, the
third discipline we are interested in is WS call splitting. We allow more than one copy from the

same packet 1o gain access 1o output ports simultaneously as long as those output ports are free.

et
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Full use is made of the output lines since an output line is used as long as therc is at least one

copy in the HOLs destined for it.

L

% _
=Tu

] —-

- = w o >

=

copy's
buffer

...................

Figure 2.5. Cross-bar structure with WS call splitting scheduling

The concept of this discipline is illustrated in Figure 2.4. N arbiters are used in place of a
routing network. Each such arbiter sees all copies that are proceeding to the corresponding output
and selects one of them randomly (or according to some ru'e). This scheme can be viewed as a
derivative of the crossbar switch with input buffering and centralized output arbiters, as depicted

in Figure 2.5. N copy’s buffers of the HOL packet at an input port are distributed over a row of N
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crosspoints. When all the buffers in a row are cleared, a new packet is multicast along the bus
connecting to N copy's buffers. The transmission of the copies of the packet will be dispersed

over several time slots.

Selector
Network | = € meeeeoa

2—>_"T F—+ Copy [—=__IT. > Routing |2
: ' .

: ] i
. ! '
: E Network : Network
- ) -
N —= "1} o 1 e _—
packet's COPY'S b mccemme '
buffer buffer

Figure 2.6. Lee’s multicast switch

Another implementation was suggested by Lee [3] (see Figure 2.6), where the HOL packets
are duplicated, and blocked copies arc kept in buffers between copy network and routing network
to prevent message loss. The overflows of the copy network are prevented by using selector net-
work and the output contention is resolved by employing a three-phase algorithm [4]. In a sense,
this is a true call splitting scheduling, since the copies queueing at the buffers have lost their
association with the input packet. Hence, the FIFO principle for incoming packets has been lost

as well.

-2.4. Revision Scheduling— A Novel Scheme

As we know, output queueing performs better than input queueing although it may require
more complicated designing. It is HOL blocking that causes throughput degradations in input

queucing schemes. To mitigate this phenomenon, we try to get as many packets through as
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possible so that the packets behind the HOL packets can join the contention in the next slot. For
example, in the sense of WS call splitting. the following two choices illustrated below are
equivalent. But, (b) is potentially better than (a) because three new packets in (b will participate

in the contention in the following slot. while there will be only one new packet in (a).

90100 000009
01000 06000
06001 01001
000¢0 00060
01600 01100
(@) (b)

The novel service discipline which operates in this fashion is called revision scheduling,
the purpose of which is to maximize the number of packets getting through and the number of
output lines being busy simultaneously. We first select packets according to one-shot discipline
until all remaining packets interfere with the selected packets. Then, we lift the restnction of the
one-shot rule. to allow the individual copies of the remaining packets to contend for the remain-
ing output channels. The packets with residual number of copies. called residual packets, would
contend for outputs with fresh packets altogether in the next time slot. Obviously, in a specific
time slot, revision scheduling is the same as WS call sphtting in the sense of utilization of the
output lines. Simulation will show us that the overall delay-throughput performance of revision

scheduling is better than WS call splitting scheme.

With the cyclic-priority input access scheme, the revision scheduling can be implemented
by circulating the token two times around a ring connecting the N input ports. At the token's hrst
visit to the input port, the reservation must be made for the whole packet according to the one-
shot rule. At its second visit to the input port, the remaining HOL packets will make reservations
for their copies following the WS call splitting discipline. There are two main difficulties in the
implementation. One is that some additional control functions are required for identifying the
subset destinations of the remaining packets, which might cause complicated control functions.
The other is that the speed limit prevents tokens from visiting all input port two times when the
switch size increases. To overcome these difficulties, we can use a cross-bar structure and coor-

dinate the arbiters by using combinational logic circuits.
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2.3. PERFORMANCE COMPARISON BY SIMULATION

We have discussed four categories of call scheduling and their implementation considera-
tons. Simulations of the four disciplines were carried out. Once the contention happens. a ran-
dom selection policy is used to make a choice. The packet delay and throughput were deter-
mincd as tne basic performance measurements of the scheduling schemes. It is assumed that the
arrival of packets to the input is described by a Bemoulli process and each packet generates
copies according to independent Bemoulli trial on each output pont, with success probability p.
This particular distribution was chosen because it provides a way of generating multiple copies
which is easy to implement in a simulation. In any case, our focus is upon the comparison of a
number of service disciplines. There is no reason to believe that this distribution and random
selection policy would lead to contradictory results with alternative distributions and policies.
The simulation results for a 32x32 switch are shown in Figure 2.7, where c is:  + erage number
of copies generated by a packet. We choose the 32x32 switch here tecause it is supposed to be a
module of the configuration of the large size switch. The conclusion made from the plots are also
true for the switch with various sizes. Simulations were run over 10° slots for each value of A and
p considered. The mean values are within 19 of the true mean with 95% confidence. A brief

introduction of the simulation program can be seen in Appendix 2.

As a reference. we plotted results for a output queueing scheme which is required when the
NxN switch fabric runs N times as fast as the irputs and outputs or has N parallel paths. All
arrival packets and their copies will be transferred to a set of queues corresponding to their desti-
nations at the slot immediately after their arrival. There is no queueing required at input port,

since there is no more than one packet arriving per slot per input link.

The one-shot discipline bears the most stringent restrictions on scheduling so that the

saturated throughput is the lowest among the four. However, it is simple and easy to implement.

The SS call splitting discipline relaxes the one-shot restriction in the heavy traffic case. But,
it seems rigid in the light traffic case and results in degradation in the performance. Even if there

is only one HOL packet, C time slots are still needed if the packet has C desired destinations.
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The SS call splitting discipline does not require the copy network, however, it does need distri-
buted duplicating operations.

The WS call splitting pursues full use of the output lines, hence achieves higher throughput.
It has the same complexity as the crossbar switch does. It is HOL blocking that prevents it from

yielding the throughput which the output queueing scheme can provide.

Revision scheduling seeks to mitigate the HOL blocking by trying to get as many packets
through as possible while insuring full use of the output lines. This discipline would give an
indication of the best performance under the assumption of input port queueing. The switch
structure to implement WS call splitting discipline is applicable to the revision scheduling, how-

ever, a complicated control logic is predicted.

2.4. CONCLUSION

We have classified and discussed four call scheduling disciplines and their implementation
considerations. Revision scheduling is preferred as far as the delay-throughput performance is
concemned. Taking into account the complexity of implementation as well as the performance.
none of the four categories seems to have distinctive superiority over the others. There is a
trade-off setween the performance and switch structure complexity. Future research should be
focused on the switch structures to implement these disciplines efficiently, and to adapt to practi-

cal networks.
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APPENDIX 2: Simulation Model

Simulation of the multicast packet switch with various service disciplines and various
selection policies for input access scheme under different traffic arrival models and copy distribu-
tion models, is implemented through a software package SIMU which was written in C and run-
ning at Sun Sparc WorkStation. SIMU allows us to specify particular switching strategy very
easily. All the options we can choose are listed in Table A2.1. The block diagram of SIMU is

shown in Figure A2.1.

Table A2.1. Options of SIMU

Description Option
one-shot scheduling
SS call splitting
WS call splitting
revision scheduling
cyclic priority

selection policy random selection

neural network selection
binomial
Poisson
binomial

deterministic

normal

test mode uniform

fresh

scheduling discipline

packet arrival model

copy distribution model

In the simulation, time is segmented into fixed size slots, and a slot is the minimum duration
of any event. Packet arrivals at each input port are generated according to a binotial or a Pois-
son distribution with average rate A. Then, for each new HOL packet, copies are distributed to
output ports as the result of Bemoulli trials with parameter p for each output port, or with a deter-
ministic distribution such that a packet generates and evenly distributes NC (a constant number
of) copies to the destinations. The HOL packets contend for output based on one of the four
scheduling disciplines, incorporating one of the three selection policies. The blocked packets in
current slot are held in buffers for future contention in following slots. In order to keep track of
all events during the simulation and to facilitate the manipulation of data, a well defined data

structure is adopted. The simulation was made over a specified number of slots for each
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specified configuration. The simulation yields a set of performance measurcs: system load,

throughput, delay and confidence interval corresponding to a set of defined system parameters.



2. MULTICASTING SCHEDULING -28-

REFERENCES 2

{11 J.Y. Hui, T. Renner, "Queueing strategies for multicast packet switching", Proc. of Glo-
becom'90), pp.1431-1437, San Diego, CA, Dec. 1990.
{2 T.T. Lee, "Nonblocking copy networks for multicast packet switching", IEEE J. Select.

Areas Commun., Vol.6, No.9, pp.1455-1467, Dec. 1988.

[3] T. T Lee, R. Boorstyn, E. Arthurs, "The architecture of a multicast broadband packet

switch", Proc. IEEE Infocom’88, pp.1-8, New Orleans, LA, March 1988.

[4] J.Y.Hui, E. Arthurs, "A broadband packet switch for integrated transport”, IEEE J. Select.

Areas Commun., Vol.5, No.8, pp.1264-1273, Oct. 1987.




CHAPTER 3

CONTENTION RESOLUTION ALGORITHMS

3.1. REVIEW OF THREE ALGORITHMS

3.2. CYCLIC PRIORITY ACCESS SCHEME WITHITS
COMBINATIONAL LOGIC IMPLEMENTATION

3.3. NEURAL NETWORK BASED ALGORITHM
3.3.1. Preliminary of Hopfield Model of Neural Networks
3.3.2. A Model for One-Shot Scheduling
3.3.3. An Extension Model — Windowed service
3.3.4. A Model for SS Call Splitting

3.4. CONCLUSION

REFERENCES 3



3 CONTENTION RESOLUTION ALGORITHMS -30-

We have investigated the relative performance of the multicast scheduling disciplines
which are designed to regulate traffic and prevent output contention for input port queueing
switches. Either the centralized controller or the centralized arbiter is equipped for the purpose.
In this chapter, we will discuss contention resolution algorithms by which these disciplines are
implemented. The contention resolution algorithm tells us how to select contention-free packets
under a specific scheduling discipline. We first introduce some interesting schemes; thereafter,

we will propose two novel algorithms, in Section 3.2 and 3.3 respectively.

3.1. REVIEW OF THREE ALGORITHMS

A banyan network is widely used as the routing network of a switch. The banyan network
itself is a blocking network. However, the banyan network becomes intemally nonblocking if the
destinations of input requests are sorted in ascending or descending order. The Batcher’s bitonic
sorting network can be used to achieve this requirement. Therefore, a combination of Batcher’s
bitonic sorting network and a banyan routing network is a well known self-routing nonblocking
packet switch. The nonblocking property holds if and only if the destinations of all input packets
are distinct. However, blocking will occur if there is output contention. i.e. the requests for out-

put ports are not distinct. A good collection of discussions of this issue can be found in [1].

Several contention resolution schemes for point-to-point transmission were proposed
{2]13114] for resolving output conflicts of a Batcher-banyan packet switch, which guarantee that

at most one packet addressed to a given output enters the switch at any time.

Huang and Knauer {2] proposed a re-entry network as shown in Figure 3.1. At the output of
the sorting network. a packet loses the contention if the packet on the preceding line in the sorted
order has the same destination address. The packets which lose the contention are then concen-
trated by a concentration network, and are fed back to the input of the Batcher network for reen-
try. The packets which win the contention are not concentrated due to purged packets. Conse-
quently, another concentration network is required in front of the banyan network for skewing all
packets to the top lines, filling all holes left behind by purged packets. The drawback of this

approach is that the two extra expanded concentration networks require more chip sets and
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Figure 3.1. A re-entry network for contention resolution

subsystem designs. Furthermore, FIFO operation will be lost.

Hui and Arthurs [3] suggested a 3-phase algorithm to solve contention problem as shown in
Figure 3.2. In phase one, each input port sends a request for a port destination through a Batcher
sorting network, which sorts the request destinations in ascending order so that we may easily
purge all but one request for the same destination, Figure 3.2a. The winning request ack-
nowledges its originating port from the output of the Batcher network, with the acknowledgment
routed through a Batcher-banyan swiich according to its input port source address in phase two,
Figure 3.2b. In phase three, the acknowledged input port then sends the full packet through the
same Batcher-banyan self-routing switch without any contention, Figure 3.2c. Unacknowledged

ports buffer the blocked packet for reentry in the next cycle. However, this algorithm requires
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Figure 3.3. Ring reservation-based contention resolution

stringent timing and synchronization.

Bingham and Bussey [4] proposed a reservation-based contention resolution method as
shown in Figure 3.3. Unlike the previous two feed back algorithms, the reservation-based conten-
tion resolution method is a ring token passing scheme. At the beginning of a time slot. a cleared
token is issued by a token generator. The token has an N-bit field to indicate the availability of N
output ports. The token is circulated around a ring connecting the input pornts. When the token
comes by, the packet at the head of each input buffer will make the reservation. If the intended
output is successfully reserved. the packet is transmitted at the next time slot. The reservation
cycle and transmission cycle can be overlapped to minimize the overhead. But, it has a growth
problem because the duration of the reservation cycle is proportional to the number of input

ports. Generally speaking, this is an intrinsic problem of the centralized control schemes.

Centainly, all three resolution algorithms remain valid for Batcher-banyan based multicast

switch in a certain sense. The re-entry policy and the three-phase algorithm have the advantage
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of distributed operation, however, both need an extra buffer between the copy network and rout-
ing network in addition to input port buffer in the front of copy network [2][5]. Because of that,
the FIFO principle for incoming packets has been lost. Copies may be out of sequence upon
reaching the destination.

It i .raightforward to apply the ring-reservation algorithm to multicast switches.
Although simple, the ring reservation method has the drawback of built-in unfaimess since the
requests at higher numbered ports are deferred more often. To eliminate this drawback, we sug-

gesl a cyclic-priority input access scheme, which is the topic of next section.

3.2. CYCLIC PRIORITY ACCESS SCHEME WITH ITS
COMBINATIONAL LOGIC IMPLEMENTATION

The cyclic priority input access scheme is & derivative of the ring-reservation method. We
assign N levels of priority to the N input ports at the beginning of each time slot and rotate the
assignment cyclically slot-by-slot. An input port with priority level i in the current slot will have
priority level i—1 in the following slot. Input port with priority leve! 1 (the highest priority) in
current slot will have priority level N (the lowest priority) in the following slot, and so on. The
HOL packets make reservations according to their priority order. But, with a ring token passing
scheme we still have a problem that the speed limit prevents tokens from visiting all input ports

when the switch size increases.

In the last chapter. we formulated contention resolution problem as a decision problem in
which it is required to obtain a decision matrix O corresponding to a specific scheduling discip-
line for a given transmission request matrix 1. A combinational logic circuit is devised to imple-
ment the decision, by incorporating a cyclic priority access policy. This circuit has the advan-
tages of being simple and fair. Without need of stringent timing and synchronization, it is

expected to operate fast.

A basic element of a decision board is shown in Figure 3.4 where four gates (one AND, one

NAND, one OR and one INV) are connected to make the decision and propagate the vertical for-
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Figure 3.4. A basic decision element

Table 3.1. Truth table of a basic element

P, VES, 1, 0, VFS,.,
0 0 X | 0 0
0 1 0| o 1
0 i 1|1 0
1 X 0] 0 1
1 X 1|1 0

bidden signal (VFS). I,, corresponds to the element of the transmission request matnix; /,, = 1
indicates a message in input i seeking to be sent to output j. O;, corresponds to the element of
the decision matrix; O,, = 1 indicates the request from input i to output j being approved. Since
in each column, only one request can be accepted. a VFS,, is needed to cooperate between adja-
cent decision elements. VFS,, = | signals that output j has not yet been selected. input i is
allowed to make a reservation if needed. VFS,, = 0 signals that the output j has been uscd by
either input -1 or previous inputs. P, is a priority control signal which will be described later.

The truth tabie for the basic element is shown in Table 3.1.
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Figure 3.6. A 4x4 decision board for WS call splitting discipline

A column of such decision elements is used by an output to select the packet (Figure 3.5a).
Once an input has been selected, all of the following requests are eliminated. For faimess, we
connect VFSy ), to VFS |, to form a ring, and choose input i as the first pnonty port by setung P,
=1, and P; = O for all / #4, in a slot (Figure 3.5b). The priority level descends along VFS flow.

Then, we cyclically change the first priority input port from slot to slot. A 4x4 decision board 15
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shown in Figure 3.6, which can be used as arbiters in Figure 2.5 for the WS call splitting discip-
line. It is worthwhile to indicate that this approach can also be applied to unicast case in place of

ring-reservation algorithm or three-phase algorithm.

VFSjj

VFSi.1j
Figure 3.7. A basic element with HFS

Table 3.2. Truth 1able for the basic element in Figure 3.7

P, VFS, HFS, 1, | O, VFS.., HFS, .
0 0 X X | 0 0 HFS,
0 X 0 X | 0 VFs, 0

0 1 I ol o 1 1

0 1 1 1|1 0 0

1 X 0 040 1 0

1 X 1 0| o0 1 1

1 X 0 1| o0 1 0

1 X 1 1] 1 0 0

To fulfill the SS call splitting discipline, we should introduce a horizontal forbidden signal
(HFS$), since only one can be selected from each row. One more AND is added to basic element

as illustrated in Figure 3.7. The corresponding truth table is shown in Tabie 3.2. A 4x4 decision
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board for SS call splitting discipline is depicted in Figure 3.8.

The one-shot scheduling can be interpreted as that HFS must come into effect on a row both

forward and backward if any request in this row is eliminated by VFS. A pair of ANDs are used

erees o
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Figure 3.9. A basic element with fHFS and bHFS

Table 3.3. Truth table for the basic element in Figure 3.9

P, VFS, JfHFS, ObHFS, I, |0, VFS,.., fHFS,,., bHFS,,
00 X X X | 0 0 0 0

0 X 0 X X| o0 VrFs, 0 bHFS,;
0 X X 0 X | 0 VFS;  fHFs,

01 ! I 0{ 0 1 1 1
01 1 I 1] 1 0 1 I

1 X X X 0] 0 1 1 1

I X X X 1] 1 0 1 1

to propagate fHFS and bHFS respectively as seen in Figure 3.9. The truth table is as in Table 3.3.
A fully connected +x4 decision board for one-shot scheduling is shown in Figure 3.10. where

P,’s are prionty control signals. and the cyclic-priority scheme is easy to implemented by this
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structure.

To implement revision scheduling, we need a simple way to switch the operations between
one-shot and call splitting. An ATM slot is divided into two phases. A minor modification as
shown in Figure 3.11 enables the circuit to connect or disconnect the HFSs by setting R =0 or R

= 1, alternately in two phases of each time slot.

VFS;;

bHFS, -1 _C L bHFS;;

VFS; .1,

Figure 3.11. A basic element for revision scheduling

These circuits are stable because they are open without any feedback. The decision time is
defined as the propagation time of the signal through a proper route. Since the decision period
and transmission cycle can be overlapped. the maximum decision time can be a slot time.
Assume that the speed of each input line is 150Mbps. each packet contains 53 bytes or 424 buts.

The slot time is 2826ns. For simplicity. we assume that various logic gates have the same
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Figure 3.12. Anexample of the longest signal routes

-43 .
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propagation delay. Figure 3.12 shows us one example of the longest signal routes. The number

of gates needed for each decision board and the number of gates along the longest signal route

are listed in Table 3.4, where N is the switch size.

Table 3.4. Comparison in terms of the number of gates

Scheduling Number of gates in board | Number of gates in the longest route
WS call splitting 4N‘¢ 3N
SS call splitting 5N? 4N
One-shot scheduling g2 N2+3N
Revision scheduling 10N* N24+8N

With current high speed digital IC technologies. sub-100 ps gate-delay can be achieved [6]

with 0.3 um CMOS, 0.7 um GaAs DCFL, or 0.5 pm emitter Si ECL. The Table 3.5 shows realiz-

able switch sizes N assuming average gate-delay t,4 = 150ps, 500ps and 2ns respectively.

Table 3.5. Realizable switch size

Scheduling Realizable switch size
< leg = 150ps Igd=500p5 led =2ns
WS call splitting 4096 1024 256
SS call splitting 4096 1024 256
One-shot scheduling 128 64 32
Revision scheduling 128 64 32

We have demonstrated an implementation of cyclic priority selection scheme. We point out
that the random selection policy is a mathematical artifice which is used in performance analysis.
In real systems, onc has to prescribe some kind of order or define some kind of rule, instead of
relying on the random action of electronic components. However, through a large number of
simulations, we found that the delay-throughput performance for both cyclic priority selection

and random selection policies does not show much differences, except that cyclic priority policy

attains a slightly smaller confidence interval than the random selection policy.
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3.3. NEURAL NETWORK BASED ALGORITHM

In a unicast switch, delay-throughput performance does not depend on selection policy,
hence does not raise questions on scheduling discipline. Unlike the unicast switch, the multicast
switch brings a new subject on the way that the copies of the HOL packets are handled. From
last chapter, we knew that different scheduling disciplines give different performance. Not only
that, here we will show, even if under the same scheduling discipline, one is still able to improve
the delay-throughput performance. In other words, we focus on the selection policy within a dis-
cipline.

For example, a 4x4 switch has a set of transmission requests as follows

11
1 (
0 (

D= O

T O
=
't

01

Input port 1 seeks to send message to output ports 1, 3 and 4 input 2 seeks to send message (o

-

output 3; and so on. Under the assumption of one-shot scheduling, there are two possible sets of

packets which can be selected to get through the switch without conflict.

600 6 1011
0010 00600
1100 oo 00
0001 000¢
(1) )

In the first case, throughput is 0.25 and output utility is 75%. while in the second case,
throughput is 0.75 and output utility is 100%. Thus, it seems that we need some means to select a

particular set of packets in an effort to maximize the packet throughput.

Similarly, under the assumption of SS call splitting discipline, we can select winning copics

in different ways such as

6011 1061 1011
0000 0010 00¢0
1600 1¢00 6100
000¢ 000¢ 000¢
1 ) 3)

Each row and each column has at most one 1 being selected, which fulfill the requirement. But as

we have seen, in the first case, four messages are transmitted to the output lines; in the second
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and third cases. only three messages are allowed to get through. This indicates us the potential to

enhance the utility of the output lines, thus increase the throughput correspondingly.

In this section, we suggest a neural-network-based contention resolution algorithm for the
one-shot and the SS call splitung disciplines. In addition to contention resolution, a further
objective would be to maximize the throughput. We formulate our contention resolution problem
as an optimization problem. This approach allows us to select, from all HOL requests, a particu-
lar set of packets or copies, which ensures contention-free access to output ports and maximizes
packet throughput. We have to be clear that WS call spliting discipline is able to make full use
of output lines and unable to gain any more through neural network approach. In fact, the revi-

sion scheduling is an improved derivation of the W'S call spliiting discipline.

The remainder of this section is organized as follows. Section 3.3.]1 describes the general
structure of the Hopfield model of neural network. Section 3.3.2 discusses the neural-network-
based prototype scheme for the one-shot scheduling. An extension with windowed service is

described in Section 3.3.3. Section 3.3.4 discuss a model for the SS call splitting discipline.

3.3.1. Preliminary of Hopfield Model of Neural Networks

Neural networks, implementable with electronic components, allow complex problems
similar to those occurring in biology to be solved without the need to follow the details of the cir-
cuit dynamics. The general structure of the Hopfield model of neural networks [7](8] which can
solve optimization problems is shown in Figure 3.13a. These networks have three characteris-
tics: parallel input channels, parallel output channels, and a large degree of interconnectivity
between the neural processing elements. The processing elements, or neurons, are modeled as
amplifiers in conjunction with feedback circuits comprised of resistors and capacitors organized
s0 as to model the most basic computational features of neurons. The amplifiers have sigmoid
(S-shaped) monotonic input-output relations, as shown in Figure 3.13b. The function V,=g(U))
which charactenzes this input-output relation describes the output voltage of amplifier V, due to
an input voltage U,. The minimum and maximum outputs of the normal amplifier are taken as 0

or 1. A synapsc between two neurons is defined by a conductance T,, which connects the output
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Figure 3.13. A Hopfield model! of neural network
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of amplifier j to the input of amplifier i. Thus, the matrix T;, defines the connectivity among the
neurons. In addition, to model the fact that each neuron computes a nonlinear function of a host
of inputs under the influence of its own activation level, the circuits include an externally sup-
plied input biasing current /, for each neuron which provides direct parallel inputs to drive
specific neurons, as indicated in Figure 3.13a.

The following set of coupled nonlinear differential equations describes the dynamics of an

interacting system of N neurons by showing how the neuronal state variables change with time

under synaptic current influences.

L’-Il-l' Ul N T ‘/ l (—% 1)
—_— =+ + -
where
Vy=al))

and 1 is the time constant of the neurons. For an "initial-value™ problem, in which the input vol-
tages of the neurons are given values U, at time 1 = O, these equations of motion provide a full

description of the time evolution of the state of the circuit.

A general form of circuit is described by the value of the synapses T,, and input biasing
currents /,. The state of the system of neurons is defined by the value of outputs V;. Hopfield has
shown that the equations of motion for a network with symmetric connections (T,, = T,) always
lead to a convergence to stable states, in which the outputs of all neurons remain constant. The

stable states of a network comprised of N neurons are the local minima of the quantity E,

1 N N N
E=- T XT,V.V,-Z V], (3.2)
i=] =] t=1

which is interpreted as computational energy. decreases during the change in neural state with
time. The state space over which the circuit operates is the interior of the N-dimensional hyper-
cube defined by V,=0or 1. It can be shown that the minima only occurs on the 2N comers of this
space.

The networks of neurons with this basic organization can be used to compute solutions to
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specific optimization problems by first choosing connectivities (T,)) and input biasing currents
(I;) which appropriately represent the function to be minimized. The analog system with initial
set of input voltages U, then converges to a stable state which minimizes the E function. Eventu-

ally, the solution to the problem is interpreted from the final stable state.
Here is a summary of how to map a problem onto a neurl network:

O  Choose a representation scheme which allows the outputs of the neurons to be decoded

into a solution to the problem.

O  Construct an energy function whose minimum value corresponds to "best" solutions to the

problem to be mapped.

a Derive connections (7,,) and input biasing currents (/,) from the energy function; these

should appropriately represent the instance of the specific problem to he solved.

a Set up initial values of the input voltages (U,) which completely determines the stable out-

put voltages (1) of the neurons in the network.

3.3.2. A Model for One-Shot Scheduling

The objective of this model is to choose a combination of input ports such that a maximum
number of packets get through without output ¢ *ntion between their copies. At the same time,
it may enhance the utility of the output lines. To map this problem onto the Hopfield model, we
require a representation scheme which allows the binary output states of the neurons to bhe
decoded into a specific combination of input ports. For example, for a 10-input switch, if the
HOL packets from input ports ( 1, 3,4, 7, 8,9 ) are able to get through without conflict, the output
state of a set of 10 neurons represents this solutionby V=(1,0,1.1,0,0, 1,1, 1,0). Foran N-
input switch, N neurons are needed to represent this switching problem. An array of V=(V,, V,,
...... ,» Vv ) corresponds to the acceptable traffic combination, in which V, = 1 denotes that the
packet in input port i can get through in current slot, V, = 0 denotes that the packet in input pont j

is blocked and may try again in next slot. In total, we have 2" possible traffic combinations.
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To enable an N-neuron network to compute a solution to the problem, we construct an
energy function in which the lowest energy state (the most stable state of the network)
corresponds to the contention-free traffic combination and the maximized throughput. Under the
assumption of the one-shot discipline, we define two input ports in contention as any one of the
copies from one port involving in the contention with one of the copies from another port. We
represent contention characteristic of transmission requirement by a symmetric NxN matrix D, in
which D, = 1 denotes input ports i and j form a contention pair, and D;; = O indicates that there is
no contention occurring between input i and input j.

Our optimization problem can be separated into two requirements. First. the energy func-
tion must strongly favor stable states of the contention-free traffic combination. Secondly. from
the sets of conrention-free solutions. it must favor those representing maximum throughput. An
appropriatc form for this function can be found by considering that all final normal outputs will

be 0 or 1 which carresponds to the local minima of the energy function

e’
[S)

N
3 (3.3)

1=]

II

TENLN

B X
Vv,V ,]-4-—(2\’—
2 1=1

uMz

where A, B and n are positive constants. The first term contains information about the contention
feature of transmission requests and is zero if and only if accepted input ports are contention-frec
with one another. Hence, it strongly favors stable states which are at least valid traffic combina-
tions and fulfill the first requirement for E. The second term approaches zero when the number of
accepted input ponts approaches n. By selecting an appropriate n, we can fulfill the second

requirement.

So far, we have only considered the packet throughput. As we have mentioned and will
detail later, the packet with larger number of copies will be more easily involved in contention
and be blocked more often than that with less number of copies. On the other hand, in the case of
the one-shot scheduling, there may be more than one optimum solution existing. which have the
same number of contention-free packets. Obviously, we prefer the optimum solution with max-

imum number of copies as well. The neural network model defined by the energy functinn (3.3) is



3. CONTENTION RESOLUTION ALGORITHMS -51-

not able to fulfill such requirement and should be extended as follows

N N N

z D,,+ (Y v, -n)‘+-—(ZVI~-n ) (34
1=1 i=1
e

" M>:

2 1=
Where F, denotes the number of copies generated from input port i, and n” is the expected upper
limit of the number of copies which are switched in a slot. The added term approaches zero when

the number of copies generated by accepted input ports approaches n”.

Through equations (3.1) and (3.2), the quadratic terms in this energy function define a con-
nection matrix and the linear terms define input biasing currents. From the correspondence
between the constructed energy function (3.4) and Hopfield's general energy function (3.2). the
parameter values of the neural network are determined. They are

T,=-AD,(1-§,)-B-CF,F, (3.5)
LL=Bn+CW;n’ (3.6)
With this E function guiding the dynamics of the circuit, the network should give the solu-

tion by choosing a final state after starting in some initial unbiased state.

Simulation of Neural Network

A network for contention resolution problem using the connection matrix defined in equi-
tion (3.5) and the input bias terms of equation (3.6) was simulated on computer. The transmission
requests, including the number of copies and transmission destinations requested by a specific
input packet, were generated by performing independent Bemoulli trials (each packet generates a
copy to each output port with probability p). These requests defined a parucular set of D,, and
hence T;; through equation (3.5). Obviously, symmetry of D,, and hence T,, ensures that the

stable states exist. The analog network for this problem generated the equations of motion

du U,
-——‘:—'——Az DUV B(ZV -u) CF(ZFV —n) (3.7)
dt T j=l 1=l
J#i
where

Vied 14 amn 2Ly

;= + v

i 2 an U(,



3. CONTENTION RESOLUTION ALGORITHMS -52-

These equations of motion show the specific contributions made by the T, and /; terms. The
system parameters, A, B, C and so on, were chosen through intensive simulations to maximize the
throughput and minimize the convergence time. After a large number of simulation trials, the
parameters were found as follows

A=160, B=10, C=2, n=n"=N,

U,=0.02, andt=1
Here. 1 is the time constant of the neurons and was set to 1 without any loss of generality. We
may ohserve that with n = n” = N, the quantity E will almost never be zero since the throughput
will almost never be one. Intuitively. it is better to choose n and n” corresponding to the best
solution from slot to slot but which is just what should come out with the evolution of the net-
work. For the sake of simplicity, we choose n = n" = N which is the upper limit of these quanti-
ties.

The neural network was simulated by examining and updating neurons simultaneously at

intervals which are much smaller than t. Let U,(z+1) and U;(r) be the input voltages at time 7 + 1

and 7 respectively. Then the updating rule used in the simulation was

du;(t)
U+ =U,) + T St (3.8)
where 81 is step size for the updates to occur and was chosen to be 10~*, smaller value of 8¢ does
not improve the results but increase the simulation run time. At each update, the new values of
output voltages were compared to the previous ones. If no two consecutive » alues differed by

more than a threshold of 107, then the system was assumed to have reached a stable state and

the simulation was stopped.

Since we have no a priori knowledge of which traffic ccmbination is best, we want to pick
the initial values of the neural input voltages U; without bias in favor of any particular input port.
by simply having exactly the same initial values. On the other hand, since there may exist more
than one optimum solutions and all these potential optimal solutions are at equal distance from

the inittal unbiased state, the system has no way to choose one of them given an unbiased start.



3. CONTENTION RESOLUTION ALGORITHMS -53-

and thus can not converge to one of them at all. Therefore. we added some noise 8U,,, to the ini-

tial values

Uip = U, +dU,, 39
to break the symmetry and lead the system to one of the good solutions. 8U,, were each ran-

domly chosen uniformly in the interval
-0.1U,<8U,<0.1U,
This will not be a problem in real neural network, since the noise of the circuit is enough to break
the symmetry.
When the solution was interpreted from the final state of the neural network, the blocked
packets remain in the HOL and the free lines left by winning packets were occupied by new
packets generated by the same method mentioned above.

In order to explain the method, we take an 8x8 switch as an example. A sct of probable

transmission requests can be described by an 8x8 matrix I

3

00100010
10000100
01000000
[=100000010
=100000001
00000010
00010000

| 00100100]

Where I, = 1 denotes input i has a copy to be sent to output j. As we can sec, columns 3, 6, and 7
have - ore than one 1's indicating contentions at output ports. From this matrix, we can derive a

symmetric contention matrix D,

(00010101

00000001

00000000

D= 10000100
100000000

10010000

00000000

| 11000000

Given the random biased initial input U;, the motion of the neural network begins with the ini-

tial state of V,¢
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V1o = 0.485099
Voo = 0496633
Vg = 0.460834
V40 = 0.506906
Vo = 0.546588
Vo = 0492121
V10 = 0.496206
Vo = 0.543037

Then, as time passes, the neural network converges to the final state

V' = 0.000000
Vo = 1.000000
V4 = 1000000
V= 1.000000
Ve = 1.000000
Ve = 0.000000
V4 = LOOO0O
V= 0.000000

The final decision, interpreted from the state, is that five packets at input ports 2, 3.4.5. and 7 are
able to get through without contention with each other. The other three packets have to be

buffered in queue in the current slot.

A large number of simulations were made for switch sizes of 8x8 and 16x16. Figure 3.14
shows the average delay as a function of packet arrival rate for both cyclic priority selection and
neural networh based optimal selection strategies. For the cyclic priority case simulations were
run over 10° slots for each value of A and p considered. The mean values are within 1.0% of the
true mean with 95% confidence. For the neural network contention resolution algorithm, runs
were made over 10 slots for each value of A and p resulting in averages which are within 1.5%
of the true mean with 95% confidence. By comparison, neural network approach provides better
performance. This is not surprising since it adapts to the particular set of copies in the HOLs in

order 10 minimize the weighted cost criteria so as to minimi~< delay. In this sense, it is optimum.

The most interesting result shown by the curves is the performance of the cyclic priority
scheme in comparison with neural network scheme. For light loading. below the knee of the

delay curves, performance was almost the same. The cyclic priority scheme saturation occurs at
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approximately 107 less traffic. For the cases that we observed. there did not seem to be a trend

relating to switch size and the number of copies generated.

We can also use this method to handle contention resolution problems for an NxN unicast
switch. This type of switch has been studied extensively [9]. With saturated input queues, ran-
dom selection of destination ports, first-in first-out service discipline and N — e, the maximum
throughput is equal to (2 - V2 ) = 0.5858, regardless of the contention resolution mechanism
[3){4][9]. For small values of N, results have been obtained from Markov chain [ 10]. Our simula-
tion results were verified by these analytical results as presented in Table 3.6, which gives credi-

bility to our simulation model.

Table 3.6. Saturated throughput of NXN unicast switch

N Analytical Neural Network
Results Simulation Results

2 0.7500 0.7493

4 (0.6553 0.6598

8 0.6184 0.6103

16 0.6000 0.5980

32 0.5900 0.5946

3.3.3. An Extension Model — Windowed service

In preceding discussion, we assumed the buffers are served FIFO. so only the HOL packets
are considered for access to the switch outputs. Intuitively, it seems that the throughput can be
increased by relaxing the stnct HOL packet contending policy of the input queues. In the multi-
cast case, each input still sends at most one packet (all its copies) nto the switch fabric per time
slot, but not necessarily the first packet in its queue, and no more than one copy is allowed to
pass through the switch fabric to each output in a time slot. We suppose there is a window of size
W, the first W packets dropping in this window in each input queue contend for access to the
switch outputs simultaneously. A window size of W = 1 corresponds to input queueing with FIFO

buflers.
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A straightforward extension of the neural-network-based algorithm can also work here. For
an N-input switch, WN neurons are needed instead of N. Anammay of V= (V). Voo | 3/
V) corresponds to the acceptable traffic combination. But. at most one packet could be chosen
from W packets in the window of each input queue. which follows that only (W + 1) probable
traffic combinations exist instead of 2%V under 100% loading. However. the WN-neuron network
operates in the WN-dimensional hypercube defined by V, = 0. or 1. The local minima of £ func-
tion may occur on the 2%* comers of this space. The simplest way to restnct the motion of a
neural network is to introduce inherent contention features between the packets in the same input
queue regardless of their real behaviors. In other words, we take the input access contention of

the packets in the same input port as their output contention.

window
=2
— N+1] 1 —>t —
Copy

— N+2]| 2 — & —

: Routing :

: Network :
—_— N N ———

Figure 3.15. Input pont queueing with windowed service

An example when W = 2 is shown in Figure 3.15. First two packets in each queuce, hence
totally 2N packets contend for acces,. Because only one could be chosen from cach input gueuc.
we must define two packets of the same port as an inherent contention par. Thus, the 2N 2N

contention matrix D has the form of
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The unassigned elements here are decided by their real transmission requests as discussed in last

section. Following the same steps, we construct the £ function

A 2N 2N B 2N , C 2N .
E":—zZVIV/DU'*'-(ZV:“")"*',,—(}:V,F:—" ).' (3]0)
2 t=] =l 2 t=1 < =l
JH

which reflects our contention resolution requirement. The equations of motion, representing the

ume cvolution of this problem, are given by

dU, U, N , n N ) .
7:——1‘—,4 ZDU\,-B(Z\J—n)-CF,(ZFJIJ—n) (Jll)
71 7=l 1=l

i

The simulations of this network were made with the same parameters as in the last section. espe-
cially, n and n” were still equal to number of input ports. The throughput performance for some
switches with windowed queueing is shown in Figure 3.16. Compared with the FIFO case. we
found the throughput is around 10% higher, varyir7 with the switch sizes. But. the management

of windowed queue service is a little more complicated than that of FIFO queue.

3.3.4. A Model for SS Call Splitting

The optimization problem for the SS call splitting is similar to the Traveling Salesm
Problem solved using neural networks [7]. A similar work for unicast switch can be found in

[11].

Unlike the model we use for the one-shot discipline, the model of neural network for the SS
call splitting discipline is a two-dimensional structure composed of N> neurons and each neuron
is identified by a set of double indices i and j indicating its row and column respectively (Figure

3.17 is an example where N = 4). The input-output relationship of neurons is given as
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Figurc 3.16. Improvement of windowed service (window size W=2)



3. CONTENTION RESOLUTION ALGORITHMS - 60 -

" :—-— - :———"——""' ..:_:—' ’_—._-_——1_—"
JT JT . _li.ri“
w4 =) &
: ! ! ! o
: + 'p— " = i :
== =
b || 4% 1] iz
o
1, | x-,,____L'_j H ]
= =
= = |
u{:l:::"‘?* -,_._.I..':rh,|| -,-l_'—
<y :Y'h |~
T, ! t::'»! H
= ___:":-—-—*—'I
| !.ri"*’: Nid |‘I”
.:*W!I '=q~a I’ ,""r
=y =TT
T i P Lol

* [E A

Figure 3.17. A two-dimensional structure of Hopfield neural network

V,, = g(U,)). The row subscript has the interpretation of the input address, and the column sub-
script the output address. There is a feedback path among pairs of neurons, designated as T,u
and referred (0 as connection matrix. Further, there is an external input biasing current 1,, sup-

plied to each neuron. The differcntial equation describing dynamics of neuron is given by

Lo Ligd

it Vi + 1, 3.12
dt T P ]U ut ( )

n Mz

The corresponding energy function is defined as
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1=]

1 N N N N N N '
=__2—Z Zlkz Z UU‘U‘H Z z‘ulu (GAK)
= =11=] =lj=]

The local minima of this energy function occurs only on the 2¥* comers of the hypercube defined
byV,=0,0rl.

The matrix V = {V),} corresponds to the acceptable traffic combination, where V', = |
denotes that a copy can be transmitted from input i to output j. As explained before, any row or
column of matrix V can only has one 1 in final stable state. The neural network has to maximize
the total number of copies chosen per slot under this switching constraints. Thus, the energy
function of copy reservation discipline is given by
N N N NONOA c NN .

II 3VVuty X T+ 3 (T IV )

1=1y=1 1=l J=li=} 1 “ ==l
1#) A=

The first and second terms are minimized when a solution has at most a single nonzero ele-
ment per row and column, with the requirement that at most single copy per input and output is
chosen. Thus any solution satisfying this requirement is a feasible solution and meets the physi-
cal constraints of the switch fabric. The third term is minimized when the total weight of the
solution (number of nonzero elements in the solution) is maximized. It was found that the solu-
tion always contains single nonzero element in every row or column even if the corresponding
input row or column is all zeros. However large number of simulation showed that the neural net-
work never (or with negligibly small probability) placed a nonzero in an output row or column at
the expense of another input row or column with nonzero elements n it. Therefore, the correct
output could be determined by comparing the output with input, and disregarding the nonzero
output elements which were zero at the input. Thus, the elements of the connection matrix and

external input biases are given by
Ty =—Ad; (1-8,)-B8;(1-8,)-C (3.15)

L=Cn (3.16)

Substituting equations (3.15) and (3.16) into (3.12) results in following differential equation

describing the dynamics of the neurons
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du U N N N N
—L 2 —L ATV, =B IV, -C(Y X Vu-n) (3.17)
dt T =1 L=1 k=ll=1

12) ki

The simulation procedure follows the same steps as we discussed in Section 3.3.2 except that the
initial input voltages U, (0) are given the values of +Ug or U, depending on whether the
corresponding elements in the input request matrix have values 1 or O respectively. After a

number of trials runs. the following parameter values were found to give better results.
A=80, B=80, C=30, andn=N

The simulation of cyclic priority selection strategy was also made in order to evaluate the
improvement of the optimum selection using neural networks. Both results are plotted together in
Figure 3.18, which showed neural-network-based input access scheme always gives better per-

formance than cyclic prionty selection scheme.

3.4. CONCLUSION

Output contention resolution is an imponant issue in switch design. The multicast request
complicates the output contention resolution algorithm and gives it a new meaning. In this
chapter, we have discussed severa implementation schemes and have shown the potential of

improvement of delay-throughput performance by introducing optimal algorithm.

We have proposed a novel scheme to resolve the output contention by using combinational
logic circunts and incorporating cyclic priority access concept. It features simple and high speed
operation, in companson with the other methods such as ring-reservation algorithm and three-

phase algorithm. It is compact, reliable and growable.

We have also proposed a neural-network-based mechanism to resolve the output contention
for a multicast packet switch. We formulate our contention resolution problem as an optimiza-
tion problem. The use of an analog neural network ensures not only output contention-free

transmission, but also higher packet throughput, and low delay.

It needs to be mentioned that the combinational logic scheme and the neural network

scheme have similar lattice structure where logical decision units or neurons are fully connected.
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Generally speaking, the logic circuit is more easily implemented with VLSI technology than the
analog (Hopfield model) neural network. On the other hand. neural network scheme provides

better performance. Furthermore, it demonstrates a potential of optimal scheduling.

Actually, cyclic priority input access scheme is somewhat inefficient due to its determinacy.
Although the neural-network-based scheme provides a certain improvement, it seems that the
delay-throughput performance advantage is not so great as to overrule the simplicity of imple-

mentation of cyclic priority scheme.,

The highly-interconnected networks of nonlinear analog neurons can rapidly solve difficult
optimization problems. To map our contention resolution problem onto the general Hopfield
model, we construct an energy function, in which the lowest energy state corresponds to the
contention-free traffic combination and maximized throughput. With given initial states, connec-
tivities between neurons and input biasing currents, related to a specific set of transmission
requests, the analog system converges to the final stable state. From this final state. the solution
to the problem is easily interpreted. The application of neural network in switching development
is not confined with the contention resolution. It can be applied to routing and other optimal

decision problems.
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4.1. INTRODUCTION

In the previous two chapters, we have discussed various service disciplines and various
selection policies conceming the input access scheme of the multicast packet switch. Computer
simulations were carried out to compare the delay-throughput performance of the switch associ-
ated with various service disciplines and various selection policies. In this chapter, we focus on
mathematical models suitable for performance analysis. Simulation results will be presented for
verification purposes, in tum, mathematical analysis may provide more statistical measures
which are hardly observed through simulations. This work can also be taken as an introductory
traffic theory for the multicast packet switch. Finally, although this chapter is devoted to the mul-

ticast switch, the analytic model can also be applied to other queueing problems.

In what follows, input port queueing along with an input access scheme is assumed m order
to resolve the output request conflict. The performance analysis of the SS call splitting disciphne
can be carried out by considering each copy of the multicast packet as an unicast pachet, ignor-
ing the batch arrival nature of these copies. We shall not discuss the exact analysis for this discip-
line. Furthermore, the revision scheduling is a combination of the one-shot scheduling and the
WS call splitting disciplines which makes an analysis too difficult to carry out. Ourinterests will
be focused on modeling and performance analysis of the one-shot scheduling and the WS call

splitting (or pure work conservation) disciplines.

Before we discuss the details of the mathematical analysis of the switch, it would be ol
interest to the reader to be aware of the difficulties in carrying out the exact analysis. Hluchyj
and Karo! [1] reported that for a large size unicast switch, the saturated throughput is approxi-
mately 0.586. But, if we drop interfering packets at the end of each time slot, rather than storing
them in the input queues, the saturated throughput increases up to 0.632. The reason for this
phenomenon is that the blocked packets are not uniformly distributed over the set of output ports
and tend to cluster on blocked output ports. Therefore, blocked packet will suffer another block-
ing with higher probability than the fresh packet. It seems impossible to distinguish between

blocked packet and fresh packet by using different destination distribution model for the time
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being. This residual effect is also present in multicast switching.

Another intnnsic problem in the analysis of multicast switch is the characterization of the
distnbution of the number of copies of the HOL packets. Among the HOL packets, the blocked
packet has more copies than the newly incoming packet because the packet with less copies gets
through in the one-shot case more easily. However, in the case of WS call splitting scheme, the
blocked packet has less copies than the newly incoming packet. The difference varies with the
packet armival rate as shown in Figure 4.1, which was observed 1.4 simulations. This effect makes

exact analysis very difficult.

32X32 switch
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Figure 4.1. Average number of copies of the HOL packet vs. packet arrival rate

Despite these difficulties, the performance analysis for the multicasting disciplines has

received much attention. Several approximations were introduced into the mathematical model to
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describe the copy distribution model for both one-shot and WS call splitung cases. while the
effect of HOL packets’ cluster on blocked output ports was neglected for the sake of a tractable
mathematical analysis. In our study. the copy distribution for one-shot scheduling 15 moditicd
according to the encountered total hfe distribution. In the analysis for the WS call splitung dis-
cipline, Hayes {2] employs residual distribution and Hui [3] uses the independemt service
2ssumption by setting the probablity that each HOL destination 1s served, as a function of copy '

arrival rate only.

Given the above considerations. we were motivated o use matrix-geometric techniques to
obtan more accurate results. In addition, a unified mathematical model was devised for the

analysis of both the one-shot and the WS call splitting input access disciphines.

In our study, we assume input port queueing with ifinie bufler size. Packet amvals are
modeled as Bemoulli process with average amval rate of A per slot per input port. The pachet

delay is considered as a basic performance measure of the switch.

The remainder of the chapter 1s organized as follows. Section 4.2 gives the mathematical
analysis of random selecuon policy for the one-shot discipline. Section 4.3 discusses the analysis
of cy~lic priority input access scheme for the one-shot discipline. For completencess. Scction 4.4
summarizes two analytic models for the WS call splitting discipline reported by Hayes and Hui,
respectively. In Section 4.5, we introduce a unified model based on matnx-geometnc techmyues
for both the one-shot scheduling and the WS call sphtting disciphines. Our conclusions are sum-

marized in Section 4.6,

4.2. ANALYSIS OF ONE-SHOT DISCIPLINE WITH RANDOM SELECTION

It is the purpose of this section to examine the performance of the one-shot dccess scheme

for a multicast switch. A random-selection policy is used to resolve the output conflict.

4.2.1. Mathematical Model

Leavi- - aside the details of the implementation, the one-shot discipline with a random-

selection policy could be achieved in the following manner: the centralized controller polls the
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HOL packets of all input queues in a random order, and issues a license to the packet in case it is
contention-free with the previously licensed packets. Then all the tagged packets (including all
their copies if applicable) are transmitted to the destinations during one time slot. Here, the out-
put contention between two multicast packets is defined as at least one copy of one packet seek-

ing the same destination as any one copy of the another packet does.

1st selected
packet

2nd selecteo
packet

Figurc 4.2. Multistage screening process

In carrying out the analysis, we may describe the process of the conflict resolution as fol-
lows (Figurc 4.2). A single packet is selected randomly from all active input ports which consti-
tute the entire space A . Within the remainder, there is a subset A, in which no one conflicts with
the first selected packet. Then, the second packet can be picked out from the subset A, at ran-
dom. Similarly, within the remainder of the subset A, there is a subset Aj in which no one
conflicts with the sccond selected packet as well as the first. This process operates as if multis-

tage screening until the descendant subset is empty.
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Let us assume that in an N'xN self-routing. non-blocking multicast switch, an input p =
queue is active with probability p. Thus. the probability of n ports being busy 1s given by

n=0.1.2....... N D

First of all. we randomly select an non-empty port for which no blocking is assumed in the
current time slot. Then. we determine a subset A, for which no member port has contention with
the first selected packet. The second port is selected from this subset. Let us assume that the first
selected packet, which can be any one of the packets in the busy ports, has [ copies with prohi-
bility R,. and that the second considered packet has m copies with probability R,,. As long as
none of the m copies. generated by the packet under consideraton. intend to get access to any

one of these / reserved output ports. the packet falls into the subset A, with probability

R

Moreover, the sum of / and m should not exceed N. Averaging over / and m, we have the proba-

bility that an arbitrarily chosen second packet does not contend with the first.

[
N—j+1

(4.2)

I1=1 m=] 7=l

A Nt om
5|=Z[ IR ﬂ

Given that j packets remain after first selection, the probability that i of them do not conflict with
the first selected packet is given by

Pr(ilj) = [{] St (1-8 Y~ isj (4.3)
Since n ports are busy with probability B, given by equation (4.1), the probabhility of j remainder

packets after first selection is B, ;. Removing the condition in equation (4.3) yields

Uy =Pr(i nonconﬂicn’ng packets on step 2)

= Boo(i) + Z [J] S, (1-8,yY™ B, . “4.4)
where

otherwise
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We define U,, = Pr (i nonconflicting packets on step k). By letting U),=B,. equation (4.4)
becomes
Us, = U 08i) +"i‘ [{] S (1=8,Y7 Uy 4.5)
=t
J 1=0,1,2,.....N-]

Equation (4.5) is the probability distribution of the subset Az which does not conflict with
the first selected packet. Clearly, any one in the subset A, can be chosen as the second packet
winning the contention. The complement of this subset will be discarded from consideration.
This procedure continues stmilarly until the subset is empty. Let n be the number of output ports
reserved by the first selected packet with probability R,. then the packets in subset A; only have
the copies destined for the remaining N —n output ports. Thus, the contention-free subset As for
the third selection contains ¢ packets with probability

N-2
Us, =Uaxbli)+ ¥ [{] S5 (I=8S2Y7" Uz, a1 4.6)
j 1=0.1.2........ N=-2

where S is the probability of no contention between any two packets in subset A,. which can be

casily obtained by insenting N'-n in place of N in equation (4.2), and summing over the random

N
.

where py, = R, (n= 1,2, ..., N). Insimilar manner, the subset A; contains i packets with proba-

variable n,

N Nen{[ Nenl m
S:=Y{rnY |Rit X Rall
n=1 1=l

=1 m=]

bility
Uy = Ug1,000) + N-Zk’:l [{] Sko1 (1=Sg1Y ™ Ugop jir (4.8)
=t
j i=0,1,2,.....N=k +1
and
N N-n[ N-n-l  m I
S =El pH'"E {R, m2=1 ijl:-ll l—m]” 4.9)

where p; -y , is the probability that n output ports have been reserved by first x—1 contention-free
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packets and is obtained by

n-l
Pin = Z Pi-1n- RJ 4.1
1=l
Let W, denote the probability that & and only & packets may be selected to gain access to
the switch without contention in a time slot, which can be interpreted as the probability that the
space sets A}, Aa, - -+, A, are non-empty and A, is empty. Thus,

k
Wiy=Uinao[1(1=Up) 1<kSN .11
=1

where Un .10 = 1. The throughput per input under a centain load p is given by
k

A N
T=t suw =L Shvianll1-Um (4.12)
N 3 N 3 I=1

The average probability of a packet 1o get through at a specific busy port is the ratio of the aver-
age number of packets getting through. AT, and the average number of busy mput ports, Np.i e .

T, =L 413

p
In order to calculate the average packet delay. we have to determine the average and the

mean square service time which is the period when a packet stays at HOL and contends tor out-
put ports slot by slot. It is assumed that these trials are independent of cach other and can be

described as a Bemoulli trial model. Thus, the average and the mean square service tme are

given by
M= S nT, [ 1-T, ' = = (4.14)
n=1 Th
and
— = 2-T
M2=Y niT,[1-T, )" = b (4.15)
n=1 [Tb ]"

These may be substituted into the following formula [1] to find the average delay D.

- - M2
D =i+ 2M=M) (4.16)
2(1-AM)
Here, A is Bemoulli arrival rate of the packets and is given by p/M.
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4.2.2. Numerical Results

We assume that each incoming packet generates copies independently with identical distri-
butions. This distnbution can be described as Bemoull trials on each of the output pons in which
the probability of generating a copy on each trial is p. In practice, however. at least one copy is
always generated hy every packet. So, a modified Binomial distribution is used to represent the
distnbution of the number of copies generated by each packet. i.e.

N m N-m
L,,,J p” (1-p)

= . m=1.2,--- N 4.17)
0 1-(=p)t

Under the one-shot scheduling. the packet with less copies will more easily win the conten-

tion than that with more copies; accordingly. the blocked packet has more copies than new com-
ing pachet on the average. Thus. a blocked packet will suffer another blocking with higher pro-
bability than the mmtial blocking probability of a new packet. We attempt to model thus effect by
replacing the distribution in equation (4.17) by its encountered total life distibution {4](5]. Thus.

the density associated with the HOL packets is given in terms of the density of typical packets by

mQ,
R, M On (4.18)

m
Here. m is the common average number of copies generated by a typical packet. Under the
assumption of the modified Binomial distribution. we have
— N
m=—"—L— 4.19)

1-(-p)®
Substituting (4.17) and (4.19) into (4.18), we find

N m N-m
m [m] pT(1=p)
Np

Figurc 4.3 shows the analysis results of average packet delay versus average packet arrival

Onm = m=1,2,---N 4.20)
rate. It is interesting to note that when N —o0 and keeping a constant m the av..age number of
copies genecrated by a packet, the curve of delay will converge to an asymptote. This is not
surprising since it approaches unicast mode when m <« N, and saturated throughput approaches

0.586/m. where 0.586 is the scturated throughput of the unicast switch under the same
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Figure 4.3. Average packet delay for several switch sizes
with constant m (2 and 3)
assumptions.

In order to test the accuracy of the analysis. the results of the analysis were compared to the
simulation results for the case of Geom/G/1 queueing system with infinite bufiers. The simula-

tion model was described in Chapter 2.

The results of the analysis and the simulation are shown in Figure 4.4 for vanous switch
configurations. The average packet delay is shown as a function of the average packet arrival rate
A, with different values of p the probability of a copy being generated at an output port. The com-

parison of analysis and simulation shows that the correspondencr s quite satisfactory.
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Figure 4.4. Average packet delay with one-shot scheduling and random-selection policy
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4.3. ANALYSIS OF ONE-SHOT DISCIPLINE WITH CYCLIC PRIORITY

Unlike the random selection scheme. in this section. we assume that the HOL packets make
the reservations of the output ports in the order of their priority levels. We assign N levels of
priority to the N input ports in the beginning of each time slot and rotate the assignment cycli-
cally slot by slot. The input port with priority level 1 can get its :19L packet or all of the copies
through the switch with probability 1 if its queue is non-empty. As for second priority port, we
will check whether ail of the copies can get through without contention with the copies from the
first priority port; if so. this packet can get through. otherwise it has to wait for next slot. Then we

check each port according to the priority order up to the port with priority level N.

4.3.1. Mathematical Mcdel

The notation used in the following analysis is defined as follows:
S, event that the packet in the input port with priority level i wins the contention
F, eventthat the input port with priority level i is blocked

Pr(F)=1-Pr(,)

C, random variable representing the number of copics generated by the packet at the head of

input port with priority level |
R,, probability distribution of the number of copies generated by a packet
Pr(C,=m)=R, m=1.2.....N

K; random variable representing the number of output ports reserved by packets from the input

ports with the priority level j=1,2,.......i.
Pr(Ki=k)=P{ i=1,2seuN; k=01, N

First, we calculate the probability of getting through by conditioning on the number of

copies of the packets and previous reservations. In the input port with priority level 1, we have

Pr(§;)=1 (4.21a)
PriF)=0 (4.21h)
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As for input pont with priority level 2, K| output ports have been reserved by the input port with
priority level 1. Because the generated copies are for different output ports. as long as any one of
C, copies generated by the packet does not intend to get access to any one of those K, reserved
output pons, the packet is able to get through. Moreover, the sum of K; and C; should not

exceed N. We can now write down the conditional probability

N—k,

m

Pr(S2|K1=k|.C2=m.K1+C2SN)= [N]
m)

_ (N—kl)(N—kl-l) (N—k,—m+1)
- N (N-1) - - - (N=-m-1)

L TN (P - 4.22)
N-j '

Generally, in the input port with priority level i (i=2. 3......., N), we have

m kl-l
Pr(S,\K,.;=k,-,.C,=m. K,_|+C,SN) = ,I;Ix - rj:'l- ] 4.23%
Averaging over C, under the restriction of K, _y + C, £ N yields
Nk, ,
Pr(S,1K,.1=k)) = Z Rm Pr(S, 1K,y =k, C,=m, K, +C;<N)
m=|
= -— i>1 4.24)
ma | 7 e N-j+1

To remove the condition we find Pi. =Pr(K;=k,). Assume p; is the non-empty probability
for the specific port with priority level i in current time slot. All the copies from the port with

priority level 1, as long as the port is non-empty. will get served immediately. Therefore,

P}' =Rkl pl kl = ]’2' ...... .N (4-25)

In case that the port is empty. &, =0 and
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Py =1-p, (4.26)
We now compute the conditional probability of the number of reservations due to port with prior-

ity level 2, given the reservation due to port with the highest priority.
ty Enest pnonty

Prika=kalKy= k)= 8,4, Lp2 Pr(F2 K =k D+ (1=-p3))

+ P2 sz_kl Pr(S:\K=k)) .27
where
=1 i=]
;=10 i#)

The first term of (4.27) corresponds to the case k; = k; which could happe:: when second reser-
vation fails due to its contending with the first reserved packet or simply when the considered
port is empty. The second term describes the fact that a packet with &> — 4 copies gets through.

Removing the conditioning on K, we write

>
™M

P =
k

Pl Pr(K2=hy K =k))
0

-
0

Pl, 5“_“ [p2Pr(F; 1K =ky) + (] -pa)] + p:R‘:_hPI‘(SZ 1K =ky)
4]

-

ky
= P}: (p2Pr(F VK =k2) + (1-p)] + T Pl pa Ri 1, PrS21Ky=ky) (4.2%)
k,=0

Generally, we can show that

PrK,=k K,y = k1) =8 u,, [P PrF K =k )+ (1=p,) ]
+ P, Rk.‘k--n Pr(S,1K,—y=k,-) (4.29)

kl
Pi = Y P PrKo=k K =k_y)
kl-|=0
=Pt [piPr(F 1 Kio=ki) + (1=p;) ]

kl v
+ X Py} pi Rk, PrSilKioi=k,_y)

kl-|=0
Pt 1 Nz—;k' RoT | 1-—2
=Py - Pi -
! m-‘-l ml=| N_J + 1
+ f; Pl oy Rees,, NE" R,,,]""[ [1-——"%‘—‘—— (£.30)
k,_,=0 m=] J=1 l N—., +1
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By removing the conditioning in equation (4.24) over K,_;, we can obtain the probability of

successful transmission for port with priority level i (2 £ i € N), namely,

AV
Prs,) = P PrS, 1K oy = koy)
k, =0
ﬁ | N-k, ] m kl—l (4 21)
= P R,,, 1~ X o
& ,=0 oo mE:] II.-_-]I N-.I +1
Wheni=|
Pr(Sy =1 4.32)

We now proceed to derive the probability of the number of slots required to switch a mnlti-
cast packet. First, we calculate the probability by conditioning on the priority when packet
arrives to the head-of-line. It is assumed that if not all the copies of the packet can get through in
a slot, there 15 a retry for all copies in the next slot. We assume independence from tnal to trial. If
a new incoming packet receives the service with priority level i, the probability that only one slot
is necded to get it through is Pr(S,). the probability that two slots are taken to transmit it is
Pr(S,-)) [1-Pr(S,)}. and so on. Thus. the probability that n slots are required to switch a packet
stanting with service priority level i is given by

]

Pr(nistarting at i, n<i) = Pr(S,-,.1) 1 [(1-=Pr(S))] (4.33)

J=t=-n+2

with the mean value

— 1
M;= Y n Pr(nlstarting at i, n<i) 4.34)

n=]

Here, we define

Pr(starting at i) = Pr(port has priority level i | newly contending packet)
Note that if the port happens to have the highest priority, the packet will undoubtedly get
through. So, at most i slots are needed for transmission at any port. We now tum our attention to
find the probability that the port to which a newiy generated packet arrives has priority level i.
Without loss of generality, we focus on a specific input port. The new HOL packet always fol-

lows after successful transmission in the previous slot or after a new arrival to an empty queue.
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From the law of total probability. we have
Pr(newly contending packet | port has priority level )

= Pr(in previous slot, port was busy, more than one packet existed in queue. and a packet

got through | port has priority level i)

+ Pr(in previous slot, port was busy. only one packet existed in queue, a packet got

through, and one packet arrived the port | port has priority level i)

+ Pr(in previous slot, port was empty, and one packet arrived the port | port has prior-

ity level i)

As previously, we assume that the probability of the port with priority level i to be empty is
1 —p;. We need 1o find a reasonable approximation for the probabilities of one message and of
more than one message in this queue. To overcome this problem. we may assume that the pro-
portion for these two probabilities is the same as that for the M/M/1 queue. Since all of the pro-
babilities add to one, this gives p, (1 —p,) and p> for the probabilities of onc message and more
than one messages, respectively. Thus, fori=1. 2, ......N-1

Pr(newly contending packet | port has priority level i)

= p?-vl Pr(Sc’H) + }‘-(I—Piﬂ) “"'p: +1 Pr(SlH)] (4.354)
Since Pr(S;)=1,then

Pr(newly contending packet | port has priority level N)
=A+pi(1-1) (4.35h)

Where A is Poisson arrival rate of the packets per input per slot time. Because each port is served

with cyclic priority, then

Pr(port has priority level i) = # (4.36)

By using Bayes theorem, we obtain

Pr(starting at i) = Pr(port has priority level i | newly contending packet)
Pr(newly contending packet | port has priority level i)/ N

N
Y. Pr(newly contending packet | port has priority level j)/ N
j=1
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Thus. fori=1, 2, ...... N-1

P?#] Pr(Sl-O-l) + l(l—PM) [l+p1+l Pr(SHﬂ]
N

Pr(starting ar i) = .37
21071 Pr(S, AP, (140, 1 PP (S, )]
J=1
and fori =N
, A+pi(1-2)
Pr(starting at N) = N 4.37y
Y (P 1 Pr(S, AP, 1 (1 +p, 1 Pr(S, 1))
j=
By averaging equation (4.34) over i, we obtain the average service time
— N i
M =3 | Pr(starting at i) 3, n Pr(nlsiarting at i, n<i) (4.38)
1=} n=l}

The quantities of p; depend on the current priority and A. We may writc an equation as
Pr(empty | port has priority level i)
= Pr(no arrival guring a slot) Pr(empty at beginning of previous slot)
+ Pr(no arrival during a slot) Pr(only one at beginning of previous slot)
X Pr (get through in previous slot)
Similarly to the above discussion, an approximation of the input queue by an M/M/I model is

assumed. Therefore,

I‘P::(l"‘}\-)(l-Pul )+( 1“)\)PHI ( ]_le )Pr(SH»!) (4.39)

By manipulating this equation, we can show

P:'=}\+ ( 1_)\') [ l—P’(SHl)]Pin""( 1 _)\')Pr(Sl+l)pl+l‘2 (4-4())
In the case of the port with priority level N, since the previous priority was level 1 and Pr(§)=1,

we have

v =1=A+(1-%)p* (4.41)

The average value then is given by

©
]

= |-
M=

P’ (4.42)

-~
n
-
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The load, p. can also be defined as the average number of arrivals during the time a mes-

sage is being transmitted or

p=AM (4.43)

The modified values of p, are found from normalization

p=p L (4.44)
p
In order to calculate the average packet delay, we have to have the mean square service

time which can be obtained by substituting n* for n in equation (4.38). i.e.

— N 1 ]
M =3 | Pr(starting at i) S [ n2 Pr(Sicnay) [T (1-Pr(S))] (4.45)
1=}

n=1 J=i~n+2

The uverage delay can be obtained by [1]

D=M+ 2‘2—%%’)1 (4.46)

Another quantity of interest is the throughput, which is the average number of packets get-
ting through per input port per slot. Thus,

r

N
2 PrSop, (4.47)

i =1

1
Th hput = ——
roughpu N

4.3.2. Numerical Results

We solve our preblems by using an iterative procedure based on the foregoing analysis as
follows. Assuming that a steady-state solution exists. we suggest a simple procedure to find
Pr(S,). We initialize p, with the values 0 < p, < 1 and find Pi, from equations (4.25), (4.26) and
(4.30). Substituting P; into equation (4.31) yields the approximation of Pr(S;); which then can
be used to update p; through equations (4.40), (4.41), (4.42), (4.43) and (4.44). We repeat this
process and the new values of Pr(S,) are compared to the previous ones. The steady-state values
of Pr(S,) are assumed to be obtained if no two consecutive values differ by more than a threshold

of 1078, It was observed that smaller values of the threshold do not improve the results but

increase the iterating time.
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In order to test the accuracy of the model, the results of the analysis were compared to the
simulation of the system for the case of Geom/G/1 queueing model with infinite buflers. Two

copy distribution models were used in our verification.

We first assume that each incoming packet generates copies independently with identical
distributions. This distribution can be described as Bemoulli trials on each of the output ports in
which the probability of generating a copy on each tria. is p. The same modification as in Sec-

tion 4.2.3 is made, so that

N

m [ ]pm (]_p)N-m
R, = \

Np

This approximation was applied to the forgoing analysis to calculate the throughput and the

m=12,...N (4.48)

delay.

The results from our analysis and from simulations are shown in Figure 4.5 and Figure 4.6.
The average packet delay is shown as a function of the packet arrival rate, and the throughput as
a function of the probability that the input port is busy, with different values of p the probability
of a copy being generated at an output port. The comparison of analysis and simulatinn shows
that the correspondence is quite satisfactory; however, the match is better for copy distributions

with large mean.

It is clear that the packet with larger average number of copics will suffer blocking more
often. The approximation described in equation (4.48) is a proper model in this regard and gives
the results close to the simulations especially for larger values of p. When p is small, the average
number of copies generated by a packet is small and approaches 1 while the switching
approaches the unicast case. Therefore, the approximation is somewhat overdone by the encoun-
tered total life distribution in this case. Figures 4.5 and 4.6 show the better correspondence with

larger values of p.

Another model applied to verify our analysis is to simply presume that a packet generates
and evenly distributes NC (a constant number of) copies to the destinations so that we do not

need the total life approximation any more. Accordingly,
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Figure 4.5. Average packet delay with one-shot scheduling and cyclic priority policy where
each incoming packet generates copies according to Bemoulli trials with

parameter p for each output port
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Figure 4.6. Average throughput with one-shot scheduling and cyclic priority policy where

each incoming packet generates copies according to Bemoulli trials with
parametcr p for each output port
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Figure 4.7. Average packet delay with one-shot scheduling and cyclic priority policy where
each incoming packet generates NC (a constant number of) copies 10 a set of

output ports
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_ |1 m=NC
Rm = 0 otherwise (4.49)
As expected, the algorithm is in good agreement with the simulation results even in small value

of NC, as shown in Figure 4.7.

4.4. REVIEW OF TWO MODELS FOR WS CALL SPLITTING

The performance analysis of the WS call splitting discipline has bees. studied intensively
by Hayes [2] and Hui [3]. respectively. For the sake of completeness, we would like to include
brief review of these two contributions in the dissertation. We shall follow the notation of {2]

and [3] for the convenience of reference.

4.4.1. Model I by J. F. Hayes et al. [2]

We assume that the number of copies generated by each incoming packet have the proba-
bility distribution P,. The probability generating function for the number of copies generated by
an incoming packet is given by

X)=Y :P, (4.50)

1=

In this study. the contending traffic is characterized by means of residual distributions. Given that
an input port is active the probability distribution of R residual number of copies encountered hy

atagged packet is given by

PriR=jl=r =< ¥ P, @.51)
X 1=}
with the corresponding probability generating function
R(zlactive) = _«':_}_(l]_-)_ﬂg)l (4.52)
(1-2)

where X is the average number of copies generated by an incoming packet, X=X (1), Itis
assumed that each of the input ports is active with probability p; consequently the probability
generating function of the number of interfering copies generated by a single packet as encoun-

tered by a tagged packet is given by
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Rzy=p ZH=XE (4.53)

X(l-2)

Neglecting the coupling in the contention process for output ports, input ports are assumed (0
operate independently to keep the complexity of the analysis manageable. The P.GF. for the to1al
number of conflicting copies is then given by

NN-L N
Rr)= ¥ @z’ =R

1=0
=] P E_Ll"_X_@)l + l_p ]N—l (4.54)
X(1-2)

where the Q; is the probability of a total of / residual copies from all sources, @; = Pr[Rr = 1]. It

wis dalso shown that the joint probability generating function is given by

(&)

T(:,.:;.~--.:~)=Rr(é7\{') (4.55)

The analysis of the packet delay focuses on a particular input port, where a packet gen-
erates K copies. Each of these copies will contend, at the output ports with copies generated from
the other N - 1 input ports. Assume that a particular set of L copies from the designated input
port arc chosen. Since the traffic is symmetric. this set can be chosen to be the first L copies. The
probability that the copies from the particular input port have won contentions at least at first L
outputs of the X chosen by the packet. is found to be

| i i
PrM 1K) =Jdy Jdey o Jdy TGz o Lo 1) LSK  (4.56)
Q

0 [{}

The probability of any particular set of exact L copies getting through is given by

K-L .
Pr0,1K)='Y [K;'L] 1) PrM,. 1K) L <K (4.57)

10

The probability of any of the possible sets of L of X copies getting through is given by

Pr(L 1K) = [’[f] PrO, 1K) L<K (4.58)

The probability of successful transmission of all copies in n slots can . calculated by

0(1 1 K) = Pr(K 1 K) (4.592)
K

Qn 1 K)=S Pr(l | K) Q(n-11 K =1) (4.59b)
1=0
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Then the packet service distribution is found by averaging over K.

K
o)=Y PriKk =K)Q(n 1 K) 4.6
k=0

Now. the mean and the mean square service time. then the average packet delay can be calcu-

lated in succession.

4.4.2. Model II by J. Y. Hui et al. (3]

In this model. it is assumed that each HOL destination is served independently. with identi-
cal probability g. across the inputs as well as from slot to slot. A packet arriving at an input queuc
is destined for a random number F = f of outputs with probability ry. The throughput Agup, 18
measured in terms of copies per output. We have Ayum = E[F] A. Let N, be the random number

of HOL destinations for the output j. The value of N, in the next time slot is
N]’=Nj'-E(Nj)+AI (4.01)
where g(x) = 1 if 2 >0 and 0 otherwise, and A, is the total number of destinations for j in al!

fresh HOL packets arriving in the current time slot.

Considering q averaged over all HOL destinations, at a parucular slot time. there are

25:’; N, destinations at the HOL. out of which, ij? g(N,) will be served. Over a slot time, the

probability of having a randomly picked HOL destin...on served is
L (4.62)

In [3]. it was shown that when N—eo, g is a function of Ay, only.

2 (1= A
20~ Pougur) (4.63)

T 2 M

The formula is slightly pessimistic compared to simulation. Lacking a better model for the
dynamics of g as a function of the past history of HOL services, the independence assumption is
induced by setting g = g for all the time. For a fresh HOL packet, the probability that a destina-

tion is served in U = u time slots is
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P,=q(1-g)! uz1 (4.64)
Conscquently,
PWU>u= ¥ qU-gk'=(1-¢g)" (4.65)
k=u+l

Let U, be the random number of time slots required before the /-th destination of the packet is

served, 1 </ < F, The packet is served after X time slots, where

X = max (U) (4.66)

I=lwF

Consider now F = f. Since the U, are assumed independent forall 1 </ <f, then

/
Px(Xsx|F=fy=[] PuUisx)=[1-(1=-g* Y (4.67)
I=1

Consequently,

Py(X=x1F=f) = Py(X<x |F=f) = Py(X<x=11F=f)
=[1-(-grV-[1-(0-gy"Y (4.68)
The probabilities for the service time for a HOL packet is given by the following unconditioning.
N
Px(X=x)= 3 r Px(X=x|F=f) (4.69)
/=1

The mean service time is given by

- A'
ElX)= ): zr,u—(l—q)*}f—(l—a-q)‘-' ¥
N f f _1)&‘4'1
= . —(———, 4.70)
/2;1 rfk% [] 1—(1-g)* (

For a steady-state, A E{X] = 1. The remaining steps of the delay calculation are fairly straightfor-

ward and would not be included here.

4.5. A GENERAL UNIFIED MODEL FOR PERFORMANCE ANALYSIS

We may have noted that several approximations are used in above-mentioned models, and
some of the approximations are even lack of proper justification. Therefore, we try to avoid these
approximation assumptions by using matrix-geometric approach. Another objective of this effort

is to set up a unified analytic model for both the one-shot and the WSS call splitting disciplines.
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The recently developed matrix-geometric approach [6){7] for the analysis of Markov chains
with infinite state space have provided an efficient technique for the performance evaluation of
complex queueing systems. The key to the application of this approach is a block-partitioned
structure of the transition probability matrix characterizing many queueing systems emerging in a

variety of practical cases. A typical form of such a transition probability matrix is

[Bo By B2 0 0 .]
Ao A A2 O O .
0 Ag A, A2 O

_ 2 4.71
O=10 0 agA, A,. @70

-
By proper defininon and partition of the overall system’s state space. our problem can be shown

to have a structure where matrix-geometric technique can be used to compute quecue length dis-

tribution and other statistical parameters of the system.

4.5.1. Description of the System

We consider a queueing system where a cyclic priority input access scheme is assumed.
The HOL packets in the queues make the reservations according to their priority level. We
assign AN levels of priority to the N input ports in the beginning of each time slot and rotate the
assignment. (1 2293 —=.. - N1 22 ) cyclically slot-by-slot. The reader may

obscrve that the assignment rotation is reversed with respect to the one in Section 4.3.

Assuming baianced traffic and a symmetric system, we focus our interest on one tagged
queue without any loss of generality. The queue is modeled as a discrete time Markov chain.

The state of the system at the beginning of each time slot is defined by (J, /. K, M) where
J — number of messages in the queue
I — priority level of the queue in current slot
K — number of output channels being reserved by higher priority input ports

M — number of copies of the HOL packet
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We now derive the state transition probability from (J, I, K, M) to (J°, I', K', M"). The transi-
tion probability matrix Q is block partitioned and consists of square block matrices By, B, Aq.
A,y and A,

"Bo By 0 0 0 .]
AgAL A, 0 O .
0 Ag A A, O

Q=10 0 Ag A, Az . (4.72)

no arrival

one arrival

Ap no arrival, one departure

no arrival, no departure
one arrival, one departure

one arrival, no departure

Figure 4.8. Transition of the states

The block partitioned structure can be identified in O by grouping its terms with respect to the

same indices J and J °, refer to Figure 4.8. B describes the transitions of the case that queue is
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empty and no packet arrives during a time slot. 8, describes that a packet arrives at an empty
queue during a time slot. A; describes the case when queue is busy therefore, there may he one
departure during a time slot. Ao corresponds to the case of one departure and no arrival in a time
slot, while A, corresponds to the case with no departure and one arrival. The case of one depar-

ture and one arrival or the case of no departure and no arrival is described by 4.

- -
L N
- i - e e -
- e m -
P
--—e—— e o e

Figure 4.9. Configuration of a block matrix

The indices of the block matrices, By, B, Ag.A) and Ay, are /. Kand M where /= 1,2, ...,
N:K=0,12,... . Nifi#1;K=0ifI =1, M =1, 2. 3....N. Therefore, the size of each block

matrix is (N-D(VN+1)N +N = N3. Since the transition only happens from one priority level to
the subsequent priority level, i.e., /* must be / + 1 (mod N), so at least %V——l— 10)%. entries are all

zeros. as shown in Figure 4.9. The entries of the matrix are determined as follows.
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4.5.1.A). Q Matrix for One-Shot Discipline

Assume balanced traffic and a symmetric system, therefore the behavior of an input queue
in the next tire slot is statistically the same as the behavior of the subsequent input queue in the
current time slot. Let R, be the probability that an incoming packet requests m output ports. We
further assume that the copies of the packet are absolutely uniformly distributed to the output
ports. Now we define S§ as the probability that a HOL packet is successfully transmitted. given
that the packe: has M copies and that K output ports have been reserved by the higher priority
packets. Because the copies of a packet are for different output ports, as long as any one of the M
copies of the packet does not intend to get access to any one of those K reserved output ports, the
packet is transmitted successfully (refer to Figure 4.10a). Moreover, the sum of K and M should

not exceed N. Hence. we can write down the conditional probability

S¥ = Prlpacker transmitted | packet has M copies, K outputs reserved ]

N-K
[ M ] _ (N-K) (N=K=1) - -+ (N-K-M+1)
[N] B N (N=1) - -+ (N-M-1)
M
M
~ __ K
= -300 .73

In one-shot case. since the whole packet must be transmitted or blocked at the same time,

K may he either K + MorK.ie.

K+M with probability Sﬁ for successful transmission

K™= 1k with probabiliry 1 - 8%

The transition of the states with respect to K aid M is shown in Figure 10(b.c). The entries of O

are given by the algorithm listed in Appendix 4A.

4.5.1.B). Q Matrix for WS Call Splitting Discipline

The WS call splitting discipline assumes that copies generated by the same input packet
may gain access to output ports independently. A HOL packet may stay at the position until all
its copies a2 transmitted. Thus, the piocess of transmission may be dispersed over several time

slots. Most propably, a HOL packet is a residual packet which only holds a residual number of
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, free outputs
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K
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(b)) wansition of states with respect to K

K
L-S5, + 5, Ru, >, o

(¢ ) transition of states with respect to M

Figure 4.10. Transition of the states within block matrices for one-shot scheduling
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( ¢) transition of states with respect to M

Figure 4.11. Transition of the states within block matrices for WS call splitting
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copies. We define T (n) as the probability that n of M copies of the packet are transmitted suc-
cessfully, given that K output ports nave been reserved by the higher priority packets. The rela-

tion between K, M. K and M " is expressed as below

K'=K+n with probability TH(n)
M =M-—n n=12:--,max(M-1, N-K)

where (refer to Figure 4.11a)

T’,f,(n) = Prin copies transmitted \ packet has M copies, K outputs reserved |
N-K) [ K
_ n M-=n
B N
M

If the whole packet gets through in current slot, then a fresh packet is coming with a complete

.74

request of destinations, such that

K'=K+M with probabiliry TH(M ) = S},
M =m with probability R,

The transition of the states with respect to K and M for WS call splitting is shown in Figure
11(b.c). Since Bg, B, Ay correspond to the cases that there is no possible splitting transmis-
sions. only A and A, need to be modified based on the algorithm for the one-shot discipline. The

algorithm for the formation of the Q matrix for the WS call splitting discipline is listed in Appen-
dix 4B.

Having obtained the block partitioned structure for Q matrices of both the one-shot and the
WS call splitting disciplines, we are now in a position to apply the matrix-geometric technique to

calculate the queueing distribution. This is the topic of the next section.

4.5.2. Solution via Matrix Geometric Approach

The matrix geometric method was introduced by Neuts in [6]{7] and has been used success-
fully to analyze a number of complicated queueing systems (e.g., [8](9]110]). Here, instead of
repeating the analysis in the literature, we briefly outline the major steps in applying the matrix
geometric technique to calculate the packet delay. Our goal is to compute the steady state proba-

bilities of the system. Let x4, = Pr{J =j, I'=i, K=k, M =m] denote the stationary probability of
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the system state. We define the state probability vectors x, j20, as

X, = Xygmi i=1.2,00- N1 k=01, Nifi#l; k=0ifi=lim=1,2.- - N |
Each N *-dimensional state probability vector x, corresponds to the state probabilities at the level

of having j packet in the queue. Now. we start the computation by introducing some standard

notation.
A=ZAV=AQ+A]+A2 4.75)
v=0
G=Y A G '=A;+A,G+A;G? 4.76)
v=0

The obvious numerical procedure for computing the matrix G is by successive substitution,
starting with G = 0. Once G is computed, we further define X

K=3 B.G'=Bo+B,G @.77)
v=(0

Then, we tum to calculate xq. which corresponds to probability that the queue is empty.

based on the proof in [7],

Xg = ﬁT 4.78)

where k is the invariant probability vector of K (kK = k), and

oo u-} )
ky=e+ ¥ |B, X G ' {u=e+B1 (4.79)
u=l v=0
e is the all 1 column vector. The vector ft is given by

pu={I-G+eglli-A+E-Pglle (4.80)
B=Y vAie=(A;+24A;)e 4.81)

v=0

where g is the invariant probability vector of G such that gG = g; I is the identity matrix. The
vectors X,y 2 1, can be computed by Ramaswami’s recursive equation [11]

o J-1 o . -
x, = [% LBG7+XTx, T AGTMI(1-F 4,67 (4.82)

V= u=]l  v=j+ley v=l

which is stable and can be explicitly stated for our system, as follows
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X=X B, (-4, -4:06)" (4.830)
X; =% A2 (I~4, - A, G j22 (+.83t)

From the vectors x,, we can obtain the stationary queue length distribution and mean value

of the queue length, L. The packet delay can be calculated from Little's formula.

D - % 4.8

This simple general computation procedure can be used for both one-shot and WS call
splitting disciplines. The approximation of the copy distribution model is avoided. Furthermore,
our model has the advantage of being able to incomorate any arbitrary packet copy distribution
in the performance analysis. Some numerical results were plotted in Figures 4.12 and 4,13,
which is in satisfactory agreement with the simulation resulis, for both the case of a moditicd
binomia! distribution for the number of copies and the case of constant number of copies. The
slight discrepancy with the simulation results is due to the fact that our model still uses the
approximation assumption that the copies of the blocked packets are evenly distributed over the

output ports.

4.6. REMARKS

In this chapter, we presented some analytic tools of traffic theory for the multicast switching
system. These results could serve to model the multicast packet switch and to predict the onset of
congestion of the system. Although this chapter is devoted to the multicast switch, the analytic
models can also be applied to other queueing problems. In consideration of future work in this
area, we should realize that there are still a lot of work to be done. For example, in Scction 4.5.2,
we have noticed that when N—»e and keeping a constant m (the average number of copics gen-
erated by a packet), the curve of delay will converge to an asymptote. It would be of interest to
prove a monotonic convergence and derive the approximate performance of a large size switch.
Finally, although the matrix geometric approach is quite satisfactory in modcling, its calculation
takes long time and needs a large size of the data and stack segments (the size of the matrices for
computation increases cubically, refeming 1o switch size N). Hence, approximations based on

reduced state space models yielding less computational demand are of particular interest.
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Figure 4.12. Numerical results with binomial copy distribution

(OS: one-shot; WS: WS call splitting)
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APPENDIX 4A: Algorithm for the Formation of the Q Matrix (One-Shot Scheduling)

forall /=11to N do begin
forall K=0to N do begin
if/=1and K #0 then break
forall M = 1 to N do begin
ifl#Nthen/ =1+l
elsel =1
forall K“ = 0to N do begin
if7"=1and K” #0 then break
forall M = 11to N do begin
row =M
if/>1thenrow=row+(/-2)*N2+(/+K-1)*N
column=M"
if/°> 1thencolumn =column+ (/"-2)* N2+ (I'+K"-1)*N

ifl=land K'=0and M =M~

orifl</<NandK =K andM =M

orif/ =Nand M = M " then
Bop[row][column]=1-A

iff=land X'=0
orifl</<NandK =K~
orif / = N then

B [row][column] = A * Ry

ifleNand K'=K+ M
orif / = N then
Aglrow)[column] = (1-4)*SK * R,

if/=1and K" =M then
A j[row]icolumn] = A * Ry,
elsecifl </ <Nand K" =K + M then
A, [row][column] = A * SX * R,,-
elsecifl </ <Nand K =K and M =M then
Afrow]column] = (1-A)*(1-5&)
else if / = N then begin
A [row][column] = A * S§ * R,,-
if M = M’ then
A [row][column] = A, [row]{column] + (1-A)* (1-5%)
end

ifl<l<NandK=K 'andM =M"
orif/=Nand/’=1and M = M’ then
Aa[row][column] =A*(1-5%)

end
end
end
end
end
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APPENDIX 4B: Algorithm for the Formation of the 0 Matrix (WS Call Splitting)

forall /= 1to N do begin
for all K= 0 to N do begin
if1=1and K #0 then break
forallM = 1 to N do begin
iflI#Nthenl' =1+l
else/ =1
forall K" = 01to N do begin
if7"=1 and K~ #0 then break
forall M“ =110 N do begin
row=M
if/ > 1thenrow=row+ (/-2)*N>+(I+K-1)*N
column=M"
if]°> 1thencolumn =column 4 (/' -2)Y* N +(I'+K - 1)*N

ifl=1landK"'=0andM =M"

orifl</<Nand K =K and M =M

orif = Nand M = M’ then
Bglrow]column]=1-A

ifl=landK'=0
orifl </<Nand K =K~
orif I = N then

B [row]column]=A * Ry

ifleNandK' =K+ M
orif I = Nthen )
Aolrow]lcolumn] = (1-X)* TR(M) * Ry

ifl=1and K" =M then
A jlrow]icolumn] =X * Ry,
elseifl </ <Nand K’ =K + M then
A ([row]icolumn] = A * T (M) * Ry
elseifl </<Nand K+ M =K+ Mand K’ 2Kand K’ <K + M then
A, (row){column]=(1-A) *THK'-K)
else if / = N then begin
A;lrow]lcolumn] = A * TH(M) * Ry,
ifM2M and M -M’ + K <Nthen
Ay[row]{column] = A [row][column] + (1-X ) * THM-M")
end

ifl<I<Nand K"+ M’ =K +MandM <M
orif/=NandM sMandM -M’+ K SN then
A[row]{column] = A * Tf;(M-M")

end
end
end
end
end

- 1044 -
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5.1. INTRODUCTION

In this chapter, we will discuss multicast packet switch architectures. We begin by looking
at multicast packet switches that have been proposed in literature. Various ATM switches have
been proposed and developed, the most promising of which are able to provide multicast opera-
tion without exception. Many survey papers of these fast packet switches have been published
recently [1]{2]{3]{4])(5][6]. In general, there were two ways of classifying switches. The various
switch fabrics may be classified into three categories: the shared memory type, the shared
medium type, and the space-division type. They may also be classified in terms of the arrange-
ment of buffer memories, into four categories: input buffer switch. output buffer switch, shared
buffer switch and crosspoint buffer switch. Multicast operation was only taken as an extra func-

tion. However. here, our survey will concentrate on the switches with the multicast feature.

In the second part of this chapter. we will propose a shared buffer memory switch architec-
ture. In this switch. o shared buffer pool and a dedicated buffer pool are properly handled for
switching and buffering the packets. Since the policy prevents the monopolization of the shared
buffers and, at the same time, insures a full utilization of all the N output channels, the sharing
policy with maximum queue and minimum allocation provides good traffic handling characteris-
tics especially under unbalanced or bursty traffic. The packet loss probability is examined under
both balanced and unbalanced traffic. Finally, we will describe the multicast operation of this
switch which is more efficient than Kuwahara's shared buffer memory switch [7]. The capabili-

ties of modularity and priority are also taken into consideration.

5.2. ASURVEY OF MULTICAST PACKET SWITCHES

Due to limited space, we shall only summarize the following four types of switches which
are able to accommodate a multicast capability: the banyan-based space-division switch, the

knockout switch, the shift switch, and the shared buffer memory switch.

5.2.1. Banyan-Based Space-Division Switch
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Banyan-based space-division multicast switches have been proposed in many papers
{8](9]110]. The primary model of the multicast packet switch consists of a copy network and a
routing network which are sequentially combined to copy and switch fixed length packets in slot
times.

Routing Nemworks

As we have mentioned in Chapter 3, a banyan network itself is a blocking network. In the
past, various efforts have been made to overcome blocking. One solution is known as the
buffered-banyan switching fabric, where packet buffers are placed at the inputs of each iniemal
stage switch node, such as [9]. Another way to develop a nonblocking, self-routing network for
packet switching is a combination of Batcher’s bitonic sorting network [11] and 4 banyan net-
work. This arrangement is based on the observation that the banyan network is intemally non-

blocking if the destinations of input requests are sorted in ascending or descending order {R].

An example of 8x8 Batcher-banyan nonblocking routing network is illustrated in Figure
5.1. The header of each input packet to the switch contains local routing information, an activity
hit (AC), a source address (SA) and a destination address (DA). The sorting network sorts the
synchronized input packets based on the destination addresses preceded by the activity bit s the
most significant bit. The compact set of ordered packets are then routed to their final destinations
by the self-routing banyan network., which is done by decoding the header of each incommng
packet. That is, a2 node at stage & sends the packet out on link 0 (up) or link I (down) according to

the kth bit of the header. No centralized routing control is needed.

Copv Networks

The copy network receives multicast packets on input lines and produces 4 required

number of copies on output lines. We shall review several of these that have been proposed.

The first design of the copy network might be the Starlite copy network [8], which is a
receiver initiated system. The inputs to the network are original source packets and empty copies,
as a duplicate data field, generated by receivers (Figure 5.2). These inputs are sorted on their

source addresses. The original source packet and the associated empty copies with the same
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packet format:

Ixx[0) x[x[x[0
p[1fe]1] D[7[1{1]
p2[3]1] [x[x[x[9]
x]2fx]0] D[2[3]1]
[x[x]=]9] Dls41]
Dls[4]1] Dl6]5]!]
Dl6[5]1] D[ 1]e]1]
{71 f1) x[x[x]9]

Batcher’s Bitonic Banyan

Sorting Network : Routing Network

Figure 5.1. A 8x8 Batcher-banyan nonblocking routing network

source address will appear contiguously at the input of copy network. Then the copy network
replicates the data in each source packet and inserts them into the empty data fields of the associ-
ated empty copies. Therefore, the process of packet replication in this design assumes the syn-
chronization of the source and destinations. It is not feasible to implement this approach in a
broadband packet network, since original source packet and empty copies may suffer unpredict-

able variant delay in reaching the switch node.

Tumer's copy network [9] employs a banyan network and a set of broadcast and group
translators (BGT's), as shown in Figure 5.3. The header of an input multicast packet contains two
ficlds, a fan-out indicating the number of copies required by the packet, and a broadcast channel

number (BCN) used by the BGT's to determine the final destination of the copies of the packet.
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Figure 5.2. Copy network of Starlite switch

The packets are replicated by splitting the fan-out in the banyan network. However, packet colli-
sions can not be avoided in this scheme, and it is blocking. Buffers are required for every intemal
node to prevent packet loss. Furthermore, packets may be out of sequence upon reaching the out-

put of the copy network. Turner’s algorithm delays copying packets as long as possible.

Recendy, a two-phase copying process was proposed in {12}, and it secems a derivative of
Tumer's copy network. The two-phase copy network uses a dynamic routing algorithm for

packet replication which permits packets 1o fan out at the earliest possible stage. Once comention
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Figure 5.3. Copy network of Turner's broadcast packet switch

occurs when two packets reach a switching node in the broadcast network simultaneously, the
replication of either packet will be delayed until the next available switching node is reached.
This process is repeated until the packet has generated the required number of copies. Clearly,
this scheme needs more complicatzd cont:dl logic signals.

Lee’s copy network [13] is based on cascaded concentration-encoding-copying networks.
The advantages of this copy network are non-blocking and constant latency time for packet repli-
cation. Although the hardware complexity is very high, it is still a promising scheme; accord-
ingly, we take some time to detail Lee's copy network.

The header of each incorning packet includes a broadcast channel number (BCN) and a
copy number (CN) which indicates the total number of copies of the packet which are required.
The copy network comprises five principal elements (Figure 5.4):

(1) Running Adder Network: for generaling running sums of copy numbers specified in the

headers of input packets.
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Figure 5.4. A block diagram of Lee's copy network
(2) Dummy Address Encoders: for generating adjacent running sums to form new packet

3)

4

headers used for routing in the copy network. These include an address interval defined by
a minimum address (MIN) and maximum address (MAX) as well as an index reference (IR)

set equal to the minimum address. The dummy address is used in broadcast networks only.

Concentrator Network: for removing the idle inputs between active inputs which must be
compact to satisfy the nonblocking condition (monotone and concentration) {13] of a broad-
cast banyan network. One of the concentrators is proposed in [8]. The reverse banyan net-
work routes the active packets based on the sums of the activity bits so that all of the pack-

ets will emerge contiguously at the outputs.

Broadcast Banyan Network: comprising an array of interconnected identical switch elc-
ments for performing packet replication and routing so that a copy of each packet is routed
to an output address contained in its associated address interval (MIN, MAX). As a result of
processing according to the Boolean Interval Splitting algorithm, this address must be the
port address where the copy comes out. Then we can obtain the copy index (CI) by CI =

output address - IR.
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(5) Trunk Number Translator: for determining the outgoing trunk number (TN), or destination

address, of each copy emerging from the broadcast banyan network. The destination

address assignments can be accomplished by a simple table look-up, with attributes BCN

and CI as primary key of the table.
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Figure 5.5. Multicast switch with centralized controller

There are two problems inherent in the design of a banyan-based space-division multicast

packet switch which we have mentioned many times in previous chapters. One is the occurrence

of overflows in the network when the total number of destination requests exceeds the number of

outputs. The other is output port conflicts when multiple packets request the same output port

concurrently. The overall structures of the multicast switches proposed in [8)[9](10] were

focused on the solution to these probiems. But without exception, all these three algorithms do

not persist in the FIFO principle. Copies may be out of sequence upon reaching the destinations.

This may happen, even though we have non-blocking, self-routing copy networks and routing

networks in hand. We have argued that the structure with a centralized controller as shown in
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Figure 5.5 is a feasible solution so far as the FIFO principle is concemed. Under this arrange-
ment, no buffer is needed between the copy network and routing network. The packet walking

time between the input and the output of the switch is constant.

1 ) 1 1
1
1 TNT p— T —
] —M—
M(-1)+1 : /
: Copy =1 Routng :
! | Network : : } Newwork |
N=MK Module k | | TNT — m —N"" Modulek | :
N k T N k

Figure 5.6. A modular structure of a Batcher-banyan multicast switch

To build a large size multicast switch, a modular structure is most appropriate. A modular
structure of a Batcher-banyan based space-division multicast switch is depicted in Figure 5.6.
The set of all N inputs is equally partitioned into & subsets. Each subset of M inputs, where
M = N / k, are then duplicated toward up to N output ports, in a copy network module. Each copy
network module consists of a running adder, a dummy address encoder, a concentrator and 4
broadcast network. The broadcast network is an M:N expansion network constructed by binary
trees and square banyan networks [12][14]. The outputs of & copy network modules are multi-
plexed into N output lines. The destination address of each copy is translated from their multicast
channel number and copy index by trunk number translator (TNT). The . ‘ffered copies arc
further transmitted to the destinations through the modular routing network [14] which also con-

tains expansion networks.
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Figure 5.7. Knockout switch

§.2.2. Knockout Switch

The knockout switch is recently proposed [15][16] for high-performance packet networks

which can provide multicast services under both light and heavy traffic circumstances.
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Figure 5.8. A 8:4 concentrator

The Knockour Switch Architecture [15)

The knockout switch uses a disjoint interconnected path fabric topology (shown in Figure
5.7) to passively broadcast all input packets to all outputs so that no blocking occurs. Each Bus
Interface associated with a particular output is wired to the N input signals from the N input
broadcast buses. Inside each Bus Interface, the input packets are first passed through N parallcl
packet filters where those destined for other outputs are discarded. Those packets addressed to
the output pass through the filters and into a N:L concentrator, as shown in Figure 5.8, whose

function is to select up to L (L <« N) packets out of a total of up to N contenders. This selection is
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Figure 5.9. Modular growth of knockout switch

based on a knockout tournament strategy where up to L winners are chosen. The losers are sim-
ply discarded even though they have passed packet filter. A proper value of L is chosen to
guarantee that the probability of losing a packet within the concentrator is no greater than a
specified threshold. This knockout contention scheme, being the most novel aspect of the
Knockout Switch, reduces the overall complexity of the switch. The L winning packets then
enter an L-input, one output shared buffer. The final unloading of the packets from the shared
buffer is performed according to a first-in first-out (FIFO) discipline so that the original packet
sequence is maintained.

The knockout switch architecture has low latency, and is self-routing and nonblocking.

Moreover, its simple interconnection topology allows for easy modular growth from NxN 1o

JNxJN. Onc way 1o do this is illustrated in Figure 5.9 where L additional inputs arc added to
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each concentrator for a total of N +L inputs and L outputs. The interface for each output in a
JNXJN knockout switch consists of J separate N-bus interfaces daisy chained together.
Specifically, each of the J interfaces for one output contains a row of N packet filters and an
(N +L)~to-L concentrator, with only the first interface (for buses 1 — A) also containing the
shared buffer structure with shifter and L FIFO buffers. These J individual components for each
output are connected together by attaching the L outputs of the concentrator in the jth interface (j

=2,3,...,J) to the L extra inputs on the concentrator in the j-1st interface.

Input Imcrrfi‘cc Modules N Input Broadcast Buses
1=—_r
2—{"}
N Inputs
N 1
Multicast Buses
Multicast Multcast " Bus Bus
Module Module Interface Interface
'—"—J _—J Qutput
Interface
M Multicast Modules Modules
1 N
N outputs

Figure 5.10. A knockout switch with multicast modules

Multicast Operation [16])

The modification necessary 1o support multicast operations is simple. In addition to the N
Bus Interfaces, M multicast Modules specially designed to handle multicast packets are attached
onto the input buses (Figure 5.10). As shown in the diagram, each Multicast Module has N inputs
and one output. The output drives one of M bus wires as part of the arrangement for broadcasting

to all the N Bus Interfaces. Hence the Bus Interface has N +M inputs instcad of N.
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A control header (or field) has to be added to each arriving packet in the Input Interface
Module for the self-routing function. When a multicast packet arrives at an Input Interface
Modauie, it is recognized and destined solely to a Multicast Module where processing will take
place to relay this packet to the various outputs as intended. There are two different approaches

10 implement the Multicast Module as discussed separately in the following.
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Figure 5.11. Multicast operation with packet duplicator approach

(1) The Packet Duplicator Approach
A block diagram of the Multicast Module with packet duplicator is illustrated in Figure
5.11. The incoming packets arc selected through the packet filters which are set to accept multi-

cast packets only. Upon exit from the FIFO bufler, a multicast packet enters a Packet Duplicator
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whose function is to make duplicate copies of the packet with different destination addresses in
the header and send them out along the broadcast bus shown in Figure 5.11, to the Bus Interface.
The various destination addresses are obtained through a table look-up of the multicast virtual
circuit. The duplicates should be allowed to bypass the knockout concentrator and procecd

directly to the shared buffer.
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N Inputs
N—L1

Multicast Buses

I I =
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Figure 5.12. Multicast operation with fast packet filtcr approach

(2) The Fast Packet Filter Approach
This approach is based on the notion of a Fast Packet Filter capable of determining whether
an incoming multicast packet is or is not destined for an output within a few bits intervals. As is

shown in Figure 5.12, once a multicast packet emerges from the N :L knockout concentrator as a
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winner, it is buffered and then broadcasted directly to all the Bus Interface without any alteration.
A list of multicast virtual circuits, each of which has this Bus Interface as a member of its multi-
cast group, can be stored in the Bus Interface. The job is now to compare the multicast virtual cir-
cuit number in the header of an incoming packet to this list; if there is an agreement, the packet is

accepted, otherwise the packet is discarded.

Both the Packet Duplicator and Fast Packet Filter methods can be implemented in a modu-
lar fashion. The Fast Packet Filter has low delay and is preferred in applications where the multi-
cast traffic is heavy and involves a large number of simultaneous destination for each packet.
However, the Packet Duplicator method seems to be more appropriate in situations where heavy

mulucast tratfic is not demanded.

There are two drawbacks in this original mode! of knockout switch. The first is that the
allowable packet loss in the concentrator may bring a significant effect, in case the lost packet
happen to be a critical message. One way to prevent this mistake is to assign priority level 1o
each of the packets when they were sent out according to their significance. Meanwhile. we need
to introduce some facility to deal with packets of different priorities. Here, we suggest to use son-
ing network instead of knockout network to serve as a concentrator. An activity bit follow d by
several bits of priority index composes an address which is used for self-routing in the sorting
network. A bus interface with such a sorter-type concentrator is illustrated in Figure 5.13, where
a 8x8 sorting network not only performs as a concentrator but also endow the network with prior-
ity operation.

The second drawback is in the modular structure shown in Figure 5.9, where J separate Bus
Interfaces chained together. The L outputs of the concentrator in Jth interface will suffer extra
delay when they arrive the J —1th interface. Identically, the L outputs of the concentrator in J-1th
interface suffer extra delay when they arrive the J—2th interface and so forth. So, address-filtered
packets can not compete with each other fairly to come out L winners. Especially when J is very
large. say 64 for example, the worst packet may suffers 63 concentrator-delay time units before it

joins the competition with one lucky packet coming from buses 1 through N. One alternative
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Figure 5.13. Bus interface with sornter-type concentrator

scheme 10 avoid this problem is to use two-stage concentrator without regard to J, as shown in
Figure 5.14. All the output lines of the J interfaces for onc output are connected (o a sccond-
stage concentrator which is made of sorting network. For example, to construct a 1,024~1,024

switch, we choose N = 32,J = 32 and L = 8; hence 32,768 32-input bus interfaces, 1,024 256:8



5. SWITCH ARCHITECTURE -123-

1
2
N l '..- ....... w
Filter
Concentrator
"l—.
1} L
Inputs .4
N+2
2N l ........ ‘ l ........ W
Fuo ) | e Filter
IConcentrator] oncentrator
1l L 1] L
§1-12N+1
J-1IN+2
JN Wi W 1 '.- ....... w
Fiter } 1 | [ e I Filter
Concentrator oncentrato
ly JL ly "y y JL
| Concentrator | | Concentaor |
1 eae l oo
Shift | Shift
Buffer ]  rrereerereee Buffer
1 JN
Outputs

Figurc 5.14. An altemative of modular structure of knockout switch

second-stage concentrators and 1,024 shifter-buffers are needed. The 256:8 concentrator may be

also corstructed by modular structure.

5.2.3. Shift Switch

The shift switch was rccenty reported in [17). The idea is based on seclf-routing through
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Figure 5.15. A shift switch

multistage circulated shift registers introduced by Imagawa [18). The NxN shift network is a
non-blocking multistage network with log,N stages and Nlog, N switching elements, as shown in

Figure 5.15. Let &/ denote the label of switching element in the kth stage and the {th row. The
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stages are labeled from 0 to n—1 where n=logaN and the rows are labeled from O to N-1. Each
switching clement has operational label either "0" or "1" obtained from & +1th bit of binary
number /. The operational label is used in the routing of the packet. The switching elements are
connected vertically in circular manner and horizontally to the next stage. The size of the rings in
kth stage is 2"7*. Each switching element shifts the packet either horizontally or vertically

according 10 the destination address bit.

The operation of the shift network is synchronous. Each input port accepts a packet at the
beginning of each time slot. The slot time is divided into N subintervals. The routing of the shift
network does not require central control; it is done by each switching elements simply checking a
bit of destination address and the counter in the packet header. Let dody - - - d;- - - d,.; be the
binary destination address of the network of size 2"x2". Each switching element in the ith stage
has a label of "0" or "1" and it shifts the packet horizontally to the next stage if d, of the destina-
tion address matches with the label, or it shifts the packet 2"~ times vertically if it does not
match. It has been shown that no two packets from different input ports will be shifted to occupy
any switching element even if the packets have the same destination address, as long as the
number of subintervals is greater than or equal to N. The access to output buffering must be as N
umes fast as the input/output lines. Therefore, there is no contention for the switching elements

and no blocking occurs in the shift network.

The structure of the shift network allows implementation of multicast connection assuming
the header of the packet contains addresses of the desired output ports. The shift network shifts
the packet through the switching element in the same fashion as before but now a packet can be
shifted vertically and horizontally at the same time. Figure 5.16 shows the routing operation of
the multicast traffic where the input port 1 sends three copies of a packet to outputs 0, 3 and 7.
This operation is also non-blocking since all the packet occupies the switching elements at dis-
tinct time. The fatal shortcoming of this multicasting scheme is that the routing of the multicast
packet requires that the header of the multicast packet contains all the addresses of the desired

output ports. It is not feasible if too many destinations are required by the packet due to too long
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Figure 5.16. Multicast operation in a shift switch

header and complicated handling of the header.
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Figure 5.17. Kuwahara's shared buffer memory switch

5.2.4. Shared Buffer Memory Switch

Kuwahara suggested a shared buffer memory switch, the configuration and operation of
whici were described in great detail [7], as shown in Figure 5.17. The shared buffer memory
switch mainly consists of a buffer memory, N pairs of write address registers (WA) and read
address registers (RA), an idle address buffer, and 1/O controllers. Both the buffering and switch-
ing functions are carried out by reading from and writing to a memory. Incoming packets are
converted from a serial data format to a parallel data format. They are then written one by one
into the buffer memory according to the write address obtained from WA corresponding to the
destination output port. An address pointer keeps track of locations of data and empty part of the

buffer memory through the address chain as shown in Figure 5.18. Every packet is saved and
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Figure 5.18. Output queuc chain in shared buffer memory switch

accompanied by an address of the next packet in the qucue. The last packet in the queue is
accompanied by an address of an empty buffer to which the next incoming packet will be written.
Packets are read out from the buffer memory, designated by RA, in FIFO fashion and then con-
verted to a serial data format from a parallel data format. The addresses of removed packets are
replaced by the next chain address by the address pointer for the next set of packets to be
removed. WA and RA indicate the header and the end of the chain, respectively. This mechan-
ism allows each buffer memory address to be allocated temporarily to any output port. Thus, al]

output ports share the buffer memory and required size of buffer memory is therefore reduced. It
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is non-blocking, intemnally and externally, even though more than one incoming packets seek to

the same output port.
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Figure 5.19. Multicast operation in shared buffer memory switch

The multicast function can be implemented with the addition of a multicast circuit, as
shown in Figure 5.19, to the switch. The multicast packets queue up in a dedicated multicast
queue when arriving at the input pornt of the switch irrespective of their destination output pors.
The multicasting operation is achieved during the read-out procedure rather than write-in pro-
cedure, and has a higher priority than the unicast operation. The packet read-out from the buffer
is carried out by first checking the multicast address, if it is active, then it is read out and the uni-
cast queue is skipped; when it is inactive, it enables the unicast queue to be read-out. All of the
copies of the multicast | ket will go through in a single slot. But, only one multicast packet
could go through in a time slot. Therefore, multicasting arrival rate can not exceed 1/N 2 foreach
input line. The switch seems to be applicable only to the cases where the multicast traffic is light.
The poor throughput for multicast traffic may be @ main drawback of Kuwahara's shared buffer
memory swilch. Another drawback of this structure is the possible overloading of the shared
buffer by a few output queues. In the following section, we will discuss the memory type switch

and propose a novel structure to mect a more sophisticated traffic requirement.
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Figure 5.20. Concept of a memory-type switch

5.3. A SHARED BUFFER MEMORY SWITCH WITH MAXIMUM QUEUE
AND MINIMUM ALLOCATION

Buffering is required in any type of packet switch structure in order to avoid packet loss
whenever there are multiple input packets arriving for the same output. The buffer memory could
be located either at the input or at the output or at the internal stage of the switch. In memory-
type switch, both the buffering and switching functions are carried out by reading from and writ-
ing to a memory. The concept of a memory-type switch is illustrated in Figure 5.20. The packet
from all input ports are multiplexed and written one-by-one into the memory. The wnte address
is designated by the controller according to the destination of the packet. The HOL packets are

read out from the memory and sent out through demultiplexer.

Of the various ATM switches as proposed to date. the memory-type switch seems to have
the highest efficiency in hardware-utilization and to have the potential to provide good traffic
characteristics especially under unbalanced and bursty traffic. The implementation achievements
were reported by Hitachi and Toshiba in [19](20]. The memory-type switch can fully utlize its

available bandwidth. There is no blocking caused by output port contention.
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5.3.1. Classifications of Shared Memory Switches

We may classify the memory-type switches from the point of view of the memory sharing

schemes '71]. The five possible schemes are summarized as follows.

)]

2)

3)

Complete partitioning: The entire finite memory is permanently partitioned among the N
output ports hence no sharing is provided. One example of this scheme is ATOM switch
proposed by Suzuki [22]. The switch uses dedicated output buffers for each output port.
Packets arriving at input ports are converted from serial to parallel and transferred to the
data bus using time-division multiplexing. The packets are caught by corresponding address
filters and are buffered and read out on a FIFO basis. The drawback of this scheme is that the

switch requires a very large memory to attain a low packet loss probability.

Complete sharing: It is the other extreme to the complete partitioning in that an arriving
packet is accepted if any memory space is available, independent of the destination to which
itis directed. One example is Kuwahara's shared buffer memory switch {7}, summarized in
Section 5.2.4. Complete sharing has a better performance (smaller probability of blocking)
than complete partitioning under normal traffic conditions with fairly balanced input sys-
tems. But, highly asymmetrical input traffic may overload the shared buffer with a few out-
put queues. In particular, with bursty traffic it is likely for a few output queues to become
momentarily heavily loaded and to monopolize the use of the shared buffers, io the detri-
ment of other output queues, for some period of time fcllowing the congestion. Moreover,
even with perfectly balanced arrival rates, under overload conditions, complete sharing

scheme faiis in securing a full utilization of all the N output channels.

Sharing with maximum queue length: This scheme is promoted by above considerations. In
order to avoid the possible utilization of the entire space by any particular output queue, we
impose a limit on the number of buffers to be allocated at any time to any output queue. Of
course, the sum of the imposed limits on these output queues must be greater than the capa-
city of the memory if some sharing is to be provided. Fried [23] proposed an implementa-

tion of such scheme. An incoming packet is placed into a single physical memory and the
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memory address is then placed into a FIFO buffer which is dedicated to the output pon
addressed by the packet. But. this scheme still does not guarantee a full utilization of the

output channels under heavy traffic conditions.

4) Sharing with a minimum allocation: This scheme is motivated by the consideration of utili-
zation of the output channels. A minimum number of buffers is permanently reserved for
each output port and, in addition, a common pool of buffers is to be shared among all output
queues, with no further constraints on the queue size. But again, with this scheme, the

shared area tends to be unfairly utilized as mentioned earlier.

5) Sharing with maximum queue and minimum allocation. Actually, this is a combination of
last two schemes. The memory is shared with maximum and minimum allocation constraints
for each queue. It appears to be an excellent sharing scheme which has the ability to avoid

the deficiencies of the above four scheme.

Here, we proposed a shared buffer memory switch structure, which employs the fifth shar-
ing scheme in which a shared buffer pool and a reserved buffer pool are deployed for switching
and buffering the packets. Section 5.3.2 gives a detailed description of the proposed switch struc-
ture. We will roughly estimate the size of buffer memory required for certain packet loss proba-
bility under both uniform and nonuniform traffic pattemn in Section 5.3.3. As a vital switch for
BISDN, its capahilities of multicasting. modularity and priority are also of considerable interest.
These functions are implemented quite easily without inherently changing the switch architec-

ture, as will be seen in Section 5.3.4.

5.3.2. The Switch Architecture

This new design was influenced by the work in [23] and extended to fit the fifth sharing

strategy. The same concept can be found in {24] as queue management scheme.

The structure of the proposed switch is depicted in Figure 5.21, which consists of a buffer
memory pool (BMP), a FIFO queue rccorder (QR), an idle memory address pool (IMAP), a desti-

nation address decoder (DEC), and 1/0O interfaces. BMP is composed of B cells each of which is
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Figure 5 21. A shared buffer memory switch
with maximum queue and minimum allocation

designed to hold a whole packet. Among B cells (refer to Figure 5.22), B, cells are allocated 1o
share among the users, hence they form a shared buffer pool. The remainder B, cells constitute a
dedicated buffer pool which is equally partitioned into N parts permanently reserved by N users.
Of course, B + B = B. The users of BMP are the N output ports. To comply with the FIFO ser-
vice discipline, a FIFO QR which contains N FIFO address queues, is needed. and each buffer
has K cells. where K is the maximum length of each output port queue, as depicted in Figure
5.23. Each cell in QR is designed to hold an address in BMP. The addresses in which packets
are stored in BMP are kept in QR. in the order of their arrival and corresponding to their destina-

tions. An IMAP provides addresses for incoming packets. The addresses of the idle dedicated
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dedicated to output 1 {B,/N
dedicated to output 2

dedicated to output 3

dedicated to output N )

shared

by
all outputs

Figure 5.22. Memoaory allocation in proposed switch

memory cells for cenain outputs are kept in corresponding idle address buffer (1AB) which has
B,/N cells. The addresses of the idle shared memory cells are kept in a common idle address
buffer (CIAB) holding a maximum of 8, addresses. The N+1 separated buffers in IMAP could

be operated in either FIFQC fashion or LIFO fashion. The operation of this switch structure is a
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Buffer Memory Pool
(B celis)

Al message 1
A2 | message 2

A3 message 3
A4 empty
A5 message 4
A6 empty
A7 empty
A8 message 5

e | A8 | A3 | A2 |-

1 v A1l A5 - D

v Vo N A8 A2 |+==-t> N

Figure 5.23. FIFO address queue

follows.

At each ATM time slot during which up to N packets may enter the switch and up to V

packets may depart, there are 2N times of access operation, either write-in or read-out, on BMP.

[
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We divide a time slot into N subslots during each of which a pair of writc-in and read-out is
implemented in sequence. In the write phase of ith subslot (i = 1, 2. ..., N). an incoming packet
from input port i through MUX1 is placed in the data bus. If the address queue in FIFO QR
corresponding to the requested output port (say j) of the incoming packet, is full (contains max-
imum K addresses) at the moment, the writing operation is terminated and th: incoming packet
will be lost; otherwise the packet will be stored in BMP at the address specified by address regis-
ter (AREG). The write address is obtained from the idle address pool, corresponding to the
requested output port j of the incoming packet. If there is any idle dedicated memory cell hence
corresponding address remains in IABj, the address is placed into AREG: if IAB is empty. then
one idle address in CIAB is chosen to be sent to AREG; if both IABj and CIAB are empty. then
no address and no writing are expected in this phase. When the packet is written into the
memory. its address is simultancously sent into QR and lines up at address queue j. The control
signals are obtained from DEC by decoding the destination address. In read phase of ith subslot,
an address in the header of address queue i in QR is placed into AREG; accordingly, a packet
stored in this address is read out then sent to output port i through DMUXI. Meanwhile, the celi
from which the packet is read out becomes idle, its address is sent back to IMAP and kept in
IAB; if the cell is dedicated for output port i, or in CIAB otherwise. The process is repeated in

each subslot as well as in each ATM slot.

Instead of designating the dedicated buffer memory pool and N separate 1AB's, another
possible implementation could be a single shared buffer memory pool and a single idle address
buffer with a control algorithm to ensure the minimum allocation to each output queue. Each out-
put address queue has a flag to indicate whether the queue contains minimum allocated number
of addresses. We introduce two counters. one records the number of idle addresses; another
records the required number of buffers for the minimum allocation. The second counter sctto B,
in the beginning is decreased by 1 in the writing phase or increased by 1 in the reading phasc,
only if the corresponding address queue’s flag indicates that the minimum allocation has not heen

reached. If counter 1 is less than counter 2, the remaining idle buffers are reserved by those out-
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put qucues where the minimum allocation has not been reached; the incoming packets destined

for the other outputs will lose.

5.3.3. Estimation of Packet Loss Probability

For a switch with an output queue, the main issue is the packet loss probability instead of
delay-throughput relation. In this section, we derive the relation between packet loss probability
and the buffer sizes, under both uniform (balanced) and nonuniform (unbalanced) traffic patterns.
We first give general equations which can be used to estimate the packet loss probability in terms

of a,, the probability that i packets arrive at an output queue in a given time slot.

The packet may suffer two types of losses in the proposed switch. One is due to the restric-
tion of length of the address queue for each output port. A packet destined for output port i,
finding that the output queue 7 is full with K packets, will lose whether the shared memory
resource is available or not. The other is caused by the saturation of the shared buffer memory
pool such that no cell is available for the incoming packet even if the corresponding output queue

may be free.

We first calculate the packet loss probability due to the maximum queueing size K at each
output port by using the discrete time Mar\ov chain model. Let p, be the probability that there

are exactly n packets in each output queue at the end of a slot interval. We have [25]{26]

1 n~]
pn:a_o‘[pn-l—zan—wlpx"an—l Pol n=12---K G.D

1 =1

where p, must be such that

Y =1 (5.2)

This suggests a simple procedure to find po.p;, ... px. We nitialize p7o=1 and find

P’1. P20 p i from equation (5.4). The final values are found from normalization

Dn=—0— n=01....K (5.3)
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Since the queue has a finite size of K. when a packet arrives and the queue is full, an
overflow will result. Consequently, the average packet throughput po is less than the average
packet arrival rate A. The average packet throughput can be computed from the probability that

the queue is idle

po=1-po (5.9

K cells (maximum queue length)

K- B2 / N cells

(maximum shared cells for each queue)
incoming : ~=}>  Shared permanently
packets __ __ __ _ _ allocated
- R ———
X B, /N

Figure 5.24. Memory resource used by an output queue

The loss probability due to K. or the overflow probability of the queue can be expressed as the
average fractions of the total number of arriving packets rejected by the output gueuc in QR.

which is equal to

arrival rate — thr oughput

L =
055k arrival rate
= l—pr):]— l—po (5.5)
A A

We now tend to find the packet loss probability caused by the limited capacity of the shared
buffer pool. Let X; be the number of cells in the shared buffer pool taken by the packets at output
queue i as depicted in Figure 5.24. The number of packets in the shared memory pool, denoted

by Y. is the sum of N random variables X, for N output queues.
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N
Y=3 X, (5.6)
1=]

It is assumed that N random variables X, are independent of each other. The packet loss proba-
bility due to the size of shared memory pool is determined by the traditional approach of truncat-
ing the tail of the distribution function [27]. The Chemoff bound is available for bounding the
tail of the sum of a large number of independent random variables [28](7]. Assume that all of the

X, are identically distributed. Let My (v) be the moment generating function of X, given by

Mx(v) = E[e*] (5.7)
Suppose there are n packets (n =0, 1, ..., K) in rach output queue with the probability p,. since
the packets first take up dedicated buffer memory then take up the shared buffer memory after the
dedicated buffers are used out, we have X, = max( n—B,/N, 0). The probability distribution of

X,. denoted by g,. is found by

BN
go= 3 p, (5.8)
1=0
and
q] = P/-»B,IN j = 1.2.....K—BZ/'N (59)

Thus, the moment generating function of X becomes

K-ByIN
My = Y e'g, (5.10)
1=0

Furthermore, we define the semi-invariant generating function

(V) = log, Mx{v) (5.11)
The Chemoff bound for the tail of a density function takes the final form as

PriY2N¥ ()] < expN iy (V) ¥4 (1)) (5.12)
where v 20, and ¥§(v) is the first derivative of yy(v) with respect to v. Let Ny§'(v) = B|. v

might be calculated. Substituting this value back into equation (5.12), we can obtain the upper
bound of the loss probability due to B,. denoted by Lossg. As we have noted, X,’s are actually
not independent of each other since they share a common limited source. The summation of X,'s

is actually less than Y obtained by equation (5.6). Therefore, the upper bound remains valid and
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may be a little bit pessimistic.

Eventually, the union upper bound of the packet loss probability can be obtained by

Loss = Pr{Loss due to B, or K]
< Pr{Loss due to B) + Pr[Loss due to K]

= Lossg + Lossg (5.13
1000 v —
9m of /
N=32
A=09
800 K =100 4
Loss < 10710

Required buffer size, B

0 h] 10 15 20 25

Minimum allocation for each queue, B /N

Figure 5.25. Buffer requiremeni vs. B2 N

53.3.1 Balanced Traffic
For balanced traffic, we assume that in each ume slot a packet arrives at each input pon
with the same probability A, and packets are distributed uniformly to the N output ports. Thus, the
probability of i packets arriving at an output port. 4,. is given by the following binomial distribu-
tion
a, = m (—:;—)'(1-—;'7)""' i=00. N (5.14)

which, for N =0, becomes
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,=-7Li"!j- i=0,1,-+ N=oo (5.15)
Substituting equation (5.14) into equation (5.1) and following the steps discussed above, we find
the upper bound of the packet loss probability. The relationship between the buffer size B and the
packet loss probability Loss for various sharing schemes is shown in Figures 5.25 through 5.27.

Several conclusions can be drawn as follows:

(i) To attai* a certain value of packet loss probability, sharing schemes require less memory
than complete partitioning scheme. For example, under the condition of packet loss probability
Loss £ 10719, given load A = 0.9, switch size N = 32, maximum queue length K = 100, and no
permanent allocation B = 0. such sharing scheme requires 420 buffer cells, which is only 13.2%
of the buffer size (3200 buffer cells) of the complete partitioning scheme, as shown in Figures

5.25and 5.26.

102 — -
108 | N=32 |
. A=09
104 + .
, 108 ¢+ .
= K=54,8,=0 °~
=] 106 L hd ) .
3 Complete partitioning
[=] s
& 01t 4
é, 10 .“‘ /
= 08 K =16, B,=0
L b - P
109 + :
1010} K = 100. Bz = O \‘._‘ A
104} R
jon L A PR " N o
0 20 40 60 80 100 120

Buffer size per output channel, 8/N

Figure 5.26. Packet loss probability vs. buffer size for sharing
with maximum queue length

| TS
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-§ / 2/ " .\‘
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- 1
10-1t } ]
1012 . . - - : -
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Buffer size per output channel, B/N

Figure 5.27. Packet loss probability vs. buffer size for sharing
with maximum queue and minimum allocation

(ii) For the sharing scheme, under the same condition except changing the maximum queuc
size K. we find a saturation point of packet loss probability for each value of K. as depicted in
Figure 5.26. It is because at this point, K becomes the main factor of the packet loss, we can not
decrease the packet loss probability by increasing the buffer size 8 only, and vice versa. There-

fore. when we design the swiich, we may first select K to satisfy the requirement of packet loss

. i 4 ]
probability, for example enable Lossg < *2— Loss; then estimate B to cnsurc Lossg < Loss.,

given parameter K.

(iii) To make full use of output links, a set of B»/N cells is permanently allocated (o an out-
put port, which is a portion of the output queue. Obviously, with the increase of Bo/N, an
increase of the buffer size is required, as shown in Figure 5.27. For example, under the condi-
tions that Loss € 107, A = 09. N = 32, K = 100 but B, = 20 rather than B = 0, the shanng

scheme requires 780 cells (refer to Figure 5.25), which is 24.4% of the buffer size of the complete
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partitioning scheme. The problem remaining under study is how to evaluate the effect of B,/N

numerically and how to choose it.

5.3.3.2 Unbalanced Hot-Spot Traffic

Hot-spot traffic refers to a traffic pattem where many sources try to communicate with one
destination (hot spot) virtually at the same time. We use the hot-spot traffic model described in
(29](30]: an unbalanced traffic pattern consisting of a single hot spot of a higher access rate
superimposed on the background of a balanced traffic. Let 4 e a fraction of packets directed to
the hot-spot. Then, A, the packet arrival rate on an input port can be expressed as
A =hA + (1-h)A; i.e. h) packets are directed to the hot-spot and (1-k)X packets are directed uni-
formly to the N outputs. With this hot-spot traffic model, the probability that i packets arrive at
the hot-spot is given by
N=i

i=01,--- N (5.16)

a,h) = [’,‘] [hk+£-l:£)-}-‘-} [1-;:1-1’—‘7\,4’&

and the probability that i packets arrive at any one of the other output ports is given by

[} N=-t
a,(E):[’;’] 11—'/3& [1-—0;[5& =01, N (5.17)

We can substitute a,(h) into equation (5.1) to obtain p then estimate the Lossy from equa-
tion (5.5), for hot-spot traffic. Alternatively, we can find required queue length K for hot-spot

traffic under a centain packet loss probability,

There are two kinds of traffic distributed over N output queues, which complicate the
analysis. Therefore, we are going to give a looser upper bound by assuming that the hot-spot
traffic has taken maximum K buffer cells, and the remaining buffer cells are shared between the
other N~1 independent output queues to accommodate the non-hot-spot traffic. Thus, the equa-

tion (5.12) becomes

PriY 2(N-D) W) Sexpl(N-1) (ix(v) = v Y8 ()] (5.18)
where Yx(v) refers to the non-hot-spot traffic. Let ((n—l)yﬁ»”(v) = B —(K-B;,/N) which is the

number of buffer cells available for sharing between the N —1 output ports. we can obtain the v
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Figure 5.28. Packet loss probability vs. buffer size for sharing
with maximum queue length under unbalanced traffic

then the Lossg.

The relationship between the packet loss probability and the memory size is plotted in Fig-
ures 5.28 and 5.29. where & = 0.002 corresponding to a slight unbalanced traffic. The requircd
memory resource under a certain packet loss probability is more than two times as what for bal-
anced traffic. Under the conditions that Loss € 107'%, A= 0.002.A =09, N = 32,B:/N=0and K
= 223, the buffer reduction ratio is 10.3%. as compared with the complete partitioning scheme

shown in Figure 5.29.

5.3.4. The Capabilities of Muiticasting, Modularity and Priority
The capabilities of multicasting, modularity and priority are essential for the future BISDN.
The proposed switch is capable of providing these functions to meet the necds of a wide range of

communications applications.
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Figure 5.29. Packet loss probability vs. buffer size for sharing
with maximum queue and minimum allocation
under unbalanced traffic

The multicast function can be implemented with the addition of a circuit, as shown in Fig-
ure 5.30. to a shared buffer memory switch. The incoming multicast packet is detected by DEC1
and DEC2. Anidle address in CIAB is picked out and placed into AREG. therefore, the multicast
packet is stored somewhere in the shared memory pool rather than the reserved memory pool.
The multicast operation is similar to the broadcast control in address controlier of ATOM switch
[22]. In DECI. the multicast control signal (MCS) in bit-map formn is worked out by a table
look-up method with respect to multicast channel number brought by the multicast packet. The
MCS activates the correspondent gates, and the address in which the multicast packet is stored is
transferred into a set of address queues in FIFO QR with respect to the multicast destinations, as
long as thesc address queues are unsaturated. Because each address queue is operating indepen-
dently. a multicast packet may be transmitted to all its destination channels over severa time

slots. Therefore. we can not transfer the address into IMAP until ail its copies are delivered. For

[
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Figure 5.30. Multicast operation in proposed switch

this reason, we use an extended memory (NCM) which consists of B cells and shares the address

bus with BMP. When a multicast packei is written into BMP, the number of the copies of the

pucket decoded by DEC2 is written into NCM at the same address. When a copy of the packet is

sent out, the content of NCM at the same address as the one that the packet is stored is read out

and decreased by one. If the result after decrement is zero. which means that the packet has sent

all its copies out, the address of the packet can be sent back 10 the IMAP; otherwise the result

will be sent back to NCM. The additional circuit for multicasting is suitable for unicasting case
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Itis clear. as far as multicast is concemed, the proposed switch has advantage over Kuwahara's
shared buffer memory switch. It features as simple and powerful in multicasting as ATOM switch
does.

Similar to [7], this architecture can be easily modified to handle priority service by provid-
ing an extra set of address queues in FIFO QR, to correspond with each combination of service
class and output pon, respectively. Because of the buffer sharing effect among the output ports

and service classes, no increase of the capacity of the BMP is needed.

Destination address
lower : upper

part : pan
l INEENEEENNE
LSB MSB
First stage Second stage
1 1
T 32X32 32Xx32 |
32 3 | |32
33 ‘ ‘ 33
1 32Xx32 32X 32
64 | L —o64
1 32X132 2X32 | .
1024__| 1024

Figure 5.31. Modular structure of a 1024x1024 shared buffer memory switch
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Because of its prominent characteristics of strict non-blocking and shared output buffering,
the shared buffer memory switch is very suitable for the unit switch of large-size modular struc-
ture. Figure 531 shows how a 1024x1024 switch is built up with 64 32x32 switch modules.
which are arranged in two cascade stages. Each packet carries a 10-bit destination address, which
can be divided into two ports, upper part and lower part. to be employed as routing information in

the first stage and second stage, respectively.

This two-stage switch structure can also provide multicasting function by using multicast
switch model. Likewise, the multicasting procedure is divided into two steps. The upper pant of
the address of the copy is taken as the routing information in the multicast switch model at the
first stage. The multicast packet may send one copy to an output link attached to a second stage
switch model, if there is at least one copy that wants to go to the hnk (no matter how many copies
want 10 2o as long as these copies have the same upper part hut different lower part of the desti-
nation addresses). The copy of the multicast packet coming from the first stage to the second
stage is still a multicast packet, called as a local multicast packet. The destination addresses of
the local multicast packet can be obtained by a simple table look-up, with attributes multicast
channel number and the local address, which is exactly the sequence number of the switch
model, as primary key of the table. The local multicast packet only generate copies to a set of
destination output ports, in the second stage switch model. Therefore, we need different local

multicast routing table for each of the second stage modules.

5.4. CONCLUSION

This chapter surveyed various architectures that have been proposed for multicast packet
switches. It is hard to single out any one among the architectures as the best; each has its advan-
tages and disadvantages. The real test will come with detailed implementation. The trade-off is
not only based on the complexity of the switch structure, but also on the performance, the multi-

cast standard and the increasing service requirements.

The design of a shared buffer memory switch proposed in this chapter provides the flexibil-

ity to meet various requircments, especially the prevention of the monopolization of the use of
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shared buffers and secure a full utilization of all the N output channels under unbalanced or
bursty traffic. We also save on the total amount of buffer memory needed to achieve a desired
packet loss probability. The functions of multicasting, modularity and priority are implemented

quite easily. The future effort should be put on the implementation of the switch fabric.




T
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6.1. CONCLUSIONS

The multicast not only brings promising services. but also raises new research topics which
do not arise in unicast switches. In this dissertation. we discussed vanous aspects of multicast
packet switching with emphases on the issues of call scheduling disciplines. contention resolu-

tion algorithms, mathematical analysis and switch architecture.

In order to regulate the input access traffic for a input pont queueng switch, a novel scheme
— revision scheduling was proposed, the purpose of which is to maximize the number of packets
getting through and the number of output lines being busy simultaneously. By comparison, the
revision scheduling is the most promising approach as far as the delay-throughput performance is
concemed, and would give an indication of the best performance under the assumption of input
port queueing.

A related issue of call scheduling is the implementaton aspect of the scheduling discip-
lines. or the contention resolution algonthm. Ve proposed two novel algorithins, the cyclic prior-
ity access scheme with its combinational logic implementation and the neural network based
algorithm. both with lattice structure. The combinational logic scheme features simple and high
speed operation, in comparison with the other methods such as the nng-reservation algorithm and
the three-phase algorithm. It 1s compact, reliable and growable. The neural network based algo-
rithm provides better performance, higher throughput and lower delay. Furthermore, it demon-

strates a potential of optimal scheduling.

We presented some analytic tools of traffic theory for the input port queue of the multicast
switching system. Computer simulation was carried out to verify the mathematical models, in
turn mathematical analysis may provide more statistical measures which are hardly observed
through simulations. We discussed the mathematical analysis of both the random selection pol-
icy and the cyclic priority input access scheme for one-shot discipline. Then, we introduced a
general unified mathematical model for both one-shot and WS call splitting input access discip-
lines, by using matrix-geometric techniques in an effort to trace the effect of HOL blocking.

These results could serve to model the multicast packet swiich and to predict the onsct of
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congestion of the system. Although the discussions are devoted to the multicast switch, the ana-

lyic maodels can also be applied to other queueing problems.

We summarized some multicast packet switches proposed in literature, including banyan-
based space-division switch, knockout switch, shift switch and shared buffer memory switch.
Then we proposed a shared buffer memory switch structure with maximum queue and minimum
allocation, where a shared buffer pool and a reserved buffer pool are properly handled for switch-
ing and b, Tering the packets. The size of buffer memory, required for certain packet loss proba-
bility under both balanced and unbalanced traffic pattem, was estimated by giving an upper
bound. The proposed switch possesses multicasting, modularity and priority functions to meet

the needs of a wide range of communications applications.

6.2 FUTURE RESEARCH

Many 1ssues discussed in last four chapters are still needed to be investigated and studied
extensively. For example, we need to justify the switch structure to implement multicast switch-
ing efficiently, not only based on call scheduling disciplines and contention resolution algo-
rithms. but also in consideration of economical aspects and adaptation to practical networks. As
to mathematical analysis. @ more accurate and closes form solution is sought to model the multi-
cast packet switch with unicast and broadcast switching as the special cases. Another open ques-
tion 1s the performance evaluation under the correlated input traffic or the stream-like traffic, such
as voice, video and file transfer.

Many related issues which we did not mention in the dissertation are also of considerable

interest and will be our future research projects, such as multicasting standard, addressing of the

multicast packet, multicast routing and so on.

Also. many new issues of muiticasting packet switching will come out with the deployment

of BISDN. We will never see the end of the study.




